
Protein targeting in 
Schizo sac char omyces pombe

Alison Louise Pidoux

A thesis submitted for the degree of Doctor of Philosophy in the 
University of London

Membrane Molecular Biology Laboratory 
Imperial Cancer Research Fund 

44 Lincoln's Inn Fields 
London

and

Department of Biology 
University College 

Gower Street 
London

May 1992

1



ProQuest Number: 10609078

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10609078

Published by ProQuest LLC(2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



Contents Page

Acknowledgem ents
Abstract
Publications
Abbreviations
List of figures and tables

Chapter 1 Introduction
1.1. Introduction
1.2. Study of the secretory pathway

1.2.a. Genetic analyses
1.2.b. Biochemical and in vitro analyses
1.2.c. Components of the transport machinery identified

by genetics and biochemistry
i. Components of the translocation machinery
ii. Gene products required for ER exit
iii. Gene products required for vesicle attachment and fusion
iv. Golgi transport
v. Beyond the Golgi
vi. GTP-binding proteins
vii. Coat proteins and the action of Brefeldin A

1.3. Protein targeting
1.3.a. Translocation into the ER
1.3.b. Localisation of proteins in the ER
1.3.c. Localisation of proteins in the Golgi
1.3.d. Targeting to the lysosome
1.3.e. Endocytosis
1.3.f. Sorting in polarised cells
1.3.g. Direct import into organelles

1.4. Proteins of the ER lumen
1.5. Sorting of luminal ER proteins
1.6. Organelle structure and the involvement of the cytoskeleton in

intracellular transport
1.7. The role of ras-like GTP-binding proteins in membrane traffic

1.7.a. Ras as a model for the structure and function of GTP-binding proteins
1.7.b. Families and superfamilies of GTP-binding proteins
1.7.C. Early models for the action of GTP-binding proteins in membrane traffic
1.7.d. Post-translational modifications
1.7.e. Localisation of rab/ypt proteins

5
6
7
8
9

11
12
12

25

29
33
37

41

2



1.7.f. Insights into the functions and mechanisms of rab/ypt proteins
i. Sec4
ii. Yptl/Rabl
iii. Rab5
iv. Proteins which may interact with or modulate rab/ypt proteins
v. A model for the action of rab/ypt proteins

1.8. Schizosaccharomyces pombe 50
1.9. Aims of the project 55

Chapter 2 Materials and Methods 56
2.1. Chemicals and Solutions 57
2.2. Media and Strains 62
2.3. Constructs and oligonucleotides 65
2.4. Nucleic acids techniques 70
2.5. Protein techniques 79
2.6. Microscopy 82

Chapter 3 Cloning of the S. pombe BiP gene 85
3.1. Introduction 8 6

3.2. Cross-species hybridisation 8 6

3.3. Oligonucleotide screening 90
3.4. PCR with BiP-specific oligonucleotides 94
3.5. The sequence of S. pombe BiP 99
3.6. Disruption of the BiP gene 102
3.7. Discussion 104

Chapter 4 Analysis of the BiP protein 106
4.1. Introduction 107
4.2. Epitope tagging 107
4.3. Production and characterisation of antibodies 107
4.4. Glycosylation of S. pombe BiP 1 12
4.5. Discussion 114

Chapter 5 Regulation of BiP expression 116
5.1. Introduction 117
5.2. Regulation of BiP message 118
5.3. Analysis of BiP protein levels 120
5.4. Discussion 120

3



Chapter 6 Sorting of luminal ER proteins 123
6.1. Introduction 124
6.2. ADEL acts as an ER retention signal in S. pombe 124
6.3. Other sequences can also direct ER retention 127
6.4. Discussion 128

Chapter 7 Structure of the ER 131
7.1. Introduction 132
7.2. Immunofluorescence studies of the ER 132
7.3. Investigation of the role of the cytoskeleton in ER structure 142
7.4. Immunoelectron microscopy 145
7.5. Discussion 145

Chapter 8 Ras-like GTP-binding proteins 149
8.1. Introduction 150
8.2. Isolation of genes encoding ras-like GTP-binding proteins 150
8.3. Disruption of ypt4 156
8.4. Characterisation of -disrupted strains 159
8.5. Localisation of the ypt4 protein 159
8 .6 . Discussion 163

Chapter 9 D iscussion  165
9.1. Summary 166
9.2. Function of BiP 166
9.3. Localisation of luminal ER proteins 168
9.4. Structure of the ER 173
9.5. Functions of GTP-binding proteins 174
9.6. Prospects for the study of membrane traffic in S. pombe 181

R eferences 184

4



Acknowledgements

Firstly I would like to thank my supervisor John Armstrong for all his help and advice 
over the last three and a half years. I would also like to thank my University supervisor 
Jeremy Hyams. I wish to thank past and present members of the lab - Sally Bowden, 
Mark Craighead, Vas Ponnambalam, Erica Fawell, Deborah Mackay and Alex Tsun - for 
making my time here so enjoyable. I am also grateful to Graham Warren and members of 
his lab, especially Kathryn Ayscough, Ruth Collins and Tommy Nilsson. Many thanks 
also to Rose Watson and Nasser Hajibagheri for the electron microscopy. Finally, I wish 
to thank my family and friends, especially Kevin, for their constant support and 
encouragement.

5



Abstract

The aim of the work described in this thesis was to develop the fission yeast, 

Schizosaccharomyces pombe as a model system for studies of the secretory pathway and 

protein targeting. Two aspects of protein targeting were studied in S. pombe, the 

characterisation and sorting of the luminal ER protein BiP, and the involvement of ypt/rab 

proteins in membrane traffic.

The homology between BiP proteins from different species was exploited in cloning the 

gene for S. pombe BiP. The BiP gene was shown to be essential which is consistent with 

its numerous proposed roles in protein folding and assembly. S. pombe BiP is regulated 

by a variety of treatments thought to cause an accumulation of misfolded or 

underglycosylated proteins in the ER, including heat shock. Unusually, S. pombe BiP 

contains a potential N-linked glycosylation site, which was shown to be partially utilised. 

The production of antibodies against BiP facilitated an investigation of the structure of the 

ER in S. pombe. As in mammalian cells the ER of S. pombe has a reticular component. 

No evidence was obtained for the involvement of microtubules or the actin cytoskeleton in 

the formation or maintenance of the reticular structure. Amino acids from the C-terminus 

of S. pombe BiP were attached to the secretory protein acid phosphatase and it was 

established that ADEL can act as an ER localisation signal on luminal proteins. Signals 

from other yeast and mammalian species, DDEL, HDEL and KDEL, were also recognised 

in S. pombe.

Members of the ras superfamily isolated in the laboratory using an oligonucleotide 

representing a conserved region of the GTP-binding domain were characterised. The ypt4 

gene represents a novel member of the rab/ypt family. The ypt4 gene is non-essential but 

in its absence cells contained vacuoles of unusual morphology. An epitope tagged ypt4 

protein localised to the surface of vacuoles. These two observations suggest that ypt4 

might play some role in vacuole structure or function in S. pombe.
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1.1. Introduction
Eukaryotic cells are compartmentalised such that different processes are segregated into 
distinct membrane-bound organelles where conditions can be appropriately regulated. The 
organelles of the secretory pathway are responsible for the biosynthesis of proteins 
destined for the plasma membrane or export from the cell. A diagram of the secretory and 
endocytic pathways is presented in figure 1. Polypeptides synthesised on membrane- 
bound ribosomes are inserted into the lumen or membrane of the endoplasmic reticulum 
(ER). Resident proteins of the ER lumen such as BiP and protein disulphide isomerase 
contribute to the folding and assembly of nascent proteins. Post-translational 
modifications including glycosylation are initiated in the ER and are elaborated as the 
protein passes through the various cistemae of the Golgi apparatus. These modifications 
can be used to monitor the passage of proteins along the secretory pathway. From the 
Golgi apparatus proteins are transported to the cell surface or diverted from the secretory 
pathway to the lysosome. Material taken up at the cell surface by receptor-mediated 
endocytosis passes through endosomal compartments and eventually reaches the 
lysosome.

Traffic between the organelles of the secretory pathway is thought to be mediated 
by vesicles (Palade, 1975) which bud from the donor compartment and fuse with the 
acceptor thereby depositing their cargo of soluble and membrane proteins. It has recently 
become clear that traffic between compartments can occur in the retrograde as well as 
anterograde direction. The use of yeast genetics and the reconstitution of transport events 
in vitro have made a huge contribution to the study of membrane traffic. In some cases 
these two approaches have converged with the identification of homologous components 
of the transport machinery in the different systems.

The variety of possible destinations means that proteins must contain sorting 
information to ensure that they reach the correct organelle. The maintenance of organelle 
structure and function is also dependent on precise protein targeting. Several sorting 
signals have been elucidated and research is being directed to the identification of 
components of the targeting machinery. It is also clear that the vesicles which transport 
proteins between different organelles must themselves be precisely targeted, and it has 
been suggested that small GTP-binding proteins of the rab/ypt family are involved in this 
specificity.

1.2. Study of the secretory pathway
Many areas of cell biology have made contributions to the understanding of membrane 
traffic. Current research has focused on identifying components involved in specific 
sorting events and those which form part of the general cellular transport machinery.
1.2.a. Genetic analyses
The isolation of secretory (sec) mutants in S. cerevisiae, an organism which allows the
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Figure 1 : The secretory and endocytic pathways
N, nucleus; ER, endoplasmic reticulum; IC /  CGN, intermediate compartment /  cis 
Golgi network; CG, cis Golgi; MG, medial Golgi; TG, trans Golgi; TGN, trans Golgi 
network; EE, early endosome; LE, late endosome; L, lysosome; PM, plasma membrane. 
Arrows show inter-compartment transport
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Gene Stage in Transport Mutant accumulates Comment / function

SEC 61-63

KAR2

SEC12

SARI

SEC13

SEC16

SEC23

SEC18

SEC17

SEC22

SEC20

YPT1

SLY  genes 

BET1

BOS1

BET2

ARF1I2

SEC7

SEC14

SEC4

SEC2

SEC15

translocation

translocation 

ER to Golgi

ER to Golgi

ER to Golgi

ER to Golgi

ER to Golgi

ER to Golgi

ER to Golgi 

ER to Golgi

ER to Golgi

ER to Golgi /  Golgi 

ER to Golgi 

ER to Golgi

ER to Golgi

ER to Golgi

Golgi?

ER to Golgi /  Golgi 

Golgi

Golgi to Surface 

Golgi to Surface

Golgi to surface

protein precursors

protein precursors 

ER

ER

ER

ER

Vesicles

Vesicles

Vesicles

Vesicles

membranes

ER

Vesicles

Vesicles

Golgi

Golgi

Vesicles

Vesicles

Vesicles

probable components of 
translocation machinery

encodes BiP

membrane protein; vesicle 
formation

GTP-binding protein; genetic and 
physical interaction with SEC12

genetic interactions with 
SE C 12 ,16, 23

genetic interactions with 
SEC 12 ,13 , 23

present in large cytosolic 
complex; genetic interactions 
with SEC 1 2 ,1 3 ,1 6

homologous to NSF 
vesicle attachment or fusion

homologous to aSNAP

genetic interactions with SEC 17 
and SEC 18

membrane protein; genetic 
interaction with SAC1

GTP-binding protein

suppressors of YPT1 deletion

membrane protein with large 
cytoplasmic domain

suppressor of betl\ similar 
structure to Betlp

prenyl transferase; required for 
function of Yptlp and Sec4p

GTP-binding protein; regulation 
of vesicle coating and 
uncoating?

230kD phosphoprotein; 
coat protein?

phospholipid exchange protein

GTP-binding protein

coiled-coil region
genetic interactions with SEC4

cytoplasmic protein; genetic 
interactions with SEC4

Table 1 : Components of transpo rt m achinery identified in S. cerevisiae 
See text for references.
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use of powerful genetic techniques, has had a tremendous impact on the understanding of 
the secretory pathway. The observation that yeast which are defective in secretion and cell 
surface growth but continue protein synthesis become dense facilitated the isolation of 
mutants. Temperature sensitive secretory mutants were selected and these fell into 23 
complementation groups (Novick et al, 1981). At the restrictive temperature many mutants 
showed accumulation of intracellular organelles by EM (Novick et al, 1980; Kaiser and 
Schekman, 1990), as summarised in Table 1. Study of sec mutants demonstrated that N- 
linked carbohydrate modifications are assembled onto yeast secretory proteins in at least 
two stages in separate organelles (Esmon et al, 1981). Epistasis analysis allowed the 
order of events in the yeast secretory pathway to be established (Novick et al, 1981).

A different screen identified additional yeast mutants which were blocked early in 
transport (bet mutants; Newman and Ferro-Novick, 1987). Mutagenised yeast were 
incubated at the restrictive temperature in the presence of tritiated mannose, and then 
stored at -70°C for several months. Mutants defective in the early secretory pathway 
would not incorporate large mannose side chains into their secretory proteins at late stages 
of the secretory pathway and would thus be protected from the lethal self-irradiation which 
was the fate of wild-type cells.

Many SEC  genes have been cloned by complementation of their mutant 
phenotypes. Subsequent analysis has in many cases allowed a molecular role for the 
protein to be proposed. The characteristics and possible functions of some of these 
proteins will be described below. The availability of strains defective for components of 
the secretory pathway provides the potential to isolate genes for interacting proteins using 
suppressor genetics. Indeed, several such suppressors have been identified and shown to 
be involved in intracellular transport. Examples include the SLY genes which in multiple 
copy suppress a yp tl deletion (Ossig et al, 1991), and the BOS1 (Newman et al, 1990) 
and SARI (Nakano and Muramatsu, 1989) genes which can suppress defects in BET I 
and SEC 12 respectively.

1.2.b. Biochemical and in vitro analyses
Purification of enzyme activities has allowed identification of various proteins involved in 
carbohydrate and other modifications through the secretory pathway. Antibodies raised 
against such purified proteins and assays for activities have been indispensible as tools in 
localisation and fractionation studies. In addition to a constitutive pathway, some cells 
have a regulated secretory pathway where fusion of secretory storage vesicles with the 
plasma membrane occurs in response to a signal (reviewed in Burgess and Kelly, 1987). 
Secretory and synaptic vesicles have been purified and the mechanisms of sorting studied.

In vitro systems facilitate the molecular dissection of the transport machinery. The 
ultimate goal of in vitro studies is the reconstitution of transport events with purified 
components. Several steps of membrane traffic have been successfully reproduced in vitro 
using isolated organelles or permeabilised mammalian or yeast cells.
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The best characterised in vitro transport system was developed by Rothman and 
colleagues to study intracistemal transport in the Golgi of mammalian cells (reviewed in 
Rothman and Orci, 1992). Golgi membranes are isolated from two sources. Donor 
membranes are prepared from 15B Chinese Hamster Ovary (CHO) cells which have been 
infected with Vesicular Stomatitis Virus; this cell line is defective for the addition of N- 
acetylglucosamine, so that transported VSV 'G protein' will not receive this modification. 
Acceptor membranes are prepared from uninfected wild-type CHO cells. Transport 
between donor and acceptor compartments is measured by incorporation of tritiated N- 
acetylglucosamine into VSV-G protein. Transport requires cytosol, fatty acyl CoA, and 
ATP (Balch et al, 1984; Pfanner et al, 1989; Pfanner et al, 1990). Budding of coated 
vesicles from Golgi membranes is also dependent on these factors, providing evidence 
that transport between Golgi compartments is indeed vesicle-mediated. Several treatments 
have been shown to inhibit transport-coupled glycosylation and different treatments cause 
the accumulation of different intermediates. Incubation in GTPyS or A IF4’ leads to the 
accumulation of buds and coated vesicles (Melancon et al, 1987), whereas pretreatment of 
membranes with the sulphydryl reagent N-ethylmaleimide (NEM) leads to the 
accumulation of uncoated vesicles that are bound to Golgi membranes (Malhotra et al,
1988). These observations suggest that transport between successive cistemae goes via 
the following pathway (Orci et al, 1989): coats assemble on Golgi membranes causing 
coated vesicles to pinch off; coated vesicles transfer to the next compartment where they 
uncoat (in a reaction requiring GTP hydrolysis); uncoated vesicles fuse with the acceptor 
compartment (via a reaction which requires an NEM sensitive factor). This in vitro 
transport assay has provided the starting point for the purification of several components 
of the transport apparatus.

Semi-intact cells have been used to reconstitute ER to Golgi transport in 
mammalian cells (Beckers et al, 1987). At 39°C radiolabelled mutant VSV-G protein 
accumulates in the ER. Transport-coupled glycosylation to the Golgi is monitored at the 
permissive temperature by the acquisition of endoglycosidase D sensitivity. ER to Golgi 
transport assays have been developed in S. cerevisiae using either permeabilised cells or 
microsomes (Baker et al, 1988; Ruohola et al, 1988). Radiolabelled preproalpha factor is 
post-translationally translocated into the ER and transport to the Golgi apparatus is 
monitored by the use of antibodies specific for a carbohydrate modification performed in 
that organelle. The ability to test the membranes and cytosol of various sec mutants in 
such assays will be extremely useful in the analysis of Sec proteins (Baker et al, 1988; 
Ruohola etal, 1988; Rexach and Schekman, 1991).

Several assays for the fusion of endocytic vesicles have been described (reviewed 
in Gruenberg and Howell, 1989). These generally depend on the preparation of two 
populations of endosomes from cells which have internalised different molecules. Fusion 
of endosomal vesicles is measured by the formation of some kind of complex between the 
two internalised markers.
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A number of chemical agents have been used to perturb transport in vivo and their 
use has provided information on the structure and function of secretory organelles. The 
effects of ionophores have highlighted the importance of ionic conditions for organelle 
function. A23187 affects calcium levels in the ER and induces expression of BiP (Lee, 
1987), and monensin perturbs the Golgi and lysosmes (Tartakoff, 1983). Recently, the 
profound effect of the drug Brefeldin A on several organelles has been extensively 
reported (reviewed in Klausner et al, 1992; Pelham, 1991).
1.2.c. Components of the transport machinery identified by genetics and 
biochemistry

i. Components of the translocation machinery
Proteins destined for secretion or residence in an organelle of the endomembrane system 
must first be translocated into the lumen or membrane of the ER (reviewed in Walter and 
Lingappa, 1986; Meyer, 1991). Translation arrest of proteins bearing signal sequences 
occurs upon binding of the signal recognition particle (SRP) which is an 1 IS 
ribonucleoprotein particle composed of one 7S RNA and six polypeptides (Walter and 
Blobel, 1982). The gene for SRP54, one of the components of the SRP, has been cloned 
from several species including S. cerevisiae and S. pombe (Hann et al, 1989); disruption 
of SRP54 in S. cerevisiae results in very slow growth (Hann and Walter, 1991). The 
predicted protein product of SRP54 has an N-terminal half containing a GTP binding 
consensus motif (G domain) and a C-terminal half which is very methionine rich (M 
domain) (Bernstein et al, 1989; Romisch et al, 1989). Cross-linking studies have shown 
that SRP54 interacts with nascent signal sequences through the M domain (High and 
Dobberstein, 1991); this region is likely to form an amphipathic helix which may provide 
the flexibility required to bind a wide variety of different sequences.

The SRP, ribosome and nascent polypeptide complex binds to an integral protein 
of the ER membrane known as the docking protein or SRP receptor (SR) (Meyer et al, 
1982; Gilmore et al, 1982). Translation arrest is released and the ribosome becomes 
attached to the ER membrane, a candidate for the ribosome receptor was identified (Savitz 
and Meyer, 1990) but other evidence suggests that different protein is responsible for 
ribosome binding (Nunnari et al, 1991). Translocation of the polypeptide across the ER 
membrane is assumed to occur via some kind of proteinaceous pore. Direct evidence for 
protein conducting channels in ER membranes has been obtained from 
electrophysiological experiments (Simon and Blobel, 1991). Various candidates for 
channel components have been identified by chemical crosslinking to signal peptides or 
signal anchor sequences (High et al, 1991; Wiedmann et al, 1987; Thrift et al, 1991). The 
use of yeast genetics has also identified candidates for the translocation machinery 
(Deshaies et al, 1989). Mutants in SEC61, 62, and 63 accumulate untranslocated 
precursors of secretory proteins (Deshaies et al, 1989; Rothblatt et al, 1989). It appears 
that Sec61p, Sec62p and Sec63p are assembled into a multisubunit membrane associated 
complex along with two other proteins (Deshaies et al, 1991). Several members of the
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hsp70 chaperone family may be important in polypeptide translocation (Chiroco et al, 
1988; Deshaies et al, 1988). It is thought that chaperones bind nascent polypeptide chains 
and inhibit premature folding, so that they remain in a translocation-competent state (Ellis, 
1987; Rothman, 1989). Kar2 (BiP) mutants accumulate secretory precursors (Vogel et al, 
1989) and some alleles display synthetic lethality with sec63-l (Deshaies et al, 1991). A 
yeast cytoplasmic hsp70, Ssalp, is also thought to be required for transmembrane 
transport into mitochondria and the ER (Deshaies et al, 1988). Sec63p contains a short 
region of homology to the bacterial protein DnaJ which is known to interact with the 
hsp70-like DnaK; it is therefore conceivable that Sec63p also interacts with an hsp70 
molecule (Deshaies et al, 1991). Recently, cross-linking of nascent secretory proteins to 
BiP (Kar2p), Sec61p and Sec62p has been demonstrated in vitro, strongly suggesting that 
these proteins are directly involved in translocation (Sanders et al, 1992; Musch et al, 
1992).

ii. Gene products required for ER exit
The products of the SEC 12,13 ,16  and 23 genes are required for the process of vesicle 
formation; EM of mutant cells shows proliferation of ER structures without an 
accumulation of vesicles (Kaiser and Schekman, 1990). Genetic interactions exist between 
this group of genes suggesting that their products may interact physically (Kaiser and 
Schekman, 1990). Secl2p is an integral membrane protein which is not abundant in 
normal cells; overexpression allows detection of a ~70kD species which contains some N- 
linked and possibly O-linked oligosaccharides (Nakano et al, 1988). Part of this 
modification occurs slowly, in a SEC 18-dependent manner, and this has led to the 
suggestion that Secl2p may migrate from the ER to the Golgi in transport vesicles and 
cycle rapidly back to the ER (Nakano et al, 1988). The defect in secl2ts cells (but not a 
SEC12 deletion strain) can be supressed by multiple copies of SARI (Nakano and 
Muramatsu, 1989). Sarlp is a 21kD GTP binding protein with 34.5% homology to 
Arf lp. Depletion experiments show that Sarlp itself is required for ER to Golgi transport. 
Several pieces of evidence indicate a direct interaction between Secl2p and Sarlp (Oka et 
al, 1991; D'Enfert et al, 1991). Sarlp is present in yeast cytosol and in tight association 
with membranes; overproduction of Sarlp increases the proportion in the cytoplasm 
whereas overexpression of Secl2p increases the proportion of Sarlp associated with 
membranes. Addition of Secl2p-enriched vesicles to an ER to; Golgi transport assay - 
inhibits transport, suggesting that a cytosolic factor has been titrated out. This inhibition 
can be overcome by the addition of Sarlp, as can the deficiency of secl2 membranes for 
transport in semi-intact cells. These experiments suggest that Secl2p and Sarlp may 
interact to promote the formation of transport vesicles from the ER.

Another member of the group of genes required for vesicle budding, SEC23, 
encodes a 84kD unglycosylated protein (Hicke and Schekman, 1989). Biochemical 
analysis indicated that Sec23p behaves like a peripheral membrane protein and gel 
filtration experiments indicate that it exists in a ~400kD complex in the cytoplasm. It is
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possible that Sec23p forms part of a coat structure necessary for vesicle budding and 
transport. The functions of Secl3p and Secl6 p are not yet known, though SEC16 shows 
genetic interaction with SARI (Oka et al, 1991).

SEC20 has been cloned and shown to encode an integral membrane protein (Sweet 
and Pelham, 1992). The phenotype of sec20 cells where clusters of small vesicles 
accumulate next to the ER has led to the proposal that Sec20p may be involved in targeting 
of vesicles from the ER to the Golgi, possibly by interaction with the actin cytoskeleton 
(Sweet and Pelham, 1992).

The sequence of BET1 indicates that it has a single membrane spanning region 
very close to its C-terminus and a hydrophillic N-terminal cytoplasmic domain (Shim et al, 
1991). In this respect Betlp shares structural similarity with synaptobrevin (Baumert et al, 
1989), a constituent of synaptic vesicles. Interestingly, a supressor of betl, BOS1, is also 
predicted to have a similar structure (Newman et al, 1990; Shim et al, 1991). Depletion of 
Boslp leads to a defect in ER to Golgi transport and to the accumulation of ER and 
vesicles (Shim et al, 1991). The function of Betlp and Boslp in ER to Golgi transport is 
at present unknown.

iii. Gene products required for vesicle attachm ent and fusion 
Secl8 p /  NSF was identified by separate routes in yeast and mammalian cells (Rothman 
and Orci, 1992). The accumulation of ER and vesicles in sec 18 cells at the restrictive 
temperature (Novick et al, 1981) suggested that the product of the SEC 18 gene was 
involved in vesicle attachment or fusion. The sequence of SEC 18 predicts a protein 
product of 84kD which is very hydrophilic in nature (Eakle at al, 1988). Biochemical 
characterisation of the yeast protein shows that it resides in the cytoplasm, but that it is 
also associated with a pelletable fraction which might include ER to Golgi transport 
vesicles.

Purification of the soluble NEM sensitive factor (NSF) required for fusion of 
uncoated vesicles with Golgi membranes, showed it to exist as a homotetramer of 76kD 
subunits that requires ATP for stability (Block et al, 1988). Cloning and sequencing of the 
NSF gene indicated that it is 48% identical to S. cerevisiae S ecl8 p (Wilson et al, 1989). 
Yeast cytosol contains an NEM sensitive component that could restore activity to NEM 
treated CHO membranes in the intracistemal transport assay (Wilson et al, 1989). The 
activity was more abundant in cytosol from a strain overexpressing Secl8 p and absent 
from sec!8 cells.

The fact that mammalian NSF was required for intra Golgi transport and its yeast 
homologue SEC18 was identified as being involved in ER to Golgi transport suggested 
that Secl8 p/NSF might perform a general role in vesicle fusion and would be required for 
multiple transport steps. This hypothesis was confirmed in mammalian and yeast systems. 
Addition of NSF to semi-intact cells pretreated with NEM restored ER to Golgi transport 
(Beckers et al, 1989). Also, ER to Golgi transport could be inhibited in this system by a 
monoclonal antibody against NSF. Analysis of in vitro endocytic vesicle fusion produced
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similar findings (Diaz et al> 1989). In yeast, the rapid inactivation of S ecl8 p upon 
temperature shift permitted the potential role of Secl8 p in subsequent transport steps to be 
investigated (Graham and Emr, 1991). S ecl8 p function is additionally required for 
transport between multiple Golgi compartments and from the Golgi to the cell surface. 
Secl8 p does not appear to be required for Golgi to vacuole transport (Graham and Emr, 
1991). An investigation of the role of Secl8 p in in vitro transport between the ER and 
Golgi in yeast concluded that Secl8 p functions in vesicle attachment rather than vesicle 
fusion (Rexach and Schekman, 1991). This example serves to emphasise the value of a 
combined biochemical and genetic approach in dissecting protein transport.

Further biochemical characterisation of the mammalian intra Golgi transport 
system identified additional components required for binding of NSF to Golgi 
membranes. One is an integral membrane protein of the Golgi and the others have been 
termed SNAPs for soluble NSF attachment proteins (Weidman et al, 1989). aSNAP is the 
mammalian homologue of SEC 17 (Clary et al, 1990), another yeast gene which is 
required for ER to Golgi transport and shows genetic interactions with SEC 18 (Kaiser and 
Schekman, 1990). SNAPs are thought to bind to the integral membrane receptor and in 
this context bind NSF to the membrane and bring about vesicle fusion with the acceptor 
membrane (Rothman and Orci, 1992). Control of the assembly and disassembly of fusion 
machinery would provide a means to ensure that membrane fusion is precisely regulated.

iv. Golgi transport 
The sec mutant screen yielded only a small number of mutants which are specifically 
defective in Golgi function. S ee l  was originally identified as an intra Golgi mutant 
because cells accumulated aberrant stacked Golgi structures at the restrictive temperature 
(Novick et al, 1981). SEC7 encodes a 230kD phosphoprotein which is peripherally 
associated with membranes (Ashstetter et al, 1988; Franzusoff and Schekman, 1989). 
Immunofluorescence indictes that the highest concentration of Sec7p is associated with the 
Golgi apparatus in wild-type cells (Franzusoff et al, 1991). Antibodies against Sec7p have 
facilitated the immunoisolation of vesicles from an ER to Golgi transport assay 
(Franzusoff et al, 1992). EM of the isolated vesicles suggests that they are coated and 
implies that Sec7p forms part of that coat. Franzusoff and colleagues argue that since the 
anti-Sec7p antibodies did not inhibit vesicle budding, Sec7p is required for some later 
step, possibly fusion. It appears therefore that Sec7p makes up part of a non-clathrin 
vesicle coat, and it may be utilised at multiple stages of transport including ER to Golgi 
and intra Golgi transport (Franzusoff et al, 1992).

Secl4  mutants exhibit a marked exaggeration of aberrant Golgi structures. 
Invertase is fully glycosylated at the restrictive temperature but its secretion is blocked, 
suggesting that the defect is in export from the Golgi (Bankaitis et al, 1989). SEC14 
encodes a phosphatidyl inositol transfer protein which is predominantly localised to the 
cytoplasmic face of yeast Golgi membranes (Bankaitis et al> 1990; Cleves et al, 1991a). 
The requirement for SEC14 can be bypassed in mutants which have defects in the CDP-
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Choline pathway (but not the methylation pathway) for phosphotidylcholine synthesis 
(Cleves et al, 1991a). Bankaitis and colleagues suggest that the role of Secl4p may be to 
maintain a high phosphotidylinositol /  phosphotidylcholine ratio in the Golgi which would 
be necessary for the functioning of that organelle (Cleves et al, 1991a; Cleves et al, 
1991b). The complexities and importance of lipid balance in intracellular transport are not 
at all well understood, but Secl4p provides a good starting point for such an 
investigation.

v. Beyond the Golgi 
The Golgi apparatus is the point of divergence for traffic destined for the cell surface and 
that travelling to lysosomes (Griffifths and Simons, 1986). A number of yeast SEC gene 
products are required for Golgi to cell surface transport. Of these, the best characterised is 
the small GTP-binding protein Sec4p (Salminen and Novick, 1987). Sec4 mutants 
accumulate secretory vesicles at the restictive temperature, suggesting that the wild-type 
protein is involved in targeting or fusion of these vesicles with the plasma membrane 
(Salminen and Novick, 1987). SEC4 shows genetic interactions with other genes required 
for this final stage of transport, including SEC2, SEC 15 and SEC8 (Salminen and 
Novick, 1987). Secl5p is a soluble protein whose overproduction causes the 
accumulation of clusters of vesicles; it has been suggested that it may function in the 
attachment of vesicles to the plasma membrane (Salminen and Novick, 1989). SEC2 
encodes a protein predicted to have a coiled-coil structure reminiscent of cytoskeletal 
proteins (Nair et al, 1990). Genetic interactions indicate that both Secl5p and Sec2p are 
likely to function downstream of Sec4p (Salminen and Novick, 1989; Nair et al, 1990). 
Secretory membrane traffic from the Golgi is directed almost exclusively to the membrane 
of the bud, and this process is dependent on an intact actin cytoskeleton (Novick and 
Botstein, 1985).

Transport to the cell surface appears to be the default pathway in mammalian cells 
and transport to the lysosome is a selective process mediated by clathrin coated vesicles 
(reviewed in Komfeld and Mellman, 1989). Genetic screens have indicated that transport 
to the yeast vacuole, thought to be the equivalent of the lysosome, requires the products of 
over 40 genes (Rothman et al, 1989). These genes are likely to encode receptors and 
components of vesicle budding, targeting and fusion machinery.

The lysosome recieves input from the endocytic as well as the secretory pathway. 
The endocytosis of numerous macromolecules has been studied in mammalian cells and 
many receptors have been identified. Receptor-mediated endocytosis is mediated by 
clathrin-coated vesicles (Pearse and Bretscher, 1981). Material is then found in sorting or 
early endosomes, and receptors may be recycled to the cell surface from this organelle. 
The pathway taken to lysosomes has been a subject of intense debate (Griffiths and 
Gruenberg, 1991; Murphy, 1991). Carrier vesicles may mediate transport between the 
early and late endosomes (the 'pre-existing compartment' model). Alternatively, early 
endosomes may lose the ability to receive incoming traffic and become late endosomes
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(the 'maturation' model). Ultimately material is found in lysosomes where it is degraded. 
Attempts have also been made to study endocytosis in yeast using genetics (Reisman et al,
1986). Recently a compartment thought to be an endosomal intermediate between the 
plasma membrane and the vacuole has been described (Singer and Reisman, 1990).

vi. GTP-binding proteins
Several groups of GTP-binding proteins are thought to be involved in intracellular 
transport (reviewed in Balch, 1990; Pfeffer, 1992). Rab/ypt proteins have been proposed 
to determine the specificity and directionality of vesicle transport (Segev et al, 1988; 
Bourne et al, 1988; Walworth et al, 1989). The ARF family of proteins may regulate 
vesicle coating and uncoating (Serafini et al, 1991a). The involvement of trimeric G 
proteins in signal transduction at the plasma membrane is well documented (Gilman,
1987); G proteins couple various membrane receptors to downstream effectors. A number 
of recent observations have suggested that trimeric G proteins may also be involved in 
membrane traffic. A Gai subunit, ai.3 , is localised on the cytoplasmic face of Golgi 
membranes, distributed across the whole stack (Ercolani et al, 1990; Stow et al, 1991). 
Threefold overexpression of 0 ^ . 3  in LLC-PK1 cells retards the secretion of heparin 
sulphate proteoglycan and leads to the accumulation of incompletely processed medial and 
trans Golgi forms. This effect can be reversed by pertussis toxin which specifically ADP- 
ribosylates aj.3  (Stow et al, 1991). In addition, A1F4- which affects trimeric G proteins 
but not rabs or ARFs (Kahn, 1991), is able to inhibit steps in transport, including the 
formation of secretory vesicles from the TGN in vitro (Barr et al, 1991) and intra Golgi 
transport (Melancon et al, 1987). Some studies suggest that trimeric G proteins may exert 
their effects on intracellular transport at the stage of vesicle coating (Donaldson et al, 
1991a).

vii. Coat Proteins and the action of Brefeldin A
Three types of coated vesicles have been identified in cells to date. Gathrin-coated pits are 
responsible for specific internalisation of molecules during receptor-mediated endocytosis 
(Pearse and Bretscher, 1981). The clathrin cage consists of triskelions of the clathrin 
heavy chain (180kD) and two related light chains (30-40kD). This outer lattice is 
connected to the membrane by an adaptor complex which consists of two adaptin chains 
(a and p) of 100-1 lOkD, and two other chains (Pearse and Robinson, 1990). It is thought 
that adaptors bind to the sorting signals on receptor tails. Coated pits pinch off to form 
coated vesicles which are divested of their coats, perhaps by the uncoating ATPase, hsc70 
(Schlossman et al, 1984; Chappell et al, 1986). The uncoated vesicles subsequently fuse 
with (or mature into) the early endosome. Clathrin-coated vesicles which mediate the 
transport of newly synthesized lysosomalenzymes bearing the mannose-6 -phosphate tag 
from the trans Golgi network (TGN) to the prelysosomal compartment have a different 
complement of adaptin molecules (y and p') which bind to the cytoplasmic tail of the M6 P 
receptor (Pearse and Robinson, 1990). Both types of clathrin coated vesicles are selective 
carriers responsible for sorting of specific cargo from the bulk of other proteins.
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EM reveals the presence of coated vesicles and coat structures at the dilated rims of 
Golgi cistemae (Orci et al, 1986). These coated vesicles do not contain clathrin and 
purification has allowed the identification of the constituents of the non-clathrin coat which 
include pCOP (llOkD) (Serafini et al, 1991b; Duden et al, 1991a; Duden et al, 1991b). 
Interestingly, pCOP has dispersed homology to padaptin at the N-terminus (Duden et al, 
1991a) suggesting that the two proteins may perform similar functions. By immuno-EM 
pCOP is localised to the coats on Golgi rims and to vesicles throughout the stack, but it 
does not colocalise with clathrin coated vesicles (Duden et al, 1991a; Serafini et al, 
1991b). In addition to the membrane associated protein a large proportion of pCOP is 
soluble in a large complex (the coatomer) which also contains other coat proteins (Waters 
et al, 1991). Another component of vesicle coats (though not the coatomer) is the 21kD 
GTP-binding protein, ARF (Serafini et al, 1991a). ARF is an extremely abundant protein 
in mammalian cells (Kahn et al, 1988). In S. cerevisiae it is encoded by two genes, ARF1 
and ARF2, neither gene is essential for viability but disruption of both is lethal (Steams et 
al, 1990a). ARF1 shows genetic interactions with YPT1 (Steams et al, 1990b). Yeast 
cells bearing an ARF1 null mutation have defects in the secretory pathway; secreted 
invertase is only partially glycosylated and there is a small internal accumulation of 
invertase (Steams et al, 1990b). It has been suggested that ARF proteins may modulate 
vesicle budding and uncoating through controlled GTP hydrolysis (Serafini et al, 1991a).

Additional insights into coat formation and functions have emerged from 
investigation of the profound effects of Brefeldin A on membrane traffic and organelle 
structure (Fujiwara et al, 1988; Lippincott-Schwartz et al, 1989; Lippincott-Schwartz et al, 
1990; Armstrong and Warren, 1990; Klausner et al, 1992). The precise molecular target 
of BFA is as yet unknown. BFA causes the cessation of ER to Golgi transport and the 
disappearance of the Golgi complex; there is a complete redistribution of Mannosidase II 
and Galactosyltransferase to the ER, and ER resident proteins become modified by Golgi 
enzymes. At early timepoints of BFA treatment tubulovesiclular projections or 'necklaces' 
extend out of the Golgi, and these structures colocalise with microtubules (Lippincott- 
Schwartz et al, 1990). Consistent with the involvement of microtubules, BFA-induced 
redistribution of Golgi markers is inhibited when cells are pre-incubated with the 
microtubule-disrupting drug nocodazole.

BFA has now been reported to have effects on the morphology and function of 
other membrane bound organelles including the TGN, lysosomes and endosomes (Reaves 
and Banting, 1992; Lippincott-Schwartz et al, 1991; Wood et al, 1991; Hunziker et al,
1991). Klausner has pointed out that there appear to be three main characteristics of BFA 
action (Lippincott-Schwartz et al, 1991). 1) Some stages of intracellular transport are 
inhibited; this includes anterograde ER to Golgi transport and traffic from endosomes to 
lysosomes or the transcytotic pathway. 2) Tubulation of membranous organelles; this has 
now been observed for the Golgi stacks, the TGN, endosomes, and to a lesser extent, 
lysosomes. 3) Specific organelle mixing; fusion occurs within certain groups of
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compartments, and allowable membrane traffic in the presence of BFA is between 
'homotypic' organelles. So, the Golgi, CGN and ER form one group, and the TGN, 
endosomes and prelysosomal compartment another. Heterotypic transport between these 
groups does not occur in BFA.

Studies on the very early events of BFA treatment have uncovered structural 
events which precede the morphological changes. Treatment of cells with BFA for 20-30 
seconds causes the dissociation of pCOP from Golgi membranes and its dispersal in the 
cytoplasm (Donaldson et al, 1990). Upon removal of BFA, pCOP rapidly reassociates 
with Golgi membranes (or the ER if the Golgi has been allowed to redistribute to there). 
Pretreatment of semipermeable cells with GTPyS prevents both the dissociation of pCOP 
from Golgi membranes and the redistribution of Golgi markers to the ER (Donaldson et 
al, 1991b). However, GTPyS does not reverse the effects of BFA; it does not cause the 
reassociation of pCOP with membranes, nor the reassembly of the Golgi. AIF4 - has 
similar effects in intact cells (Donaldson et al, 1991b). These observations have led to a 
model which proposes that pCOP exists in a dynamic cycle between the cytosol and 
membranes, and this cycle is regulated by GTP-binding proteins. Interestingly, it appears 
that some cell lines are resistant to the effects of BFA. In PtKl cells (a kangaroo rat line) 
BFA does not cause redistribution of the Golgi and pCOP does not dissociate from 
membranes. Cell fusion experiments indicate that the BFA resistant factor is non- 
diffusible and membrane associated (Ktistakis et al, 1991). Recently, effects of BFA 
similar to those described for pCOP have been observed for coat proteins of clathrin- 
coated vesicles (Robinson and Kreis, 1992). yAdaptin, part of the clathrin coat on vesicles 
which bud from the TGN, redistributes upon BFA treatment, whereas the clathrin-coated 
vesicles which bud from the plasma membrane are not affected. Experiments with GTPyS 
and A1F4- again implicate G proteins in regulating coating and uncoating of TGN clathrin- 
coated vesicles.

The functions of coats may include involvement in protein sorting, provision of a 
mechanochemical mechanism to facilitate the formation and pinching off of vesicles, 
prevention of inappropriate membrane fusion events, and maintenance of the structural 
integrity of the Golgi apparatus (Pearse and Robinson, 1990; Duden et al, 1991a). 
Vesicles involved in intracistemal transport remain coated until docking at the target 
membrane has occurred, suggesting that the coat may be responsible for targeting and 
specific fusion by preventing interaction with non-target membranes. Several transport 
events involve movement of vesicles along microtubules. It has been suggested that coats 
cover the points of attachment of microtubule motor proteins thereby preventing premature 
transport before vesicles have fully formed (Pelham, 1991). In this scenario, the action of 
BFA would be to disrupt or prevent the formation of coats, thereby unmasking 
microtubule motor attachment sites and allowing membrane movement along 
microtubules. In the absence of coats to pinch off vesicles this would have the effect of 
drawing membranes out into long tubules. The absence of coats and therefore targeting
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information would also allow fusion with the 'wrong' compartments.

1.3. Protein targeting
Maintenance of the unique structure and functions of intracellular organelles depends on 
the delivery of newly synthesised proteins to their specific subcellular destinations. As the 
enzymes responsible for post-translational modifications are sequestered in different 
compartments, passage of secretory proteins through successive compartments must occur 
in the correct order. Proteins are expected to bear labels which specify their destination. 
The cell must also contain targeting machinery which recognises these signals and sorts 
the proteins bearing them to the correct location.

Several targeting motifs have now been identified. These motifs generally consist 
of a short stretch of amino acids which is shared in sequence or structure with other 
proteins having the same final destination. A feature of targeting motifs is their ability to 
act autonomously, so that when transplanted to a reporter molecule they bring about the 
specific localisation of that protein. Progress has also been made in identifying some of 
the components of cellular machinery responsible for specific sorting steps.
1.3.a. Translocation into the ER
Virtually all proteins which function in or pass through the exocytic or endocytic pathways 
must first be targeted to the ER. This is achieved by means of a cleavable N-terminal 
signal sequence (or a hydrophobic sequence internal to the protein). The features required 
for a polypeptide to function as a signal sequence are imprecise, though a comparison of 
known signal peptides has produced a set of rules to define such sequences (von Heijne, 
1983; von Heijne, 1985). The diversity of signal peptides and signal anchor sequences 
implies that the translocation machinery must have some inherent flexibility. Several 
components of the targeting and translocation machinery have been identified and the 
mechanism of protein translocation into the ER is beginning to be understood (Meyer,
1992).
1.3.b. Localisation of proteins in the ER
The observation that proteins exit the ER at different rates and that some mutant proteins 
fail to leave the ER (Fitting and Kabat, 1982; Lodish et al, 1983) was originally 
interpreted as evidence that transport from the ER to the later stages of the secretory 
pathway was a selective process requiring transported proteins to bear specific signals. 
Most of these observations can be explained by a general requirement for proper folding 
and complete assembly and differences in the rates at which proteins achieve these states. 
It is currently accepted that transport of secretory, and presumably membrane, proteins 
occurs by non-specific bulk flow. Several lines of evidence support this conclusion. A 
bacterial protein, p lactamase, unlikely to contain any motifs recognised by eukaryotic 
targeting machinery, is efficiently secreted when expressed in Xenopus laevis oocytes 
(Wiedmann et al, 1984). A three amino acid glycopeptide is transported from the ER to the 
cell surface at a rate comparable with the most rapidly secreted proteins (Wieland et al,
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1987), though the conclusions of this experiment have been questioned (Rose and Doms,
1988). It is possible that specific forward transport signals exist in addition to the default 
pathway, but these have not yet been identified.

The existance of a rapid default pathway to the cell surface presents a problem for 
residents of the compartments through which this traffic passes; how do they avoid being 
swept along with the bulk flow? The best characterised example is probably that of the 
luminal ER proteins. Members of this class of proteins bear the sequence KDEL (or 
HDEL in S. cerevisiae) at their C-termini (Pelham, 1989; Pelham, 1990). Removal of this 
sequence from BiP results in the slow secretion of the truncated protein; transplantation of 
the amino acids SEKDEL onto a normally secreted protein, lysozyme, causes its retention 
in the ER (Munro and Pelham, 1987). The XDEL sequence therefore defines ER 
retention. The mechanism of retention is thought to involve recycling of escaped KDEL 
proteins from a post-ER compartment (Munro and Pelham, 1987; Pelham, 1988; Warren, 
1987; Lewis and Pelham, 1992). The compartment from which recycling occurs has been 
proposed to be the intermediate compartment (also known as the salvage compartment or 
the cis Golgi network) or the Golgi apparatus.

A retention sequence has also been identified for ER membrane proteins. The 
sequence KKXX or KXKXX which is found at the extreme C-terminus of a number of 
type I membrane proteins (C-terminus in cytoplasm) can direct ER retention of a 
heterologous protein. This was first studied with the adenovirus E3/19 protein (Nilsson et 
al, 1989) and such sequences have also been found on cellular membrane proteins 
(Jackson et al, 1990). The KKXX sequence presumably interacts with proteins in the 
cytoplasm which effect its localisation. Components of such sorting machinery have not 
yet been identified. In contrast, sequences at the N-termini of a number of other ER 
proteins are required for their localisation (Lotteau, et al, 1990; Poruchynsky et al, 1988; 
Stirzaker and Both, 1989), though these have not yet been shown to be sufficient for 
retention. The product of the SEC20 gene from S. cerevisiae is a membrane protein which 
has HDEL at its C-terminus (Sweet and Pelham, 1992) and appears to be a substrate for 
the HDEL retrieval system normally associated with the retention of soluble ER proteins. 
Thus, it appears that multiple motifs and retention or retrieval mechanisms may exist to 
bring about the localisation of ER membrane proteins.
I.3.C. Localisation of proteins in the Golgi
No soluble Golgi proteins have so far been identified. However, several investigators 
have attempted to define localisation sequences for Golgi membrane proteins. The El 
protein of IBV avian corona virus possesses three membrane spanning domains and is 
retained in the cis-Golgi when expressed in animal cells. Deletion analysis suggested that 
the first transmembrane domain was involved. Indeed, when this domain is transferred to 
either of two plasma membrane proteins they are retained in the cis Golgi (Swift and 
Machamer, 1991). Another coronavirus membrane protein, the E l protein of mouse 
hepatitis virus, is retained in the Golgi. It too has three membrane spanning domains but
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in this case both the first transmembrane sequence and the C-terminal 18 amino acids 
(cytoplasmic) have been shown to play a role in retention (Armstrong et al, 1990; 
Armstrong and Patel, 1991). The retention signal for this protein therefore seems to 
consist of a sorting domain rather than a discrete linear sequence.

The sorting of two cellular trans Golgi membrane proteins has been analysed 
(Munro, 1991; Nilsson et al, 1991). Both a-2,6-sialyltransferase (ST) and p-1,4- 
galactosyltransferase (GT) are type II proteins (N-terminus on cytoplasmic side) with one 
membrane spanning region. Deletion analysis and the construction of chimaeras with 
reporter proteins (normally sent to the lysosomes or cell surface) were used to define 
regions of ST and GT responsible for Golgi retention. The transmembrane domain of ST 
was shown to be required, though retention was enhanced by inclusion of a short 
juxtamembrane portion from the luminal side of the molecule (Munro, 1991). Eleven 
amino acids from the luminal side of the transmembrane domain of GT were sufficient to 
cause retention of an Invariant chain (Ii) chimaera (Nilsson et al, 1991). However, 
retention was improved by the cytoplasmic tail of GT or, surprisingly, Ii. In contrast to 
these experiments which implicate transmembrane domains in Golgi retention, deletion of 
the cytoplasmic C-terminal tail of TGN38 (normally a resident of the TGN) causes its 
redistribution to the cell surface (Luzio et al, 1990). The yeast protein Kex2p which 
functions in the late Golgi (possibly the yeast equivalent of the TGN) requires its 
cytoplasmic tail for proper localisation (Fuller et al, 1989).
1.3.d. Targeting to the lysosome
The mannose-6-phosphate tag was one of the first intracellular targeting signals to be 
identified; this modification targets proteases to the lysosome (reviewed in Komfeld and 
Mellman, 1989). GlcNAc-P is added to mannose residues on lysosomal proteins by 
GlcNAc-P-transferase in the cis-Golgi and the GlcNAc is removed in a later Golgi 
compartment forming M6P. The structural signal specifying the M6P modification appears 
to be a 3-dimensional domain rather than a simple primary sequence. In the TGN, the 
signal is bound by M6P-receptors which concentrate into clathrin coated pits and thereby 
segregate lysosomal proteins from secretory proteins (Komfeld and Mellman, 1989; 
Pearse and Robinson, 1990). Coated vesicles pinch off, uncoat and fuse with a 
prelysosomal compartment where the low pH causes dissociation of M6P-R from its 
ligand. While the M6PR recycles to the TGN, the proteases are found in the lysosome.

M6P is not a vacuolar sorting signal in yeast since carboxypeptidase Y is 
efficiently targeted to the vacuole in the absence of carbohydrate addition (Rothman et al,
1989). Soluble vacuolar proteases are synthesised as inactive precursors which are 
proteolytically processed to their mature forms upon arrival at the vacuole. Part of the 
prepro-peptide of CPY has been shown to constitute a vacuolar sorting signal (Johnson et 
al, 1987). Mutation of a four amino acid segment (QRPL) results in secretion of proCPY 
(Vails et al, 1990). The prepro region of proteinase A also functions as a vacuolar sorting 
signal (Klionsky et al, 1988) but there is no sequence similarity in the prepro regions of
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the two proteases.
Transport of proteins to the yeast vacuole does not seem to require clathrin, though 

deletion of the clathrin heavy chain gene causes slow growth (Payne et al, 1987) and 
missorting of the late Golgi protein Kex2p to the cell surface (Payne and Schekman,
1989). Isolation of mutants which mislocalise CPY and other proteases to the cell surface 
has defined more than 40 genes whose products are required for vacuolar targeting or 
assembly (reviewed in Rothman et al, 1989). Some of the mutants also display aberrant 
vacuolar morphology and /  or segregation (Banta et al, 1988; Rothman et al, 1988). 
Although no clear picture of the targeting mechanism has emerged yet, a number of the 
genes have been cloned and sequenced. Components of the vacuole and vacuolar targeting 
machinery so far identified include a dynamin-like motor (Rothman et al, 1990), a protein 
kinase (Herman et al, 1991) and the vacuolar H+-ATPase (Kane et al, 1989; Nelson and 
Nelson, 1990).
1.3.e. Endocytosis
Numerous receptors exist on the cell surface for the uptake of macromolecules into the 
cell. Receptors are internalised via clathrin coated vesicles which uncoat and fuse with 
endosomal compartments, whereupon the receptor may be recycled (Pearse and 
Robinson, 1990). Membrane receptors may be concentrated in coated pits up to 100 
times, while some other membrane proteins are excluded (Bretscher et al, 1980). Most 
receptors have a large extracellular ligand binding domain, a single membrane spanning 
region, and a short cytoplasmic tail. Deletion experiments suggested that the cytoplasmic 
tail was responsible for the selective concentration of receptors in coated pits. Tyrosine 
residues found in the tails of several receptors including M6PR, low density lipoprotein 
receptor and the transferrin receptor are important for endocytosis. These tyrosine residues 
are found in stretches of four to six amino acids which are predicted to form a surface- 
exposed tight turn structure and suggests that this conformational motif is the determinant 
for efficient endocytosis (reviewed in Trowbridge, 1991).
1.3.f. Sorting in polarised cells
In polarised epithelia, newly synthesised basolateral and apical proteins travel together as 
far as the TGN. Here, basolateral proteins are transported directly to that surface. Apical 
proteins may follow a direct or indirect route via basolateral surface to their final 
destination (reviewed in Mostov et al, 1992). GPI anchored proteins are found exclusively 
on the apical surface, as are glycosphingolipids. Replacement of the transmembrane 
domain of a basolateral protein with a GPI anchor causes its transport to the apical 
surface. A model for apical sorting has been proposed which suggests that hydrogen 
bonding between GPI anchors and glycosphingolipids in the TGN causes aggregation and 
the exclusion of other proteins from the apical sorting vesicles (Brown et al, 1989; Lisanti 
and Rodriguez-Boulan, 1990). A stretch of 17 amino acids in the cytoplasmic domain of 
the poly Ig receptor (plgR) is required for its transport to the basolateral surface from the 
TGN (Casanova et al, 1991).
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Upon reaching the basolateral surface the plgR is endocytosed and transcytosed to 
the apical surface. Phosphorylation of a serine in the cytoplasmic tail signals transcytosis 
(Casanova et al, 1990). Mutation of this serine to alanine prevents transcytosis, whilst 
mutation to a negatively charged amino acid (aspartic acid) stimulates i t  Microtubules are 
required for transcytosis to the apical surface (Bomsel and Mostov, 1991), and 
presumably since microtubules are arranged with their minus ends in that region of the 
cell, a dynein-like molecule is also involved.
1.3.g. Direct import into organelles
Targeting of proteins to the majority of organelles on the secretory and endocytic 
pathways requires their prior translocation into the ER lumen or membrane. There are a 
few examples however, of direct import of proteins from the cytoplasm. Bovine 
pancreatic ribonuclease A is directly taken up from the cytosol into the lysosome of 
cultured fibroblasts and degraded in conditions of serum starvation. A comparison of 
proteins which are subjected to this type of degradation has defined a peptide motif which 
specifies uptake by lysosomes. The peptide motif consists of a glutamine flanked on either 
side by a tetrapeptide consisting of only very basic, very acidic or very hydrophobic 
residues (Dice et al, 1990). A similar phenomenon has been observed in yeast, a- 
Mannosidase is located on the inner surface of the vacuolar membrane but has no typical 
signal sequence and is not glycosylated on its N-X-S/T sites. Delivery to the vacuole still 
occurs in sec mutants at the restrictive temperature (Yoshihisa and Anraku, 1990). The 
degradation of fructose-2,6-bisphosphatase is increased in glucose-containing media and 
is dependent on intact vacuolar proteases (Chiang and Schekman, 1991). The dependence 
of this process on ongoing protein synthesis and membrane traffic is thought to be due to a 1* 
requirement for the delivery of a glucose-induced assembly factor via the secretory 
pathway. The mechanism and signals involved in the regulated vacuolar uptake of 
cytosolic proteins in yeast are presently unknown.

1.4. Proteins of the ER lumen
The lumen of the ER contains, in addition to secretory proteins in transit, several resident 
proteins which contribute to the folding and assembly of newly synthesised proteins. 
These resident proteins include BiP/GRP78, protein disulphide isomerase (PDI), 
calreticulin (Smith and Koch, 1989) and GRP94/endoplasmin (Lee et al, 1984; Koch et al,
1986). The roles of BiP and PDI have been studied in greatest detail.

PDI catalyses thiol oxidation and disulphide exchange reactions that promote the 
correct folding of proteins (Freedman, 1984). PDI can be cross-linked to nascent 
immunoglobulin heavy and light chains (Roth and Pierce, 1987) suggesting that it 
facilitates the folding of these proteins. Purified PDI is able to restore the ability of 
microsomes depleted of luminal proteins to form correctly disulphide-bonded proteins in 
vitro (Bulleid and Freedman, 1988). PDI is also a subunit of prolyl-4-hydroxylase which 
modifies proline residues in newly synthesised collagen (Pihlajaniemi et al, 1987).
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BiP is an abundant 78kD ER resident member of the hsp70 family of proteins. BiP 
has been identified in three different ways. Binding Protein (BiP) was identified in pre-B 
cells as a protein non-covalently bound to immunoglobulin heavy chains in the absence of 
light chain synthesis (Haas and Wabl, 1983). It was also identified as GRP78, one of the 
glucose regulated proteins induced in chick fibroblasts starved of glucose (Shui et al, 
1977). More recently, KAR2, a yeast gene required for karyogamy, was shown to encode 
BiP (Rose et al, 1989). The expression of BiP is induced by a variety of agents which are 
thought to cause an accumulation of underglycosylated or misfolded proteins in the lumen 
of the ER. These agents include the calcium ionophore A23187, the glycosylation 
inhibitors tunicamycin and 1-deoxynojirimycin, metabolic inhibitors such as 2- 
deoxyglucose, and amino acid analogues (eg Watowich and Morimoto, 1988). A detailed 
study of the sequences upstream of the GRP78 gene responsible for high basal and 
inducible expression has been performed by Lee and colleagues (Lin et al, 1986; Chang et 
al, 1987; Resendez eta l, 1988; Wooden et al, 1991).

The precise role or roles of BiP in unstressed and stressed cells has been the 
subject of intense study and speculation for a number of years. The function of BiP has 
variously been proposed to be: to bind to incompletely assembled or improperly folded 
proteins and prevent their exit from the ER; to solubilise or prevent the formation of 
protein aggregates in the ER in an analogous manner to the disruption of heat-shock 
induced protein aggregates by hsp70; to play a role in the normal maturation pathway of 
secretory and membrane proteins by promoting protein folding and assembly; to be 
involved in the actual translocation of nascent polypeptides into the ER lumen.

Pre-B cell lines (H+L) which are not producing light chains contain heavy chains 
stably complexed with BiP in the ER (Bole et al, 1986). In secreting hybridomas (H+L+) 
BiP is seen in transient association with assem bling im m unoglobulin. 
Immunoprecipitations showed that BiP formed complexes with heavy chains and with 
partly assembled Ig molecules (HL, H2L) but not with completely assembled H 2 L2  Ig 
molecules. In contrast to heavy chains in L- cell lines, completely assembled H2 L 2  

molecules are rapidly transported out of the ER and secreted from these cells (Bole et al,
1986). Heavy chains lacking the ChI domain fail to bind BiP and are secreted suggesting 
that this region is normally required for the association with BiP (Hendershot et al, 1987). 
It is of interest that light chains are covalently attached to heavy chains through the ChI 
domain.

These results support a role for BiP in preventing incompletely assembled Ig 
molecules from leaving the ER. Evidence that BiP may perform a similar role for other 
proteins has been provided by experiments involving tissue plasminogen activator (tPA) 
and Influenza virus haemaglutinin (HAO). Expression in CHO cells of a tPA mutant 
variant which lacks potential N-linked glycosylation sites results in increased levels of BiP 
and its stable association with tPA in the ER (Domer et al, 1988). To investigate the role 
of BiP in the ER retention of mutant tPA, antisense BiP mRNA was introduced to reduce
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the level of BiP. This resulted in increased secretion of the tPA (Domer et al, 1988). In 
influenza virus infected cells, inhibition of glycosylation with tunicamycin causes HAO to 
be misfolded and retained in the ER in a complex with BiP (Hurtley et al, 1989). In an in 
vitro translation-translocation system BiP was found to be associated with incorrectly 
glycosylated invertase chains and with incorrectly disulphide-bonded prolactin 
(Kassenbrock et al, 1988). No association with nascent, correctly glycosylated 
polypeptides was observed in this assay.

BiP has been found in transient association with a number of viral and cellular 
secretory membrane proteins, suggesting a role in the normal assembly and maturation 
pathway of such proteins. Conformation specific monoclonal antibodies were used as a 
measure of proper folding and oligomerisation to follow the maturation of paramyxovirus 
haemaglutinin neuraminidase (HN), a type II integral membrane glycoprotein. Newly 
synthesised HN associated with BiP and dissociated in an inverse correlation with gain of 
antibody reactivity (Ng et al, 1989). Studies of the pentameric (oc2Py5) nicotinic acetyl 
choline receptor (AChR) indicates that BiP plays a role in some, but not all, aspects of its 
assembly (Blount and Merlie, 1991). One step in the maturation involves the a  subunit 
acquiring ability to bind a-bungarotoxin, which is coincident with the formation of a 
disulphide bond within the a  subunit. Both the mature and immature forms of a  can 
complex with the 8 or y subunits. However, only monomers and heterodimers containing 
immature a  are bound by BiP, arguing that for the AChR BiP does not play a role in 
subunit assembly, nor is its binding essential for the retention of unassembled AChR in 
the ER. Rather, the correlation of the release of BiP from a  with a's disulphide bonding 
suggests that BiP may assist in subunit folding and facilitation of disulphide bond 
formation, or prevent aggregation of subunits.

A role for BiP in the process of polypeptide translocation into the ER has been 
implicated by the phenotypes of mutant kar2 alleles in S. cerevisiae. At the restrictive 
temperature, kar2-l59 accumulates untranslocated precursors of several yeast proteins 
(Vogel et al, 1990). Depletion of wild-type Kar2 protein has the same phenotype, 
indicating that the defect is not the result of non-specific jamming of the translocation 
machinery with mutant Kar2 protein. Two models for the molecular role of Kar2p in 
translocation have been proposed. Either BiP is required to keep translocating 
polypeptides in an unfolded state, as hsp70s have been shown to do on the cytoplasmic 
face of the ER membrane (Deshaies et al, 1988; Chirico et al, 1988), or BiP is required for 
the maintenance of the translocation machinery at each round of translocation (Vogel et al,
1990). Kar2p/BiP can be cross-linked to nascent secretory proteins, supporting its 
proposed role in translocation (Sanders et al, 1992).

Thus the potential activities of BiP range from the entry of a secretory protein into 
the ER, to its folding, assembly and exit. It is possible that BiP does perform all these 
proposed activities, and that it may perform different functions for different proteins. The 
common feature of BiP association appears to be binding to proteins which are not
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'transport competent' or 'ready' to travel on to the Golgi. How BiP distinguishes an 
aberrantly folded polypeptide from a correctly folded one is not yet known. It has been 
proposed that members of the hsp70 family might recognise exposed hydrophobic 
surfaces of denatured proteins (Pelham, 1986). In vitro BiP can bind to a wide variety of 
peptides with a range of affinities, and has a preference for amphipathic residues. In this 
system, hydrolysis of ATP is dependent on peptide binding and necessary for the 
subsequent release of bound peptide (Flynn et al, 1989; Flynn et al, 1991). ATP, but not 
non-hydrolysable analogues, is also able to release BiP from heavy chains in vitro (Munro 
and Pelham, 1986). These observations support the notion that BiP interacts dynamically 
with proteins in the ER in a cycle of binding and release. Its mechanism of action may be 
similar to that proposed for hsp70s and the uncoating ATPase, hsc70 (Pelham, 1986).

Intraluminal calcium concentration may be involved in modulating the binding and 
release of BiP from proteins in the ER. Treatment of cells with the calcium ionophore 
A23187 results in the secretion of mutant variants of the T cell receptor a chain (TCRa) 
which are normally retained in the ER (Suzuki et al, 1991). Inhibition of an ER Ca2+ 
ATPase by thapsigargin has the same effect. In vitro, chelation of Ca2+ by EGTA 
promotes the ATP hydrolysis-dependent release of bound mutant TCRa from BiP. In a 
study of the interactions of BiP with adenine nucleotides it was shown that Ca2+ can 
inhibit BiP's ATPase activity (Kassenbrock and Kelly, 1989). The fact that A23187 
treatment causes an induction of BiP (Lee, 1987) may give some support to the idea that 
Ca2+ modulates BiP's interaction with proteins in the ER; by altering the intraluminal Ca2+ 
concentration, A23187 may affect BiFs ability to interact with proteins thereby causing an 
accumulation of misfolded proteins and induction of BiP.

Another insight into the behaviour of BiP has come from an analysis of its post- 
translational modifications (Hendershot et al, 1988; Freiden et al, 1992). It appears that 
BiP exists in three functionally distinct but interconvertible states: complexed to other 
proteins; as a free unmodified monomer; as an ADP-ribosylated, phosphorylated 
oligomer. Newly synthesised BiP appears to complex with other proteins in the ER and is 
released concomitant with the folding, assembly or degradation of the complexed protein, 
and becomes phosphorylated and ADP-ribosylated and assembled into oligomers. In order 
to be reused BiP would need to convert back into an unmodified monomer. Cells which 
have been subjected to stress and induce BiP, contain similar amounts of unbound BiP as 
unstressed cells. However, the free BiP in unstressed cells is in the modified oligomerised 
state, whereas free BiP in stressed cells is in the unmodified monomeric 'active' state 
(Freiden et al, 1992).

Because many agents which cause an induction of BiP and other glucose regulated 
proteins interfere with glycosylation it was suggested that the presence of 
underglycosylated proteins in the ER was the proximal signal for induction (Chang et al, 
1987). However, experiments using influenza virus HA have indicated that the signal for 
induction is probably the presence of aberrantly folded proteins in the ER (Kozutsumi et
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al, 1988). The expression of ER retained mutants, one incorrectly disulphide bonded and 
the other bearing a cytoplasmic tail extension, both induce the synthesis of BiP and 
GRP94. In contrast expression of the wild-type protein or a mutant which accumulates in 
a post-ER compartment do not. Neither of the inducing mutants have abnormal 
glycosylation patterns. Another argument against underglycosylation being the primary 
signal is that it does not completely correspond with the induction of BiP and GRP94 by 
drugs (Kozutsumi et al, 1988).

It appears to have been established that a common signal for the induction of BiP 
is the accumulation of misfolded proteins in the ER. How such a signal is transmitted 
from the lumen of the ER to the nucleus is a very interesting problem but it remains a 
matter for speculation. It is possible that the post-translational modification of BiP 
mentioned above may play a part in a sensing mechanism (Freiden et al, 1992).

1.5. Sorting of luminal ER proteins
The transport of secretory and plasma membrane proteins from the ER to the Golgi and 
beyond appears to occur by default rather than requiring specific 'forward transport' 
signals. How then do the soluble residents of the ER, such as BiP and PDI, avoid being 
swept along with the bulk flow and secreted? A clue to the mechanism of localisation of 
luminal ER proteins came from a comparison of mammalian BiP, GRP94 and PDI 
sequences. Though these proteins share little amino acid homology along their length, all 
three have the C-terminal sequence KDEL (Munro and Pelham, 1986; Munro and Pelham,
1987). When the C-terminal region of BiP was removed, the truncated protein was 
secreted from COS cells, albeit more slowly than the majority of secretory proteins 
(Munro and Pelham, 1987). Addition of the last six amino acids from BiP, SEKDEL, to 
the secretory protein lysozyme, caused its accumulation in the ER (Munro and Pelham,
1987). It was essential that the sequence was at the extreme C-terminus since KDELGL 
was not retained; neither was a mutation of KDEL to KDAS.

All resident ER proteins so far examined have KDEL or a related sequence at their 
C-termini (reviewed in Pelham, 1990). Variations are common in lower eukaryotes, for 
instance S. cerevisiae BiP has HDEL (Normington et al, 1989; Rose et al, 1989), 
Plasmodium falciparum BiP has SDEL (Kumar et al, 1988), and Kluveromyces lactis BiP 
has DDEL (Lewis and Pelham, 1990a), though this yeast also contains proteins which are 
recognised by anti-HDEL antibodies (Lewis et al, 1990). Several more divergent C- 
termini have also been noted, including HTEL and HIEL (Korza and Ozols, 1988). It has 
been shown that the S. cerevisiae sequence, HDEL can not efficiently substitute for KDEL 
in mammalian cells and vice versa (Pelham et al, 1989).

Two possible models for ER localisation of KDEL bearing proteins can be 
envisaged (Munro and Pelham, 1987; Warren, 1987). In the first model KDEL proteins 
would be held in the ER by virtue of their binding to a receptor in the membrane of that 
organelle. Several observations and experiments argued against this model being correct
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(reviewed in Pelham, 1989). Luminal ER proteins such as BiP are soluble in the absence 
of detergents. Immunogold labelling of BiP by EM shows that it is not associated with the 
membrane but spread out across the lumen of the ER. Resident proteins of the ER lumen 
are present in huge amounts (estimated at up to lOOmg/ml; Koch, 1987) but there is no 
candidate ER membrane protein of sufficient abundance to bind all the KDEL proteins 
stoichiometrically. Indeed tight binding of these proteins to a receptor might be expected 
to interfere with their proposed functions in protein assembly.

The most convincing evidence against tight association with a membrane bound 
receptor came from experiments performed in Xenopus oocytes (Ceriotti and Colman,
1988). The RNA for several different proteins was injected into the animal or vegetal pole 
of large Xenopus oocytes. RNA diffuses away from its site of injection only very slowly 
whereas the synthesised proteins are able to diffuse rapidly into the opposite hemisphere. 
GRP78 (BiP) was found to move across the oocyte at a rate comparable with that of a 
secretory protein, ovalbumin. In contrast, three membrane proteins (rotavirus YP10, a 
mutant haemagglutinin and influenza HA) were confined to their hemisphere of synthesis. 
Importantly, the presence or absence of the KDEL sequence did not seem to influence the 
movement of BiP. Therefore, BiP seems to be free to diffuse throughout the ER and does 
not behave as if tightly bound to a receptor in the ER membrane.

An alternative model for the localisation of soluble ER proteins invokes a 
mechanism whereby KDEL proteins are able to leave the ER, but are then retrieved from 
some post-ER compartment in a receptor-mediated manner (Munro and Pelham, 1987; 
Warren, 1987). This model does not imply the need for an abundant receptor protein; the 
KDEL receptor would act catalytically in returning escaped proteins to the ER. Binding 
and release of KDEL proteins would be controlled by differences in intraluminal 
environment between the two compartments.

To test this model in mammalian cells, KDEL was fused to a reporter molecule, 
the lysosomal protein cathepsin D (Pelham, 1988). This protein was chosen because at 
least one of the modifications it receives had been shown to occur in an early post-ER 
compartment. N-acetyl glucosaminyl-1-phosphotransferase adds GlcNAc-P to mannose in 
what is probably the cis-Golgi; the GlcNAc is then removed in a later Golgi compartment, 
leaving man-6-P (Komfeld and Komfeld, 1985). The cathepsin D-KDEL molecule was 
retained in the ER as shown by immunofluorescence. It had however acquired the first, 
but not the second, of the modifications indicative of it having been exposed to the cis- 
Golgi but not later stages of the Golgi. In addition the GlcNAc-P modification to cathepsin 
D-KDEL was not observed at 16°C, a temperature which blocks ER to Golgi transport 
(Pelham, 1988).

Proof for the existence of a recycling mechanism came from experiments 
performed in S. cerevisiae (Dean and Pelham, 1990). The sorting of an HDEL-tagged 
preproalpha factor fusion protein was analysed. ppaf-HDEL received a  1-6 linked 
mannose residues but not al-3  linked mannose residues indicating that ppaf-HDEL only
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reached an early part of the Golgi. The a l-6  linked mannose was added in a SEC18- 
dependent manner and the modified form of ppaf-HDEL localised to the ER upon cell 
fractionation. These findings showed that ER to Golgi transport was essential for the 
Golgi modification of an ER localised HDEL protein and provided overwhelming 
evidence for a recycling system in yeast

It was obviously important to identify the KDEL/HDEL receptor in order to study 
the mechanism of retrieval of ER proteins. Two rather different candidates for the receptor 
were identified. Anti-idiotypic antibodies were employed in the identification of a 72kD 
protein from mammalian cells (Vaux et al, 1990). The anti-idiotype approach involved 
generation of antibodies against anti-KDEL antibodies. It was predicted that some of these 
antibodies would mimic the structure of the putative KDEL receptor. Evidence for this 
was provided by the fact that some of the third round of antibodies (generated against the 
anti-idiotypic antibodies) reacted with KDEL peptides. The anti-idiotypic antibodies 
recognise a 72kD protein on Western blots. This integral membrane protein was found to 
be overexpressed in the hybridoma producing the anti-idiotypic antibodies. The 
hybridoma cells also secreted a soluble glycosylated fragment of the 72kD protein and this 
fragment was used for biochemical experiments. It binds weakly to KDEL peptides and to 
PDI in a divalent cation-dependent manner. Immunofluorescence with the anti-idiotypic 
antibodies stains an organelle with the properties of the intermediate compartment (Vaux et 
al, 1990). Therefore, this 72kD protein displays many of the characteristics that might be 
expected for a KDEL receptor.

An alternative candidate for the receptor was identified using yeast genetics. S. 
cerevisiae mutants were selected which were defective in the retention of HDEL-bearing 
proteins. The mutants fell into two main complementation groups - ERD1 and ERD2 (for 
ER retention defective). Erdlp is an integral membrane of the Golgi and has been 
proposed to play a role in the regulating the internal environment of that organelle 
(Hardwick et al, 1990). Cloning of the ERD2 gene showed that it encodes a 26kD protein 
with seven potential membrane spanning domains (Semenza et al, 1990). Convincing 
evidence has been obtained which indicates that Erd2p is the yeast HDEL receptor. 
Overexpression of Erd2p in yeast improves the retention of both endogenous HDEL 
proteins and highly expressed HDEL-bearing fusion proteins (Semenza et al, 1990). The 
ERD2 gene from K. lactis has also been cloned; this yeast has DDEL, and probably also 
HDEL, at the C-termini of its ER-resident proteins (Lewis et al, 1990; Lewis and Pelham, 
1990a). Expression of the K. lactis ERD2 gene in S. cerevisiae brought about the 
retention of DDEL in addition to HDEL (Lewis et al, 1990). Thus Erd2p controls the 
capacity and specificity of the retention system, strongly suggesting that it is the HDEL 
receptor.

A human ERD2 homologue has also been cloned; the gene encodes a 26kD protein 
which is 50% identical to S. cerevisiae Erd2p (Lewis and Pelham, 1990b) and is 
obviously a candidate for the human KDEL receptor. Immunofluorescence of COS cells
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expressing a myc-tagged version of hERD2 localised it to the Golgi region, a location 
consistent with its proposed function (Lewis and Pelham, 1990b). Recently, additional 
evidence that hERD2 is the KDEL receptor has been produced (Lewis and Pelham, 1992). 
Lysozyme-KDEL is localised to the ER when expressed in COS cells; lysozyme-HDEL is 
found in the Golgi which is typical for lysozyme en route to the cell surface; lysozyme- 
DDEL is poorly retained in the ER (though better than HDEL). Overexpression of hERD2 
in these cells had no effect on lysozyme-KDEL or lysozyme-HDEL which remained in the 
ER or Golgi respectively. However, lysozyme-DDEL was localised to the ER under these 
conditions, suggesting that overexpression of hERD2 was able to improve the retention of 
the weakly recognised lysozyme-DDEL (Lewis and Pelham, 1992). Strikingly, 
overexpression of both recognised proteins, lysozyme-DDEL and lysozyme-KDEL, 
caused a redistribution of hERD2 from the Golgi apparatus to the ER, whereas in cells 
overexpressing a non-recognised molecule, lysozyme-AARL, hERD2 remained in the 
Golgi (Lewis and Pelham, 1992). In addition, introduction of mutations designed to alter 
the ligand specificity of hERD2 (by making it similar to the K. lactis ERD2 sequence), 
resulted in it remaining in the Golgi upon overexpression of KDEL ligand; the mutated 
hERD2 continued to move upon overexpression of DDEL ligand. The ligand-specific 
redistribution of hERD2 observed in these experiments is good evidence for a direct 
interaction between hERD2 and KDEL ligand, and for hERD2 being a KDEL receptor. 
The relationship between hERD2 and the 72kD protein described by Vaux and colleagues 
remains to be clarified; it is possible that there are several different KDEL receptors in 
mammalian cells, however the genetics of ERD2 in S. cerevisiae indicates that it is the 
only HDEL receptor (Semenza et al, 1990).

A scheme for the mechanism of localisation of luminal ER proteins can now be 
envisaged. It is important to note that retrieval is not the first line of defence in ensuring 
the ER localisation of K/HDEL proteins. BiP without KDEL leaks out of COS cells very 
slowly compared to the estimated rate of bulk flow (Munro and Pelham, 1987). This 
suggests that the recycling system exists at least in part to retrieve escaped KDEL proteins. 
Inherent in the retrieval mechanism is the notion that it must be selective to avoid 
nonspecific reflux of secretory proteins. This condition would be fullfilled if recycling 
were triggered by KDEL binding. This event would be transduced, presumably via some 
change in conformation, to the cytoplasmic retrograde transport machinery. The ligand 
induced redistribution of hERD2 supports these models (Lewis and Pelham, 1992). It 
could be argued that overexpression of KDEL/DDEL prevents hERD2 from leaving the 
ER in the first place. However, since the artificial ligand is present at only three times the 
level of endogenous ligand (BiP, GRP94, PDI) this seems unlikely. An important 
difference between these two potential ligands is their rate of exit from the ER. Whereas 
BiP will normally leave the ER only slowly the artificial ligand is expected to do so at the 
bulk flow rate ( -1 0  times faster) thus imposing a burden on the retrieval system. In this 
situation hERD2 binding sites will be rapidly filled by escaped KDEL ligand, inducing
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rapid recycling to the ER and net localisation there (Lewis and Pelham, 1992).
From where does retrieval occur? Some late Golgi modifications occur to KDEL 

proteins and hERD2 has been localised to the Golgi in normal mammalian cells (Lewis 
and Pelham, 1992; Lewis and Pelham, 1990b). The capacity may exist for retrieval from 
all the stacks. Depending on conditions and the nature of the ligand/protein, efficient 
retrieval may occur from early Golgi compartments or recycling may be necessary from 
later compartments as well. Another interesting observation is that in cells overexpressing 
lysozyme-DDEL (a weakly recognized ligand) there appears to be a gradient of hERD2 
localisation within the ER, raising the possibility that there are sub-domains of the ER 
involved in the recycling process (Lewis and Pelham, 1992).

ERD2 is essential for viability in S. cerevisiae (Semenza et alt 1990), however the 
HDEL retention system itself is probably not an essential process since cells containing 
only a C-terminally truncated BiP molecule are viable (Hardwick et al, 1990). What then 
is the essential role of Erd2p? Perhaps the retrograde pathway is essential, possibly for 
returning components of transport vesicles (such as Secl2p; Nakano et al, 1988) to the 
ER (Semenza et al, 1990). Sec20p, a membrane protein required for ER to Golgi transport 
also has HDEL at its C-terminus and is a substrate for the retention machinery (Sweet and 
Pelham, 1992). This raises the possibility that other membrane proteins as well as soluble 
proteins are recycled via the HDEL system.

1.6. Organelle structure and the involvement of the 
cytoskeleton in intracellular transport
In mammalian cells the ER and the Golgi complex have distinct and immediately 
recognisable morphologies. Other organelles of the secretory and endocytic pathways 
have less well-defined structures. In many cases an intact cytoskeleton has been shown to 
be required for the maintenance of organelle morphology and position (reviewed in Kelly, 
1990; Kreis, 1990).

The endoplasmic reticulum is composed of an extensive network of interconnected 
tubules spread throughout the cytoplasm. This structure gives the ER a large surface area 
to volume ratio increasing the availability of ribosome binding sites. The formation and 
function of the reticular structure of the ER has been investigated in fixed and living cells 
and in vitro. A fluorescent dye, DiOC6 was used to label the ER in PtK2 cells which were 
subsequently fixed for fluoresecence microscopy (Terasaki et al, 1986). All the tubules 
throughout each cell appeared to be interconnected, forming polygonal structures with 3- 
way junctions between tubules. In large thin goldfish scale cells microtubules and ER 
tubules were often closely associated, though there was not complete coincidence of the 
two structures (Terasaki et al, 1986). To study the involvement of microtubules in ER 
structure, the effects of microtubule disrupting drugs were investigated in CV1 cells. 
Short incubations in nocadazole had little effect on the ER, although all the cytoplasmic 
microtubules had disappeared. Upon prolonged incubation, the ER accumulated in the
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centre of the cell with a few tubules still extending to the periphery. When nocodazole was 
washed out of PtK2 cells incubated overnight in the presence of the drug, the ER appeared 
to recover more slowly than the microtubules (Terasaki et al, 1986). As ER tubules 
extended from the centre they were always associated with microtubules. These 
observations suggest that the microtubule cytoskeleton is required to maintain the extended 
network of ER tubules. These results were extended by direct observation of network 
construction in living CV1 cells. The ER network is formed by motility of ER tubules; 
extension, branching and intersection, on a previously formed microtubule network (Lee 
and Chen, 1988; Lee et al, 1989).

Similar results were obtained in vitro by Dabora and Sheetz who suggested that 
membrane associated microtubule motor proteins might be involved in the formation of the 
tubular network (Dabora and Sheetz, 1988). A fraction containing membranous organelles 
was mixed with a soluble fraction in the presence of taxol-stabilised microtubules. 
Initially, only amorphous membrane aggregates were apparent, but over the next two 
hours, linear membrane tubules extended from the aggregates on microtubules. New 
branches were formed on intersecting microtubules and separate tubules were often seen 
to fuse. Eventually an extensive network of interconnected polygons was formed. The 
microtubule dependence and pharmocological sensitivities of these processes strongly 
suggested the involvement of membrane associated motor proteins. The authors proposed 
a model for the tubular network formation. A motor protein such as kinesin or dynein 
would bind to a membrane site in the aggregate, and would then attach to a stationary 
microtubule. The motor would then move along the microtubule and pull out a membrane 
tubule (Dabora and Sheetz). These observations support the view that the ER is a dynamic 
organelle in vivo and that the formation and maintenance of its tubulovesicular network 
structure is dependent on microtubules.

The importance of the microtubule cytoskeleton in ER structure has been 
documented many times in mammalian cells. However, evidence exists that in some other 
types of cells the actin cytoskeleton interacts with the ER. The mechanism of cytoplasmic 
streaming in Characean algae was studied in vivo and in extruded cytoplasm by video 
enhanced microscopy and EM (Kachar and Reese, 1988). Elements of the ER become 
elongated along actin cables in the direction of streaming in a process that requires ATP. It 
is possible that a myosin-like motor molecule is involved in the sliding of ER along actin 
filaments.

The Golgi apparatus is characterised by its striking morphology consisting of a 
stack of flattened cistemae. It is not known what is responsible either for the shape of the 
cistemae or for keeping the stack together. It is possible that some kind of scaffold exists 
both to maintain the the flattened morphology of the cistemae and provide a basis for the 
stacked structure. Non-clathrin coats may play a role in preventing non-specific fusion 
events, or they may form part of a scaffold structure.

The Golgi complex is normally located in a juxtanuclear region in interphase
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mammalian cells and microtubules have been implicated in the establishment and 
maintenance of this positioning (Kreis, 1990). Incubation of cells in nocodazole causes 
the Golgi to break down into large vesicles dispersed throughout the cytoplasm (Turner 
and Tartakoff, 1989; Ho et al, 1989). Reclustering of scattered Golgi elements at the 
MTOC occurs by movement along microtubules towards their minus ends (Ho et al, 
1989). It is conceivable that the action of a minus-end directed motor protein (probably 
dynein; Schroer et al, 1989) is normally required to maintain Golgi structure and juxta- 
nuclear position. The drug BFA has a profound effect on the Golgi (Klausner et al, 1992), 
though whether this can be related to any physiological situation is unclear.

The Golgi apparatus fragments during prometaphase, eventually breaking down 
into small clusters of vesicles scattered throughout the cytoplasm (Lucocq and Warren, 
1988; Lucocq et al, 1989). It has been proposed that this could be caused by an inhibition 
of membrane fusion but a continuation of vesicle budding during mitosis (Warren, 1985; 
Warren, 1989). It is possible that an inhibition of microtubule-mediated membrane 
transport could also lead to dispersal of the Golgi in mitosis (Allan and Vale, 1991).

Endosomes and lysosomes are often though of as vacuolar, basically spherical 
organelles, but some studies suggest that they may also have tubular morphologies. 
Networks of tubular endosomes have been observed in living Hep2 cells using Texas red 
conjugated transferrin as an endocytic tracer (Hopkins et al, 1990). EM of thick sections 
of cells which had taken up the fluid phase marker HRP also revealed the existence of 
tubular, rather than vesicular early endosomes (Tooze and Hollinshead, 1991). These 
structures showed some localisation to the perinuclear region and this is dependent on 
intact microtubules. No involvement of microtubules or actin filaments in the maintenance 
of the elongated shape of the tubular endosomes could be found (Tooze and Hollinshead,
1991). The authors concluded that the shape of the endosomes was an intrinsic property, 
but no suggestion was made as to what this property might be.

Lysosomes have also been observed to have a tubular morphology in some cells 
(Swanson et al, 1987). Alignment of these lysosomes with microtubules is often seen and 
tubular lysosomes collapse when an anti-kinesin antibody is injected into the cytoplasm 
(Hollenbeck and Swanson, 1990). Other organelles which display tubulovesicular 
morphologies include the TGN and the intermediate compartment or CGN. Microtubules 
and motor proteins may also be involved in the formation of these structures.

What in general is the function of the diverse but distinctive morphologies of 
membrane bound organelles? Tubular networks or flattened cistemae may be a mechanism 
for increasing the surface area, but this is obviously not the whole story, as otherwise all 
organelles would be vesicular in nature. Why is the Golgi located in a juxtanuclear 
position? Perhaps proximity with endosomal /  lysosmal compartments in this region 
facilitates transport between these compartments and the Golgi.

Several transport events in vivo are affected by the disruption of microtubules. 
These processes include delivery of endosomes to the perinuclear region, retrograde
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transport from the Golgi to the ER and delivery of secretory material to defined surface 
locations (Gruenberg et al, 1989; Lippincott-Schwartz et al, 1990; Bomsel and Mostov,
1991). There are now many instances of vesicular transport occuring along microtubules. 
This phenomenon was first observed in the squid giant axon and the development of in 
vitro assays for the movement of vesicles and other objects along microtubules led to the 
identification of a number of microtubule dependent motor proteins (reviewed in Vallee 
and Shpetner, 1990). Kinesin is responsible for plus end directed transport (Vale et al, 
1985), while dynein moves objects towards the minus end of microtubules (Schroer et al, 
1989).

Much evidence for the involvement of motor proteins in membrane traffic has now 
accumulated. In ligated peripheral nerves, kinesin associates with membranous organelles 
which are being transported in an anterograde direction (Hirokawa et al, 1991). 
Immunofluorescence with an antibody against cytoplasmic dynein gives a punctate 
staining pattern which may represent localisation to membranous organelles (Hirokawa et 
al, 1990). VPS1, a yeast gene required for vacuolar protein sorting is a homologue of 
dynamin, a GTP-dependent motor protein (Rothman et al, 1990).

The actin cytoskeleton may be involved in membrane traffic in Characean algae 
(Kachar and Reese, 1988) and budding yeast. Actin mutants of S. cerevisiae are defective 
in transport of vesicles to the bud at non-permissive temperatures (Novick and Botstein, 
1985). Sec20p, a membrane protein required for ER to Golgi transport, has been 
proposed to play a role in targeting ER-derived vesicles to the Golgi in conjunction with 
the actin cytoskeleton (Sweet and Pelham, 1992). Phenotypes of sec20 mutants are 
consistant with such a role: at the restrictive temperature there is an accumulation of ER 
and small clusters of vesicles. Also, SEC20 shows genetic interactions with SAC1 (Sweet 
and Pelham, 1992) which itself shows interactions with actin mutants (Cleves et al,
1989).

The product of the M Y02  gene has homology to myosin and probably interacts 
directly with actin in yeast; incubation of myo2 cells at the restrictive temperature causes 
disorganisation of the actin cytoskeleton (Johnston et al, 1991a). Bulk secretion is not 
prevented in these cells, however, secretory vesicles accumulate in the mother cell 
suggesting a defect in efficient vectorial transport of secretory vesicles. Secretory defects 
are also associated with another gene, U SO l, the product of which has homology to 
motor proteins (Nakajima et al, 1991). Studies with Acanthamoeba suggest that myosin I 
is responsible for directed movement of membrane vesicles. Acanthamoeba myosin I 
bound to planar membranes can move actin filaments at a velocity of 0.2pm/s (Zot et al,
1992).

These observations indicate that while cytoskeleton dependent vesicle transport in 
many higher cells may occur primarily on microtubules, lower eukaryotes often seem to 
use actin cables to perform related roles. Very recently the existence of actin-dependent 
organelle movement in squid axoplasm has been demonstrated (Kuznetsov et al, 1992),

40



raising the possiblity that other higher eukaryotic organisms utilise acto-myosin based 
systems in addition to microtubule-dependent mechanisms for organelle transport

1.7. The role of ras-like GTP-binding proteins in membrane 
traffic
The first indication that ras-like proteins were involved in membrane traffic came with the 
sequencing of the SEC4 gene from S. cerevisiae (Salminen and Novick, 1987). Sec4 
mutants have a secretory defect which causes the accumulation of post-Golgi vesicles at 
the restrictive temperature. This phenotype suggested a defect in the targeting or fusion of 
vesicles with the plasma membrane. The predicted Sec4 protein is 32% identical to the ras 
proto-oncogene product (Salminen and Novick, 1987). YPT1 (Gallwitz et al, 1983) 
encodes another protein with homology to ras and 47.5% identity to Sec4p. Early studies 
suggested that Yptlp might play a role in microtubule organisation or regulation of 
intracellular calcium (Schmitt, et al 1986; Schmitt et al, 1988), but is is now thought that 
these may be secondary defects. ER and Golgi structures and intracellular forms of 
secretory proteins accumulate in yptl-1 mutant cells at the restrictive temperature (Segev et 
al, 1988) suggesting a role for Yptlp in intracellular transport. Since then a large and 
expanding family of ypt-like proteins has been identified in various organisms. It has been 
proposed that ypt/rab proteins may function to control the specificity of vesicle targeting.
1.7.a. Ras as a model for the structure and function of GTP-binding 
proteins
Although the cellular function of ras is still unknown, a great deal of information has been 
amassed on its structure and characteristics. The homology between ras and other 
members of the ras superfamily concentrates in those regions involved in GTP binding 
and hydrolysis (Dever et al, 1987). Ras exists in two conformations: the inactive GDP 
bound form and the active GTP bound form. High resolution X-ray crystallography has 
been performed and indicates that parts of the protein exhibit considerable conformational 
differences between the two states (deVos et al, 1988; Pai et al, 1989; Schlichting et al, 
1990; Milburn et al, 1990). The oncogenic activity of ras has been correlated with 
mutations which cause it to be in the constitutively active state (eg McGrath et al, 1984).

Various types of proteins can be envisaged which would modulate the activity of 
ras, and some of these have been identified. Ras has a low intrinsic GTPase activity and a 
GTPase activating protein, GAP, has been identified which stimulates its rate of GTP 
hydrolysis (Trahey and McCormick, 1987). The interaction of GAP with ras is dependent 
on the 'effector domain' (Adari et al, 1988; Cales et al, 1988) which is one of the regions 
which undergo conformational change depending on whether GTP or GDP is bound 
(Schlichting et al, 1990; Milburn et al, 1990). Whether the function of GAP is as a 
downstream effector or negative regulator of ras is not yet known. A potential GDP 
exchange protein, Cdc25p, has been identified in S. cerevisiae (Robinson, et al, 1987; 
Broek et al, 1987). In this organism, ras acts as a modulator of adenylate cyclase (Wigler
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et al, 1988). In other organisms ras shows no such interaction, and although it has been 
proposed that ras will prove to have a function in signal transduction at the plasma 
membrane, the components of any such pathway have not yet been identified.
1.7.b. Families and superfamilies of GTP-binding proteins 
Scores of small GTP binding proteins have now been identified in many species 
(reviewed in Valencia et al, 1991). They differ in their degree of homology to the 
achetypal ras protein, and have been classified into groups defined by comparison of 
conserved sequence elements, rather than proven functions.

The three types of ras found in mammalian cells, H-ras , K-ras and N-ras 
(Barbacid, 1987), are highly homologous and share a common effector domain. The C- 
terminal region of ras proteins, including the CAAX box (where A is an aliphatic residue 
and X is any residue) receives post-translational modifications which are important for 
their membrane association (Hancock et al, 1989). Ras homologues have been found in 
many lower eukaryotes including S. cerevisiae (RAS1 and RAS2) (DeFeo Jones et al, 
1983) and S. pombe (rasl) (Fukai and Kaziro, 1985).

Rho proteins show little homology to ras outside the regions important for GTP- 
binding /  hydrolysis, and they have a different effector domain sequence, though they do 
have a CAAX box. Rho was first found in Aplysia and subsequently in humans (rhoA, B 
and C; Maduale and Axel, 1985) and S. cerevisiae (RHO 1 and 2; Maduale et al, 1987). 
One of rho's functions in mammalian cells has been proposed to be organisation of the 
actin cytoskeleton (Chardin et al, 1989; Paterson et al, 1990).

Yptlp, Sec4p and the mammalian rab proteins represent a distinct family. Their 
effector domain differs from those of ras and rho proteins (there is also variation within 
the rab family). They lack the C-terminal CAAX box and usually have a double cysteine 
or CXC at the C-terminus. To date, the only members of this family reported from S. 
cerevisiae are YPT1 and SEC4 (Salminen and Novick, 1987; Gallwitz et al, 1983) Several 
ypt/rab proteins have been identified in S. pombe (Haubruck et al, 1990; Hengst et al, 
1990; Miyake and Yamamoto, 1990; Fawell et al, 1989; Fawell et al, 1990) A large 
number of rab genes have been cloned from rat brain, MDCK and other mammalian 
libraries (Touchot et al, 1987; Zahraoui et al, 1989; Chavrier et al, 1990a). Many of the 
yeast ypt proteins have mammalian homologues. For instance, S. pombe Y ptlp is 70% 
identical to rabl (Fawell et al, 1989) and rabl can complement the yptl-1  mutation in S. 
cerevisiae (Haubruck et al, 1989); rab5 and S. pombe ypt5 are highly homologous and 
rab5 can complement a ypt5 null mutation (Armstrong et al, submitted); rab6 can 
substitute for ryhl in S. pombe (Hengst et al, 1990). Complementation and homology do 
not necessarily prove that the proteins perform identical functions in the respective 
systems.

A rather more distantly related group of proteins is formed by ARFs. Mammalian 
ARF was originally identified as the cofactor required for ADP-ribosylation of the Gs 
subunit of adenylate cyclase by cholera toxin (Kahn and Gilman, 1986), but how this
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property may be related to the normal cellular function of this extremely abundant protein 
is presently unclear. ARFs have features of both ras-like proteins and the Ga subunit of 
trimeric G proteins. Recent studies on ARF in mammalian cells and yeast have suggested 
that members of this family have important functions in the secretory pathway (Steams et 
al, 1990b; Serafini et al, 1991a). Sarlp, a protein showing 34.5% identity to Arflp, was 
identified in S. cerevisiae as a multicopy suppressor of se c ll  (Nakano and Muramatsu,
1989).

Various roles have been proposed for other members of the ras superfamily 
including the development of cell polarity (Johnson and Pringle, 1990) and chromosome 
segregation (Botstein et al, 1988) in S. cerevisiae. It appears therefore that ras-like 
proteins may be utilised in numerous cellular activities.
1.7.c. Early models for the action of GTP-binding proteins in membrane 
traffic
Many types of GTP binding proteins are present in cells, and a general feature is that GTP 
binding and hydrolysis are used as a means to switch between different conformational 
states; the GTP-bound state is generally active and the GDP bound state inactive. Bourne 
pointed out that two models based on the mechanism of action of other cellular GTP 
binding proteins could be proposed for the role of ras-like proteins in secretion (Bourne,
1988). The heterotrimeric G proteins transduce hormonal and sensory signals across the 
plasma membrane (Gilman, 1987). By analogy, ypt/rab proteins could be involved in the 
transduction of some kind of intracellular signal which would regulate the rate of 
membrane transport. An alternative model is suggested by the mechanism of the GTP- 
binding protein, elongation factor EF-Tu in protein synthesis. GTP bound EF-Tu is 
present at the ribosome bound to amino acyl tRNA. Codon recognition and binding of 
aminoacyl tRNA is accompanied by hydrolysis of GTP bound to EF-Tu. GDP is 
exchanged for GTP by EF-Ts, and EF-Tu is released and ready for another round of 
protein synthesis. The cyclic association and release of protein factors is given 
directionality by the hydrolysis of GTP. Secretion is necessarily a vectorial process; 
hydrolysis of GTP bound to ypt-like proteins could ensure the directionality of vesicle 
transport (Bourne et al, 1988). It was also suggested that the individual GTP-binding 
proteins, or some component with which they interact, could serve as labels that signal the 
origin, destination or contents of the vesicles, and thereby bring about targeting to the 
correct compartment (Segev et al, 1988; Bourne, 1988).
1.7.d. Post-translational modifications
Ras proteins are associated with the plasma membrane by virtue of post-translational 
modifications of their C-terminal regions (Hancock et al, 1989). The CAAX motif is 
famesylated on cysteine, proteolytically clipped and carboxymethylated. It was assumed 
that rab/ypt proteins would also receive post-translational modifications which would 
account for the membrane association of these hydrophilic proteins. Rab/ypt proteins lack 
the ras CAAX box and instead have -CC or -CXC at their C-termini. Evidence for the
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importance of these residues has come form studies on yeast and mammalian proteins. A 
Sec4 protein which lacks the two C-terminal cystienes fails to complement the sec4-8 
mutant even at high levels of expression (Walworth et al, 1989). This mutant Sec4 protein 
is found exclusively in the cytosol. A rab5 protein, C-terminally truncated by 9 amino 
acids, is not membrane associated and fails to stimulate endosome fusion in an in vitro 
assay (Gorvel et al, 1991). The S. pombe proteins yptl (CC), ypt3 (CC) and ypt5 (CXC) 
have been shown to be prenylated with geranylgeranyl in COS cells (Newman et al,
1992). Ypt5 is carboxyl methylated as well as geranylgeranylated. These modifications 
cause the proteins to become membrane associated. The rab3A (CXC) protein has been 
shown to acquire two geranylgeranyl modifications and methyl ester (Johnston et al, 
1991; Farnsworth etal, 1991).

Genetic evidence for the importance of protein prenylation in intracellular transport 
has come from the cloning of the BET2 gene (Rossi et al, 1991). BET2 has homology to 
DPR1/RAM1, a subunit of a protein prenyl transferase which modifies ras and a  factor 
(Schafer et al, 1990). Bet2 mutants are defective in ER to Golgi transport and show 
synthetic lethality not only with y p tl-2 but also with sec4-8. Bet2p is required for the 
membrane attachment of both Yptlp and Sec4p but not other small GTP-binding proteins 
such as ras (Rossi et al, 1991).
1.7.e. Localisation of rab/ypt proteins
In support of their proposed role in intracellular transport, many rab proteins have been 
localised to membranous organelles of the secretory and endocytic pathways. Much of this 
localisation has relied on immunofluorescence though in some cases, immuno-EM has 
been performed. The degree of homology between some members of the rab family mean 
that it is important to eliminate antibody cross-reactivity in these studies. Cell fractionation 
has also been used to identify the compartments to which rab/ypt proteins localise.

Antibodies against the S. cerevisiae Yptlp protein stain the Golgi apparatus of 
mammalian cells (Segev et al, 1988). Some rablb monoclonal antibodies label the ER 
exclusively, while a polyclonal antibody and some other mAbs to rablb stain both the ER 
and the Golgi (Plutner et al, 1991). These antibodies were tested for cross-reactivity 
against other rab proteins, and only the polyclonal antibody showed a slight cross
reactivity to rab la  and rab2. Cell fractionation studies indicated that 70-80% of rablb 
exists in the smooth ER (Plutner et al, 1991). rab2 has been localised to the intermediate 
compartment (Chavrier et al, 1990b). Imunoperoxidase EM indicates that rab6 is 
distributed over the entire surface of the medial and trans cistemae of the Golgi (Goud et 
al, 1990). Sec4p is present on the cytoplasmic surface of the plasma membrane and 
secretory vesicles as shown by cell fractionation (Goud et al, 1988). Several rab proteins 
have been localised to endosomal compartments; rab4 is found on early endosomes (van 
der Sluijs et al, 1991); rab7 is on late endosomes (Chavrier et al, 1990b); rab5 localises to 
the plasma membrane and the early endosomes (Chavrier et al, 1990b). Rab3A is 
primarily found in neural tissues (Burstein and Macara, 1989) and this restriction is
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corroborated by its localisation to the surface of synaptic vesicles (Fischer von Mollard et 
a l  1990).

A number of non-rab GTP-binding proteins have also been localised to secretory 
organelles. Antibodies against ARF stain the Golgi apparatus in mammalian cells (Steams 
et a l  1990b). Rholp is localised in a punctate pattern in yeast cells, and comigrates with 
the late Golgi marker Kex2p on sucrose density gradients (McCaffrey et a l  1991). In sec6 
cells Rholp comigrates with post-Golgi vesicles which have a different density to those 
bearing Sec4p.

C-terminal post-translational modifications including geranylgeranylation can 
account for the membrane association of the hydrophilic rab/ypt proteins. However, they 
can not account for the localisation of specific rab/ypt proteins to particular organelles; 
some other part of the protein must be involved in this targeting. Although they are highly 
conserved over much of their length, rab/ypt proteins have a variable C terminal region 
which is an obvious candidate for mediating organelle specific interactions. 
Transplantation of 34 amino acids from the C-terminus of rab7 onto rab5 changed its 
location from early endosomes to late endosomes (Chavrier et a l  1991). rab2 could also 
be shifted from the intermediate compartment to late or early endosomes by addition of the 
rab5 or rab7 sequence respectively. Presumably, a receptor exists in the membrane of each 
organelle which specifically binds the rab tails.
1.7.f. Insights into the functions and mechanisms of rab/ypt proteins

i. Sec4
Incubation of sec4-8 at the restrictive temperature leads to an extremely rapid secretory 
block and the accumulation of secretory vesicles (Salminen and Novick, 1987). 
Consistent with Sec4p being a regulator of this final stage of secretion, it shows genetic 
interactions with several of the Golgi to cell surface mutants (sec2, sec8, seclS) but not 
with genes required earlier in the pathway (Salminen and Novick, 1987). Despite the 
similarity in sequence between Sec4p and Yptlp, neither can substitute for the other 
(Salminen and Novick, 1987), which supports the notion that specific rab/ypt proteins are 
required at each step in membrane traffic. Sec4p is found mostly on the cytoplasmic 
surface of the plasma membrane and secretory vesicles (Goud et a l  1988). A small 
amount of Sec4p is found in the cytosol and this rises to 60% in an overproducing strain. 
There is no difference in electrophoretic mobility between the membrane bound and 
soluble forms suggesting that both forms may contain the same modifications.

Pulse chase experiments have helped to define the relationship between the 
different pools of Sec4p and indicate that Sec4p can recycle from the plasma membrane 
back to newly formed vesicles (Goud et a l  1988). A sec4 allele generated to mimic an 
activated H-ras allele which may not bind GTP but is constitutively active, behaves as a 
dominant loss-of-function mutant (vesicles accumulate when this protein is expressed) 
(Walworth et a l  1989). These studies have lead to a model for the action of Sec4p 
(Walworth et a l  1989); in its GTP bound state Sec4p would bind to a newly formed
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secretory vesicle and would be recognised by a hypothetical receptor on the plasma 
membrane. This would lead to vesicle fusion and hydrolysis of GTP would occur 
concomitantly with Sec4p's release from the receptor. Sec4p would then be free to recycle - 
for another round of vesicle binding, probably via a soluble intermediate. In this model, 
the effect of the dominant lethal allele would be to block receptor sites at the plasma 
membrane preventing wild-type Sec4p cycling and would thereby inhibit vesicle fusion,

ii. Y p tl/R ab l
Yptl/rabl has been implicated in ER to Golgi transport and in intra Golgi transport. Shift 
of yptl-1 cells to their non-permissive temperature causes the accumulation of membranes 
and vesicles (Segev et al, 1988). It also causes a partial defect in secretion and the 
incomplete glycosylation of invertase. Antibodies to the yeast Yptl protein label dots in S. 
cerevisiae and the Golgi apparatus in mammalian cells (Segev et al, 1988). Evidence that 
Yptlp and rabl are homologous proteins comes from the fact that they are -70% identical 
and mouse rab la  can complement for the loss of YPT1 function in S. cerevisiae 
(Haubruck et al, 1989).

Addition of antibodies against Yptlp to in vitro ER to Golgi transport system 
blocks vesicle attachment or fusion; cytosol from yptl-1  is also defective in this stage in 
transport (Rexach and Schekman, 1991; Segev, 1991). Ferro-Novick and colleagues 
studied transport of a  factor in permeabilised y p tl-2 cells (Bacon et al, 1989). They did 
not see an accumulation of the 26kD core glycosylated ER form compared to wild-type 
cells. Instead they found that high molecular weight modifications of a  factor were 
prevented and that a 28kD species accumulated in yptl -2 cells. This is thought to represent 
the addition of several mannose residues to the core oligosaccharide, which is a 
modification likely to occur in the early part of the Golgi. Reciprocal addition experiments 
indicated that the Golgi apparatus was defective in the y p tl-2 cells. The authors conclude 
that yptl probably plays a direct role in control of vesicular traffic through the yeast Golgi 
and that it may also have a role in ER to Golgi transport (Bacon et al, 1989).

The role of rablb in intracellular transport has also been studied in mammalian 
cells. Balch and colleagues studied the effects of specific anti-rablb antibodies on in vitro 
transport. They found that these antibodies inhibited both ER to Golgi and cis to medial 
Golgi transport of VSV-G (Plutner et al, 1991). In contrast to the studies in yeast, they 
observe a requirement for rablb at an early step in transport (Plutner et al, 1991). These 
inconsistencies show that the results of experiments utilising inhibitory agents or mutants 
must be interpreted with caution since different treatments may inhibit different aspects of 
a protein's function.

Several genes which can suppress the deletion of YPT1 (SLY genes) have recently 
been identified in S. cerevisiae (Ossig et al, 1991). The functions of most of these genes 
and whether they are involved in the same steps of transport as Y ptlp is presently 
unknown, although Slylp and Sly2p have been shown to have roles in ER to Golgi 
transport and Slyl2p is identical to Betlp.
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iii. RabS
Rab5 localises to early endosomes and the cytoplasmic surface of the plasma membrane in 
mammalian cells (Chavrier et al, 1990b). Its role in the endocytic pathway has been 
investigated using an in vitro endosome fusion assay (Gorvel et al, 1991). Fusion is 
inhibited by a mutant protein equivalent to the dominant lethal SEC4 mutant and by anti- 
rab5 antibodies, but not by anti-rab2 or anti-rab7 antibodies. Endosome fusion is 
stimulated by addition of cytosol from cells overexpressing rab5; a C-terminally truncated 
rab5 which binds GTP but not membranes does not have this effect. Finally, the 
inhibitory effects of anti-rab5 antibodies can be overcome by addition of excess rab5 
protein but not rab2 or either mutant rab5 (Gorvel et al, 1991). Thus, rab5 controls early 
endosome fusion in vitro and is likely to perform such a role in vivo.

iv. Proteins which may interact with or modulate rab/ypt proteins 
Effector proteins, receptors and modulator proteins which would interact with rab/ypt 
proteins have been postulated. Recendy, potential candidates for some of these proteins 
have been identified. Takai and coworkers have purified a GDP-dissociation inhibitor 
from bovine brain cytosol (Sasaki et al, 1990). This protein (GDI) forms a complex with 
the GDP bound form of smgp25A (=rab3A) and inhibits the dissociation of GDP and the 
subsequent binding of GTP. Molecular cloning of smgp25A GDI indicates that it is a 
51kD hydrophilic protein with a small hydrophobic region near the N terminus (Matsui et 
al, 1990). GDI has some homology with Cdc25p from S. cerevisiae which has been 
proposed to be a GDP-GTP exchange protein for Ras2p (Broek et al, 1987; Robinson et 
al, 1987). C-terminal post-translational modification of rab3A (with geranylgeranyl) is 
essential for the action of GDI (Araki et al, 1991). Interestingly, GDI inhibits the 
association and promotes the dissociation of the GDP-bound form of rab3A with synaptic 
membranes and vesicles (Araki et al 1990). GDI is found in a wide range of tissues 
including some from which rab3A is absent (Matsui et al, 1990). This suggests that GDI 
may function on additional rab proteins. Indeed, rab3A GDI has been shown to be active 
on the GDP-bound form of the yeast Sec4 protein (Sasaki et al, 1991). It has no effect on 
bound GTP nor does it form a complex with the GTP-bound form of the protein. The 
properties of GDI suggest that it might act to keep rabs in their inactive GDP bound state 
and allow them to enter the cytosolic phase by binding to their hydrophobic 
geranylgeranyl groups.

A protein which stimulates the dissociation of GDP from rabs has not yet been 
found. However, such a protein has been identified for the ras-related protein smgp21. 
GDS forms a 1:1 complex with both the GTP and GDP bound forms of smgp21 and 
stimulates the dissociation of GDP and GTP and the subsequent binding of the other 
nucleotide (Kawamura et al, 1991; Hiroyoshi et al, 1991). Since cellular GTP levels far 
exceed GDP levels it is likely that GDS serves to promote the dissociation of GDP and the 
binding of GTP in vivo. GDS would thus promote the active form of smgp21, an 
opposite effect to that of smgp21 GAP which stimulates GTP hydrolysis. Post-
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translational modification of smgp21 is essential for GDS action (Hiroyoshi et al, 1991). 
Both GDP and GTP forms of smgp21 bind membranes and GDS inhibits this association, 
and is also able to dissociate prebound smgp21 (Kawamura et al, 1991). GDS itself 
appears to be a cytosolic protein which does not bind membranes. A GDS protein which 
acts on rab/ypt proteins has not yet been identified but this has not prevented speculation 
about the possible roles such a protein could have in the cycle of vesicle budding and 
fusion (Pfeffer, 1992).

A GAP-like protein that stimulates the GTPase activity of rab3A has been 
identified (Burstein et al, 1991). It is found in both the membranes and cytosol of rat 
brain. The effector domain of ras is necessary for the activity of GAP (Adari et al, 1988; 
Cales et al, 1988). Gallwitz has postulated that the effector domains of the ypt/rab proteins 
will define their specificity (Becker et al, 1991). In support of this he cites the evidence 
that rabs and ypts are functionally interchangeable if they share an identical effector 
domain (Haubruck et al, 1989; Hengst et al, 1990; Haubruck et al, 1990). This postulate 
presumably implies the existence of specific GAP protein for each rab. The importance of 
the effector domain of S. cerevisiae Yptlp is demonstrated by mutants which cause 
secretory defects and which fail to be stimulated by a semi-purified yptl-GAP activity 
from porcine liver (Becker et al, 1991).

Indirect evidence for a role of GAPs in membrane traffic comes from experiments 
performed by Balch and coworkers (Plutner et al, 1990). Synthetic rab effector domain 
peptides inhibit ER to Golgi and intra Golgi transport in vitro. Their results suggest that it 
is a step immediately preceding fusion of vesicles with Golgi compartments which is 
inhibited. The most effective peptide in this assay was a mutant rab3A peptide which is 
somewhat unexpected since rab3A localises to synaptic vesicles and had not been 
implicated in ER or Golgi transport previously.

Many questions relating to rab GAPs are still outstanding. Where does GAP first 
interact with a rab? If the association occurs on a vesicle then a receptor would be required 
for the GAP/rab complex on the target membrane. If the interaction of rab and GAP 
occurs on the target membrane, then it is possible that GAP could act as the docking 
receptor. Does each rab have its own GAP? Or perhaps a single GAP interacts with 
several rabs implying that specificity of vesicle fusion would have to be provided by 
binding of rabs to a different stage-specific target molecule. In any case, it is assumed that 
docking of the vesicle at the target membrane would cause GAP to stimulate the 
hydrolysis of GTP bound to rab, leading to release of rab and GAP and vesicle fusion.

v. A model for the action of rab/ypt proteins 
The precise functions of rab/ypt proteins and ARF-like proteins in vesicle budding, 
targeting and fusion are still unknown. The behaviour of Sec4p and other rab/ypt proteins 
and the proposed activities of interacting molecules allows speculative models to be 
designed. Because of the paucity of data concerning many steps, numerous variations of
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Figure 2 : Model for action of rab/ypt proteins
See text for description of stages.

KEY

ypt/rab in GTP-bound state GDI

ypt/rab in GDP-bound state nucleotide exchange factor or GDS

target membrane receptor, including GAP □  ypt/rab receptor

H  geranylgeranyl
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the basic scheme are possible, including localisation of various components and the stages 
at which they join the targeting or fusion machinery.

A diagram of one possible model is shown in figure 2. RabX-GDP is soluble in 
the cytoplasm complexed to GDI which inhibits its association with membranes and the 
dissociation of bound GDP. Binding of rabX to the donor membrane is brought about 
when GTP is exchanged for GDP (by a nucleotide exchange factor or GDS molecule) 
leading to dissociation of GDI and the insertion of geranylgeranyl into the membrane. 
Recognition of the correct membrane could occur via an interaction of rabX-GTP with a 
specific rab receptor (which might also be the GDS molecule). Binding at the target 
membrane would involve recognition of rabX-GTP by a target receptor/effector which 
would include a GAP molecule. This interaction would trigger vesicle fusion, and 
stimulation of GTP hydrolysis by GAP. Now in its GDP bound state, rabX-GDP would 
be dissociated from the acceptor membrane by complexing with GDI and would be ready 
for another round of vesicle targeting and fusion.

1.8. Schizosaccharomyces pom be
The fission yeast Schizosaccharomyces pombe is only distantly related to the budding 
yeast Saccharomyces cerevisiae, and as its name suggests, S. pombe divides by fission. 
S. pombe was first isolated from an African beer, Pombe (Lindner, 1893) and since then 
it has been used as an organism for many morphological and classical genetic studies. In 
the last decade the cell cycle has been extensively studied in S. pombe and this work has 
contributed greatly to the dissection of the mechanisms and controls of the eukaryotic cell 
cycle (reviewed in Fantes, 1989). The actin and microtubule cytoskeleton has also been 
studied in detail (Marks and Hyams, 1985; Marks et al, 1986; Hagan and Hyams, 1988).

S. pombe cells are 3-4pm across and cell growth occurs exclusively at the ends of 
the cell, cell length increasing from 7pm to 14pm through the cell cycle. An electron 
micrograph of a permanganate fixed S. pombe cell in shown in figure 3. The life-cycle of 
S. pombe is depicted in figure 4 (reviewed in Egel, 1989). Haploidy is the preferred state 
but cells of opposite mating types (h+ and h ) conjugate under conditions of nutrient 
starvation to form a diploid zygote which immediately undergoes sporulation, unless fresh 
nutrients become available, to form a four spore ascus. The diploid phase can be 
propagated by maintaining non-starvation conditions. The life-cycle of S. pombe makes it 
an ideal organism for genetic studies and the isolation and characterisation of mutants.

Until recendy little investigation of protein targeting or membrane traffic had been 
carried out in S. pombe though the structure of the ER and Golgi apparatus had been 
studied by electron microscopy (Smith and Svoboda, 1972; Hereward, 1974). The 
isolation of secretory mutants in budding yeast has made a huge contribution to the 
understanding of intracellular transport as documented in previous sections. Fission yeast 
has a number of features which make it an attractive model of the secretory pathway. Most 
notably, stacked Golgi structures are readily observed in wild-type cells. A typical S.
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F igu re 3 : E lectron  m icro sco p y  o f  S. p o m b e

Log-phase wild-type cells were grown in YPD, fixed with potassium permanganate and 
processed for EM (performed by Rose Watson). Organelles are labelled as follow s. N: 
nucleus, ER: endoplasmic reticulum, G: Golgi, M: mitochondrion, V: vacuole, CW: cell 
wall, PM: plasma membrane, NE: nuclear envelope. The scale bar represents ljim.
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Figure 4 : Life-cycle of S. pombe
Haploid cells exist as one of two mating types, h+ and h-. Upon nitrogen-starvation, cells 
of opposite mating type fuse to form a diploid zygote. If conditions of nitrogen starvation 
continue, meiosis and sporulation occur to form a zygotic ascus containing four haploid 
spores. However, there is a short window in which an alternative phase can be entered if 
nitrogen becomes available. Diploid cells propagate vegetatively until conditions of 
nitrogen starvation prevail, whereupon meiosis and sporulation occur to form an azygotic 
ascus containing four haploid spores. Asci walls break down to liberate spores which 
germinate to form haploid cells when nutrients become available.
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pombe Golgi is shown in figure 5. This Golgi has a stack of four cistemae with dilated 
rims and resembles closely the Golgi apparatus of mammalian cells. Golgi complexes are 
seldom seen in S. cerevisiae, except in some sec mutant strains where aberrant Golgi 
structures accumulate (Novick et al, 1981). There may be functional as well as 
morphological similarities between the Golgi of S. pombe and that of higher cells. In 
contrast to S. cerevisiae which adds only poly-mannose, S. pombe adds a terminal 
galactose residue to its carbohydrate side chains (Moreno et al, 1985; Chappell and 
Warren, 1989). Thus, S. pombe may combine the genetic tractability of S. cerevisiae with 
morphological features which make it a closer model of the secretory pathway of higher 
cells.

Over the last few years, interest in membrane traffic in S. pombe has increased and 
a number of studies have been made. The carbohydrate processing and secretion of acid 
phosphatases has been studied (Maundrell et al, 1985; Schweingruber et al, 1986a; 
Schweingruber et al, 1986b) and genes for these proteins have now been cloned (Elliott et 
al, 1986; Yang and Schweingruber, 1990). The glycosylation of invertase has also been 
examined and shown to contain galactose (Moreno et al, 1985) though the gene for this 
protein has not yet been cloned. Galactosyltransferase, the enzyme which adds the 
terminal galactose to secretory proteins, has been characterised (Chappell and Warren, 
1989). Galactosyltransferase constitutes the first protein marker for the S. pombe Golgi. 
The cloning of a number of genes encoding components of the secretory pathway has 
been reported, including the 7S RNA (Brennwald et al, 1988) and SRP54 (Hann et al,
1989) of the signal recognition particle, and a SEC 14 homologue (Cleves et al, 1991b). 
Several groups are investigating the role of rab/ypt proteins in membrane traffic in S. 
pombe and at least six genes for ypt-like proteins have now been cloned (Haubruck et al, 
1990; Hengst et al, 1990; Miyake and Yamamoto, 1990; Fawell et al, 1989; Fawell et al,
1990).

Many of the molecular genetic techniques developed in S. cerevisiae have now 
been successfully applied to S. pombe (Moreno et al, 1990). The construction of genomic 
and cDNA libraries has made it possible to clone genes by complementation of mutant 
phenotypes. Gene disruptions and expression of cloned genes from plasmids is now 
routine. Recently a good regulated expression system has become available (Maundrell,
1990). Schemes for the isolation of temperature sensitive mutations in cloned genes have 
recently been developed (M. Craighead, personal communication).
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Figure 5 : Electron micrograph of typical S. pombe Golgi
Log-phase wild-type cells were grown in Y PD, fixed with potassium  permanganate and 
processed for EM (performed by Rose W atson). The scale bar represents 1pm.
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1.9. Aims of the project
The genetic tractabilty and morphological features of fission yeast make it a very attractive 
model organism for studies of the secretory pathway. However, as mentioned above, few 
studies of this aspect of cell biology had been made in S. pombe until very recently. I 
wanted to investigate the early part of the secretory pathway in S. pombe. As a start to 
these investigations I decided to study the luminal ER protein, BiP, which has been 
proposed to play many roles in protein folding and assembly, and in budding yeast is 
required for karyogamy and for the actual translocation of proteins across the ER 
membrane. The identification of S. pombe BiP would provide the first marker for the 
endoplasmic reticulum in this organism. It would also facilitate the study of sorting of 
luminal ER proteins in S. pombe. Several members of the ypt gene family have been 
identified in the laboratory and the combination of genetic tractability and organelle 
morphology mean that S. pombe is an excellent system in which to investigate the role of 
these proteins in membrane traffic.
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Chapter 2 

Materials and Methods



2.1. Chemicals and Solutions
Chemicals and reagents were purchased Sigma or BDH unless stated otherwise.
Bactopeptone, Casamino acids and Yeast extract were purchased from Difco.
Solutions were made up in H2O and autoclaved at 15psi for 15 min at 121°C unless stated
otherwise.

General

TE lQmM Tris-HCl pH 8

ImM EDTA

PBS lOg NaCl per litre
0.25g KC1 
1.43g Na2 H P0 4  

0.25g KH2 P 0 4

T M 'N a phosphate 89g Na2 HP0 4  per litre
pH to 7.2 with orthophosphoric acid

20 X SSC 175.3g NaCl per litre
88.2g Tri-sodium citrate

Phenol/chloroform 10ml buffered phenol. per 20ml
9.6ml chloroform 
0.4ml isoamyl alcohol 
Stored at 4°C in foil.

SP1 1.2M Sorbitol
50mM Na Citrate 
50mM Na2H P0 4 .7H20  
40mM EDTA
pH to 5.6 with orthophosphoric acid

PEM 0.1M PIPES pH7
ImM MgS04

ImM EGTA

PEMS PEM + 1.2M Sorbitol
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PEMF

DNA techniques

10XTBE

Ficoll loading buffer

Depurinating Solution 

Denaturing Solution

Neutralising Solution

PB

Church Buffer

Solution I 

Solution II 

Solution IE

PEM + 0.5% Fish skin gelatin

108g Tris Base per litre
55g Boric acid 
9.3g EDTA

2QmM Tris-HCl pH7.5 
0.1M EDTA 
0.1 % Bromophenol Blue 
17.5% Ficoll 400

0.25M HC1

0.5M NaOH 
1.5M NaCl

1M Tris-HCl pH7.4 
1.5M NaCl

50mM Na phosphate pH7.2

0.5M Na phosphate pH7.2 
7% SDS 
ImM EDTA 
1% BSA

50mM Glucose 
lOmM EDTA 
25mM Tris-HCl pH8

1% SDS 
0.2M NaOH 
Stored in plastic

250g K acetate per litre
150ml acetic acid
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DTM

OL

LS

TMAC Buffer 

TFB-I

TFB-II

SM X diluent 

PTB-I

0.25M Tris-HCl pH8  

25mM MgCl2  

25mM DTT
lOOpM dCTP/dGTP/dTTP

90 OD units/ml hexamers (Pharmacia)
ImM Tris-HCl pH8  

ImM EDTA pH8

25 : 25 : 7 ratio of 1M HEPES pH8  : D TM : OL

650ml '5 M' TMAC (550g/l; filtered through 3MM paper)
50ml 1M Tris-HCl pH7.6
4ml 0.5M EDTA
10ml 10% SDS
Freshly made

30mM K acetate 
0.1M RbCl2  

lOmM CaCl2 .2H20  
50mM MnCl2  

15% glycerol
pH to 5.8 with acetic acid. Filter sterilised.

lOmM PIPES 
75mM CaCl2 .2H20  
lOmM RbCl2  

15% glycerol
pH to 6.5 with KOH. Filter sterilised.

5.8g NaCl per litre
2g MgS04  

50ml 1M Tris-HCl pH7.5 
O.lg gelatin

20mM Tris-HCl pH7.5 
2mM EDTA 
0.2M LiQ
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PTB-II

RNA techniques

HE buffer

HK buffer

10XRRB

RSB

Protein techniques

5X R B

1 0 X B B

40% PEG 4000
o. i m  ua
lOmM Tris-HCl pH7.5 
ImM EDTA 
Filter sterilised

50mM HEPES 
5mM EDTA 
O.IM NaCl 
pH to 7.9

0.2M HEPES 
lOmM EDTA 
0.2M NaCl 
pH to 7.9
2% SDS (added after autoclaving)

200|ig/ml proteinase K added just before use

41.8g MOPS per litre
3.72g EDTA 
4.1g Na acetate
Freshly made and adjusted to pH 7 with NaOH

200jd 10XRRB
lml deionised formamide
356jil 37% formaldehyde

30g Tris Base per litre
144g Glycine 
5g SDS

30g Tris Base per litre
144g Glycine
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BTB 100ml 10X BB 
2 0 0 ml methanol 
10ml 10% SDS

per litre

2 X SB 2 % SDS
50mM Tris-HCl pH6 . 8

2mM EDTA
1 0 % glycerol
0.03% Bromophenol Blue
2 % p-mercaptoethanol

Protein gel Stain 0 .2 % PAGE-Blue 90
30% methanol
1 0 % acetic acid

Ponceau S 2 gA Ponceau S in 3% TCA

RIPA 0.5% Nonidet P-40
0.5% Na deoxycholate
50mM Tris-HCl pH7.5
0.15M NaCl
ImM EDTA
0 . 1 % SDS

PBS-TX 1 % Triton X-100 in PBS

Protease Inhibitors 2mM PMSF

2 .1 pg aprotinin
lOpg pepstatin A
lOpg leupeptin

Preparation of Reagents
Buffered Phenol: 250g phenol was melted at 50°C. An equal volume of 1M Tris-HCl pH8  

was added and stirred for 10 min. The phases were allowed to separate and the aqueous 
phase was discarded. The extraction was repeated once with 1M Tris-HCl pH 8  and 3 
times with an equal volume of TE. 0.3g 8 -hydroxy quinoline was added and the phenol 
stored under TE at 4°C in the dark.

Paraformaldehyde fixitive: 3g paraformaldehyde was dissolved in 100ml PBS by stirring 
on a hot-plate in a fume hood until the temperature reached 80°C. lOpl 1M CaCl2  and 10pl
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1M MgCl2  were added. The paraformaldehyde was cooled to room temperature, and the 
pH adjusted to 7.4. After filtering the paraformaldehyde was aliquoted and stored at - 
20°C.

DNase (Sigma, type IV): Made lOmg/ml in 0.15M NaCl, aliquoted and stored at -20°C.

DNase-free RNase (Sigma, type XII-A): Made lOmg/ml in lOmM Tris-HCl pH 7.5, 
15mM NaCl. Boiled for 15 min and cooled slowly to room temperature. Then aliquoted 
and stored at -20°C.

Sequencing gel (6 %): 90ml PAGE I sequencing gel mix (38% acrylamide: 2% 
NN'methylene bisacrylamide; Boehringer) was mixed with 60ml 10 X TBE and 288g 
ultrapure urea. The urea was dissolved by slight warming (not above 40°C) and the 
volume made up to 600ml with H2 0 .20g Amberlite MB-I resin (BioRad) was added and 
stirred for 30 min. The gel mixture was filtered through 3MM paper (Whatman) and 
stored at 4°C in the dark.

2.2. Media and Strains 
Composition of media

Per litre

LB lOg Bacto-peptone
5g Yeast extract
lOg NaCl

M9CA 6 g Na2 H P0 4

3g KH2 P 0 4

0.5g NaCl
lg  NHjCl
5g casamino acids
lml 1M MgS04

0 .2 ml 0.5M CaCl2

1 0 ml 2 0 % glucose
(10ml 2mM tryptophan)

BBL-Agar lOg BBL Trypticase Peptone
5g NaCl
15g Bacto-Agar
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BBL-Agarose

PM

20 X PPN

50 X Salts

1000 X vitamins

10000 X Minerals

1 Og BBL Trypticase Peptone 
5g NaCl 
7g Agarose 
lml lM M gS0 4

50ml 20 X PPN 
20ml 50 X Salts 
1 0 0 ml 2 0 % glucose
50ml 1.5mg/ml adenine /  leucine /  uracil as required 
lml vitamins (filter-sterilised; not autoclaved)
0 . lm l minerals (filter-sterilised; not autoclaved)
(5ml ImM thiamin)
(20g Agar)

60g KH phthallate (phthallic acid)
36g Na2 H P0 4  (anhydrous)
lOOg NH4 CI (omitted from nitogen-free media)

53.3g MgCl2 .6H20  
0.75g CaCl2 .2H20  
50g KC1
2g Na2 S0 4  (omitted in NSM)

lg  Pantothenic acid
lOg Nicotinic acid 
lOg Inositol 
lOmg Biotin 
(Filter sterilised)

5g Boric acid
4g MnS04

4g ZnS04

2g FeCl2 .6H20
1 .6 g molybdicacid 
lg  KI
0.4g CuS04 .5H20
lOg Citric acid
(Filter sterilised; sulphate salts replaced by chloride 
salts for NSM)
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YPD 20g Bactopeptone
lOg Yeast extract 
1 0 0 ml 2 0 % glucose 
(20g Agar)

Growth of bacteria and yeast
LB was used for growth of bacteria and supplemented with 30pg/ml Ampicillin for 
plasmid selection. M9CA + Amp (with or without 20pg/ml tryptophan) was used for 
growth of bacteria containing pATH3 vectors. LB + lOmM MgSC>4 was used for growth 
of bacteria containing lambda and BBL agar and agarose used for plating of lambda 
libraries. Bacteria were grown at 37°C on plates or at 37°C in liquid with vigorous 
aeration, unless stated otherwise.
S. pombe was grown in YPD or in PM supplemented with adenine, leucine, uracil or 
thiamin as required. S. pombe were grown on plates or in culture at 30°C with gentle 
agitation unless stated otherwise. Sporulation of diploids and mating was performed on 
solid PM lacking nitrogen. Cells were labelled in NSM which is PM lacking sulphate.

Bacterial strains
JM101 (supE, thi, A(lac-proAB), [F, traD36, pro AB, /acDZaM15]) 
used for all cloning procedures and for fusion protein production.
NM646 (supE supE hsdR trpR lacY recA\3 metB gal) 
used as a host for XEMBL3 and XDASH.
Y1088 (F, A(/acU160), supE, supE, hsdR(r, m+), metB, trpR, tonA2l, [proC::Tn5] 
(pMC9))
used as a host for Xgtl 1 .
Y1090 (F  A(/acU169), p ro A +, A (Ion), araD39, strA, supE, [frpC22::TnlO(tetR)], 
(pMC9), hsdR(TK-, mK+)) 
used as host for Xgtl 1 .

5. pombe stra ins
972/r wild-type yeast
556 ade6-216 ura4-Dl8 leul -32 h+
557 ade6-210 ura4-D18 leul-32 h
611 ade6-210lade6-216 ura4-D18/ura4-D18 leul-32/leul-32 h+/hr
FY6  nda2-KM52 leul-32 hr
FY11 ade6-210k
ES1 p ho l-44 leul-32 h
BK08 611 background bip/bip::ura4
D4KO 611 background ypt4/ypt4::ura4
6H4K 556 background ypt4::ura4

64



7H4K 557 background ypt4::ura4
FY6  nda2-KM52 leul-32 hr
MY1 nda3-311 leul-32 hr
556BM 556 containing pEB9 plasmid
5564M 556 containing pSM-y4m plasmid

Mating of 5. pombe strains
A loopful of cells of two strains of opposite mating type were mixed in a droplet of sterile 
H2 O on a nitrogen-free plate, and incubated for 1-2 days at 25°C.

Random Spore Analysis
Diploid strains were patched onto nitrogen-free medium and incubated at 25°C for 2-3 
days. The presence of spore-containing asci was checked by light microscopy. A loopful 
of cells was incubated in lml of H2 O containing 2jil helicase (DuPont) at 37°C overnight. 
Helicase digests the cell wall of vegetative cells and causes cell lysis, it also destroys the 
ascus wall. Liberated spores were washed several times in sterile H2 O, plated at a density 
of approximately 500 per plate and incubated at 25°C for several days. When colonies 
appeared they were replica plated onto various media to determine the genotype of cells.

2.3. Constructs and oligonucleotides 
Vectors and plasmids used in this study
pBSM13' (Stratagene) Abbreviated as pBS.
pBS-KS+ (Stratagene) Abbreviated as KS+.
XDASHII (Stratagene) S. pombe genomic library was a gift from Dr Alister Craig.
Xgtll (Young and Davis, 1983) S. pombe cDNA library was a gift from Dr

Viesturs Simanis.
AEMBL3 (Stratagene) S. pombe genomic library was prepared by Dr Alister Craig.
pATH3 Plasmid expression vector which contains the trpE promoter and gives

fusion polypeptides with E. coli trpE protein (Spindler et al, 1984). 
pGEX vectors Plasmid expression vectors which give fusion polypeptides with the C- 

terminus of the Schistosoma japonicum glutathione S-transferase protein. 
The sets of vectors differ in their multiple cloning sites and possession of 
protease cleavage sequences (Smith and Johnson, 1988; modified by J. 
Armstrong).

pEVPl 1 S. pombe vector derived from yEpl3. Contains AmpR gene, S.cerevisiae
LEU2 marker, 2\i ars, and the S. pombe adh promoter which gives a high 
level of expression.(Russell and Nurse, 1986) 

pSM /+ S. pombe vector derived from pDB248. Contains AmpR gene, S.cerevisiae
LEU2 marker, 2p ars, and the SV40 early promoter which gives a 
moderate level of expression in S. pombe.{Jones et al, 1988)

65



pSP6 B cDNA encoding rat BiP cloned as two EcoRl fragments into pSP6 . A gift
from Drs Sean Munro and Hugh Pelham 

pSp4B YEpl3 with 6.5kb insert containing the S. pombe pho4 gene (Maundrell et
aly 1985). A gift from Dr Ernst Schweingruber.

Pryl S. pombe ura4 gene (Grimm et aly 1988) cloned as 1.7kb Xhol fragment
into pBS-KS+.

Plasmids created for this study
GPD plasmids
pE 11 lkb EcoRl fragment which contains majority of gpd ORF, cloned into pBS

(3' end proximal to T3) 
pE 12 Same as pE 11 but fragment in opposite orientation
pH8 c 4kb HindlU fragment containing GPD gene, in pBS
pRSA4 300bp internal Rsal fragment, in HincU site of pBS
pHc3 600bp internal Hincll fragment, in pBS

DTAGQE plasmids (subcloned from DTAGQE oligonucleotide ( 6  and 7) positive lambda 
clones)

pG27.1 3.2kb BamHl fragment from lambda 27 in pBS (RH02 homologue)
pG27AH pG27.1 with 700bp H in d lR  fragment deleted
pG29.3 1.8 kb EcoRl fragment from lambda 29 in pBS
pG29HS 1.3kb HindlR Sphl fragment from lambda 29 in pBS
pG32.5 4.5kb EcoRl fragment from lambda 32 in pBS
pG34.4 1.8 kb EcoRl fragment from lambda 34 in pBS

ypt4 plasmids
pG24BE 4kb BamHl EcoRl fragment from lambda 24 in pBS
pG24AS 2.8kb S a l  fragment deleted from pG24BE
pG24ASph 0.9kb Sphl fragment deleted from pG24BE
pG24AP 3kb Pstl fragment deleted from pG24BE

pG24SH 2.5kb S a l HindRl fragment in KS+
pG24S 2.8kb Sail BamHl fragment cloned as Sail fragment from pG24BE into pBS
pG24SB 2.8kb Sail BamHl fragment in pBS
pG24SH and pG24S were used for the construction of deletion series for sequencing. For 
this the plasmids were cut with Kpnl Sail and Sacl Xbal respectively. Plasmids with 
various sized inserts were obtained.
Pryl-S7 Pryl with Sail site filled in
pURA4KE EcoRl Kpnl ura4 fragment from Pryl-S7, cloned into pBS
pG24KO Xbal Clal fragment from pURA4KE cloned into pG24S cut with Clal SpeI

(300bp removed). The insert was excised as a Sail fragment and used to
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transform S. pombe
pC24-14 ypt4 cDNA prepared by PCR and cloned into pBS as a BamHl fragment 

(5' end of the cDNA is proximal to the pBS T7) 
pC24-16 As pC24-14 but in opposite orientation
pSM-y4m Ypt4 tagged at N-terminus with sequences encoding myc epitope; cloned

into pSM
pATH3-24 3' half of ypt4 gene cloned as EcoRl BamHl PCR fragment into pATH3
pGEX-24 Various portions (NMC, NM, MC, N, M, C; where N=5' end of ypt4 to

Clal site, M=middle portion from Clal to SpeI, C=3' end from SpeI site) 
of ypt4 cloned into various pGEX vectors (depending on reading frame 
requirements)

BiP plasmids
pKGl lkb fragment of BiP sequence obtained by PCR with oligonucleotides 8

and 10; cloned into pBS as a Kpnl Xbal fragment 
pKGIN 0.7kb fragment of BiP sequence obtained by PCR with oligonucleotides 8

and 9; cloned into pBS as an Xbal Sphl fragment 
pcB2 0.6kb EcoRl fragment of BiP cDNA sequence in pBS
pSb4 2.3kb Sail fragment from genomic ?tgB8 ; contains 5' end of BiP gene; one

of the Sail sites is derived from X polylinker, this is proximal to pBS T7 
pSb5 As pSb4 but in opposite orientation
pSb4AH Deletion of 1.2kb HindlU fragment from pSb4
pSb5AH Deletion of 1. lkb HindlU fragment from pSb5
pSa-14 2.5kb Sail fragment from XgB8 ; contains 3’ end of BiP gene; cloned into

pBS, coding sequence is proximal to T3 
pSa-17 As pSa-14 but in the opposite orientation
pHAB2 400bp fragment from 3' end of BiP gene, cloned into pBS
pSbHS 1. lkb HindlU Sail fragment from pSb4DH, cloned into KS+
pKONE-1 HindlU Sail fragment from pSbHS cloned as EcoRl fragment into pBS;

coding sequence proximal to pBS T7 
pKONE- 6  As pKONE-1 but in opposite orientation
pKONE-1 and pKONE- 6  were used to create deletion series for sequencing. They were 
cut with Sphl and BamHl. Plasmids with inserts of various sizes were created. 
p6 A-l 700bp of BiP upstream sequence created as part of a deletion series
pBX5.5 5.5kb Xbal fragment containing entire BiP gene, in pBS. One Xbal site is

from X polylinker, the other is 2kb+ downstream of BiP gene 
pSaRV-2 1.7kb EcoRV  fragment containing 3' end of BiP gene and downstream

region. Cloned into HincU site of pBS. (Coding region is proximal to T3 
ofpBS)

pSaRV-3 As pSaRV-2 but in opposite orientation
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pU6 A 1 700bp HindUl EcoRl fragment from p6 A-1 cloned into Pryl
pBKO Sacl Kpnl fragment from pU6 A l cloned into pSaRV-2. The insert was

excised as a Pstl fragment and used to transform S. pombe 
pATH3-BiP 400bp HindUl fragment from pHAB2 cloned into pATH3
pGEX-20T-B 650bp EcoRl Xhol fragment from 3f end of BiP gene cloned into pGEX-

20T
pSaSX Sail X hol fragment from pSal4 cloned into Sail site of pBS (coding

region proximal to T3) 
pADEL 250bp PCR fragment (oligonucleotide 14 and T7 on pSaSX) cloned as

Clal Kpnl fragment into KS+ 
pBC9ADEL 300bp EcoRl Clal fragment (made by PCR using oligonucleotides 11 and

T3 on pSaSX; encodes portion of BiP tagged with myc epitope) cloned 
into pADEL

pB9 Spe I EcoRl fragment from pBX5.5 cloned into pBC9ADEL (encodes
entire BiP gene tagged 7 amino acids from C-terminus with myc epitope) 

pEB9 BamHl Sacl fragment from pB9 cloned into pEVPl 1

Pho4 plasmids
pAP9 pho4 construct created by PCR (using oligonucleotides 12 and 13 on

pSp4B) such that it has a BamHl site lObp upstream of the ATG and is 
extended at its 3' end with sequences which encode the myc epitope. 
Cloned as a Clal BamHl fragment into KS+. (The central EcoRl HindlU 
fragment was replaced by that from pSp4B so only the ends of the 
construct needed to be sequenced.) 

pAP9ADEL PCR with oligonucleotide 14 and T7 on pSaSX was used to create 250bp
Clal Kpnl fragment which was cloned into pAP9 

AP-ADEL BamHl Sacl fragment from pAP9 cloned into pEVPl 1
AP-DDEL, AP-HDEL, AP-KDEL, AP-EKSG and AP-DYFD were made in a similar 
manner

Other plasmids
pD17 1.2kb EcoRl fragment in pBS, contains an S. pombe HSP70 cDNA.

Subcloned from INPDEA oligonucleotide (5) positive Xgtl 1 
Subclones of other INPDEA oligonucleotide (5) positive Xgtl Is include (insert size in 
brackets): pD25 (0.2kb), pD21 (0.6kb), pD28 (0.6kb), pD3 (1.3kb), pD8(0.5kb), pD12 
(0.8kb), pD13 (0.3kb).
Subclones from KDEL oligonucleotide (1 and 2) positive lg tlls  include: pKl (1.8kb), 
pK6  (0.7kb), pK63 (0.6kb), pK7 (1.6kb), pK83 (0.7kb).
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Oligonucleotides used in this study
Oligonucleotides were kindly synthesised by the ICRF oligonucleotide service.
N o . Name Sequence (from 5' to 3*)
1 EKDEL/C GAGAAGGATGAGCTKTA
2 EKDEI7T GAGAAGGATGAGTTRTA
3 EHDEL/C GAGCATGATGAGCTKTA
4 EHDEL/T GAGCATGATGAGTTRTA
5 INPDEA ATHAATCCKGATGARGC
6 DTAGQE8 6 GATACKGCKGGKCAGGAGCG
7 DTAGQE87 CGTTCTTGKCCKGCKGTGTC
8 KVTHAW TACTCTAGAAGGTNACKCATGCKGTNGT
9 GINPDEA TACGCATGCYTCATCMGGATTRATNCC
1 0 GVPQIEV TACGGTACCTCRATCTGNGGMACNCC
1 1 BIP9CB TACGGATCCATCGATCAGGTCCTCCTCGCTGATCAGC-

-TTCTGCTCGAAGTAATCATCATCCTCTTC
1 2 5P4BS TACTACGGATCCGAGCTCCATTGTTTTTTCTCGATG
13 3P49CB TACGGATCCATCGATGTTCAGGTCCTCCTCAGAGATC-

-AGCTTCTGCTCGAGGTAGTAGACGGTAACGTTG
14 C-ADEL TACTACATCGATGATGAGGCCGATGAACriTAA
15 C-DDEL TACTACATCGATGATGAGGATGATGAACITTAA
16 C-HDEL TACTACATCGATGATGAGCACGATGAACTTTAA
17 C-KDEL TACTACATCGATGATGAGAAGGATGAAC1TTAA
18 C-EKSG TACTACATCGATGATGAGGAGAAGAGCGGATAAAGTG-

-TITIAAAATIG
19 C-DYFD TACTACATCGATGATGAGGATTACTTCGATTAAAGTGT - 

-TTTAAAATTG
2 0 5G24BS TACGGATCCGAGCTCTATTTATTATTATGGAC
2 1 3G24BH TACGGATCCAAGCTTCTGllTTTTTCAGCAGCA
2 2 G24ABE TACGAATTCCAAGGACTCGTTTGAAGAATTG
23 G24MSB TACTACGAGCTCAGATCTATGGAGCAGAAGCTGATCAG-

-CGAGGAGGACCTGGACAAAGAATCATATGAC

N o . Name Comments / Purpose
1 EKDEL/C Screening libraries for genes encoding luminal ER proteins
2 EKDEL/T t i

3 EHDEL/C i t

4 EHDEL/T i t

5 INPDEA Screening libraries for HSP70/BiP genes
6 DTAGQE8 6 Represents DTAGQE; screening for ras-like genes; 8 -fold 

degenerate
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7 DTAGQE87
8  KVTHAW

9 GINPDEA

10 GVPQIEV

11 BIP9CB

12 5P4BS

13 3P49CB

14 C-ADEL

15
16
17
18
19
20

21

C-DDEL
C-HDEL
C-KDEL
C-EKSG
C-DYFD
5G24BS

3G24BH

22 G24ABE

23 G24MSB

T3, T7, -40, RP 

RSP, FSP

" Partially complementary to DTAGQE8 6 ; 8 -fold degenerate
BiP-specific PCR; has Xbal site at 5' end; primes towards 3' end 
of the gene
BiP-specific PCR; has Sphl site at 3' end; primes towards 5' end 
of the gene
BiP-specific PCR; has Kpnl site at 3' end; primes towards 3' end 
of the gene
PCR - to add sequences which encode the myc epitope 3' of those 
sequences encoding DEEDDDYF; primes towards the 5' end of the 
gene; hasZtomHI and Clal sites at 5' end 

PCR - to create a pho4 construct which has BamHl and Sacl site 
immediately upstream of the ATG
PCR - to extend the pho4 ORF with sequences which encode the 
myc epitope; primes towards the 5' end of the gene; has a Clal site 
at its 5'end
PCR - to create a fragment which encodes DDEADEL followed by 
a stop codon and sequences downstream of the BiP gene; has a 
Clal site at its 5' end 

butDDEDDEL 
butDDEHDEL 
butDDEKDEL 
but DDEEKSG 
butDDEDYFD

PCR - to obtain a cDNA version of the ypt4 gene with BamHl and
Sacl sites immediately upstream of the ATG
PCR - to obtain a cDNA version of the ypt4 gene with HindM  and
BamHl sites immediately downstream of the stop codon
PCR - to create a fragment containing the 3' half of ypt4 for
cloning into pATH3 vector, has EcoRl site at its 5' end
PCR - to produce a version of the ypt4 cDNA which has sequences
inserted after the ATG which encode the myc epitope; it has Sacl
and BglH sites at its 5' end
Sequencing inserts in pBSM13_ and pBS-KS+ vectors. PCR using
such plasmids as template
Flank Xgtl 1 cloning site; used for PCR.

2.4. Nucleic acids techniques (methods from Sambrook et al, 1989)
Agarose gels
DNA was analysed by electrophoresis through 0.6 - 2% agarose gels. These were
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prepared by melting powdered agarose in a suitable volume of 1 X TBE in a microwave 
oven. Molten agarose was cooled to 60°C before addition of ethidium bromide to lpg/ml 
and poured into gel trays. One quarter volume of Ficoll loading buffer was added to DNA 
samples. Electrophoresis was carried out in 1 X TBE at 100 -150 V for 30 min to 1 hour.

Sequencing gels
Wedge gels were used for all sequencing. 1 X TBE was used in both upper and lower 
chambers. Electrophoresis was performed under conditions of constant current (35mA). 
Gels were fixed for 15-30 min in 10% acetic acid 10% methanol, dried down and exposed 
to film overnight at room temperature.

RNA gels
1.5g of agarose was dissolved in lOmls 10 X RRB and 72mls H2 O by heating in a 
microwave oven. After cooling for a few minutes, 18mls 37% formaldehyde was added 
with swirling in a fume hood. The gel was poured in fume hood. RNA samples were 
EtOH precipitated and resuspended in 4.4pl H2 O. 15.6|il RSB was added and samples 
were heated to 65°C for 5 min followed by the addition of 8 pl dye solution (7.5% Ficoll 
400 + Bromophenol Blue). Gels were loaded and run in 1 X RRB either overnight at 
30mA or for 6  hours at 90mA. Gels were stained with ethidium bromide in 1 X RRB, and 
destained in 1 X RRB for 30 min.

Southern blotting
DNA was separated by electrophoresis through agarose gels which were then incubated 
for 10 min in Depurinating solution, followed by several rinses with distilled water and 2 
X 15 min in Denaturing solution. Hybond membrane (DuPont) was wetted with H2 O, 
then denaturing solution. A stack was made: tissue, glass plate, 3 sheets 3MM paper 
(Whatman) soaked in denaturation solution, agarose gel DNA side up, Hybond 
membrane, 3 sheets 3MM soaked in denaturation solution, 2 inch thick stack of dry 
tissues, glass plate, 0.5kg weight. Bubbles were removed as each layer was added by 
gentle rolling with a pasteur pipette. Blotting was performed for 2 hours - overnight. The 
membrane was then marked with the position of the wells and washed with PB for 10 
min. The membrane was air-dried before baking at 80°C for 30min - 2 hours and UV- 
crosslinking for 2  min.

Northern blotting
Destained gels were placed in 20 X SSC for 20 min with rocking. The Southern blotting 
procedure was used except that 20 X SSC was used as the blotting buffer. Blotting was 
performed overnight, then the Hybond membrane was washed with H2 O then PB, baked 
and UV cross-linked.
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L ib rary  screening
For lambda library screening, 20 X 20 cm BBL-agar plates were used. A typical plaque 
density of 25,000 per plate was used, lm l of a suitable bacterial host was incubated with 
an aliquot of recombinant phage library for 2 0  min at room temperature. 30ml of molten 
(46°C) BBL-agarose was added to the bacteria, swirled and poured carefully across the 
surface of a BBL-agar plate. When the agarose was set, plates were inverted and 
incubated at 37°C overnight. Plates were placed at 4°C for 30 min to harden the agarose. 
Lifts were performed with Hybond-plus nylon membrane (DuPont). The membrane was 
carefully laid on top of the agarose plate and a pattern of dots made with a needle to orient 
it. After 2 min the membrane was peeled off and placed DNA-side up onto 3MM paper 
soaked in denaturing solution. A duplicate lift was then taken (up to 6  lifts could be taken 
from a single plate). After 5 min on detaruring solution the membrane was transferred to 
3MM paper soaked in neutralising solution for 5 min. Then the membrane was floated on 
PB for 3 min and submerged for 2 min. Membranes were air-dried, baked at 80°C for 30 
min -1  hour, and UV-crosslinked.
Positive plaques were identified by comparison of autoradiographs with the library plate. 
The area of agarose containing the positive plaque (and other negative plaques) was picked 
with the large end of a sterile pasteur pipette and placed into lml of SM X diluent. Tubes 
were incubated at room temperature for 1 hour, with occasional vortexing to release phage 
particles into suspension. These phage suspensions could be stored at 4°C for several 
months. Titre was measured by pipetting 5pl of various phage dilutions onto a bacterial 
lawn and growing for 8  hours - overnight. Secondary and tertiary screening was 
performed using 8 cm plates and the protocol described for library plates followed except 
that volumes were reduced by 10 X. Plaque-purified phage were stored in lOOpl SM X 
diluent at 4°C.

Random  Hexam er Prim ing m ethod for production of probes (Feinberg and 
Vogelstein, 1983)
This method was used for DNA fragments greater than lOObp. 60ng DNA in 11.5pl H2 O 
was boiled for 5 min in a glass capillary tube, which was then plunged into an ice-slush 
bath. The DNA was added to a tube containing 11.5pl LS solution and 2pl BSA. 5pl 
a32PdATP was added, followed by 3 units of Klenow DNA polymerase. The reaction 
was incubated at 37°C for 2 hours, then stopped by the addition of lpl 0.5M EDTA, lpl 
5mg/ml tRNA, 5pl 3M Na acetate, 50jil -20°C isopropanol. After 5 min on ice the sample 
was centrifuged for 10 min at room temperature. The precipitated DNA was air-dried and 
resuspended in lOOpl H2 O.

E nd-labelling  oligonucleotides
The following incubation was set up: lpl oligonucleotide (lOpmole), 10.3pl H2 O, 2pl 10 
X Kinase buffer (0.7M Tris-HCl pH7.6, 0.1M MgCl2), lpl lOOmM DTT, 5pl 3 2 PyATP,
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0.7pl T4 Kinase. The reaction was incubated at 37°C for 30 min. Paper chromatography 
was used to test for incorporation of label, lpl sample from before and after the reaction 
were applied to PEI paper (Macherey-Nagel) and chromatography carried out using 
0.75M KH2 PO4 , pH3.5 as solvent. The paper was dried and exposed to autoradiographic 
film.

Hybridisations (large probes) (Church and Gilbert, 1984)
This method was used for lifts, Southern blots and Northern blots. The nylon membrane 
was placed inside a plastic bag and prehybridised in Church buffer for 30 min -1  hour at 
65°C. 10-50|il of probe was heated to 95°C for 5 min and quickly added to 2  - 10 ml of 
65°C Church buffer. The prehybridisation solution was removed from the bag and the 
hybridisation solution containing the probe added. The bag was sealed and incubated 
overnight in a shaking water bath at 65°C. Membranes were cut out of bags and washed 
for 2 X 1 min at room temperature in 40mM phospate, 1% SDS, ImM EDTA, followed 
by 2 X 15 min washes in the same solution at 65°C. Membranes were then placed on 
benchkote (Whatman), wrapped in clingfilm and exposed to film at -70°C for 30 min - 
overnight

H ybridisations (labelled oligonucleotides) (Wood et al, 1985)
This method was used for lifts and Southern blots. Membranes were prehybridised for 5 
min at room temperature in Church buffer, which was then removed, lpl oligonucleotide 
was added per ml Church buffer, shaken and added to the membrane in a plastic bag. 
Membranes were incubated overnight at 37°C, then washed 3 times in 8  X SSC, 0.1% 
SDS at room temperature, and once in TMAC buffer at room temperature. Membranes 
were then exposed to film for 2  hours to ensure that the oligonucleotide was bound to all 
DNA. Two 3 min TMAC buffer washes were then performed at the specific washing 
temperature (generally 45 - 65°C). This washing temperature was determined by 
evaluation of Wallace's numbers (Wallace, 1984) for individual oligonucleotides, and 
refined empirically by determining the temperature at which oligonucleotide remained 
bound only to its specific target sequence. Membranes were then exposed to film for 2 
hours - overnight.

Cloning procedures
Restriction enzymes were obtained from Gibco-BRL, Boehringer-Mannheim and New 
England Biolabs. Enzymes were used in the reaction buffer supplied by the manufacturer. 
All digests were performed at 37°C for 30 min - 2 hours, except for Smal which was 
performed at 25°C.
The Klenow fragment of DNA Pol I (Gibco-BRL) was used for filling-in 5' overhanging 
ends. 0.2mM dNTPs were added to a restriction digest, followed by addition of 2 units of 
Klenow per pg DNA, and incubation at room temperature for 15 min. The reaction was
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stopped by heating to 65°C for 5 min and extraction with phenol/chloroform before EtOH 
precipitation.
3' phosphate groups were removed from cut ends of vector DNA by Calf Intestinal 
Phosphatase (Boehringer). One tenth volume of 10 X CIP buffer (supplied by 
Boehringer) was added to a restriction digest, followed by addition of 5pl CIP per pg 
DNA and incubation at 37°C for 30 min. The reaction was stopped by addition of EDTA 
to lOmM and heating to 70°C for 10 min. Vector DNA was then phenol/chloroform 
extracted, EtOH precipitated and resuspended in TE at ~10ng/pl.
Plasmid ligations were performed using 1 unit of T4 DNA ligase (Gibco-BRL) and the 
buffer supplied by the manufacturer in 10pl reaction volume. lOng of phosphatase-treated 
vector was used with insert fragment added at an approximate 3-fold molar excess over 
vector. Ligation reactions were incubated at room temperature for 1 hour - overnight 
before transformation into competent bacteria.
Precipitation of DNA and RNA: 1/10th volume of 3M Na acetate pH5.5 was added, 
followed by 2-3 volumes of -20°C 100% EtOH. The sample was incubated on dry ice for 
1 0  min and then nucleic acid pelleted by spinning for 1 0  min in an eppendorf centrifuge. 
The pellet was washed with 70% EtOH, dried and resuspended in TE or H2 O.

Elution of DNA fragments from agarose gels
Electrophoresis of digested DNA or PCR products was performed as described above. An 
incision was made in the gel in front of the required fragment, and a small piece of wet 
GF/C paper (Whatman) backed by dialysis tubing placed in the incision with the paper 
side next to the DNA. Elecrophoresis was continued for 10 min and the DNA entered the 
paper which was then placed in a microfuge tube. The DNA solution was spun out of the 
paper with a two H2 O washes, phenol/chloroform extracted, EtOH precipitated and 
resuspended in TE.

Preparation of competent cells
A single colony of the appropriate bacterial strain was grown overnight in 5ml LB. This 
was diluted into 100ml LB and grown for about 2 hours until the OD5 5 0  reached 0.48. 
Cells were chilled on ice then pelleted at 5K for 5 min. The supernatant was discarded and 
the pellet resuspended in a minimal volume of LB. 40ml ice-cold TFB-I was added and 
the cells gently mixed with a transfer pipette. Cells were incubated on ice for 15-45 min, 
then pelleted at 4K for 10 min. The pellet was gently resuspended in 8 ml ice-cold TFB-II 
and incubated on ice for 30 min. Cells were aliquoted into pre-chilled tubes and frozen on 
dry ice. Competent cells were stored at -70°C until use.

Transformation of competent cells
An aliquot of frozen competent bacteria was thawed on ice. lOOpl of cells was added to a 
10|il ligation mixture and incubated on ice for 10-30 min. Cells were heat-shocked for 5
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min at 37°C. 200|il of LB was added and incubation at 37°C continued for 30 min. If 
required, 20pl lOOmM IPTG and 20pi 20mg/ml Bluo-gal in dimethylformamide were 
added. Cells were plated onto LB+Amp plates, spread, inverted and incubated at 37°C 
overnight.

Lambda DNA preparations
A Pasteur pipette was used to transfer a fresh phage plaque plus some bacterial lawn into 
12ml of LB + lOmM MgSC>4 . The culture was shaken overnight at 37°C, after which 
strings of debris and lysed cells were apparent. 0.5ml chloroform was added with shaking 
to lyse the remaining cells. Bacteria were pelleted at 4K for 10 min. The supernatant 
containing phage particles was transferred to a fresh tube and 50pg of RNase and 50pg 
DNase was added and the samples incubated at 37°C for 1 hour. 6 ml 20% PEG6000 in 
2.5M NaCl was added and incubated on ice for 15-30 min. Phage were pelleted at 4K for 
20 min. The pellet was resuspended in 0.4ml lOmM Tris-HCl pH7.4, lOmM EDTA, and 
then extracted twice with phenol and once with chloroform, followed by EtOH 
precipitation and resuspension in lOOpl TE.

Plasmid minipreps (adapted from Ish-Horowitz and Burke, 1981)
Cultures were grown for 6  hours - overnight in LB+Amp at 37°C. 1.5ml of culture was 
pelleted. The pellet was resuspended in 75pl Solution I with vortexing, then 150pl 
Solution II was added, followed by 90pl Solution HI. Chromosomal DNA and cell debris 
were pelleted by centrifugation for 1 min. The supernatant was added to 1ml EtOH, 
vortexed and centrifuged for 1 min. The pellet was resuspended in 25jil TE and 30pl - 
20°C 5M LiCl added to precipitate RNA. Samples were incubated on ice for 3 min and 
centrifuged for 1 min. The supernatant was added to 0.5ml EtOH, vortexed and 
centrifuged for 1 min. Plasmid DNA was resuspended in 20pl TE and stored at 4°C or - 
20°C. If the plasmid DNA was to be used for double stranded sequencing the same 
protocol was used except that cultures were grown for a maximum of 6-7 hours, samples 
were extracted with phenol/chloroform after the LiCl step, and DNA was rinsed with 70% 
EtOH after the final precipitation.

Plasmid Midiprep (adapted from Ish-Horowitz and Burke, 1981)
Protocol for 100ml of culture. Bacteria were pelleted at 4K for 10 min in bench top 
Heraeus centrifuge. The pellet was resuspended in 5ml Solution I and placed on ice. 10ml 
Solution II was added slowly, followed by 5ml Solution HI and vortexed to mix. Bacterial 
debris was pelleted for 10 min at 4K and the supernatant poured off into 20ml -20°C 
isopropanol, vortexed, stored on ice for 10 min and centrifuged at 4K for 5 min. The 
pellet was drained and resuspended in 1.5ml TE. 2ml -20°C 5M LiCl was added, 
vortexed and stored on ice for 5 min. RNA was pelleted by centrifugation for 5 min at 4K. 
The supernatant was removed into 7ml -20°C EtOH, and centrifuged at 4K for 10 min,
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followed by a rinse with 70% EtOH. The pellet was resuspended in 0.6ml TE and RNase 
added to 10pg/ml and incubated at 37°C for 15 min. DNA was precipitated by addition of 
0.3ml 20% PEG in 2.5M NaCl on ice for 5 min and spun for 5 min in a microfuge. 
Plasmid DNA was resuspended in 0.5ml TE and extracted twice with chloroform and 
twice with phenol. DNA was finally precipitated with 100% EtOH, rinsed with 70% 
EtOH, resuspended at l-5mg/ml in TE and stored at 4°C or -20°C.

C onstruction of ExoIII / ExoVII deletion series for sequencing (Y anish- 
Perron et al, 1985)
The fragment to be sequenced was cloned into Bluescribe or Bluescript vectors in such a 
way that cutting with two restriction enzymes would produce a 5' overhang proximal to 
the insert and a 3* overhang proximal to the vector sequence. Approximately 25jig of 
plasmid DNA was cut to completion with both enzymes, extracted with 
phenol/chloroform, EtOH precipitated and resuspended at 1 tig/pl. The following reaction 
was set up: 25|il DNA, 50pl 10 X ExoIII buffer (0.5M Tris-HCl pH 8 , 50mM MgCl2 , 
lOmM DTT), 4pl ExoIH (~250units; Gibco-BRL) in 500jil total volume. The reaction was 
incubated at 37°C and 20jil aliquots removed into 4p.l 5 X ExoVII buffer (350mM K 
phoshate pH7.9, 40mM EDTA, 50mM pmercaptoethanol) on ice at 30 second intervals. 
0.4units of ExoVII (Gibco-BRL) was added to each timepoint and incubation continued 
for 45 mins at 37°C. Enzymes were inactivated by incubation at 75°C for 15 min. 2 jil of a 
selection of timepoints were analysed by electrophoresis to check that deletion had occured 
(from this it was estimated that the digestion rate of ExoIII was ~2 0 0 bp/min). Timepoints 
were pooled into 3-4 groups for end repair with Klenow and fragments were gel purified. 
Deleted plasmids were ligated and transformed into bacteria. Minipreps with a range of 
insert sizes were selected for sequencing.

DNA sequencing (Sanger et al, 1977)
Plasmid minipreps were prepared as described above and sequenced by the Dideoxy- 
sequencing method using Sequenase and following the manufacturer's instructions. 5pl 
plasmid DNA was denatured in 10|il H2 O, lpl 4mM EDTA, 4pl 1M NaOH, for 10 min at 
room temperature. 2pl 2M NH4  acetate and 60pl 100% EtOH were added, vortexed and 
incubated on dry ice for 10 min. DNA was pelleted by centifugation for 10 min, and 
washed with 70% EtOH. DNA was resuspended in 6 pl H 2 O and 2pl 5 X sequenase 
buffer, and 2pl primer (0.5pmole/pl) added immediately. Annealing was performed at 
65°C for 2 min, then the mixture cooled gradually to <35°C. Sequencing with 3 5 S- 
adATP was then performed according to the protocol provided by USB. Samples were 
heated to 75°C for 2  min, placed on ice and loaded onto 6 % acrylamide wedge gels.

DNA sequence analysis
Sequencing gels were read by eye and analysed using the Intelligenetics System on the
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ICRF VAX. Sequence data was entered through the GEL program which allowed 
merging of separate sequences. Restriction site analysis and translation were performed 
using the SEQ programme. Analysis of translated sequences was performed using the 
PEP programme. Comparison of DNA and protein sequences was performed with the 
GENALIGN programme. PIR, MBL and Genbank databases were searched using 
BIFIND.

Small scale S. pombe DNA preparations (Moreno et al, 1990)
5ml of stationary phase culture was pelleted at 3K for 5 min. The pellet was resuspended 
in 250pl SP1 containing 0.4mg/ml Zymolyase-20T (Seikagaku) and incubated for 30-60 
min at 37°C. Spheroplasted cells were pelleted at 6,000g for 15 sec in an eppendorf 
centrifuge. The pellet was resuspended in 0.5ml TE, 50pl 10% SDS was added, followed 
by vortexing and addition of 165pl 5M K acetate. Samples were stored on ice for 30 min 
then centrifuged for 10 min. The supernatant was added to 0.75ml isopropanol, placed on 
dry ice for 5 min and centrifuged for 10 min. The pellet was resuspended in 0.3ml TE and 
RNase added to lOpg/ml. After 30 min at 37°C, the sample was extracted with 
phenol/chloroform, and precipitated with EtOH. Genomic DNA was resuspended in 20pl 
TE.

Small scale S. pombe RNA preparations (Moreno et al, 1990)
All solutions and plastics were autoclaved and gloves were worn for all manipulations. A 
20ml culture was grown to log-phase and the cells pelleted at 3K for 5 min. The pellet was 
resuspended in 2 ml ice-cold H2 O and transferred to a 2 ml round-bottomed eppendorf. 
Cells were pelleted and then thoroughly drained. The pellet was resuspended in 50pl ice- 
cold HE buffer and 0.2ml baked acid-washed glass beads (425-600pm; Sigma) added. 
Cells were vortexed for 2 min and kept cold. The beads were washed 3 times with IOOjjI 
ice-cold HE buffer, and the supernatants pooled in a fresh tube. Cell debris was removed 
by centrifugation and 300ul supernatant was transferred to a tube containing 225pl HK 
buffer (including proteinase K), and incubated for 1 hour at 37°C. The sample was 
extracted with phenol/chloroform and precipitated with EtOH. A yield of approximately 
2 0 0 pg was obtained.

cDNA preparation
10-20pg total S. pombe RNA was diluted into 49pl H2 O, heated to 85°C for 5 min and 
placed on ice. The RNA was added to a tube containing the following mixture: 16pl 5 X 
RT buffer (250mM Tris-HCl pH8.3, 30mM MgCl2, 200mM KC1), 2pl RNasin (RNase 
inhibitor, 40U/pl; Promega), 8 jil lOmM dNTPs, 4pl oligo-dT (2mg/ml; Pharmacia), lpl 
Reverse Transcriptase (20U/pl; NBL). The reaction was incubated at 42°C for 90 min, 
and the cDNA was EtOH precipitated and resuspended in 20|il H2 O.
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Polymerase Chain Reaction (Saiki et al, 1988)
Reactions were performed in 0.5ml microfuge tubes using a Techne Programmable Dri- 
Block. Reactions in a volume of lOOpl contained lOjil 10 X PCR buffer (lOOmM Tris- 
HC1 pH8.3, 500mM KC1, 15mM MgCl2 ), 1^1 (lOOpmole) each oligonucleotide, 2.5pl 
lOmM dNTPs, 0.5pl Taq polymerase and DNA template. DNA templates were treated 
diffeiendy depending on their source and the type of PCR reaction: 
cDNA: 5jil cDNA (from above) was mixed with the rest of the reaction.
Plasmid DNA: IjjI of a 1/1000 dilution of miniprep DNA was mixed with the rest of the 
reaction.
Genomic DNA: 2-3pg of genomic DNA was mixed with all components except Taq 
polymerase and heated to 95°C for 5 min, then 0.5pl Taq was added.
Lambda: Plug of agarose containing plaque was placed into 200pl SM X diluent. This was 
vortexed and incubated at room temperature for 1 hour. 20pl was used in a PCR reaction. 
This method was used to obtain inserts from Xgtll cDNA libraries because DNA 
preparations from these recombinant lambdas were often of poor quality and would not 
cut with restriction enzymes. Xgtl 1 FSP and RSP oligonucleotides anneal to either side of 
the cloning site and can be used to amplify the insert by PCR.
Bacterial colonies: A  loopful of E. coli was added to 20pl H2 O. 5jil of this suspension 
was added to 5jil 0.2% Triton X-100 and heated to 95°C for 5 min. lOpl of the other PCR 
components at 2 X concentration were then added (ie these reactions were performed in a 
total volume of 20pl, to limit the amount of Taq polymerase used). This method was used 
for rapid screening of colonies for the correct plasmid; miniprep cultures could be 
subsequently set up from the remaining 15pl of bacterial suspension.
The reaction was overlaid with one drop of light mineral oil. Standard reaction conditions 
used were: 92°C for 0.5 - 1 min, 50-55°C for 1 min, 70°C for 1 - 5 min, repeated for 25 - 
40 cycles, followed by a final extension reaction for 5 - 1 0  min at 70°C. Reaction 
products were added directly to Ficoll running buffer, or extracted with phenol/chloroform 
and EtOH precipitated before analysis by electrophoresis in agarose gels.

Transform ation of S. pombe (Broker, 1987)
The LiCl method was used for the introduction of plasmids and linear fragments into S. 
pombe. A culture of S. pombe was grown to early stationary phase in YPD or minimal 
medium. 10ml of this culture was added to 40ml of fresh medium and incubation 
continued for 4-5 hours. Cells were pelleted at 3K for 5 min, washed once in sterile H2 O 
and resuspended in 0.6ml PTB-I. Cells were incubated at 30°C for 1 hour with agitation. 
0.2ml aliquots were added to l-10pg DNA in 10pl TE in eppendorf tubes, mixed by 
inversion and incubated at 30°C without agitation for 30 min. 0.7ml PTB-II was added to 
each tube, mixed by pipetting, and the incubation was continued for a further 30 min at 
30°C. Cells were then heat-shocked for 25 min at exactly 46°C, and plated onto selective 
minimal plates. Plates were incubated at 30°C for 1 day before wrapping with parafilm

78



and inverting. Colonies appeared in 4-7 days.

2.5. Protein techniques 
Preparation  of S. pombe protein extacts
1 - 5 x 107  log-phase S. pombe cells were pelleted at 3K for 5 min. Cells were 
resuspended in 1ml SP1 buffer containing 0.4mg/ml Zymolyase-20T (Seikagaku) and 
incubated at 37°C for 30 min -1  hour. Spheroplasted cells were pelleted at 6 K for 15 sec, 
the supernatant was discarded and the pellet resuspend in 20-50pl 2 X SB, vortexed and 
heated to 95°C for 5 min. Cell debris was removed by centrifugation and the supernatant 
transferred to a fresh tube.
Alternatively, pelleted log-phase cells were resuspended in 50|±12 X SB, an equal volume 
of glass beads was added and the cells lysed by vigorous vortexing. The sample was 
immediately heated to 95°C for 5 min, centrifuged, and the supernatant transferred to a 
fresh tube.
Samples were either loaded directly onto SDS-PAGE gels, frozen for future use, or 
subjected to endoglycosidase H digestion.

Endoglycosidase H digestions
N-linked oligosaccharides were removed by endoglycosidase H treatment. lOpl protein 
extract in 2 X SB was added to a reaction mixture containing lpl 3M Na acetate pH5.5, 
plus protease inhibitors in a total volume of 50pl. Reactions were incubated overnight at 
37°C in the presence or absence of lpl endoglycosidase H (Boehringer). 30pl of 2 X SB 
was added and samples heated to 95°C for 5 min before loading on an SDS-PAGE gel.

SDS-PAGE gels (Laemmli, 1970)
Proteins were separated on 1mm thick discontinuous SDS-PAGE gels. 30% acrylamide: 
0.8% bis-acrylamide stock was obtained from Boehringer-Mannheim. Different 
percentage gels were prepared according to the following scheme.

For 10ml 8 % 1 0 % 1 2 % 15%
30% acrylamide 2.7ml 3.3ml 4ml 5ml
h 2o 5.8ml 5.2ml 4.5ml 3ml

plus: 1.25ml 3M Tris-HCl pH8 . 8

lOOpl 10% SDS
100pl 10% Ammonium persulphate 
4jil TEMED
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100ml 5% stacking gel:
30% acrylamide 17ml
1M Tris-HCl pH6 . 8  12.5ml
10% SDS 1ml
H20  69.5ml
Stacking gel was prepared and stored at 4°C until required. 5jil of 10% APS and lpl 
TEMED were added per ml.
Gels were run in 1 X RB. Samples were stacked at 50V then separated at 200V. Gels 
were either blotted, stained, or fixed (10% acetic acid, 30% methanol) then fluorographed 
in Amplify (Amersham) according to the manufacturer’s instructions.

W estern Blotting (Harlow and Lane, 1988)
Proteins were transferred to Hybond-C-super nitrocellulose membrane (Amersham) using 
a Hoeffer Semi-Dry Electroblotter. The membrane was floated on H20  then soaked in 
BTB then placed on top of 3 sheets of BTB-soaked 3MM paper. The SDS gel was placed 
on top of the membrane, followed by 3 more sheets of BTB-soaked 3MM. As each layer 
was added, bubbles were rolled out using a pastuer pipette. Transfer was accomplished at 
a constant current of 100mA for 1 hour. The membrane was washed in H2 0 ,  then in 
Ponceau S to ensure that proteins had transferred. The membrane was rinsed in PBS then 
blocked in 5% Marvel, 0.2% Tween-20 in PBS (PBS-MT) for 30 min at room 
temperature with rocking. The blot was incubated in a 1:10 - 1: 20,000 dilution of primary 
antibody in PBS-MT for 1 hour with agitation. Excess antibody was removed by washing 
for 2 X 15 min in 0.2% Tween in PBS. The blot was then incubated in a 1: 1000 dilution 
of HRP-coupled secondary antibody (TAGO) in PBS-MT for 45 min with agitation. 
Washes were performed as before. The blot was rinsed briefly in PBS and proteins 
detected using the Enhanced Chemi-Luminescence system (Amersham). The blot was 
drained and a 1:1 mixture of detection reagents 1 and 2 poured across its surface. The blot 
was removed after 1 min and excess liquid removed. The blot was wrapped in clingfilm 
and exposed to film for 1 sec - 30 min.

M etabolic labelling with 3 5 S-sulphate and  Im m unoprecip ita tion  (adapted  
from Dean and Pelham, 1990)
Cells were grown overnight in NSM media supplemented with 200jiM ammonium 
sulphate. 1 x 108  cells were washed once in NSM then resuspended in 200pl NSM. 250- 
400pCi of 3 5 S-sulphate was added and cells incubated at 30°C for 30 min -1  hour. Azide 
was added to lOmM and cells placed on ice. Cells were pelleted and resuspended in 1ml 
SP1 containing 0.4mg/ml Zymolyase-20T (Seikagaku) and incubated at 37°C for 30 min. 
Spheroplasts were pelleted gently and lysed by vortexing in 0.25ml ice-cold 1% Triton X- 
100 in PBS (plus protease inhibitors). 0.25ml of PBS (plus protease inhibitors) was 
added and cell debris removed by centrifugation for 2 X 5 min at 4°C. Lysates (400pl)
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were incubated with antibody (1:100) for 1 hour at 4°C. For mouse monoclonals 2.9jig 
rabbit anti mouse antibody (Dakopatts) was also added after 30 min. 30pl of Protein A- 
sepharose (Pharmacia) beads was added and samples incubated overnight at 4°C with 
rotation. Beads were washed 5 times with ice-cold RIPA buffer at room temperature. 30jil 
2 X SB was added and samples were heated to 95°C for 5 min before loading on SDS- 
PAGE gels.
For Concanavalin A precipitation of glycoproteins, the Protein A-Sepharose beads were 
heated to 95°C for 5 min in 40pl 1% SDS. The supernatant was added to 360pl 0.5% TX- 
100 in PBS (plus protease inhibitors) and 30pl ConA-sepharose beads. Samples were 
incubated for 4 hours at 4°C with rotation then washed 5 times with RIPA buffer and 
heated to 95°C for 5 min in 2 X SB.

Pulse-chase experim ents
Cells were incubated with 35S-sulphate as described above for 5 min, then excess 
unlabelled sulphate was added (20mM ammonium sulphate) and the incubation continued 
at 30°C for 3 hours. Aliqouts were removed at various timepoints and added to an equal 
volume of 20mM sodium azide on ice. Samples were then treated as described above.

Analysis of BiP protein levels in cells subjected to various stresses 
Approximately 1 x 108 cells were incubated in 2ml NSM containing IOjiM  ammonium 
sulphate and either: IOjiM  A23187, lOmM 2-deoxyglucose, or lpg/ml tunicamycin; cells 
were incubated at 30°C for 90 min. Cells were pelleted and quickly resuspended in 200pl 
NSM containing ~200pCi 35S-sulphate and the same concentration of drug. One set of 
cells was shifted to 39°C at this time. Incubation was continued for a further 30 min at 
30°C. Azide was added to lOmM and BiP protein immunoprecipitated from cell lysates as 
described above.

TrpE-BiP fusion protein (Spindler et al, 1984)
The 400bp H indlll fragment from the 3' region of the BiP gene was inserted into the 
pATH3 vector. Small scale test preparations of induced and uninduced cells were 
performed using 20 times less material than in the following protocol. E. coli containing 
the pATH3-BiP plasmid were grown overnight at 37°C in 5ml M9CA medium (+Amp) 
containing 20|ig/ml tryptophan. This culture was diluted into 50ml M9CA medium (+ 
Amp) without tryptophan and grown at 30°C with vigorous aeration for 1 hour. 250pl of 
1 mg/ml indole acrylic acid was added and the incubation continued. Cells were pelleted 
and resuspended in 1ml 'cracking buffer' (lOmM NaPC>4 pH7.2, 1% pME, 1% SDS, 6M 
urea) and incubated at 37°C for 2-3 hours. An equal volume of 2X sample buffer was 
added and the sample heated to 95°C for 5 min before loading onto a 10% SDS-PAGE 
gel. Proteins were transferred from the gel to nitrocellulose membrane by semi-dry 
blotting and visualised by Ponceau S staining. The TrpE-BiP fusion protein band was
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excised from the filter, washed in PBS, dried and dissolved in DMSO.

GST-BiP fusion protein
An EcoRl-Xhol fragment from the 3' end of the BiP gene was inserted into an EcoRl- 
SpeI cut pGEX-20T vector. Small scale test preparations were initially performed using 
2mls of induced or non-induced culture using a scaled down version of the following 
protocol, except that beads were washed 3 times only and then boiled in SDS sample 
buffer before analysing fusion protein induction by SDS-PAGE. For full-scale 
preparations a 100ml culture of E. coli containing the pGEX-20T-BiP plasmid was grown 
in LB+Amp overnight. This culture was diluted into 1 litre of LB+Amp and grown for 1 
hour. Fusion protein production was then induced by addition of IPTG to lOOpM and the 
culture grown for a further 5 hours. Cells were pelleted and resuspended in 15ml ice-cold 
PBS-TX and placed on ice. Cells were lysed by sonication (several 3 sec bursts at full 
power). 2ml of pre-swollen glutathione-agarose beads in PBS-TX was added to the lysate 
and incubated for 5 min at room temperature with inversion. Beads were pelleted by 
centrifugation at 1.7K for 2 seconds and washed 5 times with ice-cold PBS-TX. The 
beads were gently transferred to a 2ml eppendorf tube and washed 3 times. Fusion protein 
was eluted from the beads with free glutathione, freshly prepared at 0.5M in 50mM Tris- 
HC1 and adjusted to pH 7 with NaOH. The beads were incubated for 2 min at room 
temperature in 1ml glutathione which was removed to a fresh tube and the process 
repeated twice more. The washes were pooled and placed into a dialysis bag. The fusion 
protein was dialysed against PBS overnight at 4°C.

R abbit Im m unisation
Immunisation of rabbits was performed at the ICRF Animal Unit at Clare Hall. Rabbits 
were injected with 0.5mg of fusion protein in Complete Freund's Adjuvant. Boosts of 
0.5mg of fusion protein in Incomplete Freund's Adjuvant were made at 4 week intervals. 
Anti-BiP anti-serum is denoted JARM 13.

M onoclonal antibodies
9E10 ascites fluid was a kind gift from Dr Tommy Nilsson. 7B4 (anti-acid phosphatase) 
culture supernatant was a kind gift from Dr Ernst Schweingruber.

2.6. Microscopy
Immunofluorescence (Hagan and Hyams, 1988; Chappell and Warren, 1989) 
Log-phase cells were fixed by one of the following methods:
Paraformaldehyde fixation: Cells were pelleted and resuspended in freshly-thawed 3% 
paraformaldehyde and incubated for 1 hour at room temperature with occassional 
agitation.
Formaldehyde fixation: One tenth volume of 37% formaldehyde was added to growing
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cultures and shaking at 30°C was continued for 30 mins.
Methanol fixation: Cultures were rapidly filtered onto pre-cooled glass-fibre filters (GF-C, 
Whatman) which were then placed in several mis -20°C methanol and incubated at -20°C 
for 8 mins. Cells were then shaken off the filters into the methanol and collected by 
centrifugation. Alternatively, cells were pelleted from culture and quickly resuspended in 
l-5ml -20°C methanol and incubated at -20°C for 8 mins.
All washes were in 0.5ml buffer, cells were resuspended by vortexing or pipetting, and 
pelleted in an eppendorf centrifuge. Fixed cells were pelleted at 3K for 5 min, transferred 
to eppendorf tubes and washed 3 times in PEM and once in PEMS. Cell walls were 
removed by incubation in PEMS containing 0.4mg/ml Zymolyase-20T (Seikagaku) and 
1.5mg/ml Novozym (Novo Industries) for 30 min at 37°C. Spheroplasts were then 
washed 4 times with PEMS, permeabilised in 1% Triton X-100 in PEMS for 30 secs and 
washed twice in PEMS and twice in PEM. Non-specific binding sites were blocked by 
incubation in PEMF for 1 hour at room temperature. Antibodies were used at a dilutions 
of 1:100 in PEMF (volumes dependent on availability of antibodies and size of pellet). 
Cells were incubated with primary antibody overnight at 4°C with rotation. Cells were 
washed 3-4 times with PEMF and then incubated for 4hr at 4°C in 1:100 dilution of 
fluorophore conjugated second antibody (TAGO). Cells were washed 3 times with PEMF 
and once with PEM and resuspended at a suitable density in PEM. Polylysine-coated 
coverslips were prepared by incubating coverslips on a drop of 5mg/ml polylysine for a 
few minutes and excess polylysine was removed with a tissue. lOpl cells were spread 
across a polylysine-coated coverslip with the side of a Gilson tip and air-dried for a few 
minutes. Coverslips were then placed onto a 5pl drop of Citifluor (Agar) containing 
lpg/ml DAPI on a microscope slide.

M icroscopy
Labelled cells were viewed with a Zeiss Axiophot microscope under oil immersion using a 
100X objective. Photographs were taken on Kodak TMax 400 black and white film.

Confocal Microscopy
Confocal fluorescence microscopy was performed with a BioRad Lasersharp microscope, 
using a 60X objective. Images were collected with a Polaroid Quick Print video printer on 
Plus-X 125 film (Kodak).

Disruption of the cytoskeleton
For analysis of ER structure in nda2 and nda3 mutant cultures were incubated at the 
restrictive temperature of 18°C for 3hrs prior to fixation. Microtubules were disrupted by 
incubating cells in culture in 50pg/ml thiabendazole from a lOmg/ml stock in DMSO for 1 
to 6 hours. Depolymerisation of actin was accomplished by addition of cytochalasin D to 
30pg/ml (from a stock of lOmg/ml in DMSO) for 1 - 6 hours. Control cells were
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incubated in DMSO alone (0.3 - 0.5% DMSO). Cells were then processed for 
immunofluorescence.

Labelling cells with CDCFDA (Roberts et al, 1990)
Cells were grown to log phase in YPD, then washed once in YPD containing lOmM citric 
acid. Cells were incubated in YPD/citrate + 25pM CDCFDA for 30 min at 30°C. Cells 
were then washed three times in YPD/citrate and viewed by fluorescence microscopy.

E lec tro n  M icroscopy  (p e rfo rm ed  by R ose W atso n , C ell B iology 
L aboratory)
1 x 108 log-phase S. pombe cells were pelleted and washed 3 times in 1ml H2 O. The 
pellet was resuspended in 1ml 2% KMnC>4 and incubated at room temperature for 45 min, 
with frequent shaking. Cells were centrifuged and the pellet washed 3 times with 1ml of 
H2 O. Cells were compacted by centrifugation and then dehydrated by washing the pellet 
in 70% ethanol for 2 X 15 min, 90% ethanol for 2 X 15 min, 100% ethanol for 3 X 20 
min. The pellet was then dehydrated in propylene oxide for 20 min, pelleted and 
embedded in Epon 812. Silver sections were cut 60-70nm thick on a Reichert-Jung 
ultramicrotome and mounted on carbon/colloidin coated grids. Sections were stained for 5 
min with lead citrate and viewed at 60kV in a Phillips CM 10 electron microscope.

Im m unoelectron M icroscopy (perform ed by Nasser H ajibagheri, IC R F EM 
un it)
S. pombe cells were grown to log phase in YPD and fixed with 1% monomeric 
glutaraldehyde in 0.1 M phosphate buffer (pH7.4) for 1 hour at room temperature. Cells 
were treated with 0.5M ammonium chloride in phosphate buffer for 4 hours and washed 
overnight in buffer at 4°C. The cells were dehydrated in a graded series of methanols at 
progressively lower temperature and infiltrated either with Lowicryl HM20 at -50°C or 
K4M at -35°C. The resins were polymerised by UV light for 48 hours at -50°C. Ultrathin 
sections were mounted on carbon coated grids and labelled as follows. After 5 min on a 
drop of PBS and 1 hour preincubation on 5% normal goat serum plus 5% BSA in PBS, 
the grids were transferred onto drops of JARM 13 serum (1:10 dilution) overnight at 4°C. 
The sections were washed 3 times over a 15 min period with PBS and then incubated with 
immunogold conjugates (goat anti-rabbit; lOnm gold) for 2 hours. After three 5 min 
washes in PBS and three 5 min washes in water, the sections were air-dried and 
contrasted with uranyl acetate and lead citrate.

84



Chapter 3 

Cloning of the S. pombe BiP gene
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3.1. Introduction
The BiP protein was identified in several different ways: as the protein which complexed 
with immunoglobulin heavy chains in the absence of light chains (Haas and Wabl, 1983); 
as a protein which was induced upon glucose starvation of chick fibroblasts (Shiu et al, 
1977); and latterly as the product of the S. cerevisiae karyogamy gene KAR2 (Rose et al, 
1989). BiP is an extremely abundant protein of the ER lumen and is thought to assist in 
many aspects of protein biosynthesis in that organelle. The range of activities that BiP has 
been proposed to take part in includes polypeptide translocation (Vogel et al, 1990; 
Sanders et al, 1992), protein folding and assembly (Ng et al, 1989; Blount and Merlie, 
1991), ER retention of incompletely assembled or aberrant proteins (Bole et al, 1986; 
Domer et al, 1988; Hurtley et al, 1989) and the prevention or disruption of aggregates of 
misfolded proteins (Pelham, 1986). It is not surprising, therefore, that BiP has been 
shown to be essential in S. cerevisiae (Rose et al, 1989; Normington et al, 1989).

BiP is highly conserved, with over 90% identity between BiPs of different 
mammalian species and approaching 70% identity between S. cerevisiae BiP and 
mammalian BiPs. Such a high degree of homology between BiP genes from higher and 
lower eukaryotes should facilitate the cloning of BiP from a new species. However, as a 
member of the hsp70 family, BiP also shows extensive homology to several other cellular 
proteins. For instance, S. cerevisiae BiP and hsp70 (SSB1)  share 65% identity 
(Normington et al, 1989). These observations must be taken into account when attempting 
to clone a new BiP gene. In addition, the number of hsp70 family members (eg eight in S. 
cerevisiae) means that any approach which does not select specifically for BiP runs the 
risk of laborious sequencing of unwanted clones. Several different approaches, ranging 
from cross-species hybridisation to PCR, were taken in the attempt to clone S. pombe 
BiP. Some of these approaches were carried out in parallel and some were abandoned 
when it became clear that they were inviable.

3.2. Cross-species hybridisation
A cDNA for rat BiP (Munro and Pelham, 1986) was kindly provided by Sean Munro and 
Hugh Pelham and this had been used to screen an S. pombe genomic library in XEMBL3 
by Erica Fawell. Eight positive clones had been identified which I plaque purified. Six of 
the eight clones still hybridised to the rat BiP probe more strongly than the negative 
control but three of the eight showed a particularly strong signal (numbers 2, 5 and 8). 
Lambda DNA was prepared from the remaining clones and digested with various 
restriction enzymes for analysis by Southern blotting with the rat BiP probe as shown in 
figure 6. A lkb EcoKl fragment present in clones 2, 5 and 8 hybridised very strongly to 
the rat BiP probe. This fragment was subcloned into pBSM13- and sequenced. No 
significant sequence homology could be found between this fragment and BiP at the 
amino acid level. However, a long open reading frame could be identified which extended
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Figure 6 : S o ut he rn  blot o f  la m b da

D N A  hybr id ised  with rat BiP probe

Lambda DNA was digested with EcoKl  and 
separated by electrophoresis in a 1% agarose 
gel. D N A  fragments were transferred to 
nylon membrane and hybridised with a rat 
BiP probe. Numbers refer to the X clones. 
Clones 2, 5 and 8 contain a strongly 
hybridising lkb EcoRI fragments which is 
indicated on the left.

l k b -

H3 EH R H R H E H3

Figure 7 : Map  o f  4k b  H i n d i l l  f r a g m en t  c o n ta in ing  th e  S. p om be  
G l y c e r o l - 3 - p h o s p h a t e  d e h y d r o g e n a s e  g en e

Restriction enzym e sites are abbreviated as follows: E, £coRI; H 3, Hindlll;  H, Hincll; 
R, Rsal.  The shaded box indicates the position o f  the open reading frame.

1 2  3 4

I .
Figure  8 : S o ut hern  blot o f  g en o m ic

D N A  h ybr id i sed  wi th  g p d l  probe

4jig o f genom ic D N A  was digested with 
restriction enzymes: lane 1, £c<?RI; lane 2 

4kb-  f _  Hincll; lane 3, Hindlll;  lane 4, Rsal.  DNA
fragments were separated by electrophoresis, 
transferred to nylon membrane and hybridis
ed with a lkb EcoKl  fragment from the g p d l  
gene. Sizes o f  the hybridising fragments are 
indicated on the left.

l k b -  m

0 . 5kb-
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GAATTCTTGTCACGAATCTGCTTGGAATAGATCTGTCTCGTTTACGATCTATTTATCATTTTTTAACGAAGTCTGCACTGCATTTTTGAG 90 
TGGTTAGTGTTTGTTGCCCTACCTCTTTTCACATACTCCTTTTCTCCATTTTATATAATATATATATATATACATTTTTTTAATTCTTTA 180 
AATTCTCTACACAATGTCTGGATATGGTCAACAAGGTGTTTCTGCTGCCAACATCGACAGCATCCGCCCCAAGAAACGTTTGTCAATTGG 270 

M S G Y G Q Q G V S A A N I D S I R P K K R L S I G  
TGTAGTTGGCTCCGGTAACTGGGGTACTGCCATTGCCAAGATTTGCGGTGAAAATGCCCGTGCCCACGGTCACCATTTCAGAGGTAAGGG 360 

V V G S G N W G T A I A K I C G E N A R A H G H H F R G K G  
GCGCATGTGGGTCTTTGAGGAGGAGATTGAGTACAAGGGTGAGAAGAGAAAGCTCACCGAAGTATTCAACGAAGCTCACGAGAATGTCAA 450 

R M W V F E E E I E Y K G E K R K L T E V F N E A H E N V K  
ATACTTACCCGGCATCGAATGCCCTCCCAACGTTATTGCCGTCCCCGATGTTCGTGAGGTCGCTAGACGTGCCGACATCCTTGTCTTTGT 540 

Y L P G I E C P P N V I A V P D V R E V A R R A D I  L V F V  
CGTTCCTCATCAATTTATTGAACGCGTTTGCGACCAAATGGTCGGTCTCATTCGCCCTGGTGCCGTTGGTATTTCCTGTATCAAGGGTGT 630 

V P H Q F I E R V C D Q M V G L I R P G A V G I S C I K G V  
TGCTGTCAGCAAGGAAGGCGTCCGCCTTTACTCTGAGGTTATCAGCGAGAAACTCGGTATTTACTGTGGTGTTCTTTCTGGTGCTAACGT 720 

A V S K E G V R L Y S E V I S E K L G I Y C G V L S G A N V  
TGCAAACGAAGTTGCCCGTGAGCAATTCTGTGAGACTACTATTGGTTTCAACCCTCCTAATGAAGTTGATATCCCTCGCGAGCAAATCGC 810 

A N E V A R E Q F C E T T I G F N P P N E V D I P R E Q I A  
CGCCGTCTTTGATCGCCCTTACTTCTCAGTTGTCTCCGTTGACGACGTTGCCGGTGTCGCCTTGGGTGGTGCTTTGAAGAACGTAGTTGC 900 

A V F D R P Y F S V V A V D D V A G V A L G G A L K N V V A  
CATGGCCGTTGGTTTCGCTGATGGTTTGGAATGGGGCGGTAATACCAAGGCCGCTATTATGCGTCGTGGTTTGTTGGAGATGCAAAAGTT 990 

M A V G F A D G L E W G G N T K A A I M R R G L L E M Q K F  
TGCTACTACCTTCTTCGACTCTGATCCTCGTACCATGGTTGAGCAATCTTGCGGTATCGCTGACTTGGTCACTTCTTGTTTGGGTGGCCG 1080  

A T T F F D S D P R T M V E Q S C G I A D L V T S C L G G R  
TAACAATCGTTGTGCTGAAGCATTTGTCAAGACTGGTAAATCTTTAGAGACGCTTGAAAAAGAGCTCTTAGGTGGTCAACTTCTTCAAGG 1170  

N N R C A E A F V K T G K S L E T L E K E L L G G Q L L Q G  
AGCTGCCACTTCCAAGGATGTTCATGAATTCCTTCTCACCAAGGATATGGTCAAGGATTTCCCCTTGTTCACTGCCGTTTATAACATTTC 1260  

A A T S K D V H E F L L T K D M V K D F P L F T A V Y N I S  
CTATGAAGACATGGATCCCAAGGATTTGATCATCGTCCTTCAACCCCTTAAGGAGGACTCTGAGAACGAGGGCGGTACTGAAACCGAGTA 1350  

Y E D M D P K D L I I V L Q P L K E D S E N E G G T E T E *  
AACTTCTTTTTAAATATTCAATTCCGTATACCTCTTTAAGGGATCGAGAG 1400

Figure 9 : Sequence of S. pombe glycerol-3-phosphate dehydrogenase
The nucleotide and predicted amino acid sequences are shown.
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magKK vciVGSGNWGsAIAKIvGsNAgRlaHFdprVtMWVFEE d
II I I I I I I I I I I I I I I I I II I I I I I I I

msgygqqgvsaanidsirpKKrlsigvVGSGNWGtAIAKIcGeNA RahHFrskVrMWVFEEeieyqg

iggRKLTEiiNtqHENVKYLPGhklPPNVvAiPDVvqaAtgADILVFWPHQFIgkiCdQlkGhlkan
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I

lekRKLTEvfNeaHENVKYLPGiecPPNViAvPDVrevArrADILVFWPHQFIervCtQmvGlirpg

tiGISlIKGVdegpnGlkLiSEVIgErLGIpmsVLmGANiAsEVAeEkFCETTIG ckdpaqgqllkd 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

avGIScIKGVavskeGvrLySEVIsEkLGIycgVLsGANvAnEVArEqFCETTIGfnppnevdipreq

lmqtpnfritvVqeVD tVeicGALKNiVAvgaGFcDGLgfGdNTKAAviRlGLmEMiaFAklFcs
I II I I I I I I I I I I I I I I I I I I I I I I I I II I

iaavfdrpyfsVvsVDdvagValgGALKNvVAmavGFaDGLewGgNTKAAimRrGLlEMqkFAttFft 

givSsatfleSCGvADLittCyGGRNrkvAEAFarTGKSiEqLEKEmLnGQkLQGpqTarelHsiLqh
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

pdpSvpmveqSCGiADLvssClGGRNnrcAEAFvkTGKSlEtLEKElLgGQILQGaaTskdvHefLtk 

kglvdkFPLFTAVYkvcYEgqpvgefIrcLQnhpEhm
I I I I I I I I II I II I

dmvkkdFPLFTAVYnisYEdmdpkdllivLQplkEdseneggtete

Figure 10 : Com parison of mouse and S. pombe G lycerol-3-phosphate 
dehydrogenase sequences
The top line in each case is the mouse sequence and the bottom line is the S. pombe 
sequence. Identities are indicated by vertical lines. Spaces have been inserted to achieve 
optimum alignment
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through most of the fragment. A search of protein databases showed that the ORF had 
homology to mouse glycerol-3-phosphate dehydogenase (Phillips et al, 1986; Ireland et 
aly 1986). The sequence of the gene was completed by sequencing portions of a 4kb 
Hindlll fragment from one of the positive lambda clones, a map of which is shown in 
figure 7. A genomic Southern blot using the lkb EcoKl fragment as a probe was 
performed to confirm that the sequence was of S. pombe origin (figure 8). The nucleotide 
and predicted amino acid sequence of S. pombe glycerol-3-phosphate dehydogenase 
(named gpdl) is presented in figure 9. The gpdl gene contains no introns. The cDNA for 
S. pombe gpdl was also cloned and sequenced and was identical to the genomic sequence 
(data not shown). The S. pombe protein shares 52% identity with mouse glycerol-3- 
phosphate dehydogenase as shown in figure 10.

Glycerol-3-phosphate dehydrogenase is an NAD linked cytosolic enzyme which 
forms part of the glycerol phosphate shuttle allowing electrons from cytoplasmic NADH 
to enter the mitochondria. It is thought that glycerol-3-phosphate dehydogenase may be 
important for producing glycerol-3-phosphate for phospholipid synthesis. The regulation 
of glycerol-3-phosphate dehydogenase expression has been studied in cerebellum and fat 
tissues. Insulin, growth hormone, thyroid hormone, and interaction with neuronal cells 
are all known to influence its expression (Fisher and Mullen, 1988).

In spite of the relatively strong hybridisation signal obtained using the rat BiP 
probe, the gpdl sequence obtained shows no significant homology to rat BiP at the 
nucleotide or amino acid levels. The longest regions of complementarity between the 
probe and target sequence are of only 15-20 bases. It is surprising that such short 
stretches of complementarity could cause strong hybridisation under the stringent 
conditions used. The reasons for the spurious hybridisation were not investigated further.

3.3. Oligonucleotide screening
Synthetic oligonucleotides designed to represent regions of proteins conserved between 
different species can be used to screen libraries for new homologues. The advantage of 
this approach over the use of one long probe from one species is that it allows the 
sequences used for hybridisation to be limited to those regions conserved between several 
species; this can be particularly effective when oligonucleotides representing two different 
regions of a protein are used in concert. It thereby reduces the probability of obtaining 
unwanted clones through the hybridisation of the non-conserved portions of a particular 
probe, which is a problem inherent in the use of cross-species hybridisation unless probes 
from multiple species are available.

Oligonucleotides representing two regions conserved between BiPs from several 
species were designed. Oligonucleotide screening is routinely performed with 
oligonucleotides at least 15 (5 amino acids), preferably 18 (6 amino acids) in length. One 
of the regions chosen was the extreme C-terminus because this part of BiP had been 
shown to be involved in ER retention and showed conservation between lower and higher
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eukaryotes (Pelham et al, 1988). Separate oligonucleotide pools were made to represent 
EHDEL* (the S. cerevisiae sequence; * represents a stop codon) and EKDEL* (the 
mammalian sequence). The other region chosen was a six amino acid stretch conserved 
between BiPs and other members of the hsp70 sequences (INPDEA). Another factor 
considered was the codon degeneracy of the amino acids in a particular sequence; regions 
containing a high proportion of 6-codon amino acids (R, S, L) were avoided. It was not 
possible to design another oligonucleotide which would be absolutely specific for BiPs 
because the longest regions of identity between BiPs which is not shared by hsp70s, is 
only four amino acids. BiPs and hsp70s do diverge from each other at the N and C termini 
but these are regions in which BiPs from different species also show little similarity.

The rationale for the design of one of the oligonucleotides, INPDEA, is shown as 
an example in figure 11. The sequence INPDEA is encoded by a total of 384 nucleotide 
sequences. Highly degenerate oligonucleotides may be unsuccessful for screening 
purposes because the proportion and therefore concentration of the exacdy complementary 
oligonucleotide is extremely low (Lathe, 1985). On the other hand it is necessary to retain 
enough sequence flexibility to ensure that an oligonucleotide of sufficient complementarity 
to the target sequence is present in the mixture. Since incorporation of the last nucleotide 
of the alanine codon only increases the length of the oligonucleotide by one base but 
increases the degeneracy fourfold, this base was excluded. Codon preferences could not 
be taken into account because only a very small number of S. pombe genes had been 
sequenced. Therefore, advantage was taken of the ability of G and T to base pair weakly 
under certain hybridisation conditions (Wood et al, 1985). Some of the positions having 
four codons, X-X-N, were reduced to X-X-G/T and some two codon positions were 
reduced to one codon in a similar manner. In this way the degeneracy of the final 
oligonucleotide mixture was reduced to 12 fold, while the ability to hybridise to all 
possible target sequences was potentially retained.

The strategy for identifying candidate BiP clones was to screen for clones which 
hybridised with both INPDEA and either of the XDEL oligonucleotides. Oligonucleotides 
were end labelled with 32P using T4 kinase and 32PyATP. Successful incorporation was 
demonstrated by paper chromatography as shown in figure 12. The samples were applied 
at A and the solvent moved towards C. At the start of the incubation label was present 
only as 32PyATP (B). After 30 minutes, some of the label had been incorporated into the 
oligonucleotide which did not migrate away from the origin (A). About half of the label 
was still present as 32PyATP (B) and there was also some release of 32Pi (C). The 
labelled oligonucleotides were used to screen a Xgtl 1 cDNA library. Washing 
temperatures were estimated by calculation of Wallace's numbers (A or T = 2°C, G or C = 
4°C; Wallace, 1984) and then refined empirically.

A screen of approximately 25,000 plaques yielded 52 KDEL positive clones, 14 
HDEL positive clones and 35 INPDEA positive clones. No double positive clones were 
identified. This was potentially due to the small average insert size of the cDNA library;
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Figure  11 : Design o f  the IN P D E A  

o l i g o n u c l e o t i d e

a) The amino acid sequence INPDEA is 
potentially encoded by 384 different nucleo-

a )  ATA AAC CCA GAC GAA GCA tide sequences, b) To reduce this degeneracy
the last nucleotide o f the Ala codon was not 
incorporated. A s G and T can weakly base- 
pair, Asn and Asp were represented by one 
codon, and Pro by two codons. The degen-

b)  ATA AAT CCG GAT GAA GC eracy was  thereby reduced to 12-fold.

H e As n P r o A s p G l u A l a

I N P D E A

ATA AAC CCA GAC GAA GCA
C T C T G C
T G G

T T

ATA AAT CCG GAT GAA GC
T T G
C

1 2

Figure 12 : P aper  c h r o m a t o g r a p h y

o f  o l i g o n u c l e o t i d e s

The INPDEA oligonucleotide was end- 
labelled with T4 kinase. Incorporation o f  
-2P into the oligonucleotide was tested by 
chromatography using PEI paper and 
KHPO4 as solvent. The paper was then air- 
dried and exposed to autoradiographic film. 
Lanes 1 and 2 are samples taken before and 
after incubation with T4 kinase. Samples 
were loaded at A. The arrow indicates the 
direction o f solvent movement. Unincorp
orated 32PATP travels to position B. O ligo
nucleotide does not leave the origin A. 
Liberated Pi travels to position C.

B

A

voX, r" 00
VO

00
CO

0)
>I

1 . 8kb -  
0 . 7kb 
0 . 6k.b z

Figure  13 : S o ut he rn  blot o f  X D N A

u s in g  K D E L  o l i g o n u c l e o t id e s

Lambda D N A  was digested with EcoRI, 
separated by electrophoresis, transferred to 
nylon membrane and hybridised with 
EKDEL* oligonucleotides (numbers 1 and 
2). Lambda clones are indicated at the top 
and approximate sizes o f  hybridising 
fragments are indicated on the left.
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A

54
GAA TTC AAG CGC AAG AAC AAG AAG GAT ATC ACC GGT AAC GCT CGT GCT GTC CGT
E F K R K N K K D I T G N A R A V R

108
CGT CTT CGT ACC GCT TGT GAG CGT GCT AAG CGT ACT CTT TCT TCT TCT GCT CAA
R L R T A C E R A K R T L S S S A Q

162
GCT AGC ATT GAG ATT GAC TCT TTG TTC GAG GGT ATT GAC TTC TAC ACC TCC ATT
A S I E I D S L F E G I D F Y T S I

2 1 6
ACT CGT GCC CGT TTT GAG GAG CTT CGC GCC GAT CTC TTC CGT AAA ACC ATG GAG
T R A R F E E L R A D L F R K T M E

27 0
CCC GTC GAG CGT GTT CTC CGT GAC TCC AAG GTC GAC AAG GCC TCC GTC AAC GAG
P V E R V L R D S K V D K A S V N E

324
ATT GTT TTA GTC GGT GGT TCC ACC CGT ATT CCC CGT GTT CAA AAG CTT GTC TCT
I V L V G G S T R I P R V Q K L V S

378
GAC TTC TTC AAC GGT AAG GAG CCT TGC AAG TCC ATC AAC CCT GAT GAA GCT GCT
D F F N G K E P C K S I N P D E A A

B

RB lyKkKtgKDvrkdnRAVqkLRrevEkAKRaLSSqhQArlEIeSfFEGeDFsetlTRAkFEELnmDLFR  
I I  II III II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

D17 EFKRKnKKDItgNaRAVRRLRTACERAKRTLSSSaQASIEIDSLFEGIDFYTsITRARFEELraDLFR 
1 I I I I llll  1 11 I I I I I I 1 I I 1 I I 1 I I 1 I 1 1 1 I I 1 I I I I I I I I I I I I I I I I I I I I I I I

XH EFKRKhKKDIgqNkRAlRRLRTACdRAKRTLSSSsQASIEIDSLFEGIDFYTalTRARFEELcsDLFR

RB sTMkPVqkVLeDSdlkKsdidEIVLVGGSTRIPkiQqLVkeFFNGKEPsrglNPDEAV  
l l l l  l l l l  I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I

D17 kTMEPVErVLRDSKvDKasvnEIVLVGGSTRIPrVQKLVsDFFNGKEPcKSINPDEAA 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

XH gTlEPVEkaLRDaKlDKsqihEIVLVGGSTRIPkVQKLlqDFFNGrElnKSINPDEAV

Figure 14 : Sequence of clone D17
(A) The nucleotide and predicted amino acid sequence of clone D17. (B)The predicted 
amino acid sequences of rat BiP (RB, residues 269-394), Xenopus hsp70 (XH, 
residues 245-370) and clone D17 are compared. Identities are indicated by a vertical 
line.
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the expected distance between the two sets of oligonucleotides was 800bp and the vast 
majority of inserts were found to be less than 600bp. Because of this problem some of the 
clones were plaque-purified, subcloned and sequenced even though they were not double 
positives. In addition, genes for other ER resident proteins such as PDI might be expected 
to hybridise to XDEL oligonucleotides. A Southern blot of an EcoRl digest of several X 
DNAs is shown in figure 13; the blot has been probed with the KDEL oligonucleotide.

Of the KDEL positives sequenced, K1 and K6 were the same and encoded the 
amino acid sequence KKDEL**, and K63 contains the sequence EKDELE. This indicates 
that the oligonucleotide screening approach was capable of identifying the target sequence 
or very closely related sequences. However, the most promising clones, K1 and K6, did 
not contain any other sequence with amino acid homology to BiP, PDI or endoplasmin. 
Indeed, immediately upstream of the KKDEL** sequence there were stop codons in all 
three frames. Several KDEL clones were sequenced but none displayed any homology 
with any ER proteins. No HDEL clones were sequenced.

Several INPDEA clones were also sequenced. A number of these contained 
sequences similar to the INPDEA sequence, including one which required a frameshift to 
encode INPDEA. One of the INPDEA clones, D17, contained sequence with homology to 
rat and S. cerevisiae BiP. However, there was an even greater degree of homology with 
human hsp70. The nucleotide and predicted amino acid sequence of a fragment clone D17 
is shown in figure 14. A sequence comparison between rat BiP (Munro and Pelham, 
1986), Xenopus hsp70 (Bienz, 1984) and the D17 fragment is also presented in figure 14. 
Over this 126 amino acid region, D17 is 80% identical to human hsp70, but only 60% 
identical to rat BiP. On this basis it was decided that D17 was a fragment of an S. pombe 
hsp70 gene and was not part of the S. pombe BiP gene. The D17 clone was not 
sequenced further though aspects of its regulation were studied (see Chapter 5).

3.4. PCR with BiP-specific oligonucleotides
The polymerase chain reaction (PCR; Saiki et al, 1988) allows the specific amplification of 
a target DNA sequence. Design of oligonucleotides based on conserved regions of 
proteins allows the isolation of new homologues. The advantage of PCR for this 
application is that oligonucleotides are designed to represent two regions of high 
homology and a product will only be formed if both target sequences are present in the 
correct context. In addition the product size can be predicted. The particular advantage in 
the case of BiP is that specificity can be introduced by a few base pairs at the 3' end of the 
oligonucleotide. For library screening with oligonucleotides, mismatch at either end of an 
oligonucleotide does not dramatically reduce its binding; for PCR, mismatch at the 3' end 
of the oligonucleotide will result in its failure to prime DNA polymerisation. This feature 
was exploited in the design of oligonucleotides for PCR amplification of S. pombe BiP.

A comparison of sequences from S. cerevisiae BiP, rat BiP and hsp70 from 
various species is presented in figure 15; regions to which oligonucleotides were designed
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CB LPFnWnKdgKP avevsvkGekKvFtPEEISgMiLgKMKqiAEdYLGtKVTHAWTVPAYFNDAQRQ 
I I I I I I II I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I

RB LPFkVVeKktKPyiQVdiggGqTKtFaPEEISaMVLTKMKEtAEAYLGkKVTHAWTVPAYFNDAQRQ 
I I I  II II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II

HH WPFQVinDgdKPKVQV sYKGETKaFyPEEISSMVLTKMKEiAEAYLGyPVTNAVITVPAYFNDSQRQ 
I I I I I I l l l l  I l l l l  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

XH WPFQWSDeGKPKVkV EYKGEeKsFfPEEISSMVLTKMKETAEAYLGhPVTNAVITVPAYFNDSQRQ 
III l l l l  l l l l  I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I

DH WPFKVVSDgGKPKIgV EYKGEsKrFaPEEISSMVLTKMKETAEAYLGesiTDAVITVPAYFNDSQRQ

CB ATKDAGTIAGLNVlRIvNEPTAAAIAYGLD sdkEhqliVyDLGGGTFDVSLLsI eNGVFEVqATs 
I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II 

RB ATKDAGTIAGLNVmRIINEPTAAAIAYGLD kreGEkNILVFDLGGGTFDVSLLTID NGVFEVvATn 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I l l l l  I III II

HH ATKDAGVIAGLNVLRIINEPTAAAIAYGLDrtgkGErNVLIFDLGGGTFDVSILTID DGIFEVKATA 
I I I I I I I l l l l  I I I I I II I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I I II I I I I I I I I

XH ATKDAGVlAGLNiLRIINEPTAAAIAYGLDKgarGEqNVLIFDLGGGTFDVSILTID DGIFEVKATA 
I I I I I I l l l l  I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I I III II

DH ATKDAGhlAGLNVLRIINEPTAAAlAYGLDKnlkGErNVLIFDLGGGTFDVSILTIDEgslFEVrsTA

CB GDTHLGGEDFDykivrqIIKafKKKhGiDVsdnNkAlaKLkREaEKAKRALSSQmstRIEIdSFvdGi 
I I I I I I I I I I I II I I I I I I I I  I I I I I I I I I I I I II I I I I I I I

RB GDTHLGGEDFDqRvmeHFIKlyKKKtGKDVrkdNRAVqKLRREvEKAKRALSSQhqaRIEIESFfeGe 
I I I I I I I I I I I I II l l l l  I II I I I I I

HH GDTHLGGEDFDNRlVNHFVEEFKRKHKKDIsQNKRAVRRLRTACERfegidfytSitRarfEeLakrt 
I I I II I I I I I I I I I I I I I I I I II I I I I I I I I I II I I I I I I I I I I

XH GDTHLGGEDFDNRmVNHFVEEFKRKHKKDIgQNKRALRRLRTACdRAKRTLSSSSqAsIEIDsLFEGi 
I I I I I I I I II I I I I I I I I I I I III I I I I I I I I I I I I I I I I I I I I l l l l  l l l l  

DH GDTHLGGEDFDNRLVtHlaEEFKRKyKKDLrsNpRALRRLRTAaeRAKRTLSSSteAtIEIDaLFEGq

CB DISETLTRAKFEELNlDLFkkTlKPVeKVLqDSgLeKkDvDdlVLVGGSTRIPKvQQLlesyFdGKkg 
I I I I I I I I I I I I I I III I III III II I I I I I I I I I I I I I I I I III I II

RB DfSETLTRAKFEELNmDLFRSTmKPVqKVLeDSdLkKsDIDelVLVGGSTRIPKiQQLvkeFFNGKep 
I I  I I I I II I I I I I I I I  I I I I I I I I I I I I I I l l l l

HH IsSsTqasleidsLCSDLFRSTLEPVEKALRDAKLDKaQIHdlVLVGGSTRIPKVQKLLQDFFNGRdL 
I I I I I I I I I I I I I I I I I I I I I I I III I I I I I I I I I I I I I I I I I I I I I I I I 

XH DFYTaitRARFEELCSDLFRgTLEPVEKALRDAKLDKsQIHelVLVGGSTRIPKVQKLLQDFFNGReL 
l l l l  I I I I I I I I III II I I I I I I III II III I I I I I I I I I I I I I I III II I I 

DH DFYTkvsRARFEELCAnLFRnTLqPVEKALnDAKmDKgQIHdlVLVGGSTRIPKVQsLLQeFFhGknL

CB lkGINPDEAVAYGAAVQAGVLSG eegveDiVLLDVnaLTLGIETtGGVMTpLIkRNTaiPTKKSQI 
I I I I I I I I II I I I I I II I I I I I I I I I I I I I II I I I I II I II III I I I I I I I

RB s rGINPDEAVAY GAAVQAGVLSGD qdtgDLVLLDVcPLTLGIETvGGVMTkLIpRNTvvPTKKSQI 
I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I

HH NKSINPDEAVgYGAAVQAAILMGDKSENVQDLLLLDVAPLSLGLETAGGVMTaLIKRNsTIPTKQTQI 
I I I I I I I I I I I I I II I I II I I I I I I I I I I II I I I I I II I I I I I I I I II I I I I I I I I I I I I I I I I 

XH NKSINPDEAVAYGAAVQAAILMGDKSENVQDLLLLDVAPLSLGLETAGGVMTvLIKRNtTIPTKQTQs 
I I I I I I I I I I I I I I II II I I II I II II I I I I I I II I I I I I I I I II II II III

DH NISINPDEAVAYGAAVQAAILsGDqSgkiQDvLLvDVAPLSLGiETAGGVMTkLIeRNcrIPcKQTkt

CB FSTAvDNQPTVmlKVYEGERamsKDNnLLGkFeLTGIPPAPRGVPQIEVTFalDaNGILkVsAtDKGT 
l l l l  I I II I I I I II I II I III III I I II I II I I I I I I I I I I I I I l l l l  I I II I I

RB FSTASDNQPTVtIKVYEGERplTKDNhLLGtFdLTGIPPAPRGVPQIEVTFelDvNGILrVTAeDKGT 
I I I I I I I I I I I I I II l l l l  III I I I I I I I I I I I I I I I I I II l l l l  III II I

HH FTTYSDNQPGVLIQVYEGERAMTKDNNLLGrFELSGIPPAP GVPQIEVTFDIDANGILNVTAtDKST 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I II 

XH FTTYSDNQPGVLIQVfEGERAMTKDNNLLGkFELSGIPPAPRGVPQIEVTFDIDANGILNVSAvEKSs 
I I I I I I I I II III II II I I I I I I I II I I I I I I II II I I I I I I I I I I I I I I I I I I II I I 

DH FsTYSDNQPGVsIQVyEGERAMTKDNNaLGtFdLSGIPPAPRGVPQIEVTFDlDANGILNVSAkEmSt

Figure 15 : Alignment of BiPs and Hsp70s
The central portions of BiP and hsp70 proteins have been aligned. CB, S. cerevisiae 
BiP; RB, rat BiP; HH, human hsp70; XH, Xenopus hsp70; DH, Drosophila hsp70. 
Identities are shown by a vertical line. Regions to which oligonucleotides were designed 
are indicated by bold-type.
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are shown in bold type. Oligonucleotide 8 was designed to prime towards the 3' end and 
to represent the sequence KVTHAVV which is present in both S. cerevisiae and rat BiP. 
Human (Hunt and Morimoto, 1985), Xenopus and Drosophila hsp70 (Ingolia et al, 1980) 
differ by at least three amino acids from this sequence, including the last valine. 
Incorporation of the codon for valine should specify amplification of BiP sequences but 
not hsp70 sequences. A similar strategy was used in the design of oligonucleotide 9 which 
should prime towards the 5' end of the gene. This oligonucleotide represents the sequence 
GINPDEA of which only the glycine is BiP-specific, but as its codon is at the 3' end of 
the oligonucleotide it should ensure amplification of BiP only. Oligonucleotide 10 primes 
towards the 3' end and represents GVPQIEV, a sequence common to BiPs and hsp70s. 
Although not a BiP-specific oligonucleotide itself, when used in combination with such an 
oligonucleotide, only BiP sequences should be amplified. The codon degeneracy 
considerations described in the design of the screening oligonucleotides were also taken 
into account here. To facilitate cloning of PCR products after amplification, restriction 
enzyme sites were incorporated at the 5' ends of the oligonucleotides.

A series of PCR reactions were performed on S. pombe genomic DNA. The PCR 
regime was as follows:

Denature Anneal Extend
5 min at 95°C 1 min at 45°C 2 min at 60°C 1 cycle
1 min at 95°C 1 min at 50°C 2 min at 70°C 2 cycles
1 min at 95°C 1 min at 55°C 2 min at 70°C 37 cycles

The genomic DNA was denatured by incubation at 95°C for 5 minutes before addition of 
Taq polymerase to ensure separation of the DNA strands without inactivating the enzyme. 
Low annealing and extension temperatures were used in the initial cycles to facilitate 
hybridisation of oligonucleotides which might not be exactly complementary to the target 
sequence. Higher temperatures were used in the later cycles because an exactly 
complementary target would by then have been produced. Total PCR products were 
separated on a 1.5% agarose gel as shown in figure 16. Oligonucleotides 9 or 10 used 
alone give only a few low abundance products; no specific priming has occurred as 
expected for single oligonucleotides. Oligonucleotide 8 used alone gives two significant 
products. A major product of 0.7kb was produced in the PCR reaction containing 
oligonucleotides 8 and 9, which is not seen for either oligonucleotide alone. Bands of lkb 
and 0.5kb were produced in the PCR reaction containing oligonucleotides 8 and 10; the 
0.5kb product is probably partially due to priming by oligonucleotide 8 alone. The product 
sizes predicted for these reactions are 690bp (8 and 9) and 1050bp (8 and 10) if there are 
no introns.

The lkb and 0.7kb PCR products were digested with the relevant restriction 
enzymes and cloned into plasmids for sequencing. The clones contained overlapping
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o

l kb

0 . 7kb —

Figu re  16 : Product s  fr o m  P C R  reac t i ons  us ing  B iP -s peci f i c  

o l i g o n u c l e o t i d e s

Various combinations o f oligonucleotides were included in PCR reactions using S. 
pom be  genomic DNA as template. The PCR reactions were performed as described in the 
text. The products were separated by electrophoresis in a 1.5% agarose gel containing 
ethidium bromide. The oligonucleotides present in each reaction are indicated: 8 , 
KVTHAVV; 9, GINPDEA; 10, GVPQIEV. Sizes o f  the major products are indicated.

E c o R I  S a i l  X b a l

3 8 3 8 3 8

I

*  •  “4

Figure  17 : Southern  blot to ident ify  fr a g m e n ts  co n ta in ing  the  3' end of  

the  BiP gene

Lambda DNA from clones gB3 and gB 8 was digested with the restriction enzym es 
indicated. DN A fragments were separated by electrophoresis, transferred to nylon 
membrane and hybridised with a probe made from pCB2. This probe hybridises strongly 
to the 2.3kb Sail fragment (Sb) from gB 8, with which it has 0.8kb o f complementarity.
It hybridises weakly to the 2.6kb Sail fragment (Sa) from gB3 and g B 8 , with which it 
has 0.1 kb o f complementarity. The weakly hybridising fragment contains the 3' end o f  
the BiP gene.
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sequence with extensive homology to rat and S. cerevisiae BiP. A lesser degree of 
sequence similarity to hsp70s existed. To clone the rest of the BiP gene and to obtain 
sequence from DNA which had not been subjected to PCR, the lkb fragment, KG, was 
used to screen genomic and cDNA libraries. Approximately 3,000 plaques of a Xdash 
genomic library were screened and two positive clones, gB3 and gB8 were isolated. 
25,000 plaques of a Xgtl 1 cDNA library were screened and approximately 50 positive 
clones were isolated. After plaque purification, lambda DNA was prepared and analysed 
by Southern blotting. A 2.3kb Sail fragment (Sb) of gB8 hybridised to the KG probe, 
and was subcloned and sequenced. Sb contained the 5' end of the BiP gene but only 
extended 50bp beyond KG in the 3' direction. The largest cDNA clone obtained (cB2; 
0.9kb) extended lOObp beyond Sb in the 3' direction, to an EcoRI site. An estimated 300- 
350bp of sequence was still required to obtain the 3' end of the gene and determine the C- 
terminus. To find this sequence, a probe was made from the cB2 fragment and used to 
probe various digests of the genomic lambda clone gB3 and gB8. As shown in figure 17, 
cB2 hybridises strongly to the Sb fragment with which it has 0.8kb of complementarity, 
and weakly to a 2.6kb Sail fragment (Sa) with which it has 0. lkb of complementarity. 
The Sa fragment contained the 3' end of the BiP gene. A composite map marking the 
positions of various probes and clones is depicted in figure 18. A combination of 
subcloning and deletion series construction was used to obtain the full genomic sequence 
of the S. pombe BiP gene.

The PCR approach was thus very successful in cloning the BiP gene, and 
avoiding the isolation of unwanted hsp70 genes. The sequence to which oligonucleotide 8 
annealed encodes PVTHSVV rather than the conserved KVTHAW . Although only 16 of 
the 20 nucleotides match (including one G-T pair), three of the mismatched bases are at 
the extreme 5' end of this sequence and as such would probably not have greatly reduced 
the priming capacity of the oligonucleotide, particularly at low temperatures. Also, the 
addition of an Xbal site at the 5’ end of the oligonucleotide fortuitously added two bases 
which are present in the actual S. pombe BiP sequence at this position, and these may 
have helped stabilise the annealing of the oligonucleotide at the 5' end. Oligonucleotides 9 
and 10 annealed to sequences which encoded GINPDEA and GVPQIEV as predicted. 19 
out of 20 and 18 out of 20 bases matched for oligonucleotides 9 and 10, respectively.

3.5. The sequence of S. pom be BiP
The sequence of S. pombe BiP is shown in figure 19. The open reading frame is 1989bp 
in length and contains no introns. There are two TATA box sequences within 50 
nucleotides of the presumed initiator ATG and a CCAAT box at around -380. Other 
features of the upstream sequence will be discussed in Chapter 5. No sequences which 
resembled polyadenylation sites could be identified in the sequence downstream of the BiP 
gene.

Translation of the DNA sequence predicts a protein product of 73kD which is 67%
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-4 3 8
CAATATCAATAAGTTCCACTCACGCTTTGTCTTTCACAATATCATTTCAGAATTTACCAATTTCGATTTTCATTGTTACATTCATTGCTATGAAAACGTAAGGTGGTG
-3 3 0
GCGGCAATAGGACTTATCGAAATGTACAGAACTGACTATAGAATTGTTGTGTTGATGAGCTTCAACTGCATTCTTCTGGAAAGTACTAGTATTAACGACGTGACTGCT

-2 2 2
CCTCTCGTTACTTAGCTGATTTCTGGTACGCTATTAAACTCATCCAAAACCAACTATTCTAGTTTGGTAAATCTTAATCAAAAACTATTAAAACCCGTTTACTATTTA

-1 1 4
CTTAACAGGTTGTTTTCAATAATTGGGAATTGCTTGTGCCTACGATCTCTTGTAATTGAACTACACATATAAGCATTTATAAGTTGGTAATCTTCAAATTCTTGTTTA
- 6
TTGAAAATGAAGAAGTTCCAGCTATTTAGCATTTTAAGCTACTTTGTAGCTTTATTCCTCCTACCTATGGCTTTTGCTAGTGGTGATGATAACTCTACAGAATCATAT

M K K F Q L F S I L S Y F V A L F L L P M A F A S G D D V S T Z S Y
102
GGAACAGTTATTGGTATTGATCTTGGTACAACATACTCTTGCGTTGCCGTTATGAAAAATGGTCGTGTAGAAATTATTGCCAACGATCAGGGTAATCGTATTACACCC
G T V I G I D L G T T Y S C V A V M K N G R V E I I A N D Q G N R I T P
210
TCATATGTGGCCTTTACTGAAGACGAACGTTTGGTTGGTGAGGCCGCTAAGAACCAAGCTCCTTCCAATCCTGAAAACACCATTTTTGACATCAAGCGTCTTATTGGA
S Y V A F T E D E R L V G E A A K N Q A P S N P E N T I F D I K R L I G
318
CGTAAGTTTGACGAAAAGACAATGGCCAAGGATATTAAATCTTTTCCTTTCCATATTGTAAATGACAAGAACCGTCCTTTGGTTGAGGTTAATGTAGGTGGTAAGAAG
R K F D E K T M A K D I K S F P F H I V N D K N R P L V E V N V G G K K
426
AAAAAGTTTACCCCTGAAGAAATTTCAGCCATGATTCTTAGTAAAATGAAGCAAACTGCTGAAGCTTACCTCGGAAAGCCTGTCACTCACTCTGTTGTTACTGTCCCC

K K F T P E E I S A M I L S K M K Q T A E A Y L G K P V T H S V V T V P
534
GCCTACTTCAATGACGCTCAGCGTCAGGCTACCAAGGATGCTGGTACTATTGCCGGCTTGAATGTTATTCGTATCGTCAATGAGCCTACTGCGGCTGCTATTGCCTAC
A Y F N D A Q R Q A T K D A G T I A G L N V I R I V N E P T A A A I A Y
642
GGATTAGACAAAACTGATACAGAGAAGCATATTGTTGTTTATGATTTAGGTGGTGGTACTTTTGACGTTTCTCTTTTGTCTATTGACAATGGTGTTTTCGAAGTTTTG
G L D K T D T E K H I V V Y D L G G G T F D V S L L S I D N G V F E V L
750
GCTACTTCAGGTGATACCCATCTCGGTGGTGAGGACTTTGACAACCGTGTTATCAACTACTTAGCCCGTACTTACAACCGCAAGAACAATGTCGATGTTACTAAGGAT
A T S G D T H L G G E D F D N R V I N Y L A R T Y N R K N N V D V T K D
858
CTTAAGGCTATGGGAAAACTCAAGCGTGAAGTTGAAAAAGCCAACGGTACTTTGTCCTCCCAAAAGTCTGTTCGTATCGAGATTGAATCTTTCTTTAACGGTCAAGAC
L K A M G K L K R E V E K A N G T L S S Q K S V R I E I E S F F N G Q D
966
TTTTCTGAAACTTTATCCCGTGCTAAGTTCGAGGAGATTAAACATGGATCTCTTCAAGAAGACTTTGAGCCTGTTGAGCAAGTATTAAAGGACTCCAACCTCAAGAAA
F S E T L S R A K F E E I K H G S L Q E D F E P V E Q V L K D S N L K K
1074
TCCGAGATTGATGATATCGTTCTTGTCGGTGGTTCTACTCGTATCCCTAAGGTTCAAGAACTTTTGGAGAGCTTCTTTGGTAAGAAGGCTTCTAAGGGTATCAATCCC

S E I D D I V L V G G S T R I P K V Q E L L E S F F G K K A S K G I N P
1182
GATGAGGCTGTTGCCTATGGTGCTGCTGTTCAAGCCGGCGTTTTATCTGGCGAGGAAGGAAGTGATAACATTGTCCTCTTGGACGTTATCCCTCTTACTTTAGGTATT
D E A V A Y G A A V Q A G V L S G E E G S D N I V L L D V I P L T L G I
1290
GAGACTACCGGTGGTGTTATGACTAAACTTATCGGTCGTAACACTCCTATTCCTACTCGTAAGTCGCAAATTTTCTCTACTGCGGTTGACAATCAAAATACTGTTTTA
E T T G G V M T K L I G R N T P I P T R K S Q I F S T A V D N Q N T V L
13?8
ATTrAAGTGTATGAAGGTGAACGTACTCTTACTAAGGACAACAACCTTCTTGGAAAATTTGACCTTCGTGGTATTCCTCCTGCCCCTCGTGGTGTTCCCCAAATTGAA
I Q V Y E G E R T L T K D N N L L G K F D L R G I P P A P R G V P Q I E
1506
filCACGTTTGAAGTCGATGCCAATGGTGTTTTGACTGTTTCAGCCGTCGACAAGTCTGGTAAGGGTAAGCCTGAGAAGCTTGTTATCAAGAATGACAAAGGTCGTTTG 
V T F  E V D A N G V L T V S A V D K S G K G K P  E K L V I  K N D K G R L  
1614
TCTGAGGAAGATATCGAGCGCATGGTTAAGGAGGCCGAAGAATTCGCTGAAGAAGATAAGATTTTGAAGGAGCGTATTGAAGCTCGTAATACTCTTGAAAACTACGCC
S E E D I E R M V K E A E E F A E E D K I L K E R I E A R N T L E N Y A
1722
TATTCTTTGAAAGGTCAATTTGACGATGATGAGCAATTAGGTGGTAAGGTTGATCCCGAAGATAAGCAAGCTGTTTTGGACGCTGTCGAAGATGTTGCTGAATGGCTT 
Y S L K G Q F D D D E Q L G G K V D P  E D K Q A V L D A V E D V A E W L  
1830
GAAATCCACGGAGAAGATGCCAGCAAGGAAGAATTTGAAGATCAGCGTCAAAAACTCGATGCCGTTGTTCATCCTATTACCCAAAAGTTGTATTCCGAAGGAGCTGGT
E I H G E D A S K E E F E D Q R Q K L D A V V H P I T Q K L Y S E G A G
1938
GATGCTGATGAAGAGGATGATGATTACTTCGATGATGAGGCCGATGAACTTTAAAGTGTTTTAAAATTGCCTGTACTTTCATTTTTTAAGCTTTACTTAGTAATTTTT 
D A D E E D D D Y F D D E  A D E L  .

2946
ATTTAGTTCGAAGTATACGCAAGTCTGACTCGAATGCTCTCATGGTTTCATGACCTTAATCTAAGGGTATTTGGAAACCAAATGTTTT

Figure 19 : The sequence of 5. pombe BiP
The nucleotide and predicted amino acid sequences are shown. TATA box sequences are 
present at positions -47 and -37. Putative heat shock elements are underlined. Sequences 
to which the PCR primers annealed are underlined. The putative signal peptide is in 
italics. The potential N-linked glycosylation site at amino acid 29 is in bold type. The C- 
terminal sequence ADEL is underlined.
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C m ffnrlsagkL lvpL Sw lyA L F w iL P lq nsfh ssnvlvrgad dvE n Y G T V IG ID L G T T Y SC V A V M K N  
I II III II I I I I I I I I I I I I I I I I I I I I I I

P m kK FqLfsiLS yfvA L F LLP mAfasgddnstEsYGTVIGIDLGTTYSCVAVMKN
II II II I I I I I I I I I I I I I I I I I I I

R mKF tv v a a A L  ILL cAvraeeedkkEdvGTVvGIDLGTTYSCVgVfKN

C GktEIlANeQGNRITPSYVAFT dDERLiGdAAKNQvaaNPqNTIFDIKRvIvlKyndrsvqKDIKhlP  
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

P GRVEIIANDQGNRITPSYVAFT EDERLvGeAAKNQapSNPENTIFDIKRLIGRKfdektmaKDIKsfP 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I III I

R GRVEIIANDQGNRITPSYVAFTpEgERLiGdAAKNQltSNPENTvFDaKRLIGRtwndpsvqqDIKfIP

C FnvVNkdgkPaVEVsVkG eKKvFTPEEISgMILgKMKQiAEdYLGtkVTHaWTVPAYFNDAQRQATK 
I II I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I I

P FhiVNdKnrPlVEVnVGG kKKkFTPEEISAMILsKMKQTAEAYLGKpVTHsWTVPAYFNDAQRQATK 
I I I I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

R FkvVekKtkPyiqVdiGGgqtKtFaPEEISAMvLtKMKeTAEAYLGKkVTHaWTVPAYFNDAQRQATK

C DAGTIAGLNV1RIVNEPTAAAIAYGLD sDkEhqliVYDLGGGTFDVSLLSIeNGVFEVqATSGDTHLG 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

P DAGTIAGLNViRIVNEPTAAAIAYGLDKtDtEKhlvVYDLGGGTFDVSLLSIDNGVFEVlATSGDTHLG 
I I I I I I I I I I II I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I I I I II I I I I II

R DAGTIAGLNVmRIiNEPTAAAIAYGLDKregEKnllVfDLGGGTFDVSLLtIDNGVFEVvATnGDTHLG

C GEDFDykivrqLikafkkKhgiDVsdnnKAlaKLKREaEKAKRaLSSQm StRIEIdSFvdGiDlSETLt 
I I I I I I I II II I I I I I I I I I I I I I I I I I I I I I I I I I I I

P GEDFDnRVinyLartYnrKnnvDVtKDlKAmgKLKREVEKAKRtLSSQkSvRIEIESFFnGqDFSETLs 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

R GEDFDqRVmehfiklYkkKtgkDVrKDnrAvqKLrREVEKAKRaLSSQhqaRIEIESFFeGeDFSETLt

C RAKFEElnldlfkktlkPVEkVLqDSgLeKkdvDDIVLVGGSTRIPKVQqLLES yFdGKKglKGINPD
I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I

P RAKFEEikhgslqedfePVEqVLkDSnLKKSelDDIVLVGGSTRIPKVQeLLES FF GKKaSKGINPD
I I I I I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I

R RAKFEElnmdlfrstmkPVqkVLeDSdLKKSdlDelVLVGGSTRIPKiQqL vkeFFnGKepSrGINPD

C EAVAYGAAVQAGVLSGEEGvedlVLLDVnaLTLGIETTGGVMTpLIkRNTalPTkKSQIFSTAVDNQpT 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I II III III I I I I I I I I I I I I I

P EAVAYGAAVQAGVLSGEEGsdnlVLLDViPLTLGIETTGGVMTKLIgRNTpIPTrKSQIFSTAVDNQnT 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I III II I I I I I I I I III I

R EAVAYGAAVQAGVLSGdqdtgdlVLLDVcPLTLGIETvGGVMTKLIpRNTvvPTkKSQIFSTAsDNQpT

C VmlkVYEGERamsKDNNLLGKFeLtGIPPAPRGVPQIEVTFalDANGiLkVSAtDK G tG K sE s itI tN  
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

P VlIqVYEGERtLTKDNNLLGKFDLrGIPPAPRGVPQIEVTFEvDANGvLtVSAvDKsGkGKpEKlvIkN 
I I I I I I I I I I I I I III III I I I I I I I I I I I I I I I I I I II I I I II I I I I I

R VtlkVYEGERpLTKDNhLLGtFDLtGIPPAPRGVPQIEVTFEiDvNGiLrVtAeDK G tG n k n K itltN

C DKGRLtqEeldRMVeEAEkFAsEDasiKakvEsRNkLENYAhSLK nqvngdL G eK leeE D K etlL D A
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  III III

P DKGRLseEdlERMVkEAEeFAEEDKiLKERIEaRNtLENYAYSLKgQfdDdEqLGGKvdPEDKqavLDA 
I II I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I

R DqnRLtpEelERMVndAEkFAEEDKkLKERIdtRNeLEsYAYSLKnQigDkEkLGGKlsPEDKetmekA

C anE cfrigL ddnfE tA iaE dF dekfesL skV ayP IT sK L Y ggadgsG A adydD E dE D D D gdyfE hD E L
I I I I  I I  I I I I I I I I II I I I I I I t i l l

P VEdvaEWLEihgEDAskEeFedqrqkLdaVVhPITqKLY seGA gdaDE EDDDyfddEaDEL
I I I I I I I I I I I I I I I I I I I I I I I I I I

R VEekiEWLE sh qD A diE dF kak kk eL eeiV qP IisK L Y  gsG g p p p tg E  ED tsEkDEL

Figure 20 : Comparison of BiP sequences
P, S. pombe; R, rat; C, S. cerevisiae. Identities are indicated by a vertical line. Spaces 
have been inserted to achieve optimum alignment.
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identical to S. cerevisiae BiP and 66% identical to rat BiP (shown in figure 20). There is a 
putative signal peptide at the N-terminus and von Heijne's rules (von Heijne, 1983; von 
Heijne, 1985) predict a probable cleavage site between amino acids 24 and 25. The 
sequence at the extreme C-terminus is Ala-Asp-Glu-Leu (ADEL), which differs from both 
the mammalian (KDEL) and S. cerevisiae (HDEL) motifs involved in sorting of luminal 
ER proteins. An unexpected feature of the amino acid sequence is the existence of a 
potential N-linked glycosylation site at position 29.

3.6. Disruption of the BiP gene
In a gene disruption experiment, one copy of the gene of interest is replaced by a 
selectable marker in a diploid strain (Rothstein, 1983; Grimm et al, 1988). The haploid 
progeny are analysed to determine whether disruption of the gene is a lethal event. As 
shown in figure 21, approximately 80% of the coding sequence of BiP was replaced by 
the S. pombe ura4 gene. Flanking sequences of 0.7kb on the 5' side and 1.7kb on the 3' 
side were retained to direct homologous recombination into the S. pombe genome. This 
cloning procedure removed a Sail site in the BiP gene and introduced a new Sail site 
between the 5' flanking region and the ura4 gene. The linear fragment was transformed 
into the diploid strain 611. This strain is maintained as a diploid by the presence of two 
ade6 alleles which show intra-allelic complementation, and by avoiding nitrogen 
starvation. Transformants were selected on medium lacking uracil.

The proportion of homologous versus non-homologous integration varies greatly 
in S. pombe and appears to be locus dependent (Moreno et al, 1990). It is therefore 
necessary to screen transformants by Southern blotting to determine whether homologous 
recombination has occurred. Genomic DNA was prepared from transformants and the 
parental strain 611. Sail digested DNA was analysed by Southern blotting using a Sall- 
EcoRV  probe which represents a region outside that used for the transformation. Under 
these conditions the parental strain should contain a 2.7kb hybridising fragment, whereas 
a heterozyous disruptant should contain this and an additional hybridising fragment of 
4.2kb. Only one transformant out of approximately 100 tested showed the predicted 
pattern of bands. This is shown in figure 21; lane 1 contains Sail digested 611 DNA and 
lane 2 contains Sail digested DNA from the disruptant strain BKO-8. To confirm this 
result, the filter was stripped and reprobed with a ura4 probe. This probe hybridises with 
the 4.2kb band in the disruptant DNA (lane 4) as predicted. The parental strain 611 has a 
complete deletion of both copies of the ura4 gene and is therefore not expected to have 
DNA sequences which hybridise with this probe (lane 3). Analysis of the non-disruptant 
transformants by hybridisation with the ura4 probe indicated that the linear fragment had 
integrated randomly, sometimes multiply (data not shown).

The heterozygous diploid disruptant strain, BKO-8, was induced to sporulate on 
nitrogen deficient medium containing adenine. After 3 days, the mixture of asci and 
vegetative cells were treated with helicase to liberate the haploid spores which were plated
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Figure 21 : Disruption of  the BiP gene

(A) The top line shows the wild-type genome. The middle line shows the construct used 
for the disruption o f the BiP gene. The bottom line shows the BiP-disrupted genome.
The BiP gene is represented by shading, the ura4 gene by diagonal stripes and the Satl- 
EcoRW probe as a black rectangle. Restriction enzyme sites are abbreviated as follows: S, 
Sal I; V, EcoRW. 1.7kb o f BiP coding sequence was effectively replaced by the ura4 gene 
(1.7kb). This cloning procedure removed a Sail site in the BiP gene and introduced a 
new Sail site between the 5' flanking region and the ura4 gene. The linear fragment was 
used to transform diploid 611 cells. (B) DNA from strain 611 (lanes 1 and 3) and the 
heterozygous BiP-disrupted strain (lanes 2 and 4) was digested with Sail, separated by 
electrophoresis, transferred to nylon membrane and hybridised with a Sall-EcoRV  probe 
derived from a region outside that used for the transformation (lanes 1 and 2). The 
membrane was stripped and rehybridised with a ura4 probe (lanes 3 and 4). The sizes of 
hybridising fragments are indicated.
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onto rich media. Colonies were replica plated onto various media to determine their 
genotype. All 80 colonies grew on PM + ade + leu + ura. No colonies grew on PM + ade 
+ leu, indicating that no ura+ colonies have arisen from the BKO-8 spores.

The conclusion from the random spore analysis is that the BiP gene is essential 
since cells are unable to grow without it. This result is consistent with the multiple roles 
proposed for BiP in protein maturation and mirrors the result in S. cerevisiae (Normington 
et al, 1989; Rose et al, 1989).

3.7. Discussion
Cross hybridisation is often a useful means of identifying new homologues of genes and 
indeed it has been used to isolate the BiP gene from some other species, including S. 
cerevisiae (Normington et al, 1989). Considering the fairly high degree of sequence 
conservation between rat and S. pombe BiP (66% at the amino acid level) it is perhaps 
surprising that the approach was not successful in this case. It is in fact possible that cross 
hybridisation could have been made to work using lower stringency conditions, however 
the presence of strongly hybridising clones in the initial screen was probably misleading.

Screening with the EKDEL* and EHDEL* oligonucleotides was not successful, 
and sequencing of the BiP gene indicates why this was the case. S. pombe BiP has 
EADEL* at the C-terminus. The codons for alanine and lysine or histidine are very 
different, so the labelled oligonucleotides are unlikely to have hybridised to the BiP gene. 
It is still possible that other S. pombe luminal ER proteins have K or HDEL at their C- 
termini. Kluyveromyces lactis is thought to have HDEL and DDEL at the C-termini of its 
ER proteins, and Caenorhabditis elegans has two BiP-like genes of which one has HDEL 
and one has KDEL at its C-terminus (Pelham, 1990). The genes for other S. pombe 
luminal ER proteins might have been isolated by this method.

Use of the BiP/hsp70 oligonucleotide INPDEA had the problems that were 
forseen, namely the identification of unwanted hsp70 genes. However, the 
oligonucleotide was clearly able to hybridise to its intended target sequence and it would 
probably have been possible to identify the BiP gene by this approach, but it would have 
necessitated a great deal of sequencing. Unfortunately the double positive screening 
method would not have worked in this case because of the assumptions that had to be 
made about C-terminal sequences.

The PCR approach was particularly suited to the problem of cloning S. pombe 
BiP. It allowed the high level of homology between BiPs to be exploited whilst avoiding 
the cloning of hsp70 genes. This was achieved by limiting the BiP specificity to the 3' 
ends of the oligonucleotides. The strategy relied heavily upon the specificity of 
oligonucleotide 8, and it is perhaps lucky that this worked considering the actual 
differences between oligonucleotide and target sequences.

From the predicted amino acid sequence, S. pombe BiP is approximately equally 
divergent from the budding yeast and mammalian homologues. This observation has been
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made for other genes and it emphasises the evolutionary divergence between budding and 
fission yeast and the value of comparative genetic analysis. This is the first time that the 
sequence ADEL has been reported at the C-terminus of a luminal ER protein. Although 
KDEL and HDEL are found most commonly, several other variants have been recorded, 
including DDEL, SDEL, HTEL and HIEL (Pelham, 1990). These findings raise questions 
about the sequence requirements for ER retention signals. The existence of a potential N- 
linked glycosylation site near the N-terminus of S. pombe BiP was rather unexpected. 
Such sites are generally absent from BiP proteins and it has been suggested that large 
carbohydrate chains would interfere with BiP's proposed functions in protein folding 
(Normington et al, 1989). The utilisation of this potential N-linked glycosylation site was 
investigated and is detailed in Chapter 4.

As expected the BiP gene is essential in S. pombe as it is in the budding yeast S. 
cerevisiae. This observation is consistent with the multiple roles proposed for BiP in 
protein translocation, folding and assembly. The proportion of homologous versus non- 
homologous integration for the disruption event was very low (approximately 1%). The 
reason for this is unclear; sometimes the homologous integration rate in S. pombe can be 
almost 100% (eg see Chapter 8). The flanking sequences on either side of the ura4 gene 
were of a size generally considered sufficient to direct homologous recombination. It is 
possible that the BiP gene resides in a region of the chromosome which displays low 
recombination activity; this might include regions proximal to the centromere.
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Chapter 4 

Analysis of the BiP protein
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4.1. Introduction
In order to investigate the properties of the BiP protein it was necessary to obtain specific 
antibodies. Both epitope tagging and polyclonal antibodies were used to characterise the 
BiP protein in S. pombe. It was of interest to determine whether the potential N-linked 
glycosylation site was utilised. The production of specific antibodies to BiP would also 
provide a marker for the ER of S. pombe for use in localisation and biochemical studies.

4.2. Epitope tagging
Epitope tagging provides a convenient means of detecting proteins for which specific 
antibodies are not available (Munro and Pelham, 1984). A sequence encoding a short 
amino acid epitope is inserted into the protein coding region of the gene of interest, using 
molecular biological techniques. An epitope commonly used is a 10 amino acid segment of 
the myc oncoprotein (Evan et al, 1985). The altered gene is usually introduced into the cell 
on an expression plasmid. Tagged protein can then be detected with existing monoclonal 
antibodies, eg 9E10 for the myc tag. Though this is an extremely useful and versatile 
technique it is important to recognise that there are potential drawbacks. Insertion of a 10 
amino acid epitope into a protein may affect the protein's function in some unknown way. 
Expression of a gene from a heterologous promoter on a plasmid almost certainly means 
that the protein will not be present at the endogenous level in the cell.

PCR manipulation of a small region of the BiP gene was used to construct a gene 
which encoded the myc epitope 7 amino acids from the C-terminus:

- D E E D D D Y F L E O K L I S E E D L N I D D E A D E L

The underlined amino acids are derived from BiP and those in bold type represent the myc 
epitope. In epitope tagging the extra amino acids are generally incorporated at the N or C- 
terminus since these regions are often in extended conformations and their alteration is less 
likely to affect protein folding drastically. The existence of a putative signal peptide at the 
N-terminus of BiP makes this an inappropriate position for tagging. For this reason the 
myc epitope was placed at the C-terminus but ahead of the amino acids predicted to be 
required for the subcellular localisation of the protein. The tagged protein was expressed 
in S. pombe cells from the multicopy plasmid pEVPl 1 which bears the strong constitutive 
adh promoter (Russell and Nurse, 1986). The tagged protein could be detected by 
Western blotting, immunofluorescence and immunoprecipitation with the 9E10 
monoclonal antibody. Data from these studies will be presented in the relevant sections.

4.3. Production and characterisation of antibodies
Two systems were used to produce fusion proteins in bacteria for antibody production. 
The C-terminal 110-130 amino acids of BiP were used in the fusion proteins. This
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Figure 22 : Coom ass ie- s ta ined  S D S - P A G E  gel sh o w in g  T r p E - B iP

Bacteria containing plasmids pATH3 and pATH3-BiP were starved for tryptophan and 
fusion protein production was induced by the addition o f indole acrylic acid. After 4 
hours bacteria were lysed in cracking buffer and portions analysed by SDS-PAGE.
Lysate from cells containing pATH3-BiP and pATH3 are shown in lanes 1 and 2 
respectively. The sizes o f the TrpE and TrpE-BiP fusion proteins are indicated on the left.
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Figure 23 : C oom ass ie- s ta ined  S D S - P A G E  gel sh o w in g  purif ied G S T - B i P

Production o f GST-BiP fusion protein was induced by addition o f IPTG to bacteria 
harbouring pGEX-20T-BiP. After 5 hours cells were lysed by sonication and GST-BiP  
was purified on glutathione-agarose beads. GST-BiP was eluted with free glutathione 
and dialysed overnight against PBS. A portion was analysed by SDS-PAGE as shown in 
the left-hand lane. The right-hand lane contains marker proteins, the sizes o f which, from  
top to bottom are: 2(X)kD, 92kD, 69kD, 46kD, 3()kD, and 21kD.
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segment was chosen because it has very limited homology between hsp70s and BiPs and 
its use should avoid problems of cross-reactivity with other proteins of this large family. It 
is also a region which is poorly conserved between BiP proteins of different species. This 
is an important point to consider as antibodies are secreted via the ER; immunisation of an 
animal with the whole BiP protein might cause the production of antibodies which cross- 
reacted with a protein in its own ER; or alternatively the production of antibodies against 
self-like antigens might be prevented.

The first system used to produce antigen was the pATH/TrpE system (Spindler et 
al, 1984). A 400bp HindUl fragment (corresponding to -130 amino acids) from the BiP 
gene was inserted into the pATH3 vector. Upon tryptophan starvation followed by 
induction with indole acrylic acid, a TrpE-BiP fusion protein should be produced. Whole 
cell bacterial lysates were analysed by SDS-PAGE as shown in figure 22. Lane 2 contains 
lysate from induced cells bearing the pATH3 vector, a prominent 37kD protein is present 
compared to the uninduced control (not shown). This TrpE band is absent from the lysate 
of cells containing the pATH3-BiP plasmid, and is replaced by a very strong band at 
~52kD (lane 1). This presumably represents the TrpE-BiP fusion protein since it is of the 
predicted molecular weight. Large scale preparations were made, separated by 
electrophoresis, transferred to nitrocellulose. The TrpE-BiP band was excised and 
dissolved in DMSO for injection into a rabbit.

Serum from this rabbit was tested by Western blotting of S. pombe extracts. After 
4 test bleeds no antibodies immunoreactive against BiP had appeared. It was therefore 
decided to boost the rabbit with an alternative fusion protein. A fragment from the C- 
terminus of BiP was inserted into the pGEX-20T vector. The pGEX system allows the 
production of fusion proteins with the C-terminal portion of the Schistosoma japonicum 
glutathione-S-transferase protein, upon induction with IPTG (Smith and Johnson, 1988). 
Fusion proteins can be purified from bacterial lysates under non-denaturing conditions 
using glutathione-agarose beads. This procedure was used to produce a GST-BiP fusion 
as shown in figure 23. A protein of 40kD is purified from cells containing pGEX-20T- 
BiP and this presumably represents the GST-BiP fusion protein. Fusion protein produced 
in a large scale preparation was eluted from the agarose beads with free glutathione, and 
dialysed before injection into the same rabbit

After two boosts with the GST-BiP fusion protein the rabbit produced antibodies 
which recognised BiP. The serum was tested by Western blotting, immunoprecipitation, 
and immunofluorescence. Figure 24 shows an ECL Western blot analysis using the 
JARM 13 anti-serum. Preimmune serum has been tested in lane 1; no antibodies 
immunoreactive against S. pombe proteins are present in this serum. JARM 13 anti-serum 
detects two species of around 75-80kD in S. pombe extracts (lane 2). As shown in lane 
3, antibody binding to proteins on the blot can be competed by inclusion of lpg/ml GST- 
BiP fusion protein in the first antibody incubation. This effect is specific to the BiP 
portion of the fusion protein as antibody binding to the blot is not competed by lfig/ml
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Figure 24 : Western  blotting o f  S. pom be  extracts us ing J A R M  13 anti-  

s er um

Protein extracts were made from wild-type cells (lanes 1-5) or cells harbouring plasmid 
pEB9 which expresses epitope-tagged BiP (lane 6). Extracts were made by mechanical 
disruption with glass beads (lanes 1-4) or by the spheroplast method (lanes 5 and 6). 
Proteins were separated by 8% SDS-PAGE and transferred to nitrocellulose membrane 
which was subsequently cut into strips. Strips were incubated in pre-immune serum (lane 
1), JARM 13 anti-serum (lanes 2, 5 and 6), JARM 13 anti-serum plus lpg/m l GST-BiP 
fusion protein (lane 3) or JARM 13 anti-serum plus lpg/m l GST-ypt5 fusion protein. 
Serum was used at a dilution o f 1:20,000. Proteins were detected using the ECL system.
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Figure  25 : Imm unoprec ip ita t io n  using J A R M  13 an t i -s er um

W ild-type cells were labelled with 35S-sulphate for 1 hour at 30°C. Lysate from 2 x 107 
cells was immunoprecipitated with various amounts o f JARM 13 anti-serum, as 
indicated, or with pre-immune serum. Lane 1 contains total lysate from 4 x 105 cells. The 
samples in lanes 7 and 8 contained 10pg/ml o f GST-BiP or GST-ypt3 fusion proteir. 
respectively during the immunoprecipitation. Samples were analysed by 8% SDS-PAGE  
and fluorography. Lane M contains marker proteins, the sizes o f  which are indicatec.
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GST-ypt5 fusion protein (supplied by Vas Ponnambalam; lane 4). Lanes 5 and 6 contain 
whole cell extracts from wild-type cells and a strain expressing myc-tagged BiP, 
respectively, and have been incubated with JARM 13 anti-serum. These extracts were 
made by spheroplast lysis and there appears to be some degradation of BiP protein 
compared to extracts made by glass bead disruption (lanes 1-4) .  Two prominent bands 
are present in wild-type cells (lane 5) and at least one additional band is present in the 
cells containing BiP-myc (lane 6). These results indicate that the anti-serum is specific for 
BiP because (a) none of these species are detected by the preimmune serum, (b) additional 
immunoreactive species are present in cells expressing myc-tagged BiP which is expected 
to be slightly larger than endogenous BiP, and (c) binding of the antibodies could be 
competed by GST-BiP but not by GST-ypt5.

The anti-serum was also tested for its ability to precipitate BiP from metabolically 
labelled cells. A titration experiment is presented in figure 25. Lane 1 contains total cell 
extract, lane 2 contains the protein immunoprecipitated with 5jj1 preimmune serum. Lanes
3.4, 5, 6 and 9 contain protein immunoprecipitated with increasing amounts (up to 5pl) of 
JARM 13 anti-serum (this amount of anti-serum does not appear to be saturating). Two 
species of approximately 75-80kD are the preferentially immunoprecipitated. To test that 
these species represent BiP, the immunoprecipitation was performed in the presence of 
20jig/ml GST-BiP or GST-ypt3 (supplied by Vas Ponnambalam). While GST-BiP 
abolishes the precipitation of the labelled proteins (lane 7; compare with lane 6) GST-ypt3 
has little effect (lane 8).

This anti-serum also worked well for immunofluorescence of S. pombe cells 
(shown in Chapter 7).

4.4. Glycosylation of S . pom be BiP
The existence of a potential N-linked glycosylation site near the N-terminus of S. pombe 
BiP was unexpected; BiPs in S. cerevisiae and mammalian species lack N-linked 
glycosylation sites whereas their cytoplasmic counterparts, the hsp70s, contain such sites 
(but they are not used). There were a number of possibilities regarding the potential N- 
linked glycosylation site: the assignment of the site cjf signal peptide cleavage was 
incorrect and the NST sequence was removed as part of the signal sequence; the site was 
present in the mature protein but not utilised; the site was present and glycosylated in the 
mature protein. Both myc-tagged and endogenous BiP were used in the studies to 
determine whether BiP is glycosylated.

As noted in the previous section, two major BiP species are detectable in S. pombe 
extracts. These might represent an unglycosylated and a core glycosylated form of BiP. 
Alternatively they might represent a mature form of the protein and an immature form with 
its signal peptide intact. Precipitation with Concanavalin A-Sepharose was used to 
determine whether either of the two forms contained carbohydrate. Epitope tagged BiP 
was immunoprecipitated from extracts of metabolically labelled cells and either analysed
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Figure 26 : G lyco sy la t ion  o f  5 .  p om be  BiP

(A) Cells containing plasmids pEV Pl 1 (lanes 1, 2 and 5) or pEB9 (lanes 3 ,4  anc 6) 
were labelled with 35S-sulphate for 1 hour at 30°C. Proteins were immunoprecipitated 
with the 9E10 mAb (lanes 1 and 3) or immunoprecipitated then ConA precipitatec (lanes 
2, 4, 5 and 6) and analysed by 8% SDS-PAGE and fluorography. Each lane contiins 
material derived form 8 x 107 cells. Lanes 5 and 6 are longer exposures o f  lanes 2 and 4 
respectively. (B) Protein extract from cells expressing epitope-tagged BiP was incubated 
overnight in the presence (lane 2) or absence (lane 1) o f  endoglycosidase H, separated by 
10% SDS-PAGE and analysed by Western blotting using the 9E 10 mAb. Each track 
contains lysate derived from 5 x 106 cells. (C) Protein extract from 5 x 106 wild-type 
cells was incubated overnight in the presence (lane 2) or absence (lane 1) o f endoglycos
idase H, separated by 8% SDS-PAG E and analysed by W estern blotting using the JARM  
13 anti-serum. The positions o f marker proteins are indicated in kilodaltons.
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Figure 27 : B iosy nth es i s  o f  BiP

Wild-type cells were labelled for 5 min with 35S-sulphate at 30°C. Excess cold sulphate 
was added and the incubation continued. Aliquots were taken at various intervals, lysed 
and immunoprecipitated with JARM 13 anti-serum, then analysed by 8% SDS-PAGE 
and fluorography. Each track contains material derived from 2 x 107 cells. Lane 1 
contains material immunoprecipitated after the 5 min pulse. The other lanes contair 
samples taken during the chase: 5 min (lane 2), 10 min (lane 3), 15 min (lane 4), 30 min 
(lane 5), 2 hours (lane 6).
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directly by SDS-PAGE or re-precipitated with Con-A sepharose before SDS-PAGE 
analysis. Figure 26A (lanes 1 and 2) shows im m unoprecipitation and 
immunoprecipitation/Con-A precipitation respectively from a strain which is not 
expressing tagged BiP. A major band of 78kD and a minor band of 81kD are specifically 
immunoprecipitated from cells expressing tagged BiP (lane 3); the upper band is 
precipitated by Con-A sepharose (lane 4). Lanes 5 and 6 are longer exposures of lanes 2 
and 4, respectively.

To confirm that this carbohydrate was N-linked, Western blots were performed on 
extracts from cells expressing the tagged BiP protein. Two species were present, a major 
band of 78kD and a minor band of 81kD (Figure 26B, lane 1). When the extract had been 
treated with endoglycosidase H only the 78kD band was apparent (lane 2) indicating that 
the larger species contains N-linked carbohydrate. A similar experiment was performed to 
address the question of whether endogenous BiP is modified by glycosylation as well as 
the tagged protein. Protein extracts were incubated overnight in the presence or absence of 
endoglycosidase H and analysed by Western blotting using the JARM 13 anti-serum. Two 
bands of 75-80 kD are present in the mock-treated sample (figure 26C, lane 1) of which 
the upper band disappears upon endoglycosidase H treatment (lane 2).

These experiments indicate that S. pombe BiP (both the endogenous and tagged 
forms) is partially N-glycosylated, presumably at the NST sequence near the N-terminus. 
The difference in mobility between the two species is consistent with the addition of a core 
sugar moiety of GlcNAc2 Man9 . Inspection of the autoradiographs indicates that the 
proportion of the glycosylated form varied between experiments (estimated 10 - 20%).

The relationship between the glycosylated and unglycosylated forms of BiP was 
investigated in a pulse chase experiment. S. pombe cells were incubated with 35S-sulphate 
for 5 min at 30°C. Excess unlabelled sulphate was added and the incubation continued. 
Aliquots were removed at various timepoints into 20mM azide on ice and samples 
immunoprecipitated with JARM 13 anti-serum as described in the Materials and Methods. 
The samples were analysed by SDS-PAGE as shown in figure 27. Immunoprecipitation 
after 5 min pulse is shown in lane 1; both species of BiP are present. Lanes 2, 3, 4 and 5 
show immunoprecipitation after 5 min, 10 min, 15 min, 30 min respectively; the 
proportions of glycosylated and unglycosylated BiP do not change throughout this chase 
period, and eventually the level of pulse-labelled BiP protein declines (lane 6; 2 hours).

4.5. Discussion
Antibodies specific for S. pombe BiP have been produced and these have facilitated the 
analysis of the BiP protein. In addition these antibodies provide the first available marker 
for the ER in S. pombe and will be useful for localisation and fractionation studies.

Glycosylation of BiP has not previously been observed. The mammalian and S. 
cerevisiae sequences lack sites for N-linked glycosylation, in contrast to the other 
members of the hsp70 family, which contain potential sites but are never exposed to the
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glycosylation machinery within the ER. It has been argued that glycosylation would 
hinder the folding or assembly functions of BiP and that potential N-linked glycosylation 
sites have been abolished from the ER localised hsp70 over the course of evolution 
(Normington et al, 1989). S. pombe BiP, however, contains a site for N-glycosylation 
which is clearly used, if only in a small proportion of the protein. The results for the 
endogenous and tagged BiP proteins are in accordance. A pulse-chase experiment 
indicates that glycosylation of BiP occurs very soon after synthesis (within the 5 minute 
pulse) and that the proportion of protein which is glycosylated does not change over the 
life-time of the protein. The significance of this partial modification is unclear. It seems 
unlikely that glycosylation is required for any activity of the protein, and it is even 
possible that the glycosylated form is inactive. The Kluyveromyces lactis BiP sequence 
also contains a potential N-linked glycosylation site (Lewis and Pelham, 1990a), near the 
C-terminus, but it is not known whether it is utilised.
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Chapter 5 

Regulation of BiP expression
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5.1. Introduction
In mammalian cells, the level of BiP can be induced by a wide variety of agents; which are 
thought to cause an accumulation of misfolded or underglycosylated proteins; in the ER 
(Welch et al, 1983; Watowich and Morimoto, 1988; Lee, 1987; Kozutsumi e t al, 1988). 
These agents include inhibitors of ER carbohydrate processing, eg tuniicamycin, 
castanospermine and glucosamine, but not inhibitors of Golgi carbohydrate processing 
such as deoxymannojirimycin. BiP is also induced by the calcium ionophore A23187, by 
2-deoxyglucose and by amino acid analogues. Of these agents human hsp70 is only 
induced by amino acid analogues; indeed its synthesis is repressed by A23187 and 2-DG 
(Watowich and Morimoto, 1988). Hsp70s are induced by exposure to elevated 
temperatures whereas mammalian BiPs are generally not induced by heat shock (Welch et 
alt 1983). In contrast the budding yeast homologue of BiP is strongly induced by heat 
shock (Normington et al, 1989; Rose et al, 1989).

Induction of BiP expression is primarily due to transcriptional activation. Lee and 
colleagues have studied the transcriptional activation of the rat BiP gene and have defined 
regions of the upstream sequence important for basal and inducible expression. Extensive 
homology exists between the upstream regions of rat, human and hamster BiP suggesting 
that these sequences may be important for gene regulation. Features of the upstream 
sequence include 4 or 5 CCAAT boxes and a potential binding site for the transcription 
factor SP1. Deletion analysis of the rat GRP78/BiP promoter identified a 291nt fragment 
which is important for the high basal level of expression and for inducibility. This element 
has enhancer-like properties in that it can activate and confer A23187 inducibility on a 
heterologous promoter in an orientation independent manner (Lin et al, 1986). Further 
analysis indicated that a 54nt element was important for high basal expression and an 
adjacent 50nt element was important for basal and A23187 inducible expression 
(Resendez et al, 1988). Footprinting experiments showed that cellular factors bind in these 
regions. Comparison of mammalian BiP promoter sequences with the evolutionarily 
diverged C. elegans BiP gene revealed that a 23bp region including a palindromic 
sequence was highly conserved (Wooden et al, 1991). This palindromic sequence is 
GCCGCTTCGAATCGGC in rat and falls within the 54nt region shown to be important 
for high basal expression. Recent studies using internal deletions and linker-scanning 
analysis has identified a regulatory element which mediates the activation of BiP by 
malfolded proteins, glycosylation inhibition and A23187. The essential region for basal 
and inducible expression lies between nts -129 and -90 (this overlaps with the 54nt 
element defined previously) and the most important element is a lObp region which 
contains a CCAAT motif. The transcription factor CTF/NF-1 has been shown to 
transactivate the BiP promoter through interaction with this motif.

As mentioned above, S. cerevisiae but not mammalian BiPs are induced by heat- 
shock. The upstream regions of several S. cerevisiae heat-shock genes and the KAR2
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gene contain a sequence with the consensus 5'-TTCTAGAA-3' (Tuite et al, 1988; 
Normington et al, 1989) which resembles the heat-shock element defined by Pelham 
(1985) and can be derived from two overlapping HSEs. As yet there is no proof that this 
element does confer heat-inducibility in S. cerevisiae, but as a dimer it can act as a heat 
shock regulatory element in Drosophila, where it was first identified (Xiao and Lis, 
1988).

Another interesting feature of BiP regulation is that in contrast to hsp70 induction, 
gene activation of BiP requires protein synthesis (Resendez et al, 1986). It is unknown 
whether this reflects the need to synthesize a transcriptional activator de novo, or indicates 
that it is the state of nascent proteins in the ER which is the signal for activation.

Finally, post-transcriptional mechanisms may play a role in the regulation of BiP 
protein levels. Poliovirus infection inhibits the translation of cellular mRNAs by 
inactivating the cap-binding protein complex (Pelletier and Sonnenberg, 1988). Poliovirus 
mRNA can then be translated by an initiation process in which ribosomes bind internally 
to the mRNA. Interestingly, rather than being inhibited, translation of BiP mRNA is 
enhanced in such cells (Samow, 1989). The reason for this and whether it has any 
relevance to the situation in uninfected cells is currently unclear.

5.2. Regulation of BiP message
The levels of BiP mRNA in cells subjected to various treatments was analysed to examine 
the regulation of S. pombe BiP and to assess the conservation of regulation between S. 
pombe and other species. S. pombe cells were incubated at 30°C in the presence or 
absence of tunicamycin, A23187 or 2-deoxyglucose. Alternatively, cells were shifted 
from 30°C to 39°C for various lengths of time. Total RNA was prepared and analysed by 
Northern blotting. The probe chosen for this analysis was a 400bp HindlU fragment from 
the 3' end of the BiP gene. This is a region of minimal homology to other members of the 
hsp70 family and would therefore be specific for BiP. In unstressed cells a single message 
of -2 .5kb was present (figure 28, lane 1). Within 10 minutes of a shift from 30°C to 
39°C the level of this message increased several-fold (lane 2). After 30 minutes at 39°C 
an additional smaller message of ~2.4kb was present and the level of the larger message 
was reduced compared to the 10 minute time point (lane 3). A similar pattern of BiP 
messages was observed after 1 hour at 39°C (lane 4). Treatment with 0.1pg/ml 
tunicamycin (an inhibitor of N-linked glycosylation) for 2 hours caused the disappearance 
of the larger message and an induction of the smaller message (lane 5). Cells treated for 2 
hours with the calcium ionophore A23187 at IOOjiM (lane 6) or 2-deoxyglucose at lOmM 
(lane 7) contained both BiP messages.

For comparison the regulation of an S. pombe hsp70 gene (clone D17; Chapter 3) 
was also investigated. Figure 29 shows a Northern blot which has been hybridised with 
the BiP probe (lanes 1-3) and then stripped and rehybridised with the hsp70 fragment 
(lanes 4-6). Unstressed cells contain a single hsp70 mRNA species (lane 4) which is
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Figure 28 : Analysis of  BiP m RN A
1 2  3 4 5 6 7
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l e v e l s

Total RNA was separated by electrophoresis 
in a 1.5% agarose-2.2M formaldehyde gel, 
transferred to nylon membrane and hybridis
ed with a 400bp //m d lll fragment from the 
3' end of the BiP gene. 8pg RNA was 
loaded in each track; lane 1, control cells 
grown at 30°C; lane 2, 10 min shift to 39°C; 
lanes 3 and 4, 39°C for 30 min or 1 hour 
respectively; lane 5, 2 hours in 0.1pg/ml 
tunicamycin at 30°C; lane 6, 2 hours in 
lOmM 2-deoxyglucose at 30°C; lane 7, 2 
hours in lOjaM A23187 at 30°C. Approxim
ate position of the 18S and 28S ribosomal 
RNAs are indicated.

Figure 29 : Comparison o f  BiP and

hsp70 m R N A  levels B i P  HSP70

Cells were subjected to various treatments: _________ ________
NT, 30°C; HS, 30 min shift from 30°C to eh co £  eh co 2

39°C; TM, 2 hours in 10pg/ml tunicamycin s  h  2  x  eh
at 30°C. Total RNA was prepared, separat
ed by electrophoresis in a 1.5% agarose- 
2.2M formaldehyde gel, transferred to 
nylon membranes and hybridised with a 
400bp H indlll fragment from the 3' end of 
the BiP gene (lanes 1-3). The membrane 
was stripped and rehybridised with a 1.7kb 
fragment from an S. pom be  hsp70 gene 
(clone D17; lanes 4-6).

CO 2 Eh CO
X Pi 2 X

2 3 4 5

9

Figure 30 : Effect of  s tress on BiP  

protein levels
Eh CO 0  2  ^  ,, , . ,z  x  < q  eh Cells were subjected to various treatments:

NT, 30°C; HS, 30 min shift from 30°C to 
4 5 39°C; A, 2 hours in IOjiM A23187; DG, 2

hours in lOmM 2-deoxyglucose; TM, 2 
hours in lpg/ml tunicamycin at 30°C. Cells

-  - -   were labelled with 35S-sulphate for the last
30 min of incubation. After lysis, proteins 
were precipitated with JARM 13 anti-serum 
Samples were analysed by 8% SDS-PAGE  
and fluorography.
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midway in size between the two BiP messages (the two forms of BiP mRNA are not as 
well separated as in the previous figure because the gel had not been run as long). As 
expected, the level of hsp70 mRNA is increased when cells are incubated at 39°C (lane 5) 
and the message remained the same size as in unstressed cells. In contrast to the BiP 
mRNA (lane 3), hsp70 is not induced by A23187 (lane 6), and in fact it appears to be 
present at a reduced level compared to untreated cells.

5.3. Analysis of BiP protein levels
The levels of BiP protein in stressed and unstressed cells was determined by 
immunoprecipitation. Cells were incubated for 30 min at 39°C or for 2 hours at 30°C in 
the presence of various agents. 35S-sulphate was added to label cells for the last 30 min of 
the incubation. Cells were lysed and BiP protein immunoprecipitated with JARM 13 anti
serum. Unstressed cells contain two species of 75-80kD (figure 30, lane 1) which 
represent the glycosylated and unglycosylated forms of BiP. The most striking increase in 
the level of BiP protein is seen in cells which have been subjected to heat-shock (lane 2). 
Treatment with tunicamycin (lane 5) caused the disappearance of the upper glycosylated 
band which is consistent with the action of tunicamycin as an inhibitor of N-linked 
glycosylation; there is a moderate increase in the level of unglycosylated protein. A23187 
does not appear to cause an increase in the level of BiP (lane 3). 2-deoxyglucose appears 
to cause a reduction in the level of BiP (lane 4), however, under these conditions protein 
synthesis is greatly inhibited (not shown) so this probably represents an induction of BiP 
relative to other proteins.

5.4. Discussion
Like mammalian BiP, S. pombe BiP mRNA is induced by tunicamycin, A23187 and 2- 
deoxyglucose. Tunicamycin prevents N-linked glycosylation by inhibition of the 
formation of dolichyl-PP-GlcNAc (Elbein, 1987). The calcium ionophore A23187 alters 
the intraluminal calcium concentration which may inhibit glycosylation or affect BiP's 
ability to interact with nascent proteins. 2-DG is a glucose analogue which exerts a variety 
of effects upon cellular metabolism, including inhibition of glycoprotein processing 
(Scholtissek, 1975). Therefore, S. pombe BiP mRNA levels are affected by agents which 
cause an accumulation of underglycosylated proteins in the ER. The most striking effect is 
seen with tunicamycin which causes a huge induction of a smaller message. This differs 
from the situation in human cells, where the effect of tunicamycin on BiP mRNA levels is 
modest compared to those of 2-DG and particularly A23187 (Watowich and Morimoto, 
1988). The effect of various stresses on BiP mRNA and protein levels broadly 
correspond, but some minor differences are apparent. The most striking increase in 
protein level is seen during heat shock and mRNA levels are also greatly increased. The 
induction of BiP protein in response to tunicamycin is not as great as might be expected 
from an analysis of BiP mRNA. Perhaps the disappearance of the normal BiP message
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and the induction of a shorter one may have some bearing on this difference. 
Alternatively, it is possible that BiP is degraded more rapidly in the presence of 
tunicamycin and an induction of BiP message is necessary to maintain a constant or 
moderately induced level of BiP protein. Neither BiP mRNA nor protein levels are greatly 
increased in A23187 or 2-DG, although the function of the smaller message under these 
conditions is unknown.

In contrast to mammalian cells, S. pombe BiP mRNA and protein is induced by 
elevated temperature, which is an effect also observed in budding yeast. The induction 
occurs very soon after shift to 39°C. Initially the level of the message present in 
unstressed cells increases several-fold, then a shorter message appears in addition at later 
time points. No sequences matching the HSE consensus sequence (5'- 
CNNGAANNTTCNNG-5f; Pelham, 1985) could be found in the upstream region of the 
S. pombe BiP gene. However, two sequences with homology to the heat shock regulatory 
element defined in Drosophila (Xiao and Lis, 1988) were apparent in the 5' region of S. 
pombe BiP (see figure 19). These sequences are 5'-TTCTGGAA-3' (at position -248 to - 
255) and 5'-TTCTGGTA-3' (at position -195 to -202) which fit the consensus sequence 
(5,-NTTCNNGAAN-3l) exactly or almost exactly. Similar elements (consensus 5'- 
TTCTAGAA^') are found upstream of several S. cerevisiae heat-shock genes (Tuite et al, 
1988) and in the 5' region of KAR2 (Normington et al, 1989).

In addition to these elements, two TATA boxes (positions -47 and -37) and a 
CCAAT box (position -380) are found upstream of the S. pombe BiP gene (see figure 
19). However, no obvious sequence homology exists between the upstream regions of S. 
pombe BiP and those of mammalian BiP genes. No sequences with similarity to either the 
conserved palindrome important for high basal expression (Resendez et al, 1988), or the 
lObp CCAAT motif required for basal and inducible expression (Wooden et al, 1991), 
could be found in the upstream region of S. pombe BiP. Presumably some other 
sequences are responsible for the inducibilty observed. It is not yet known whether the S. 
pombe hsp70 gene isolated during this work also has a TTCTAGAA element in its 
upstream region.

The appearance of a new shorter BiP message in cells subjected to stress is a 
striking feature of the regulation. During most of the treatments tested both messages are 
observed, but the larger message disappears and the smaller message is massively induced 
in tunicamycin. The structures of the two mRNAs are unknown; the two putative TATA 
boxes upstream of the gene are only lObp apart which would not account for the ~100nt 
difference in size between the two messages. It is possible that the message terminates at a 
different 3' position in stressed and unstressed cells, or that the messages are subjected to 
different post-transcriptional modifications. Detailed mapping of the end points of the two 
messages would be required to determine which, if any, of these suggestions is correct. It 
is possible that a different structure confers some translational advantage on the stress- 
induced message. It is also possible that other post-transcriptional mechanisms may affect
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the levels of BiP mRNA and protein. Such events may contribute to the differences in 
magnitude of effect on mRNA and protein levels.

Thus, it appears that S. pombe BiP mRNA is regulated in a complex manner with 
respect to level and structure, by treatments which are thought to cause an accumulation of 
underglycosylated or abberantly-folded proteins in the ER. Correspondingly, BiP protein 
levels are also affected by these treatments.
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Chapter 6 

Sorting of luminal ER proteins
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6.1. Introduction
The first clue to the identity of a retention signal for luminal ER proteins came from a 
comparison of mammalian BiP, PDI and GRP94 sequences. Although the proteins 
showed no homology over most of their length, they all had the tetrapeptide KDEL at their 
C-termini (Munro and Pelham, 1986; Munro and Pelham, 1987). This sequence was 
shown to be both necessary and sufficient for ER retention (Munro and Pelham, 1987). 
KDEL or related sequences have been found at the C-termini of luminal ER proteins from 
a number of species (Pelham, 1989; Pelham, 1990) and a list of some of these is 
presented in Table 2. Some of these sequences have been shown to function as ER 
retention signals when attached to otherwise secreted proteins, and it is assumed that other 
C-terminal sequences which have not been tested will also act as retention signals.

The sequences most commonly found are KDEL on mammalian proteins and 
HDEL on proteins from budding yeast and some other species. It was somewhat 
unexpected that S. pombe BiP should have a novel amino acid at the -4 position. It was 
important to determine whether the ADEL sequence could act as a retention signal in S. 
pombe and to investigate the sequence constraints on such a sorting signal. C-teiminally 
altered versions of the secretory protein acid phosphatase were employed to investigate ER 
localisation in S. pombe.

6.2. ADEL acts as an ER retention signal in S. pom be
A reporter protein was required to determine whether ADEL was sufficient to direct ER 
retention in S. pombe. Since acid phosphatases are the only S. pombe secretory proteins 
that have been well characterised this was the natural choice. S. pombe contains two 
immunologically related acid phosphatases (Maundrell et al, 1985; Schweingruber et al, 
1986a; Schweingruber et al, 1986b), and the genes for both these proteins have been 
cloned (Elliott et al, 1986; Yang and Schweingruber, 1990). The phol gene is phosphate 
repressible (Maundrell et al, 1985) and the pho4  gene is thiamin repressible 
(Schweingruber et al, 1986b); the pho4 protein is normally present in cells at a much 
lower level than phol. On Western blots of microsomes from tunicamycin treated cells 
pho4 is seen as a 56kD band. There are 10 potential N-linked glycosylation sites in pho4 
and the protein is normally present in cells as heterogeneously glycosylated high molecular 
weight species (Schweingruber et al, 1986b; Yang and Schweingruber, 1990).

The pho4 gene was extended at its 3' end so that the encoded protein terminated in 
ADEL or one of two random sequences, DYFD or EKSG. These fusion protein 
constructs (AP-ADEL, AP-DYFD and AP-EKSG, respectively) were expressed from the 
adh promoter on a multicopy plasmid pEVPl 1 in strain ESI which contains a deletion of 
the p h o l gene. Cells were grown in media containing 5pM thiamin to repress pho4. 
Protein extracts were made by the spheroplast method, which recovers internal protein 
only; acid phosphatase which had been secreted and was trapped beneath the cell wall
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Protein Sequence Species

BiP KDEL
HDEL
SDEL

PDI KDEL
HDEL

GRP94 KDEL
HDEL

Colligin RDEL
ERp72 KEEL
auxin binding protein KDEL
60kD esterase I HIEL
60kD esterase II HTEL

rat, human, hamster, C. elegans, Drosophila 
S. cerevisiae, C. elegans 
P.falciparum

rat, human, mouse 
S. cerevisiae

hamster, human, mouse 
S. cerevisiae, K. lactis

rat
mouse
maize
rabbit
rabbit

Table 2 : C-terminal sequences of some luminal ER proteins

Adapted from Pelham 1990.
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EKSG DYFD ADEL DDEL HDEL KDEL
1 2 3 4 5 6 7 8 9 10 11 12 13 14

E n d o  H -  + -  + -  + -  + -  + -  + -  +

Figure 31 : Sort ing o f  C-t erm in a l ly  ex tended  pho4 fus ion protein s

Cells were grown in the presence o f thiamin. Protein extracts were prepared and 
incubated overnight in the presence (even-numbered lanes) or absence (odd-numbered 
lanes) o f endoglycosidase H, separated by 8% SDS-PAGE and analysed by Western 
blotting using the 7B4 mAb. Each lane contains lysate from 3 x 106 cells. The positions 
o f marker proteins are indicated in kilodaltons.
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would be lost. Extracts from ESI cells and from cells expressing AP-ADEL, AP-DYFD 
7 and AP-EKSGjwere incubated in the presence or absence of endoglycosidase H and analysed 

by Western blotting. Under these growth conditions the strain ESI contains no material 
cross-reacting with the 7B4 anti-acid phosphatase antibody (figure 31, lanes 1 and 2) 
since phol is deleted and pho4 is repressed by thiamin. No cross-reacting material was 
seen in cells expressing AP-EKSG (lane 3) and AP-DYFD (lane 5) unless N-linked 
oligosaccharides were removed with endoglycosidase H (lanes 4 and 6) to produce a 
~55kD species. In samples not treated with endoglycosidase H, heterogeneous high 
molecular weight carbohydrate side chains may prevent acid phosphatase from entering 
the gel, or cause it to migrate as a very diffuse smear which is not detectable with the 
antibody. Cells expressing AP-ADEL contained an ~80kD species (lane 7) which 
presumably represents a core-glycosylated form of acid phosphatase. This was shifted to 
~55kD upon treatment with endoglycosidase H (lane 8). The AP-DYFD and AP-EKSG 
proteins are subject to heterogeneous high molecular weight modifications associated with 
passage beyond the ER whereas the majority of the AP-ADEL protein is present in the 
core-glycosylated form, suggesting that it has been retained in the ER. Although extracts 
from equal numbers of cells were loaded in each track, the total cellular acid phosphatase 
as revealed by endoglycosidase H digestion appears to be greater in the cells expressing 
AP-ADEL than in those expressing AP-EKSG and AP-DYFD. This effect is probably due 
to an accumulation of the AP-ADEL protein in the cell due to its ER-retention whereas the 
AP-DYFD and AP-EKSG proteins are secreted. Although secreted acid phosphatase is 
trapped between the plasma membrane and the cell wall, this material would be lost upon 
conversion of the cells to spheroplasts.

6.3. Other sequences can also direct ER retention
To further define the requirements for an ER retention signal in S. pombe, the sequences 
found at the C-termini of luminal ER proteins from several other species, KDEL from 
mammalian cells, HDEL from S. cerevisiae and DDEL from K. lactis were tested. These 
sequences were fused to the C-terminus of acid phosphatase and analysed as described 
above. Extracts from cells expressing AP-DDEL, AP-HDEL and AP-KDEL all contained 
a ~80kD band (figure 31, lanes 9, 11 and 13). Upon endoglycosidase H treatment (lanes 
10,12 and 14), a ~55kD band of greater intensity than the ~80kD band was apparent The 
relative intensities of the AP-DDEL, AP-HDEL and AP-KDEL ~80kD bands varied 
between experiments and it is therefore difficult to use this method of analysis for a 
quantitation of the relative efficiencies of the individual sequences. However, the ~80kD 
band was consistently stronger for AP-ADEL (see lane 7) than for the other C-terminal 
sequences. These results indicate that all these signals can be recognised in S. pombe. 
There appears to be an internal accumulation of AP-XDEL (lanes 8, 10, 12, 14) proteins 
compared to AP-DYFD and AP-EKSG (lanes 4 and 6).
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6.4. Discussion
The sequence found at the C-terminus of S. pombe BiP, ADEL, is able to mediate the ER 
retention of acid phosphatase, a protein which is normally secreted. The ER retention was 
manifested as an accumulation of the core glycosylated form of acid phosphatase. It was 
also noted that there appeared, by Western blotting, to be an intracellular accumulation of 
retained versus non-retained variants of acid phosphatase.

The sequences KDEL, HDEL and DDEL in addition to ADEL were able to direct 
ER retention of acid phosphatase. However, by Western blotting, the efficiency of 
retention did appear to be lower with these sequences. Sequences which vary at the -4 
position have also been tested in other species and a summary of the available data is 
shown in Table 3. Pelham and colleagues showed that KDEL does not function in S. 
cerevisiae and HDEL does not function in mammalian cells when attached to lysozyme 
(Pelham et al, 1988). Other researchers have found that egasyn-esterase which has the C- 
terminus HTEL is retained in COS cells (Novak et al, 1991). The apparent discrepancy 
between these results may be explained by the utilisation of different reporter proteins 
which may have different properties (such as secretion rate in the absence of C-terminal 
retention sequences). The BiP gene of the yeast K. lactis has DDEL at its C-terminus, but 
K. lactis Erd2p efficiently retains HDEL in addition to DDEL, and this observation was 
exploited to provide evidence that the Erd2 protein is the XDEL receptor. A detailed 
analysis of the amino acid requirements at each of the four positions in the KDEL 
sequence for retention has been made in mammalian cells (Andres et al, 1990). It appears 
that the C-terminal leucine residue, and an acidic residue at the -2 position are critical for 
retention.

The possible influence of sequences upstream of XDEL on ER retention must also 
be considered. It is clear that while attachment of an XDEL sequence onto a protein which 
is normally rapidly secreted is sufficient to cause its retention, C-terminally truncated BiP 
is secreted only slowly (Munro and Pelham, 1987). These observations suggest that an 
additional mechanism, probably dependent on the structure and properties of endogenous 
luminal ER proteins, operates to ensure that these proteins do not leave the ER rapidly. It 
also indicates that results of experiments using different reporter proteins must be 
interpreted with care.

The fact that various sequences are able to cause ER retention in 5. pombe can be 
interpreted in at least two ways. It may suggest that other S. pombe luminal ER proteins 
such as PDI have a C-terminal sequence different to ADEL, and the ability to retain eg 
KDEL reflects the need to retain endogenous proteins bearing this sequence. There are 
precedents for the existence of multiple XDEL sequences in single species. C. elegans has 
two BiP-like proteins, one of which ends in HDEL, the other in KDEL (Pelham, 1989). 
Anti-HDEL antibodies detect at least one protein in K. lactis extracts (Lewis et al, 1990), 
though K. lactis BiP is known to end in DDEL (Lewis and Pelham, 1990a). These anti- 
HDEL antibodies do not cross-react with any S. pombe proteins on a Western blot (Lewis
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K H D A

mamm (cos)a +++ -( + ) d + NT

S. cerevisiaeb - +++ - NT

K. lactis0 - +++ +++ NT

S. pombe + + + +++

Table 3 : C-terminal sequences which direct ER retention in various 
species
The table summarises the effects of substitutions at the -4 postion on ER retention. 
Information is from: a Pelham et al, 1988; Lewis and Pelham, 1992.b Pelham et al, 
1988; Lewis et al, 1990. c Lewis et al, 1990; sequences were tested in S. cerevisiae 
using K. lactis ERD2. d HDEL does not retain lysozyme (Pelham et al, 1988) but mouse 
egasyn-esterase which has HTEL is retained (Novak et al, 1991). NT, not tested.
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et al, 1990). The question of whether other S. pombe luminal ER proteins bear sequences 
other than ADEL, will only be answered with the cloning of genes for these proteins. An 
alternative explanation is that there is only a weak constraint on the residue at the -4 
position. Alanine is an uncharged amino acid, whereas aspartate is acidic and lysine and 
histidine are basic amino acids. This may imply that although alanine is the preferred 
residue, other amino acids can substitute, or it may indicate that the requirement for an ER 
retention signal in S. pombe is DEL, with upstream residues having only minor influence. 
A detailed mutational analysis of the ADEL sequence, particularly the -4 position would 
have to be made to shed further light on this question. It is possible that a small or charged 
amino acid is required, and that amino acid with large aromatic side chains such as 
tryptophan, would not work. Identification of an S. pombe homologue of ERD2 might 
also help define the requirements for an ER retention signal, if experiments similar to 
those performed with the K. lactis ERD2 homologue could be carried out (Lewis et al, 
1990).

Compared to AP-ADEL (lane 7) a relatively small amount of core-glycosylated 
acid phosphatase is present in cells expressing the DDEL, HDEL and KDEL proteins 
(lanes 9, 11 and 13). However, comparison of the endoglycosidase H treated samples 
from these cells (lanes 10, 12, 14) with those from cells expressing EKSG and DYED 
fusion proteins (lanes 4 and 6) indicates that there is a significant intracellular 
accumulation of the XDEL proteins. A model for the localisation of luminal ER proteins in 
yeast was proposed by Dean and Pelham (1990) in which escaped ER proteins could be 
recycled back from successive Golgi compartments. By this model, the accumulation of 
the core-glycosylated form of ADEL bearing fusion protein would be due to its efficient 
recognition by a receptor and rapid recycling back from an early Golgi compartment 
before modification by Golgi enzymes. Perhaps the other XDEL sequences are only 
weakly recognised and their recycling occurs less efficiently and from later compartments 
of the Golgi, allowing Golgi-specific modifications to occur. These suggestions could be 
tested by fractionation studies to determine the subcellular locations of the various fusion 
proteins. The question of whether these proteins are recycled from the Golgi to the ER 
might be addressed by labelling cells with fluorophore-conjugated lectins. BSL-I lectin is 
specific for terminal galactose residues which are thought to be added in the trans Golgi. 
This lectin is expected to label the Golgi in wild-type cells. If recycling of AP-XDEL 
proteins occurs from the late Golgi, BSL-I lectin would be expected to label the ER in 
addition to the Golgi in cells expressing these proteins.
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Chapter 7 

Structure of the ER
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7.1. Introduction
BiP is a very abundant protein of the ER lumen. The availability of antibodies to the BiP 
protein should provide the first marker for the endoplasmic reticulum in S. pombe and 
allow the structure of the ER to be analysed. Such a marker will be useful for both double 
labelling experiments when attempting to localise new antigens and for fractionation 
experiments.

The structure of the ER has been studied in detail in mammalian cells using both 
fluorescent dyes and specific antibodies (eg Louvard et al, 1982; Lee and Chen, 1988). 
The ER in mammalian cells is continuous with the nuclear envelope and consists of 
interconnecting tubules spreading out through the cytoplasm in a network of polygons. 
The reticular nature of the ER has been shown to be dependent on the microtubule 
cytoskeleton (Terasaki et al, 1986; Lee and Chen, 1988; Lee et al, 1989). Experiments in 
vitro suggest that microtubule motor proteins are responsible for the attachment and 
elongation of ER tubules along microtubules (Dabora and Sheetz, 1988). In some other 
organisms the actin cytoskeleton has been implicated in the structure and function of 
secretory organelles. ER tubules can be observed moving along actin cables in Characean 
algae (Kachar and Reese, 1988). In S. cerevisiae, the actin cytoskeleton is required for 
targeting of secretory vesicles to the bud (Novick and Botstein, 1985). The ER of S. 
cerevisiae has been studied using anti-Kar2p antibodies which label the nuclear envelope, 
and strands around the cell periphery and through the cytoplasm by light level 
immunofluorescence (Rose et al, 1989; Preuss et al, 1991). These antibodies have also 
been used for immuno-electron microscopy, and labelling of the nuclear envelope and 
tubules was observed (Preuss et al, 1991).

7.2. Immunofluorescence studies of the ER
The structure of the ER was studied in cells expressing the myc-tagged protein using the 
9E10 monoclonal antibody and in wild-type cells using JARM 13 anti-serum. A number 
of fixation protocols were tested. Formaldehyde fixation appears to give the best 
preservation of cellular structures as observed by phase-contrast light microscopy. It also 
gives excellent staining of the ER and is therefore the method of choice. Paraformaldehyde 
fixation also gave very good ER labelling, but the preservation of cellular structures was 
not as impressive. Fixation with -20°C methanol gave variable ER labelling. Cells fixed 
with methanol are poorly preserved.

The left hand panels of figure 32 show fields of paraformaldehyde fixed cells of 
strain 556BM stained with the 9E10 antibody, and the right hand panels show DAPI 
nuclear staining of the same cells. The level of BiP-myc expression varies greatly and this 
presumably reflects the variation in copy number of the expression plasmid. Figure 33 
shows a field of formaldehyde-fixed wild-type cells labelled with JARM 13 anti-serum 
and again DAPI nuclear staining is also shown. Using both 9E10 and JARM 13 indicates

132



Figure 32 : I m m u n o io ca l i sa t io n  o f  ep i to p e - t a g g ed  BiP

5. pom be  cells containing pEB9 were fixed with paraformaldehyde and processed for 
immunofluorescence. The panels on the left show labelling o f cells with 9E10; panels on 
the right show DAPI staining o f the nuclei. The scale bars represent 10pm.
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Figure 33 : Immunoiocal isat ion o f  BiP with J A R M  13 ant ibodies

Wild-type S. pom be  cells were fixed with formaldehyde and processed for immuno
fluorescence. The top panel show's labelling with JARM 13 anti-serum. The bottom panel 
show's DAPI staining o f the nuclei. The scale bar represents 10pm.
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Figure 34 : Confocal images of  cells labelled with J A R M  13 ant i -serum

Wild-type S. pombe  cells were fixed with formaldehyde and processed for 
immunofluorescence. Labelled cells were analysed by confocal microscopy. The scale 
bar represents 2fim.
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a  b  c  d  e  f  g

Fi gure  35 : Im munoiocal isa t ion  o f  B iP  through the cell  cyc le

Log phase cells were fixed with formaldehyde and processed for immunofluorescence 
with JARM 13 anti-serum. Confocal images o f cells at progressive stages o f the cell cycle 
are presented. Immunoiocalisation o f BiP allows the behaviour o f  the ER to be analysed 
through the cell cycle. The scale bar represents 2pm.
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that BiP is localised to the nuclear envelope, in strands through the cytoplasm and around 
the cell periphery. This type of staining pattern is seen in S. cerevisiae using anti-Kar2p 
antibodies (Rose et al, 1989; Preuss et al, 1991).

Labelled cells were also analysed by confocal microscopy and a number of the 
images obtained are shown in figure 34. The distribution of BiP staining was analysed 
through the cell cycle and this is shown in figure 35. Like other fungi, S. pombe has a 
closed mitosis: the nuclear envelope does not break down at mitosis and the spindle forms 
inside the nuclear envelope. The cell in (a) has just divided from its sister cell; staining of 
the nuclear envelope and peripheral ER is apparent. Cell growth occurs at the ends of the 
cell (b and c) with cell length increasing from 7 to 14pm through the cell cycle. Early in 
anaphase when the chromosomes begin to separate, the nucleus elongates and this is seen 
by the shape of the nuclear envelope staining in (d). As the spindle elongates in anaphase 
B the nuclei move apart as shown in (e) and (f). In (e) staining which appears to 
correspond to two thicknesses of nuclear envelope membrane is seen stretching between 
the nuclei. The nuclei in fact move almost to the ends of the cell before they return to the 
centre of the two incipient daughter cells which is shown in (g). By this time the nuclear 
envelope which was stretched out between the two nuclei has virtually disappeared. The 
fate of this membrane is unknown; it may shrink back around the two new nuclei, or form 
a cytoplasmic strand of ER, or be degraded. There is a striking concentration of ER 
staining at the equator of cells which are about to divide or which are dividing (see e and 
g). Some additional confocal images of this phenomenon are presented in figure 36. An 
accumulation of ER can also be seen at the cell equator in dividing cells by electron 
microscopy, as shown in figure 37 (kindly prepared by Rose Watson). The identity of the 
tubular membrane structures between the forming cell plates can not be (unambiguously — 
identified as ER but they do appear similar to those seen around tliecell periphery. Also,
ER tubules are not seen in this region in all dividing cells by EM.

In addition to the features of ER structure described above, a distinct reticular 
component to the labelling is apparent by light and confocal microscopy. This was 
observed in cells labelled with the 9E10 and JARM 13 antibodies and is shown in figures 
38 and 39 respectively. The reticular pattern of labelling was seen in the peripheral regions 
of the cell, not in the central regions of the cell. Panels A to C in figure 38 show three 
sections through a single cell. The sections are approximately 1pm apart and the reticulum 
is seen in the outer sections (A and C), whilst the nuclear envelope is apparent in the 
central section (B). The reticulum resembles that seen in mammalian cells and consists of 
strands and polygons which are 0.5 - 1pm across; this is seen most clearly in the cell in 
figure 38G and in the cells shown in figure 39.
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Figure 36 : Confoca l  im ages  s h o w ing  co nce ntra t i on  o f  ER stai n in g  at the  

cell equator

Log phase cells were fixed with formaldehyde and processed for immunofluorescence 
with JARM 13 anti-serum. Cells in the process o f  dividing were analysed by confocal 
microscopy. The scale bar represents 2pm.
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Figure 37 : Electron micrograp h show ing  ER tubules  at the cell  eq u ato r  in 

a divid ing  cell

Cells were fixed with potassium permanganate and processed for EM (performed by 
Rose Watson). Structures are labelled as follows. CP: new cell wall, ER: tubules o f ER 
in vicinity o f  plane o f division, N: nucleus. The scale bar represents 1pm.
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Figure 38 : Confoca l  im ages  o f  ret i culum in ce l ls  expre ss ing tagged BiP

Log phase cells containing pEB9 were fixed with paraformaldehyde and processed for 
immunofluorescence with 9E10 monoclonal antibody. A-G show confocal images o f  
labelled cells. A, B and C are three sections through a single cell ~ lp m  apart. D-F show  
the reticular structures in 3 different cells. G is an enlargement o f the cell shown in A. 
The scale bar in A and G represent 2pm and 1pm respectively.
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Figure 39 : Confocal  images  of reticulum in wi ld-type cells

Log phase cells were fixed with formaldehyde and processed for immunofluorescence 
with JARM 13 anti-serum. The panels show ER labelling in the peripheral regions of 
cells. Scale bar represents 2pm.
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7.3. Investigation of the role of the cytoskeleton in ER structure
In mammalian cells the reticular structure of the ER is dependent on the microtubule 
cytoskeleton. The involvement of the cytoskeleton in the maintenance of the reticular 
structure on the S. pombe ER was investigated. The microtubule and actin cytoskeletons 
of S. pombe have been studied in some detail (Marks and Hyams, 1985; Hagan and 
Hyams, 1988; Marks et al> 1986). Diagrams of the cell cycle distribution of tubulin and 
actin are presented in figure 40. Interphase S. pombe cells contain about 8 cytoplasmic 
microtubules (as observed by immunofluorescence) which are longitudinally arranged. At 
mitosis the cytoplasmic microtubles break down and the intranuclear spindle is formed 
between the duplicated spindle pole bodies. Towards the end of mitosis, just before cell 
division, the cytoplasmic microtubles are re-established from MTOCs at the equator of the 
cell. F-actin is mainly present as dots which localise to the growing ends of the cell where 
new cell wall is being deposited. As the spindle forms, a ring of actin is present around 
the nucleus. Before and during septation, actin dots and filaments are localised to the 
equator of the cell.

The fact that MTOCs re-establish cytoplasmic microtubules at the same time and in 
the same region of the cell as the concentration of ER staining is seen suggested that these 
structures might have a functional relationship. However, analysis of methanol fixed cells 
which have been double labelled for tubulin and BiP indicates that these structures do not 
precisely colocalise but that they appear to be adjacent to one another (not shown). No 
significant colocalisation of ER strands and cytoplasmic microtubules was seen either (not 
shown). The structure of the ER was assessed in nda2 (a tubulin mutant) and nda3 ({3 
tubulin mutant) cells at the restrictive temperature (18°C). Cytoplasmic microtubules 
disappear in nda mutants at the restrictive temperature; cells are able to survive but become 
blocked in mitosis because they are unable to form a mitotic spindle (Yanagida, 1989). No 
gross differences in ER structure were noted at the restrictive temperature (figure 41). 
Examination by light level and confocal microscopy indicated that the reticular structure 
was intact Cells were also treated with the microtubule-disrupting drug thiabendazole for 
various times (figure 42). Cells treated in such a way can not undergo mitosis because 
they are unable to form a spindle (Erard and Barker, 1985). However, the ER appeared to 
be similar to that in untreated cells and the reticulum was still apparent in most cells. 
Therefore, there appears to be no evidence for the involvement of microtubules in the 
formation and maintenance of the structure of the ER in S. pombe. Cells were also treated 
with Cytochalasin D, a drug which is known to depolymerise actin in S. pombe (Kobri et 
aU 1989). Cells round up, are unable to proceed through mitosis and cell wall deposition 
is inhibited or disorganised. The only consistent difference seen between the ER in 
untreated and cytochalasin D treated cells was that the staining of the peripheral regions of 
ER became relatively more intense compared to the nuclear envelope after long incubations 
in cytochalasin D (figure 43). The cells in panels 43B and C were photographed (a 1 sec
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ACTIN

Figure 40 : Schematic representation of changes in actin and  tubulin
distribution through the cell cycle of 5. pombe
Several stages in the cell cycle are shown. The nucleus is represented by a circle. 
Tubulin : In interphase cells, several microtubules run parallel with the longitudinal axis. 
At mitosis, the cytoplasmic microtubules disappear and an intranuclear spindle forms 
between the duplicated spindle pole bodies. As the spindle elongates in anaphase, astral 
microtubules are also apparent The spindle then breaks down and cytoplasmic 
microtubules are re-established from MTOCs at the equator of the cell.
Actin : In newly divided cells, actin is localised in dots and patches at the growing 
('old') end of the cells. Coincident with the onset of bipolar growth, actin is found at 
both ends of the cell. Fine actin filaments are sometimes seen along the longitudinal 
axis. At mitosis actin redistributes to an equatorial ring, which is seen as dots at 
cytokinesis. After cell division, actin redistributes from the 'new' end to the 'old' end. 
Adapted from Hagan and Hyams, 1988; Marks et al, 1987.
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Figure 41: The ER in tida mutant cells

Ncla2 and nda3 cells were incubated at the permissive (32°C) or restrictive (18°C) 
temperatures for 3 hours in YPD. Cells were fixed with formaldehyde and processed for 
immunofluorescence using JARM 13 anti-serum. Panel A shows ndal  cells which had 
been incubated at the permissive temperature. Panels B and C show nda2 andnda3 cells 
which had been incubated at the restrictive temperature, respectively.

Figure 42 : Effect of  thiabendazole on the ER

Wild-type cells were grown at 30°C in YPD which contained 0.5% DMSO (panel A) or 
50|ig/ml thiabendazole for 3 hours (panel B) or 6 hours (panel C). Cells were fixed with 
formaldehyde and processed for immunofluorescence using JARM 13 anti-serum.

Figure 43 : Effect of  Cytochalasin D on the ER

Wild-type cells were grown at 30°C in YPD which contained 0.3% DMSO (panel A) or 
30pg/ml Cytochalasin D for 6 hours (panels B and C). Cells were fixed with formalde
hyde and processed for immunofluorescence using JARM 13 anti-serum. The scale bars 
in figures 41, 42 and 43 represent 10pm.
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exposure compared with 5 sec in 43A) to highlight the difference in intensity of the 
nuclear envelope and peripheral labelling; the peripheral labelling is much stronger than in 
untreated cells. A reticular structure was still apparent at the periphery by confocal 
microscopy (not shown).

No particular differences in the structure of the ER from that seen in untreated cells 
was noted by EM of cells which had been treated with either cytochalasin D or 
thiabendazole (not shown).

7.4. Immunoelectron microscopy
Immuno-EM methods for yeasts have only recently been developed. Nasser Hajibagheri 
has developed immuno-EM techniques for S. pombe. Cells are fixed with glutaraldehyde 
and embedded in Lowicryl at low temperature. JARM 13 anti-serum was used to label 
sections of wild-type S. pombe cells. One of the major problems for immuno-EM in yeast 

 ̂ is the cell wall. Rabbit sera generally contain many anti-carbohydrate antibodies whichi '/
cross react with the carbohydrate in the yeast cell wall. To diminish this background 
staining, JARM 13 anti-serum was incubated twice for one hour against paraformaldehyde 
fixed whole S. pombe cells. One of the sections obtained is shown in figure 44. A few 
gold particles are present in the cell wall region. Several gold particles lie on or adjacent to 
the nuclear envelope. Gold particles are also seen on tubular structures in other regions of 
the cell but these can not be unambiguosly identified as ER. In addition, there are a 
number of gold particles on other organelles (mitochondria, Golgi, vacuole) and in the 
cytoplasm. Approximately one third of the total gold particles are present on the nuclear 
envelope which represents only about 4% of the area of the section. Some of the other 
sections did not show nuclear envelope labelling. However, these results are encouraging 
and further work may improve labelling with the anti-BiP antibody.

7.5, Discussion
The availability of antibodies to the luminal ER protein BiP provide a marker for that 
organelle in S. pom be. These antibodies will be useful for double label 
immunofluorescence; the fact that both rabbit anti-sera and the 9E10 mouse monoclonal 
antibody can be employed means that a wider range of antibodies to new antigens can be 
tested for colocalisation with BiP. These antibodies will be a useful tool as a marker for 
the ER in fractionation experiments and perhaps also if BiP is used as a luminal marker for 
protease protection experiments. They will also facilitate subsequent studies of the biology 
of BiP itself in fission yeast.

Immunofluorescence experiments with the 9E10 and anti-BiP antibodies has 
allowed the structure of the ER in S. pombe to be investigated. Labelling of the nuclear 
envelope, cytoplasmic strands and peripheral regions of the cell is observed, and this 
corresponds to the structure of the ER reported in S. cerevisiae (Rose et al, 1989; Preuss 
et al, 1991). In cells which are in the process of dividing, a concentration of BiP staining
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Figure 44 : Imm unoelec tron  microscopy using J A R M  13 ant i -serum

Cells were processed for immuno-EM as described in the Materials and Methods 
(performed by Nasser Hajibagheri). Arrows indicate the positions o f gold particles. 
Organelles are labelled as follows. N: nucleus, NE: nuclear envelope, CW: cell wall, G: 
Golgi, V: vacuole, M: mitochondrion, T: tubule. The scale bar represents 1pm.



is apparent at the cell equator. This presumably represents ER being laid down in regions 
which will soon contain new cell wall and plasma membrane ie peripheral regions of the 
new cells. The presence of ER tubules in this area can also be observed in electron 
micrographs of permanganate fixed dividing cells. In addition to this pattern a distinct 
reticular structure is seen in the peripheral regions in the cell and this is most readily 
observed by confocal microscopy.

In mammalian cells microtubules are required for the formation and maintenance of 
the reticular structure of the ER. In other organisms the ER has been observed to be 
associated with actin cables. Although the distribution of microtubules and F-actin in S. 
pombe cells is such that it is possible to envisage the construction of a tubular network on 
these cytoskeletal structures, no evidence has yet been obtained to indicate that this is the 
case. At the end of mitosis, cytoplasmic microtubules are re-established from MTOCs at 
the equator of the cell (Marks et al, 1986). The temporal and spatial characteristics of this 
event resemble those of the concentration of ER staining in dividing cells. However, 
double labelling experiments indicate that these structures do not precisely colocalise, 
though they are present in the cell during the same period. Conditions were sought which 
would specifically affect the structure of the S. pombe ER. Disruption of the microtubular 
cytoskeleton either in nda mutants at the restrictive temperature or in the presence of 
thiabendazole does not appear to have a specific effect on the structure of the ER. At 
present therefore it must be concluded that microtubules are probably not involved in the 
maintenance of the reticular structure of the ER in S. pombe. The actin depolymerising 
agent, cytochalasin D, did not grossly affect the structure of the ER either and the 
reticulum was still apparent. The only difference noted in these conditions compared to 
untreated controls was that the peripheral ER staining appeared to become much stronger, 
but the nuclear envelope staining did not. The significance of this observation is unknown 
but the increased intensity of staining probably reflects the continued production of BiP 
protein in cells which are no longer able to progress through the cell cycle. Attempts to 
double label the actin cytoskeleton and the ER were unsuccessful so it was not possible to 
determine whether there was any precise colocalisation of actin fibres and dots with ER 
tubules. Inspection of published studies of actin distribution indicated that it was unlikely 
that the two sets of structures would colocalise.

Therefore, no evidence has been obtained to date suggesting that either the actin or 
microtubule cytoskeletons are required for the maintenance of the reticular ER in S. 
pombe. A more detailed analysis and other experiments may be required before it is 
proven that neither of these cytoskeletal systems is involved. What other cellular 
components could be responsible for the formation and maintenance of the structure of the 
ER? The other major cytoskeletal system found in eukaryotic cells is that of intermediate 
filaments (Franke, 1987). This group of molecules includes cytokeratins and lamins. 
Intermediate filaments have not been identified so far in either budding or fission yeast. If 
S. pombe does have intermediate filaments it is possible that they might be involved in the
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structure of the ER. It is also interesting to note the position as well as the structure of the 
ER in an 5. pombe cell; why is it localised to the periphery of the cell adjacent to the 
plasma membrane? Are specific structures required to maintain this positioning?

Immunogold labelling of molecules in mammalian cells is often considered 
necessary to prove unambiguosly their intracellular localisation. Immuno-EM is only just 
becoming available in yeast Methods have been developed for budding yeast; components 
of the cytoskeleton and secretory pathway (including Kar2p and Secl2p) have been 
immunolocalised by EM (Preuss et al, 1991; Nakano et al, 1988). Some promising results 
have been obtained using the anti-BiP antibody to label the ER in S. pombe using this 
method. Improvement of the signal may require the use of alternative fixation conditions.
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Chapter 8 

Ras-like GTP-binding proteins
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8.1. Introduction
It has been proposed that the small ras-like GTP-binding proteins may be involved in the 
specificity of targeting and fusion of vesicles with acceptor compartments and that each 
step in membrane transport will be specified by a different rab/ypt protein (reviewed in 
Balch, 1990; Pfeffer, 1992). Around 20 family members have been identified to date, 
which raises the possibility that multiple rab/ypts are utilised at some stages in transport.

To address the question of whether individual GTP-binding proteins function at 
specific stages in transport our laboratory has set out to identify the family of ypt/rab 
proteins in S. pombe. Fission yeast provides an excellent model for these studies because 
it combines the genetic tractability of S. cerevisiae with morphological features reminiscent 
of mammalian cells, including stacked Golgi structures and division by fission.

The conservation of sequence elements between members of the family in the 
GTP-binding regions has facilitated the identification of many new members of the ras- 
like family. The a  subunits of the heterotrimeric G proteins and ARF proteins have the 
motif DVGGQE, whereas ras, rab/ypt and rho proteins have the sequence DTAGQE. 
Touchot and colleagues used an oligonucleotide probe representing this region and thereby 
isolated the original rab genes from a rat brain library (Touchot et al, 1987; Zahraoui et al, 
1989). This approach has since been used by other laboratories including our own. Five 
ypt genes have been identified in S. pombe in our laboratory using the DTAGQE 
oligonucleotide (Armstrong et al, 1992) and another ypt-like protein, ryhl, has been 
identified using low stringency hybridisation with a rasl probe (Hengst et al, 1990). In 
addition, two non-ypt ras-like genes have been identified in this lab, which are 
homologues of S. cerevisiae CDC42 (Fawell et al, 1992) and RH02. Deborah Sweet and 
Erica Fawell performed the library screening and identified numerous potential ras-like 
genes. Subcloning and sequencing was performed by various members of the laboratory. 
I was involved in subcloning and I sequenced rho2 and ypt4.

8.2. Isolation of genes encoding ras-like GTP-binding 
proteins
Two pools of partially complementary oligonucleotides were prepared which represented 
the conserved sequence DTAGQE. The oligonucleotide sequences were similar to those 
used by Touchot et al (1987) but with some minor modifications (Armstrong et al, 1992). 
S. pombe genomic and cDNA lambda libraries were screened with the mixture of 
oligonucleotides. Approximately 40 positive genomic clones were isolated from four 
genome equivalents. Lambda DNA was prepared from positive clones and analysed by 
Southern blotting using the DTAGQE oligonucleotide probe. An example of such a 
Southern blot is shown in figure 4 5 .1 subcloned the hybridising fragments in clones 24, 
27,29, 32 and 34 and sequenced portions of them using plasmid primers and either of the 
DTAGQE oligonucleotide pools.

Large portions of clones 29, 32 and 34 were sequenced but translation of these
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B

1 6  24 2 5  28  32 33 3 8  + v e  - v e 16 24 25 28 32 33 38 +ve  - v e

F i g u r e  45  : A n a l y s i s  o f  D N A  fr o m  D T A G Q E  p o s i t iv e  l a m b d a  c lon es

(A ) D N A  was made from lambda clones which hybridised with the DTAG Q E  
oligonucleotides (numbers 6 and 7), digested with restriction enzym es and separated by 
electrophoresis in a 1% agarose gel containing ethidium bromide. Num bers refer to the 
lambda clones, +ve is a clone containing \ h c y p t l  gene and -ve is a DTAG Q E negative 
clone. The fo llow in g  restriction enzym es were used: XI6 , B am H l E c o R l’, X24, Bam Hl  
EcoRI; X25, B am H l  EcoRI; X28, B am H l S a il ’, X32, E co R l H indlll;  X38, B am H l  EcoRI; 
X+ve, B a m H l’, X-ve, B am H l.  (B) D N A  fragments were transferred to nylon membrane 
and hybridised with labelled DTA G Q E oligonucleotides. After washing at 61 °C with 
T M A C  buffer, the Southern blot w as exposed to autoradiographic film .
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A

ATCCAAGTAGGXAATTCAATTGTTCCTTTTTCTCAAATATCTTAAAGTTTT
I  QGGTAATTTTTCAGAGACTTCAAAGAAACTTGTGGTCGTAGGAGATGGCGGTTGT

K L V V V G D G G C
g g t a t g g t t g a t a a a t a t a g g t g a a t g a c a g c t g g t c t a a t g t a c t a a t g c t t g

a t g t a t a g g a a a g a c a t g t c t t t t a a t t g t a t t c t c a a g c g g a a c t t t t c c c g a
G K T C L L I V F S S G T F P E

GGTATGGGAATAGATCGAACAATAACTGTTTAAGTGCAGTGTTCATATGATTCA
tgt ap.thagtthap.t t g a a t t a t c t a a g t a t a c t g a t t t c t a a c a t c a t g c tag

AGATATGTGCCTACAGTGTTTGAAATTAATATCACCGATATAACCATATGGGAC
R Y V P T V F E I N I T D I T I W D
CGGAACAGCAAAGTTATTGAACTTGCTTTGTGGGATACTGCTGGTCAAGAGGAA
R N S K V I E L A L W D T A G Q E D
TATGATCGT..............................................
Y D R
TCATCTTTCTCATATTATTTTCTAACATTTTTCTTTCAGTGGTATCCTGAAGTT 
S S F S Y Y F L T F F F Q W Y P E V  
CAACACTTTTGCCCTAGAACTCCCATCGTTCTCGTCGGGCTAAAAGCGGATTTA 
Q H F C P R T P  I V L V G L K A D L  

CGCAAAGATAGGAATGCTACTGAAGTACTAAGAACCCAGGGTTTAACACCAGTA 
R K D R N A T E V L R T Q G L T P V  

AGGTAGGAACAAGTATGTCAATGATAAGCTAACTTTTTTTCTTTCGTTTATTTT 
T Y Q Q

TTTTAACATATTTAGGCTCAATCCGTTGCTTTATCAATTGAACTCAGTCCATTA
TGTCTGAATGCTCTTGCCAAAGAAAACACTGGTGTAAATTGAATGTTTCAACTT
GCTGGTTGGCTCACTATAAAAATCGATTCCAGTTTCTCAAAGTGCTGCGTGATT

B

C MSEKAVRRKLVIIGDGACGKTSLLYVFTLGKFPEQYHPTVFENYVTD— SRVDGIKVS-LTLWDTAGQEEYER 
I I I::I I I I I I I I I I I : I I I I I I I I I I :I I II I I I I I I I I I:I:I

P ............... IQKLVWGDGGCGKTCLLIVFSSGTFPERYVPTVFEINITDITIWDRNSKVIELALWDTAGQEDYDR

C LRPFSYSKADIILIGFAVDNFESLINARTKWADEALRYCPDAPIVLVGLKKDLRQEAHFKENA-TDEMVPI
: I I II I I I I I I I I I I I : I I :

P ............................................. SSFSYYFLTFFFQWYPEVQHFCPRTPIVLVGLKADLRKDRNATEVLRTQGLTPV

C EDAKQVARAIGAKKYMECSALTGEGVDDVFEVATRTSLLMKKEPGANCCIIL 

P TYQQ................................................................................................................................

Figure 46 : Partial sequence of S. pombe rho2 homologue
(A) Partial nucleotide and predicted amino acid sequence of clone 27. Intron consensus 
sequences are underlined. There is a gap in the sequence represented by a dotted line 
(~150bp). (B) Comparison of available amino acid sequence of clone 27 (P) with S. 
cerevisiae Rho2p (C). Identities are indicated by vertical lines and conservative changes 
by double dots. The dotted lines represent sequence missing from clone 27.
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sequences did not indicate that there was any homology to ras-like proteins. Clones 29 
and 34 turned out to be identical and a sequence could be identified which was probably 
responsible for the hybridisation of the oligonucleotide. A long open reading frame was 
identified within clones 29/34, but this had no homology to any known proteins.

Translation of sequence obtained from clone 27 (figure 46A) showed that it had 
homology to rho proteins. The highest degree of homology was to S. cerevisiae Rho2p 
(Madaule et al, 1987); an alignment of the available sequence and Rho2p is shown in 
figure 46B. The S. pombe homologue appears to have several introns (at least 4). 
Sequence corresponding to approximately 60% of the predicted protein was obtained. The 
sequence of this clone was not completed because rho is not a member of the rab/ypt 
family. In humans, three rho proteins have been identified (Madaule and Axel, 1985) and 
they are thought to be involved with the organisation of the actin cytoskeleton (Chardin et 
al, 1989; Paterson et al, 1990). Two rho genes have been isolated in S. cerevisiae, RHOl 
and RHOl (Madaule et al, 1987). Disruption of RHOl is lethal and the Rhol protein has 
recently been localised to the Golgi apparatus in S. cerevisiae (McCaffrey et al, 1991). 
Disruption of RH02 in S. cerevisiae is not lethal (Madaule et al, 1987) and the function of 
Rho2p in this organism is not known.

Clone 24 contained sequence which when translated showed significant homology 
to rab/ypt proteins. The sequence of clone 24 and a translation is shown in figure 47. The 
sequence contains one intron of 48bp as indicated in the figure. Sequences matching the 
S. pombe intron consensuses (Mertins and Gallwitz, 1987) are found at the 5* end (G-T- 
A/T-N-G-N) and the 3' end (T/A-A-G) of the intron but no sequence matching the branch 
point consensus (C-T-A/G-A-C/T) is apparent. The assignment of this intron was 
confirmed by preparing cDNA from total RNA and PCR cloning the cDNA for clone 24 
(not shown). The assignment of the initiator ATG can not be absolutely certain, but in the 
250 bp of sequence available upstream of this there are only two other ATG sequences 
and these both have stop codons downstream of them and no intron consensus sequences 
which would direct fusion with the rest of the coding sequence.

By sequence comparison clone 24 clearly belongs to the ypt/rab family rather than 
to another ras-like family; it shares 38-40% identity with any one of the rab or ypt 
proteins, but less than 25% identity with ras. Clone 24 has therefore been assigned the 
name ypt4. No obvious homologue of ypt4 has been found in any other species whereas 
clear homologues of S. pombe yptl, ypt2, ypt3, ypt5 and ryhl exist in mammalian cells. 
A comparison of the predicted amino acid sequence of ypt4 with that of other S. pombe 
ypt proteins is presented in figure 48; regions which are generally conserved between 
different rab/ypt proteins are shown in bold type.

Several features of the ypt4 sequence indicate that it is clearly a member of the 
ypt/rab family. However, other features make it a rather unusual and divergent member of 
this family. These features will be considered together, i) Effector domain: Gallwitz has 
argued that the effector domain sequence may specify function and it may be appropriate
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TGT TAG AGT CAA GAG CTA GAG TTA TAG TTA CTT GCC AAT CAA GTG AAG TTG CAT 54

ATT AAC GTC CTT TAG CAA ATT TGC GAT GCT TCC TCT TAA CAT TTT AAT’ CAG AAG 108

TTA ATA AAT AAT ATT TTT GGT GTT GTC TAC ATT TGT TAG TGC TAC GTG ATC CAG 162

AGC ATC ATA CCA ATA TCG GAG CCT ACG AGC TTG AAA TGT CAA GAA GAG AAC AAT 21 6

TGA AAG CCA AAA ATT CTA TTT ATT ATT ATG GAC AAA GAA TCA TAT GAC TAT TTG 270
M D K E S Y D Y L

GTA AAG ATT GTA CTT GCA GGT CCT TCG GGA ACT GGC AAA TCC TGC TTG TTA CAG 324
V K I V L A G P S G T G K S C L L Q

AGA TTT GTT AAG AAT CAA TGT AAG TAC ATG CAA ATT TAA CAA TGT TCA AGT TTT 378
R F V K N Q

TAA TGG AAA TTA GGG GAT GAT CAA GTA TCA CAT ACT GTT GGA ATC GAT TTC GCA 432
W D D Q V S H T V G I D F A

AGT CGG ATT ATA AGT GTT GGA ATG GGA AAC CAG CAA AAA AGA ATC AAG TTA CAA 486
S R I I S V G M G N Q Q K R I K L Q

ATA TGG GAT ACT GCT GGT CAG GAA AAG TTT CGA AGC GTG GCT AGG AAT TAC TAT 540
I W D T A G Q E K F R S V A R N Y Y

CGT GGA GCA GCA GGT GCT GTT TTA GTC TAT GAT GTG ACA AAC AAG GAC TCG TTT 594
R G A A G A V L V Y D V T N K D S F

GAA GAA TTG TCG TCT TGG CTG TCT GAT ATT CGA GCT ATG GCT CCA TCA ACA ATA 648
E E L S S W L S D I R A M A P S T I

TGT GTT GTA TTG GCT GGT AGC AAA TCT GAT TTA CAA AAC CAA CGA CAA GTC TCT 702
C V V L A G S K S D L Q N Q R Q V S

ACT GAA GAG GCA GCT GAG TTT TGC TCA GAA AAG CAT ATA TCT AGT GCG CAT GAA 756
T E E A A E F C S E K H I S S A H E

ACT AGT TCT TAT ACA GGA AGC AAC GTT GAA GAG TGT TTT CTT TCC GTT GTC TCC 810
T S S Y T G S N V E E C F L S V V S

ACC ATA ATA ACT AGG ATT GAG TTG GGT GAA ATT GAT CCC CAA GAT CAA TCC TTA 864
T I I T R I E L G E I D P Q D Q S L

GGT ATA CAA TAT GGT GAT TTA AGT TTC CGT AGA CCG GTT CAC CCT TCC AGT ACT 918
G I Q Y G D L S F R R P V H P S S T

TCG AAT TGG TGG ACT TCA ATT ACG AAT TGG GAC GAC CTG GTC CGT TTG GAA AGA 972
S N W W T S I T N W D D L V R L E R

CAG ACC AGA TCC TAT TGC TGC TGA AAA AAA CAG TTA TTC AAT TAT TTA TTA TTA 1 0 2 6
Q T R S Y C C •

AAT TAT CAT ACG TGT ATT ATT TTT AAG TTT ATG AGG ATA TTT TCA TGA TAT TTC 108 0

GAA AGC TCT T

Figure 47 : Sequence of ypt4
The nucleotide and predicted amino acid sequence of the ypt4 gene is presented. The ypt4 
gene contains a single intron of 48bp; intron consensus sequences are underlined.
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Ypt 4 MDKES---- YDYLVKIVLAGPSGTGKSCLLQRFVKNQNDDQVSHTVGID
Ypt 1 MNPE----- YDYLFKLLLIGDSGVGKSCLLLRFADDTYTESYISTIGVD
Ypt 2 MSTKS---- YDYLIKLLLIGDSGVGKSCLLLRFSDDSYTPSYITTIGVD
Ypt 3 MCQEDE--- YDYLFKTVLIGDSGVGKSNLLLRFTRNEYNIESKSTIGVD
Ypt 5 MASNTAPKNVVTINQKLVLLGDSAVGKSSLVLRFVKDQYDEYRESTIGAA

Ypt 4 FASRIISVGMGNQQKRIKLQIWDTAGQEKFRSVARNYYRGAAGAVLVYDV
Ypt 1 FKIRTFELEG-- KTVKLQIWDTAGQERFRTITS S YYRGAHGIIIVYDV
Ypt 2 FKIRTIELEG-- KRVKLQIWDTAGQERFRTITTAYYRGAMGILLLYDV
Ypt 3 FATRNIVLEN-- KKVKAQIWDTAGQERFRAITSAYYRGAVGALIVYDV
Ypt 5 FLTQTFPIEEN--TSVKLEIWDTAGQERFKSLAPMYYRNANCAI IVYDV

Ypt 4 VTNKDSFEELSSWLSDIRAMAPSTICWLAGSKSDLQNQ-RQVSTEEAAE 
Ypt 1 VTDQD S FNNVKQWLQEIDRYAVEGVNRLLVGNKSDMVDK-KWE Y S VAKE 
Ypt2 VTDKKSFDNVRTWLSNIDQHASENVYKILVGNKCDCEDQ-RQVSYEQGQA 
Ypt3 VTKQSSFDNVGRWLKELREHADSNWIILVGNKTDMLHL-RAVSTEEAQA 
Ypt5 VTQAASFEKAKSWIKELQRQAPEGWIALAGNKLDMAQERRAVEKADAEA

Ypt 4 FCSEKHISSAHETSSYTGSNVEECFLSWSTIITRIELGEIDPQDQSLGI 
Ypt1 FADS LNIP-FLETSAKDS TNVEQAFLTMSRQIKERMGNNTFAS SNAKS SV 
Ypt2 FADELGIK-FLEASAKTNVNVEEAFLTMAREIKKQKIDAENEF SNQANNV 
Ypt 3 FAAENNLS-FIETSAMDASNVEEAFQTVLTEIFRIVSNRSFEAGDDGVHP 
Ypt 5 FAAEANLL-FLETSAKTAENVNELFTAIAKKL------- PFEDKLNQARG

Ypt4 QYGDLSFRRPVHPSSTSNWWTSITNWDDLVRLERQTRSYCC
Ypt 1 KVGQGTNVSQ--------------------------SSSNCC
Ypt 2 DLGNDR------------------------------ TVKRCC
Ypt 3 T AGQT LNVAP TMND LNKKK---------------- SSSQCC
Ypt 5 AVNRGVNLSEARPAAQP------------------ SGSCSC

Figure 48 : Com parison of ypt4 with other S. pombe ypt proteins
The predicted amino acid sequence of ypt4 is aligned with those of other S. pombe ypts. 
Regions which are generally conserved between rab/ypt proteins are in bold type. Spaces 
(dashes) have been inserted to obtain optimum alignment.
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to classify proteins from different species as homologues if they have the same putative 
effector domain (Becker et al, 1991). The putative effector domain of ypt4 has similarity 
to those of other rab/ypt proteins and the highest degree of identity is 6/10 with rab3, 
though ypt4 and rab3 do not show any particular homology over the rest of the protein, ii) 
DTAGQE : as expected, ypt4 has the sequence DTAGQE which is known to be involved 
in GTP-binding in ras. iii) GNK motif: this region is also involved in GTP binding and is 
found in all rabs isolated so far. However, ypt4 has the sequence GSK at this position. 
Mutation of GNK to GIK in ras, Yptlp and Sec4p causes a dominant lethal phenotype. 
On the other hand, some other members of the ras family have a different amino acid at 
this position; eg Rhol and Rho2 from S. cerevisiae have C and L respectively, and mouse 
rah has GSK (Morimoto et al, 1991) iv) FLETSAK motif: most rabs have this or a 
closely-related sequence; ypt4 has the sequence AHETSSY at this position, v) 
Hypervariable C-terminal region : the distance from a conserved phenylalanine to the C- 
terminus is generally 50-55 amino acids in rab/ypt proteins; ypt4 has an unusually long C- 
terminal region which is 66 amino acids in length. The predicted molecular weight of ypt4 
is 26kD. vi) C-terminus: in common with several other rabs, ypt4 has a double cysteine at 
the C-terminus. The C-terminal sequences of other ypt proteins has recently been shown 
to be required for isoprenoid modification and membrane association (Newman et al, 
1992). Thus, although ypt4 is clearly a member of the ypt/rab family it is a rather 
divergent one.

8.3. Disruption of y p t 4
In an attempt to shed some light on the function of ypt4 a gene disruption experiment was 
performed. It was hoped that the disruption of the ypt4 gene would be lethal which would 
allow temperature sensitive mutants in ypt4 to be constructed which might be informative. 
The construct used for the disruption is shown in figure 49A. A 330bp Clal SpeI fragment 
was removed from the coding region of 700bp and replaced by the 1.7kb ura4 gene. 
Flanking sequences of 1.1 kb and 1.4kb were retained on either side of the ura4 gene to 
direct homologous recombination. The diploid strain 611 was transformed with the 4.2kb 
fragment and transformants selected on medium lacking uracil. DNA from the 
transformants was digested with HindLII and Pstl, Southern blotted, and hybridised with 
a Sail Pstl probe from a region outside that used for transformation. Of the 15 clones 
tested, 14 contained the predicted 4.7kb band in addition to the 3.3kb wild-type band 
which indicates that the proportion of homologous recombination was very high in this 
case. A Southern blot of wild-type DNA and one of the diploid disruptants is shown in 
figure 49B. The nylon membrane was stripped and rehybridised with a ura4 probe which 
hybridises only with the 4.7kb band. Diploid disruptants were sporulated and the progeny 
characterised by random spore analysis. Half the progeny were ura+ and half ura- 
indicating that the ypt4 gene is non-essential. This result was confirmed by performing the 
disruption on a haploid strain 556 (not shown).
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1 2  3 4

4.7kb — 
3 .  3 k b  —

Figure  49 : Disrupt ion  o f  y p t 4

(A) The organisation o f the ypt4  locus in the wild-type genome is shown on the top line. 
The fragment constructed for the gene disruption is shown on the middle line. The 
disrupted genome is shown on the bottom line. Tht y p t 4  gene is indicated by shading, 
the ura4 gene is indicated by diagonal stripes and the Sall-Pstl probe by a black rectangle. 
Restriction enzym e sites are abbreviated as follows: S, Sal I; H, Hindlll;  Sp, Spe I; C, 
C/al; P, Pstl.  The 3(X)bp Clal-Spel fragment o f tht y p t 4  gene was replaced by the 1.7kb 
ura4 gene. Flanking sequences o f 1.4kb and 1.1 kb were retained on either side to direct 
homologous recombination into the genome upon transformation o f the linear fragment 
into diploid 611 cells. (B) DNA from strain 611 (lanes 2 and 4) and a yp/4-disrupted 
strain (lanes 1 and 3) was digested with Pstl and Hindlll.  DNA fragments were separated 
by electrophoresis, transferred to nylon membrane and hybridised with a Sall-Pstl probe 
which was derived from a region outside that used for transformation (lanes 1 and 2).
The membrane was stripped and rehybridised with a ura4 probe (lanes 3 and 4). The 
sizes o f hybridising fragments are indicated.
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Figure 50 : Sta ining  o f  cells with C D C F D A

Wild-type cells and 6H4K (ypt4 disrupted) cells were grown to log phase in YPD. Cells 
were incubated for 30 min in YPD/citrate containing 25pM CDCFDA. After several 
washes with YPD/citrate, cells were observed by fluorescence light microscopy (left- 
hand panels) and phase contrast (right-hand panels). The top four panels show wild-type 
cells, the bottom four panels show 6H4K cells. Cells were living and som e movement 
occured during photography. The scale bar represents 10|im.
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8.4. Characterisation of y/?f4-disrupted strains
Haploid disruptants are viable at all temperatures tested. Ypt4 disruptant strains grow as 
well as wild-type strains on YPD containing 0.5M NaCl at all temperatures tested. The 
ability of disruptants of both mating types to mate and to sporulate was tested. Cells of 
disruptant strains were mixed with wild-type cells or disruptant cells of the opposite 
mating type and incubated for 1 day on nitrogen-free medium. Shmoos and zygotes were 
apparent in the mixture of cells. After another 1-2 days numerous asci were apparent. 
These observations indicate that ypr4-disrupted cells are able to conjugate with cells of the 
opposite mating type and undergo subsequent sporulation. Phase contrast light 
microscopy shows that in contrast to wild-type cells, a large proportion of 6H4K (ypt4 
disruptant) cells have two large vacuoles. This observation was confirmed by incubating 
cells in CDCFDA which accumulates in low pH organelles such as vacuoles. After 
incubation cells were washed and viewed by fluorescence microscopy. Figure 50 
compares the pattern of vacuoles in 556 cells with those of strain 6H4K. It is apparent that 
wild-type cells contain numerous small vacuoles (10-20 per cell), whereas 6H4K cells 
generally contain two large vacuoles, though a proportion of cells contain a greater 
number of smaller vacuoles.

8.5. Localisation of the ypt4 protein
Localisation experiments were performed to obtain more information as to the possible 
function of ypt4. The C-terminal 144 amino acids of ypt4 was fused to TrpE using the 
pATH system and fusion protein prepared as described for the TrpE-BiP fusion (not 
shown). Though the amount of fusion protein obtained was low, this material was 
injected into a rabbit but no sera immunoreactive against the ypt4 protein was produced. 
Various portions of the ypt4 gene were fused to GST but none of the fusion proteins were 
stable even when protease inhibitors were included in the lysate (not shown). Presumably 
fusion proteins containing portions of ypt4 are rapidly degraded, or are present as 
insoluble inclusion bodies.

As an alternative to making specific polyclonal antibodies, an epitope tagged 
version of ypt4 was expressed in cells. Sequences encoding the myc epitope were inserted 
immediately downstream of the putative initiator ATG. This position was preferred 
because the C-terminus of rab/ypt proteins is thought to be involved in membrane 
association and localisation. The construct was expressed in 556 cells from a plasmid, 
pSM, bearing the SV40 early promoter which is moderately active in S. pombe. Western 
blotting and immunoprecipitation failed to detect the tagged ypt4 protein. However, 
immunofluorescence showed that approximately 5-10% of cells were expressing enough 
tagged protein to be detectable by this method (figure 51). Many circles (spheres) of 
staining are observed in cells expressing the tagged protein. Numerous circles of variable 
size (<0.5-lpm) are seen in each cell and are distributed throughout the cytoplasm. The
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F ig u r e  51 : I m m u n o l o c a l i s a t i o n  o f  e p i t o p e - t a g g e d  ypt4

Log phase cells containing the pSM -y4m  plasmid were fixed with formaldehyde and 
processed for im m unofluorescence with the 9E 10 m onoclonal antibody (left-hand panels) 
and nuclei were stained with DAPI (right-hand panels). The scale bar represents 10pm.
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Figure 52 : Co local isat ion of  tagged ypt4 with intrace l lu lar  s t ruc tu res

Log phase cells containing the pSM -y4m plasmid were fixed with formaldehyde and 
processed for immunofluorescence with the 9E10 monoclonal antibody as shown in the 
right-hand panels; cells were viewed by phase contrast to visualise internal structures as 
shown in the left-hand panels. The scale bar represents 10pm.
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Figure 53 : Confocal images of cells expressing epitope-tagged ypt4
L og phase cells containing the pSM -y4m  plasm id were fixed  with form aldehyde and 
processed for im m unofluorescence with the 9E 10 m onoclonal antibody. C ells were 
analysed by confocal m icroscopy. The scale bar represents 2pm.
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staining colocalises with the surfaces of vacuolar structures visible by phase contrast 
microscopy as shown in figure 52. The staining pattern was also analysed by confocal 
microscopy and some of these images are shown in figure 53.

8.6. Discussion
The use of an oligonucleotide representing a conserved region involved in GTP-binding in 
ras proteins has allowed the identification of several ypt and other ras-like protein genes in 
S. pombe (Armstrong et al, 1992). The genes identified are yp tl, ypt2, ypt3, ypt4, ypt5 
and rho2 and cdc42sp. This probably does not represent all the genes which could be 
isolated by this method because neither ryhl (Hengst et al, 1990) nor rasl (Fukai and 
Kaziro, 1985) itself were found. Also, only one clone for ypt4 and rho2 was present in 
the collection of 40 positive genomic clones suggesting that the screen was not saturated.

From the sequence available, the rho-like clone identified from S. pombe appears 
to be most closely related to S. cerevisiae RH 02  and has therefore been classified as 
rho2sp. The function of Rho2p in S. cerevisiae is unknown and the gene is non-essential. 
Because the lab is interested in ypt/rab genes as opposed to other members of the ras 
family, rho2sp was not studied further.

Ypt4 appears to be a completely novel member of the ypt/rab family. Although 
sequence similarity indicates that it clearly belongs to this family, it has several unusual 
features, including a degree of divergence in the conserved regions. The most notable of 
these are variations of the GNK and FLETSAK motifs; the possible effect of these 
differences on protein function are unknown. Ypt4 is a non-essential gene under all of the 
conditions tested. The fact that no homologues of ypt4 have been reported in other species 
means that in contrast to the other S. pombe ypt genes, there are few clues as to the 
intracellular function of ypt4.

Since an antibody to ypt4 was not obtained it was necessary to rely on studies of 
an epitope-tagged ypt4 protein; immunofluorescence of cells expressing this protein has 
provided evidence for the loclisation ypt4. There are a number of caveats to the use of 
tagged proteins; this approach necessitates the expression (and probably over-expression) 
of an altered protein in the cell. However, if it is assumed that the tagged protein behaves 
in a manner which reflects that of the endogenous protein, useful information can be 
obtained. Western blotting and immunoprecipitation failed to detect the tagged protein, and 
the probable reason for this is apparent by immunofluoresece; only 5-10% of cells appear 
to be expressing sufficient amounts of the protein to be detectable. The staining pattern in 
these cells is very interesting; numerous circles (spheres) of variable size are apparent by 
light and confocal microscopy. The labelling colocalises with the surface of vacuolar 
structures visible by phase contrast microscopy. This localisation suggests that ypt4 may 
be involved in the structure or function of the S. pombe vacuole, or in transport between it 
and either the Golgi or the cell surface. However, in the absence of any functional data 
such proposals are only speculative.
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A large number of genes involved in vacuolar sorting have been identified in S. 
cerevisiae. Disruption of these genes is often lethal only at high temperatures and many 
mutants are salt or pH sensitive (eg Banta et al, 1990; Nelson and Nelson, 1990). 
Temperature sensitivity and salt sensitivity were tested in ypt4 disrupted S. pombe strains 
but no difference in growth rate from wild-type cells was observed under any of the 
conditions tested. Overexpression of the ypt4 protein also had no effect on growth rate. 
Vacuoles in the disrupted strain appeared to differ in number and morphology from those 
in wild-type cells as observed by phase contrast and fluorescence microscopy. A much 
smaller number of larger vacuoles were seen in 6H4K cells than in wild-type cells. Wild- 
type S. cerevisiae cells contain 1-2 large vacuoles, similar to those seen in ypt4 disrupred 
strains in S. pombe.

How is any progress to be made in the search for a function for ypt4? Specific 
antibodies to ypt4 protein would obviously be useful for localising the protein in S. 
pombe and for searching for homologous proteins in mammalian cells where localisation 
is easier to interpret. It may be possible to express and localise epitope tagged ypt4 in 
mammalian cells. The lack of a growth phenotype in yp/4-disrupted cells under any of the 
temperature and osmotic conditions tested means that it will not be possible to search for 
suppressor genes by complementation. The identification of genes for interacting proteins 
or components which are involved in the same pathway would provide clues to the 
function of ypt4. One way to search for such genes is to a perform a synthetic lethal 
screen, in which mutants are selected which can not grow in the absence of a particular 
gene product (ypt4) but are viable in its presence. Such a screen has been devised to 
screen for synthetic lethals with ypt4. Integration of a ypt4 gene under the control of the 
nmt promoter (Maundrell, 1990) will allow growth of mutagenised colonies to be 
assessed when ypt4 is switched on (normal minimal media) and when it is switched off 
(in media containing thiamin). Wild-type copies of the mutant genes can be cloned by 
complementation of the mutant phenotype. Sequencing and disruption of these genes may 
contribute to an understanding of the function of ypt4 in intracellular transport.
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Chapter 9 

Discussion
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9.1. Summary
Two aspects of protein targeting have been studied in S. pombe, the characterisation and 
sorting of the luminal ER protein BiP, and the involvement of ypt/rab proteins in 
membrane traffic. The homology between BiP proteins from different species was 
exploited in cloning the gene for S. pombe BiP. The BiP gene was shown to be essential 
which is consistent with its numerous proposed roles in protein folding and assembly. S. 
pombe BiP is regulated by a variety of treatments thought to cause an accumulation of 
misfolded or underglycosylated proteins in the ER. These agents include tunicamycin, and 
in contrast to mammalian cells, S. pombe BiP is induced by heat shock. Regulation at the 
mRNA levels appears to be complex and involves two messages of different sizes. 
Unusually, S. pombe BiP contains a potential N-linked glycosylation site, which was 
shown to be partially utilised. The production of antibodies against BiP facilitated an 
investigation of the structure of the ER in S. pombe. As in mammalian cells the ER of S. 
pombe has a reticular component. No evidence was obtained for the involvement of 
microtubules or the actin cytoskeleton in the formation or maintenance of the reticular 
structure. Amino acids from the C-terminus of S. pombe BiP were attached to the 
secretory protein acid phosphatase and it was established that ADEL can act as an ER 
localisation signal on luminal proteins. Signals from other yeast and mammalian species, 
DDEL, HDEL and KDEL, were also recognised in S. pombe.

Members of the ras superfamily were isolated using an oligonucleotide 
representing a conserved region of the GTP-binding domain. A rho homologue and a 
novel ypt gene were sequenced. The ypt4 gene was disrupted and shown to be non- 
essential under all conditions tested. Disruptant cells contained vacuoles of unusual 
morphology. An epitope tagged ypt4 protein localised to the surface of vacuoles. These 
two observations suggest that ypt4 might play some role in vacuole structure or function 
in S. pombe.

9.2. Function of BiP
BiP is thought to act as a chaperone molecule and its various proposed roles include 
involvement in protein folding and assembly, the prevention and disruption of protein 
aggregates, polypeptide translocation across the ER membrane, and fusion of yeast nuclei 
during mating. Whether a single property of BiP is responsible for all these processes or 
whether BiP performs many different molecular functions is an open question.

A model for the action of hsp70 proteins in protecting the cell from heat-shock 
suggests that hsp70s bind misfolded or aggregated proteins and release them in an ATP- 
dependent manner (Pelham, 1986). Cycles of binding and release are proposed to 
disassemble aggregated proteins and allow subsequent proper folding. This model may be 
of relevance to the function of BiP in both normal and stressed cells. BiP forms 
complexes with peptides in vitro in the absence of ATP; addition of ATP causes 
dissociation (Flynn et al, 1989). BiP is also dissociated from immunoglobulin heavy
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chains upon addition of ATP (Munro and Pelham, 1986). These observations of BiP's 
behaviour in vitro should contribute to the understanding of its function in vivo. As a 
nascent polypeptide is threaded through the membrane into the lumen of the ER it is likely 
to be in an extended conformation, exposing hydrophobic segments which are buried in 
the folded protein. BiP may bind to these exposed hydrophobic regions and prevent the 
formation of aggregates (Pelham, 1986). It might be desirable to maintain nascent proteins 
in an unfolded state until the whole protein has been synthesised so that the correct folding 
pathway is undertaken. It is possible that BiP plays a more active role in protein folding; 
binding to protein segments followed by ATP hydrolysis may cause a conformational 
change which induces release and a conformational change in the nascent protein which 
contributes to its folding.

The proposed roles of BiP imply that it must be able to interact with a diverse 
range of polypeptide chains. Indeed, BiP has been found in association with a number of 
nascent and misfolded or underglycosylated proteins (Bole et al, 1986; Kassenbrock et al, 
1988; Ng et al, 1989; Blount and Merlie, 1991). In vitro BiP binds to a range of peptides 
which differ in length, charge and hydrophobicity (Flynn et al, 1989). A further study 
indicates that the peptide binding site of BiP can accommodate up to 7 amino acid residues 
and displays considerable specificity (Flynn et al, 1991). There appears to be a preference 
for aliphatic residues whilst charged residues and polar uncharged residues are excluded 
or merely tolerated in in vitro peptide binding experiments. Aliphatic residues are 
accommodated in an environment energetically equivalent to the interior of a folded 
protein. Such residues are generally buried in a mature folded protein and this may explain 
how BiP and other hsp70s distinguish between folded and unfolded proteins (Flynn et al,
1991). The range of peptide sequences that can be tolerated in the binding site of BiP 
means that there are probably numerous sites on a nascent protein with which BiP can 
interact. This interaction may prevent the formation of aggregates and help the protein 
achieve its mature conformation.

In S. cerevisiae, experiments with kar2 mutants suggest that BiP is required for 
translocation of proteins into the ER (Vogel et al, 1990). As yet no evidence has been 
obtained which indicates that mammalian BiP performs such a role, indeed, in an in vitro 
study, no association of BiP with nascent proteins could be found (Kassenbrock et al, 
1988). BiP may be required to keep proteins in a translocation competent (unfolded) state 
while they traverse the ER membrane. Alternatively, it has been proposed that BiP is 
required for the maintenance of the translocation machinery and would interact with these 
components at each round of translocation (Vogel et al, 1990). In support of these 
proposed roles, it has recently been shown that BiP can be cross-linked to nascent 
secretory proteins (Sanders et al, 1992).

The other cellular process in which BiP is implicated is karyogamy in S. cerevisiae 
(Rose et al, 1989). This is the process whereby the two nuclei of mating partners move 
towards each other and fuse. Another karyogamy mutant has a defect in the KAR3 gene
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which encodes a kinesin homologue (Meluh and Rose, 1990). It is relatively easy to 
envisage a role in nuclear movement for the product of this gene. It is less easy to 
envisage how a protein which resides in the lumen of the ER might contribute to either 
nuclear movement or fusion. As the ER is continuous with the nuclear envelope it is 
possible to propose models in which BiP is required for the maturation of a protein which 
is located in the nuclear envelope and directs the specific fusion of nuclei, but these 
models are clearly speculative (Rose et al, 1989; Vogel et al, 1990).

An intriguing aspect of the biology of BiP is its regulation. BiP is induced by a 
variety of treatments which cause an accumulation of underglycosylated or misfolded 
proteins in the ER; in at least two species of yeast, these treatments include heat-shock. 
How is signalling information passed between two topologically distinct compartments? 
Does BiP play any direct or indirect role in signalling? Perhaps a membrane protein which 
has access to both the ER lumen and the nucleoplasm undergoes a conformational change 
under conditions of stress, or is able to detect the level of free BiP or misfolded proteins in 
the ER lumen. The nuclear portion of the protein would then presumably modify or 
generate a signalling molecule in some way. Alternatively, a signal could be transduced 
via the cytoplasm and the nuclear pores.

It should be possible to investigate several aspects of BiP's function in S. pombe. 
In contrast to most other species S. pombe BiP contains an N-linked glycosylation site 
which is partially utilised. It will be of interest to determine whether the glycosylated form 
is functional. This might be achieved by isolating the glycosylated and unglycosylated 
forms by immunoprecipitation / ConA precipitation, and analysing the relative ability of 
the two forms to bind to peptides or hydrolyse ATP in vitro. The role of BiP in 
translocation in S. pombe could be determined by performing a depletion experiment. The 
heterozygous diploid BiP disruptant strain would be transformed with a plasmid 
containing BiP under control of the inducible nmt promoter. This strain would then be 
sporulated and haploid cells would be selected which were kept alive by the presence of 
the plasmid-borne BiP gene. The effects of shutting off BiP synthesis by addition of 
thiamin could be monitored by determining whether radiolabelled secretory protein 
precursors accumulated. It would be possible to test the involvement of BiP in karyogamy 
in S. pombe if temperature sensitive alleles of the BiP gene were generated. The regulation 
of BiP in S. pombe appears to be complex and further investigation is required to 
determine the stuctures and function of the two BiP messages. The production of large 
quantities of bacterially produced fusion protein and the isolation of BiP mutants would 
contribute to the analysis of many aspects of BiP's function.

9.3. Localisation of luminal ER proteins
Luminal ER proteins such as PDI and BiP are thought to play important roles in folding 
and assembly of nascent proteins. Since passage through the organelles of the secretory 
pathway appears to occur by default, proteins which are residents of the lumen or
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membrane of a particular organelle must avoid being carried along by the bulk flow. Two 
mechanisms could be envisaged for the localisation of luminal ER proteins: retention and 
recycling (Munro and Pelham, 1987; Warren, 1987). In the retention model, luminal ER 
proteins would be prevented from leaving the ER by virtue of their association with a 
membrane bound receptor or a luminal matrix. The recycling model proposes that luminal 
ER proteins could leave the ER but would be retrieved from a subsequent compartment. 
Recycling of luminal ER proteins has been demonstrated in mammalian cells and yeast 
(Pelham, 1988; Dean and Pelham, 1990; Lewis and Pelham, 1992). A C-terminal 
sequence specifies this localisation, and though this sequence is usually referred to as a 
retention signal it should probably now be more accurately named a retrieval signal. C- 
terminally truncated BiP is secreted relatively slowly (Munro and Pelham, 1987). This 
relative retardation may be the result of BiPs role in protein folding and assembly. 
Interactions between BiP and proteins which fold and leave the ER slowly may also slow 
BiP’s exit. If BiP has a role in protein translocation, as has been suggested by studies in 
S. cerevisiae (Vogel et al, 1990; Sanders et al, 1992), interactions with the translocation 
machinery may effectively exclude BiP molecules from the ribosome-free transitional 
elements where budding of vesicles is thought to take place. Therefore, the localisation of 
luminal ER proteins is probably due to a combination of slow exit from the ER and 
retrieval from post-ER compartments. Whether any specific mechanism contributes to the 
slow exit of these proteins is not yet known.

How do retention and retrieval mechanisms contribute to the localisation of other 
compartment residents? Some ER-resident membrane proteins have the C-terminal 
sequence KKXX or KXKXX which is required for their localisation (Nilsson et al, 1989; 
Jackson et al, 1990). This sequence might act as a retention signal or a recycling signal. 
As the C-termini of these proteins are cytoplasmically oriented, they could clearly interact 
with putative cytoplasmic targeting molecules of retention or retrieval machinery. The 
transmembrane domains of several Golgi resident proteins have been implicated in their 
localisation. One model proposes that oligomerisation or aggregation of like proteins 
occurs when they reach the correct compartment (Nilsson et al, 1991; Machamer et al,
1991). This aggregation would prevent incorporation of these proteins into secretory 
vesicles. The localisation of Golgi membrane proteins would therefore fall into the 
retention class of sorting mechanisms. A similar mechanism may operate in the 
localisation of components of the rough ER such as ribophorins which appear to form 
stable aggregates (Crimaudo et al, 1987) which may prevent their movement into the 
smooth ER and transport vesicles.

What are the precise requirements for a retrieval signal for the localisation of 
luminal ER proteins? Putative ER retention signals have been identified in a wide variety 
of organisms and in some cases the sequences have been shown to direct the retention of a 
heterologous protein. By far the most common type of sequence observed is XDEL. It 
might be concluded that because the DEL part of the sequence is very highly conserved,
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this constitutes the minimal sorting signal. However, conservation at the -4 position 
within a species between otherwise unrelated proteins such as PDI and BiP, argues that 
this residue is important. In addition, altering the amino acid at this position often 
abolishes the function of the signal in a particular organism (eg Pelham et al, 1988). 
Attempts have been made to assess the contribution of each of the four residues (Andres et 
al, 1990); the last two amino acids appear to be most crucial for function. It is also 
becoming apparent that other sequences in the protein to which the signal is attached may 
play a role in localisation. As mentioned above, C-terminally truncated BiP is not secreted 
at the same fast rate that the majority of secretory proteins leave the cell. The mammalian 
sequence KDEL is able to bring about the retention of the secretory protein lysozyme in 
COS cells, but the yeast sequence HDEL is unable to substitute (Pelham et al, 1988). 
However, HTEL is able to direct the retention of mouse egasyn-esterase in COS cells 
(Novak et al, 1991). This apparent paradox may be explained by consideration of the 
nature of the proteins to which the signals are attached. Egasyn-esterase is normally a 
resident of the ER lumen whereas lysozyme is normally rapidly secreted. If, like BiP, 
egasyn-esterase leaves the ER slowly, a less than optimal retrieval signal may be sufficient 
to effect the return of the relatively few molecules which escape the ER. In contrast, an 
optimal retrieval signal may be necessary to bring about the recycling of a protein which 
leaves the ER rapidly. Overexpression of XDEL receptors is able to improve the ER 
localisation of proteins bearing the endogenous signal (HDEL in yeast; Semenza et al, 
1990) and of proteins bearing sub-optimal signals (DDEL in COS cells; Lewis and 
Pelham, 1992). It seems therefore that efficient retrieval (provided either by an optimal 
sorting signal or by high levels of receptor) is required for the efficient localisation of 
proteins which leave the ER rapidly, but less efficient retrieval because of a sub-optimal 
targeting signal is sufficient to effect the sorting of proteins which leave the ER slowly.

Where does retrieval of luminal ER proteins occur? Human ERD2, the putative 
KDEL receptor, has been localised to the Golgi by immunofluorescence (Lewis and 
Pelham, 1990b), though immuno-EM localisation of this protein has not yet been 
performed. Modifications associated with the late Golgi occur to a small proportion of 
KDEL proteins in mammalian cells (Lewis and Pelham, 1992). It seems possible therefore 
that recycling can occur from multiple Golgi compartments. Sorting of luminal ER 
proteins may occur by a distillation mechansim of the type proposed by Rothman (1991). 
Escaped luminal ER proteins would be recycled back from successive Golgi 
compartments. Efficient retrieval from early compartments would mean that fewer and 
fewer molecules would move in the anterograde direction to the later compartments. The 
observation that only a small proportion of luminal ER proteins receive late Golgi 
modifications (and a larger proportion receive early Golgi modifications) is consistent with 
such a model. A protein bearing a sub-optimal signal would be expected to receive more 
late Golgi modifications than one which has an optimal sorting signal. These 
considerations are represented schematically in figure 54. In S. pombe, acid phosphatase
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Figure 54 : Recycling of XDEL proteins from the Golgi to the ER

Shading represents variations in concentration o f  luminal ER proteins. Forward 
transport is represented by straight arrows and retrograde transport by curved arrows. 
X D E L  proteins w ould leave the ER slow ly along with secretory proteins. A large 
proportion o f  escaped X D E L  proteins w ould be recycled  back from the early G olgi. 
Few er and few er X D E L  proteins w old pass on to each subsequent cistem a as recycling  
back to the ER continued.



bearing ADEL accumulates as a core glycosylated ER form. A much lower proportion of 
fusion proteins bearing DDEL, HDEL, or KDEL is found in the core glycosylated form, 
though there is an intracellular accumulation in these strains. This observation may 
indicate that the non-ADEL fusion proteins penetrate further into the Golgi complex and 
therefore obtain high molecular weight modifications before being recycled to the ER. The 
fact that S. pombe adds complex sugars to proteins which pass through its secretory 
pathway means that this hypothesis can be tested. A terminal galactose residue is added to 
polymannose side chains by galactosyltransferase. This modification is thought to occur in 
the late Golgi. If H/D/KDEL proteins reach the late Golgi before they are recycled, it 
should be possible to detect terminal galactose carbohydrate structures in the ER using 
specific lectins. Cells expressing acid phosphatase bearing ADEL (or non-retained fusion 
proteins) would not be expected to contain such sugars in the ER since accumulation of 
the core-glycosylated form suggests that the ADEL protein is efficiently retrieved from the 
early Golgi before modification by Golgi enzymes is able to occur. Fractionation studies 
would also help to define the intracellular location of the various fusion proteins.

It has been established that luminal ER proteins are sorted by a process which 
involves recycling from the Golgi. Apart from the receptor itself no components of the 
recycling machinery have been identified and the mechanism of recycling has not been 
precisely elucidated. It is not known how the KDEL receptor itself is targeted. Do any of 
the proposed mechanisms described for other Golgi membrane proteins contribute to its 
localisation? That recycling is induced by binding of ligand to the receptor is suggested by 
experiments in COS cells in which overexpression of KDEL ligand brought about 
redistribution of hERD2 from the Golgi apparatus to the ER (Lewis and Pelham, 1992). 
Presumably, binding of ligand to the receptor induces a conformational change which 
brings about interaction with cytoplasmic transport machinery and the formation of 
recycling vesicles. The predicted structure of ERD2 is reminiscent of seven 
transmembrane-domain receptors which interact with trimeric G proteins (Gilman, 1987). 
It is conceivable that a trimeric G protein linked to ERD2 is involved in triggering the 
formation of recycling vesicles. The recycling vesicles must necessarily be specific in the 
cargo they carry if reflux of secretory proteins is to be avoided. It is not known how 
proteins other than the intended cargo might be excluded from the recycling vesicles. The 
ERD2 protein might be critical for the formation of the vesicles (Semenza et al, 1990). It is 
possible that recycling occurs from specialised sites in the Golgi, and there is certainly 
some evidence to suggest that recycled proteins are returned to subdomains of the ER 
(Lewis and Pelham, 1992). Vesicles may travel in the retrograde direction (Golgi to ER) 
along microtubules (Lippincott-Schwartz etaU 1990). Microtubule-dependent retrograde 
transport can be observed in certain circumstances but its involvement in recycling of 
luminal ER proteins has not yet been investigated. In both budding and fission yeast there 
are a small number of microtubules which tend to be arranged along the long axis of the 
cell; it is conceivable that microtubules are involved in the recycling of ER proteins in
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these organisms. In addition to escaped luminal ER proteins recycling vesicles may return 
other components from the Golgi to the ER. Such proteins might include ER membrane 
proteins which have escaped by accident, and also proteins form part of the forward 
transport machinery on vesicles, which might include Secl2p amongst others (Nakano et 
a l  1988).

How might the understanding of sorting of luminal ER proteins in S. pombe be 
improved? Analysis of the intracellular location of the different forms of various XDEL 
fusion proteins may shed light on the spatial aspects of recycling. The possible role of the 
cytoskeleton in localisation could also be investigated using microtubule or microfilament 
disrupting dugs. The fact that S. pombe is able to recognise C-terminal XDEL sequences 
in addition to ADEL might indicate that other S. pombe luminal ER proteins have 
alternative C-termini. Cloning of the genes for PDI and GRP94 will address this question. 
Conservation of ERD2 proteins between different species means that cloning of the S. 
pombe homologue of this protein should be possible.

9.4. Structure of the ER
In mammalian cells the formation and maintenance of the reticular structure of the ER is 
dependent on microtubules (Terasaki et a l  1986; Lee et a l  1989). In vitro studies have 
indicated that microtubule-dependent motor proteins are responsible for the observed 
movement of ER tubules along microtubules (Dabora and Sheetz, 1988). Microtubules are 
usually arranged with their plus ends oriented towards the peripheral regions of 
mammalian cells; the dispersed distribution of ER tubules in this region is expected to 
require plus end directed motors such as kinesin. Presumably the ER membrane contains 
proteins which interact with kinesin-like motor proteins and it will be of interest to 
determine the identity of such proteins. Will these proteins be distributed throughout the 
ER or will they be restricted to regions of the ER which are extending? How, in either 
case, is binding to the motor protein or the microtubule controlled?

The formation of networks of interconnecting tubules has been followed in vitro 
(Dabora and Sheetz, 1988). Individual tubules can be observed branching in two or fusing 
with other tubules. It is likely that fusion is a specific event, since, fusion of ER tubules 
with another organelle could have disastrous consequences for the cell. If a specific fusion 
event occurs, what molecules are involved? Are protein components similar to those 
thought to function in targeting and fusion of transport vesicles with acceptor membranes 
(NSF/Secl8 p, SNAPs; Rothman and Orci, 1992) also involved in 'homotypic' fusion of 
ER tubules? Do ras-like GTP-binding proteins play a role in the control of this fusion? 
Such proteins are generally thought of as regulating the interaction between different 
membranes, though rab5 may mediate fusion between like organelles (Gorvel et a l  1991).

What is the function of the reticular structure of the ER? It increases the surface 
area available for synthesis of secretory proteins. This may be particularly important in 
specialised secretory cells such as liver and pancreas. The dispersed nature of the ER
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means that approximately equal distribution between two daughter cells should be easier to 
achieve for this single-copy organelle than for the Golgi apparatus. Although there is some 
evidence for fragmentation of the ER at mitosis (Zelligs and Wollman, 1979) it may not 
undergo the dramatic vesicularisation which breaks down the Golgi complex at mitosis. 
The division of the ER at cytokinesis must be controlled if it involves fission of tubules.

In common with mammalian cells, the ER of S. pombe has a reticular component. 
Rather than being spread throughout the cytoplasm, the ER of S. pombe appears to 
consist of a net 'stuck' to the inner surface of the plasma membrane, which is connected to 
the nuclear envelope by a number of strands or tubules which run through the cytoplasm. 
The actin cytoskeleton is involved in the structure or function of secretory organelles in 
some organisms (Kachar and Reese, 1988; Novick and Botstein, 1985; Kuznetov et al,
1992). No evidence for an involvement of either microtubules or actin microfilaments in 
ER structure has been obtained so far in S. pombe. Members of the intermediate filament 
class of cytoskeletal proteins have not so far been identified in S. pombe or S. cerevisiae, 
but it is possible that they might be involved in the maintenance of the structure of the ER. 
Agents which specifically disrupt intermediate filaments are not currendy available, and 
double labelling experiments are not possible for the reasons stated above. Therefore it is 
not presendy possible to investigate the possible involvement of intermediate filaments in 
ER structure in S. pombe. The intracellular location as well as the structure of the S. 
pombe ER is of interest. How is the location established? Is the ER anchored to the cell 
membrane or other peripheral structure in some way?

9.5. Functions of GTP-binding proteins
Around twenty distinct rab/ypt proteins have been identified so far. This number is greater 
than the number of known intracellular transport steps and suggests that some rabs may be 
redundant or that more than one rab protein is required for each transport step. 
Alternatively, there may be additional as yet undiscovered routes of intracellular transport 
which require rabs, or rabs may also be involved in non-transport events. Localisation 
studies are broadly consistent with the notion that each step in transport will involve (at 
least) one rab/ypt protein. Rabs have been localised to the ER (rabl), the IC (rab2), the 
Golgi complex (rabl and rab6 ), secretory vesicles (Sec4p), early endosomes (rab4 and 
rab5), late endosomes (rab7 and rab9) and regulated secretory vesicles (rab3a) (Pfeffer,
1992). Six rab/ypt proteins have been identified in fission yeast. Despite large-scale 
screening (eg Touchot et al, 1987; Zahraoui et al, 1989; Chavrier et al, 1990a; Armstrong 
et al, 1992)which has been undertaken to identify the whole families of rab and ypt genes 
it is possible that some remain undiscovered. In addition to the rab/ypt proteins there is 
evidence that other classes of GTP-binding proteins are involved in membrane traffic. 
These include Sari (Nakano and Muramatsu, 1988) and ARF proteins (Steams et al, 
1990b; Serafini et al, 1991a) and trimeric G proteins (Barr et al, 1992).
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Biochemical and genetic approaches are beginning to unravel the roles of GTP- 
binding proteins in intracellular transport. Evidence for the involvement of proteins in 
particular stages in the process of vesicle formation, targeting and fusion varies from 
protein to protein. The interaction of Sarlp with Secl2p and its requirement in vesicle 
formation has been demonstrated in vitro (Oka et al, 1991; D'Enfert et al, 1991). The 
accumulation of secretory vesicles in sec4 cells at the restrictive temperature (Salminen and 
Novick, 1987), and the inhibition of endosome vesicle fusion by anti-rab5 antibodies 
(Gorvel et al, 1991) strongly suggests that these proteins are required for vesicle targeting 
and fusion. ARF has recently been shown to be a component of non-clathrin coated 
vesicles (Serafim et al, 1991a) and it has been proposed that GTP hydrolysis by ARF 
controls vesicle coating and uncoating. Thus it seems that different classes of proteins are 
involved in different stages of vesicle traffic.

The most important feature of GTP-binding proteins (GBPs) is thought to be their 
capacity to act as molecular switches through guanine nucleotide binding and hydrolysis. 
Conformational changes induced by GTP hydrolysis or exchange of one nucleotide for 
another may control the formation of specific complexes, eg membrane fusion machinery. 
It is therefore important that proteins which affect the nucleotide state of GBPs are 
identified and characterised. GAP activities have been reported for a number of GBPs 
(Becker et al, 1991; Burstein et al, 1991) and a GDI protein which works on rab3A and 
sec4 has been identified (Sasaki et al, 1990; Sasaki et al, 1991). These and other 
interacting proteins may be identified by genetic screens in yeast, indeed it is likely that the 
current collection of sec and other mutants may define genes which encode such proteins. 
Biochemical and fractionation techniques will also be important in identifying components 
of the transport machinery which interact with GBPs.

Rab/ypt proteins are attached to membranes by virtue of C-terminal post- 
translational modification with prenyl groups (usually geranylgeranyl) (Newman et al, 
1992; Johnston et al, 1991; Farnsworth et al, 1991). This modification is irreversible 
which is apparently inconsistent with the observation that Sec4p (and presumably other 
rab/ypt proteins) cycles between the vesicle membrane, the target membrane and the 
cytoplasm (Goud et al, 1988; Walworth et al, 1989). The discovery of GDI, a protein 
which interacts with rab/ypts may provide a solution to this paradox. GDI binds to the 
GDP-bound form of rab3A and inhibits its association and promotes its dissociation from 
membranes (Araki et al, 1990). GDI may therefore function in the cycling of rab/ypt 
proteins by allowing them to enter the cytosol.

Post-translational modifications are clearly responsible for the membrane 
association of rab/ypt proteins but as it is likely that they all receive geranylgeranyl, some 
other, unique, feature of each rab/ypt protein must be responsible for its subcellular 
localisation. Domain swapping experiments with rab5, rab7 and rab2 has implicated the 
C-terminal 34 amino acids in localisation (Chavrier et al, 1991). However, the S. pombe 
rab5 homologue ypt5 also localises to early endosomes in mammalian cells (Armstrong et
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al, submitted), yet the proteins are divergent in this C-terminal region. It is likely that other 
regions apart from the C-terminus also play a role in localisation. It is possible that 
different regions of rab/ypt proteins interact with different proteins on a specific membrane 
and all these interactions contribute to localisation.

Six ypt/rab genes have been identified in S. pombe by our group and others. 
These are y p tl , ypt2, ypt3, ypt4, ypt5 and ryhl. Several of the S. pombe proteins have 
clear homologues in other species: yptl and rabl; ypt2 and rab8 ; ypt3 and rab ll; ypt5 and 
rab5; ryhl and rab6 . In contrast only two ypt/rab genes YPT1 and SEC4 have so far been 
reported in S. cerevisiae. Functional complementation has been demonstrated in a number 
of cases: rabl can complement a y p tl  temperature sensitive allele in S. cerevisiae 
(Haubruck et al, 1989); S. pombe ypt2 complements a sec4 mutation (Haubruck et al, 
1990); rab5 can substitute for ypt5 (Armstrong et al, submitted) and rab6  can substitute 
for ryhl (Hengst et al, 1990). Neither sequence homology nor complementation proves 
that the proteins perform an identical function in the respective organisms. However the 
existence of homologues in other species can provide clues about the stage in transport at 
which particular proteins might act. Because localisation patterns are easier to interpret in 
mammalian cells it may be useful to express and localise yeast proteins in mammalian 
cells. The advantage of studies in yeast is that mutations can be made in specific genes and 
the effects on intracellular transport studied in the absence of wild-type protein. A block in 
membrane traffic under restrictive conditions might be manifested as a build up of a 
secretory precursor or in the proliferation of a particular organelle.

Ypt4 is a novel member of the ypt/rab family. As yet no homologues have been 
identified in any other species. The dye CDCFDA is known to accumulate in low pH 
organelles such as vacuoles, and in the experiments in S. pombe it was assumed that 
vacuoles were being labelled. Double labelling with CDCFDA and tagged ypt4 has not 
been performed because CDCFDA will not label the vacuoles of fixed cells. However, 
CDCFDA and tagged ypt4 appear to label the same organelles by comparison of phase 
contrast images of the two sets of cells. Bearing these caveats in mind, the 
immunolocalisation of epitope tagged ypt4 to the surface of vacuoles and the effect of 
disrupting ypt4 on vacuole morphology suggests that ypt4 plays a role in vacuole structure 
or function. The information available is insufficient to define this function, but a number 
of possible models can be suggested. The matter is made more complex if, as in 
mammalian cells and budding yeast, there are two routes of membrane traffic which 
involve the vacuole; traffic between the cell surface and the vacuole (endocytosis), and 
traffic between the Golgi and the vacuole. The relationship between the CDCFDA stained 
organelles seen in wild-type and the disruptant strain is not necessarily known; they may 
both be vacuoles but it is also possible that they represent different organelles. Vacuole 
targeting, morphology and inheritance has been studied in S. cerevisiae (Banta et al, 1988; 
Rothman et al, 1989; Banta et al, 1990; Shaw and Wickner, 1991). It may be possible to 
apply some of the conclusions from these studies to the consideration of vacuole
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behaviour and function in S. pombe. However, there may be some differences between 
the two yeast which mean this must be done carefully. Incubation of wild-type S. 
cerevisiae cells with CDCFDA stains 1-2 large vacuoles in each cell, whereas wild-type S. 
pombe cells contain numerous (15-20) CDCFDA staining vacuoles. Some S. cerevisiae 
vacuolar targeting mutants (class B) contain fragmented vacuoles (Banta et al, 1988) and 
are therefore more similar in appearance to wild-type S. pombe cells. Disruption of the 
ypt4 gene appears to have the opposite effect; cells contain a small number of large 
vacuoles. Disruption of several VPT genes causes a temperature or osmotic sensitivity 
while others can be deleted without causing an obvious phenotype. It has been proposed 
that the ryhl gene from S. pombe is involved in Golgi to vacuole transport and disruption 
of this gene is lethal at elevated temperatures (Hengst et al, 1990). Disruption of ypt4 is 
not lethal and does not cause temperature or osmotic sensitivity; neither of these 
observations provide any evidence about the involvement of ypt4 in Golgi to vacuole 
transport.

As S. cerevisiae cells bud, the single copy vacuole must be partitioned between the 
mother and daughter cells. The existence of a larger number of vacuoles in S. pombe and 
the fact that it grows in length and divides by fission may mean that distribution of 
vacuoles is not a major problem in this organism. It is possible that ypt4 disrupted strains 
are defective in vacuole inheritance, but the lack of any growth defect seems to argue 
against this. It may be of interest to study vacuole inheritance in these abnormal cells.

Tagged ypt4 protein has been localised to the surface of vacuolar structures in S. 
pombe. This in itself does not indicate whether this is the donor or acceptor membrane in a 
transport step, it merely gives an indication of the steady state distribution of the protein. It 
is also possible that the ypt4 protein does not travel between two organelles but is 
permanently localised to the surface of vacuoles and plays some role in morphology for 
example. It may be informative to express the tagged ypt4 protein in mammalian cells 
where labelling patterns are easier to interpret and markers for many compartments are 
available.

To be able to determine whether ypt4 has a role in traffic to or from the vacuole via 
either pathway it will be necessary to have passenger molecules for these pathways so that 
potential defects can be monitored. In S. cerevisiae, the genes for and antibodies to several 
vacuole proteins are available. The most commonly used marker protein is 
carboxypeptidaseY which undergoes a complex series of modifications during its passage 
from the ER to the vacuole, including a final proteolytic cleavage event when it reaches the 
vacuole (Hasilik and Tanner, 1978). At present, no such marker protein exists for Golgi 
to vacuole transport in S. pombe. Antibodies against CPY do not cross-react with any S. 
pombe protein on a Western blot (data not shown). A number of non-physiological 
molecules have been employed as endocytic markers in S. cerevisiae, including 
fluorescein-dextran (Makarow, 1985a; Makarow and Nevalainen, 1987) and mammalian 
viruses (Makarow, 1985b), but their validity and use have been questioned (Preston et al,
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1987; Singer and Reizman, 1990). Similarly no reliable markers have been developed for 
endocytosis in S. pombe. Lucifer Yellow can be used to label S. pombe vacuoles (not 
shown), but whether this reflects a pH dependent accumulation as seen with CDCFDA or 
active uptake by an endocytic pathway is not really known. Fluorescein dextran also 
appears to be taken up into S. pombe vacuoles (not shown), but this might be due to 
uptake of free fluorescein. The recent cloning of the gene for one of the S. pombe mating 
factors (Davey, 1992) may be useful. It is likely that mating factors are taken up from the 
medium by endocytosis, and it might be possible to develop an assay for endocytosis 
using radiolabelled mating factors. This method has been used in S. cerevisiae and has the 
advantage that it is physiologically relevant (Singer and Reizman, 1990). AnS. pombe 
mating factor receptor has also been cloned (Kitamura and Shimoda, 1991) and it may be 
possible to follow their internalisation by the use of specific antibodies. Therefore, no 
assays are currently available which might determine whether ypt4 disrupted cells are 
defective in either endocytosis or Golgi to vacuole transport. Hopefully, however, such 
assays will become available in the near future.

Wild-type S. pombe cells contain 15-20 vacuoles which are approximately 1pm 
across, whereas ypt4 disrupted cells contain 2 large vacuoles which are 2.5-3pm across. 
If traffic to and from an organelle normally occurs in the form of vesicles smaller than 
itself, blocking inward transport while outward traffic continues would lead to a decrease 
in the surface area to volume ratio. In fact, taking the approximate figures for vacoule size 
and number quoted above, it appears that although the surface area to volume ratio 
decreases in ypt4 disrupted cells, the total vacuolar volume is considerably greater (the 
total vacuolar surface area is approximately the same in the two types of cells). Changes in 
the relative rates at which vesicles fuse or depart from a compartment might contribute to 
such an effect. Another possibility is that ypt4 disrupted cells have a different state of 
osmotic balance to wild-type cells which makes the vacuolar volume larger.

The vacuoles have been treated as a single vacuolar compartment which changes 
with respect to surface area and volume. However, in wild-type cells the 'vacuolar 
compartment' appears to consist of numerous small spherical vacuoles. It seems unlikely 
that one of these small vacuoles enlarges hugely while the others disappear. Instead the 
vacuoles may form part of a dynamic organelle which continually undergoes fission and 
fusion events. This would mean that all the small vacuoles interact with each other, and it 
is easier to envisage the formation of one large vacuole under such circumstances. If it is 
necessary for the cell to increase the total vacuolar volume for some reason, formation of 2  

giant vacuoles requires the use of less membrane area than an increase in the number of 
small vacuoles. (The number of small (1pm) vacuoles would have to increase from 15-20 
to 50-60 to encompass the same total vacuolar volume as 2 vacuoles of 3pm; this would 
require 3 times more membrane.)

As mentioned above, the CDCFDA stained organelles seen in the wild-type and 
ypt4 disrupted cells are not necessarily the same compartment. It is possible that one is an
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Figure 55 : Model for intracellular transport in wild-type and ypt4- 
disrupted cells
In wild-type cells, transport from X to Z goes via organelle Y which is not normally 
seen because transport from Y to Z is rapid. This step is blocked in ypt4-disrupted cells, 
causing an enlargement of organelle Y and the disappearance of small vacuoles (Z).
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Figure 56 : Model for the dynamics of vacuole morphology in wild-type 
and ypt4-disrupted cells
In wild-type cells, vacuoles interact with each other, mixing their contents. In this 
model, fusion of vacuoles requires a protein X and fission requires ypt4. In ypt4- 
disrupted cells, fusion continues but fission is blocked, leading to the formation of one 
large vacuole in the place of several small ones.
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intermediate on a pathway to the other. For example in the model shown in figure 55, the 
large organelle seen in ypt4 disrupted cells (Y) occurs before the small vacuoles (Z) on a 
pathway from X to Z, but Y is not normally observed because transport from it to Z is 
extremely rapid. If this step is blocked in ypt4 disrupted cells, compartment Y would 
enlarge, while compartment Z would disappear. If X were the cell surface and Z the 
vacuoles, Y might represent an early endosomal compartment. Alternatively, inter
organelle transport in this part of the endomembrane system becomes completely 
disorganised in ypt4 disrupted cells, leading to the formation of a large 'vacuole' structure 
which has no relationship with organelles ordinarily present in wild-type cells.

It is possible that ypt4 is not involved in inter-compartment transport, but instead 
plays a role in vacuole dynamics and morphology. In the model shown in figure 56, 
vacuole fusion and fission occurs constantly in wild-type cells. Ypt4 would be involved in 
the fission event, whilst another (ypt?) protein would be required for the fusion events. In 
this way the membrane and contents of the small vacuoles would be continually mixed. In 
a ypt4 disrupted strain, fusion would continue but fission would be inhibited due to lack 
of ypt4. The possible role of dynamic interaction between vacuoles is unclear. Perhaps it 
could play some part in mixing organelles upon mating, or facilitate equal distribution at 
cell division.

The data currently available can not distinguish between the various models it is 
possible to imagine. How is the function of ypt4 to be established and how can further 
information about the behaviour of this protein be obtained? The development of assays 
for endocytosis and Golgi to vacuole transport will allow the role of ypt4 in these 
processes to be investigated. Depletion experiments in which the level of ypt4 is gradually 
decreased by repressing the nmt promoter (Maundrell, 1990), might help to establish the 
relationship between the small and large 'vacuoles'. It may be possible to study vacuole 
dynamics by mixing two differently labelled populations of vacuoles, eg by mating cells, 
and observing the interactions that occur, and whether such processes are inhibited in ypt4 
disrupted cells. The search for synthetically lethal mutants using screens such as that 
described in Chapter 8  should yield genes whose products interact with ypt4 or function in 
the same pathways.

9.6. Prospects for the study of membrane traffic in S. pombe
Studies of the secretory pathway in S. pombe indicate that it may be an excellent genetically 
tractable model for intracellular transport. The isolation and characterisation of secretory 
mutants in S. cerevisiae has made a huge contribution to the understanding of membrane 
traffic. However, S. pombe has a number of characteristics which suggest that it may 
provide some of the features which budding yeast lacks. The morphology of the Golgi 
complex and the ER more closely resemble those of mammalian cells. The Golgi also 
displays functional similarities with mammalian cells. The production of antibodies against 
BiP and galactosyltransferase mean that markers for both the ER and the Golgi are now
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available. The morphology and properties of the Golgi may be useful in studying the 
mechanism of luminal ER sorting in S. pombe.

The secretory protein acid phosphatase will be extremely useful for monitoring 
passage along the secretory pathway. It can be used in screens to isolate secretory mutants 
and for analysing the effects of perturbing genes which are already cloned. As has been 
shown by experiments described in this thesis, acid phosphatase can be successfully 
modified to act as a reporter molecule for the analysis of potential targeting signals. 
Marker proteins for other stages in membrane transport such as vacuolar targeting and 
endocytosis are needed so that the analysis of these steps can begin. Non-protein 
molecules such as Lucifer Yellow may also prove to be useful in the study of endocytosis. 
The cloning of the gene for galactosyltransferase should facilitate the study of Golgi 
membrane protein targeting.

The search for ypt/rab proteins has so far yielded six members of the family in S. 
pombe. The capacity to perform depletion experiments and make mutants will be 
invaluable in determining the stages in intracellular transport at which these proteins are 
required. Such requirements will be revealed by the accumulation of secretory protein 
precursors or proliferation of organelles.

A drawback to studying intracellular transport in yeast is that localisation of 
proteins by immunofluorescence is sometimes difficult to interpret. This is particularly the 
case for organelles of the secretory pathway which are often seen as a punctate staining 
pattern by light level microscopy and it is difficult to assign an identity to such structures, 
since at present the only markers available are for the Golgi and ER. One approach to this 
problem is to express yeast proteins in mammalian cells where organelles are more easily 
identified by morphology and numerous compartment specific markers exist. This has 
been successfully performed with the S. pombe protein ypt5 which localises to the early 
endosomes in mammalian cells (Armstrong et al, submitted). Assuming that yeast proteins 
do localise to the correct mammalian organelle it may be possible to define the labelling 
pattern obtained in yeast as a localisation to an analogous organelle. The development of 
immuno-EM techniques for S. pombe membrane bound organelles is a significant advance 
and will be extremely useful in the future for unambiguous localisation of proteins.

A major advantage of studying membrane traffic in yeast is the capacity to isolate 
and characterise mutants. The tools are available to isolate secretory mutants, indeed pilot 
screens in the laboratory have been successful in obtaining such mutants (A. Tsun and J. 
Armstrong, personal communication). In the near future it should be possible to isolate 
vacuolar targeting and endocytic mutants. The availability of a wide range of molecular 
genetic techniques in S. pombe means that numerous schemes can be developed for the 
isolation of mutants in cloned genes such as the ypt genes. Once conditional mutants have 
been obtained the search for interacting gene products can be initiated using screens for 
supressors and synthetic lethal mutants.

Yeast are also amenable to biochemistry since it is possible to obtain large numbers
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of cells very cheaply. In this respect the availability of protease deficient S. pombe strains 
would be very useful. In vitro transport systems have been reported for budding yeast and 
the reconstitution of transport steps eg ER to Golgi transport and endosome fusion in S. 
pombe will be important tools in the future. It may be possible to use permeabilised 
spheroplasts for such studies as has been done for ER to Golgi transport in S. cerevisiae 
(Baker et al, 1988; Ruohola et al, 1988) and for other cellular events in S. pombe (Masuda 
et al, 1990). At present markers for such transport events are required. The post- 
translational translotcation of labelled alpha factor is exploited in the S. cerevisiae ER to 
Golgi transport reaction. It may be possible to use an S. pombe mating factor or acid 
phosphatase in a simiilar way, if they are post-translationally translocated.

It is clear thait research on protein targeting and membrane traffic in S. pombe will 
benefit greatly from the use of the powerful combination of genetic and biochemical 
approaches.
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We have cloned the gene for the resident luminal ER 
protein BiP from the fission yeast, Schizosaccharomyces 
pombe. The predicted protein product is equally divergent 
from the budding yeast and mammalian homologues. 
Disruption of the BiP gene in S.pombe is lethal and BiP 
mRNA levels are regulated by a variety of stresses 
including heat shock. Immunofluorescence of cells 
expressing an epitope-tagged BiP protein show it to be 
localized to the nuclear envelope, around the cell 
periphery and in a reticular structure through the 
cytoplasm. Unexpectedly, we find the BiP protein 
contains an N-linked glycosylation site which can be 
utilized. The C-terminal four amino acids of BiP are 
A la -A sp —G lu-L eu , a new variant of the XDEL 
sequence found at the C-termini of luminal endoplasmic 
reticulum proteins. To determine whether this sequence 
acts as a sorting signal in S.pombe we expressed an acid 
phosphatase fusion protein extended at its C-terminus 
with the amino acids ADEL. Analysis of the sorting of 
this fusion protein indicates that the ADEL sequence is 
sufficient to cause the retention of proteins in the 
endoplasmic reticulum. The sequences DDEL, HDEL 
and KDEL can also direct ER-retention of acid 
phosphatase in S.pombe.
Key words: BiP/endoplasmic reticulum/fission yeast/gly- 
cosylation/retention

Introduction

Proteins destined for secretion are synthesized at the 
endoplasmic reticulum (ER) where they enter the secretory 
pathway. In addition to glycosylation, the ER is responsible 
for disulphide bonding, folding and oligomeric assembly of 
newly synthesized proteins. A number of proteins thought 
to be involved in these processes are residents of the ER 
lumen and include protein disulphide isomerase and a protein 
known as BiP or GRP78. BiP was originally identified in 
pre-B cells, where it binds to and prevents the secretion of 
immunoglobulin heavy chains in the absence of light chain 
synthesis (Haas and Wabl, 1983). It is now known to be 
ubiquitous and has been observed bound stably to a variety 
of mutant, misfolded, incompletely glycosylated or partly 
assembled proteins (Gething et al., 1986; Dorner et a i , 
1987; Kassenbrock et a l ,  1988; Machamer et al., 1990). 
BiP has also been found in transient association with a 
number of normal secretory and membrane proteins (Bole

et al., 1986; Ng et al., 1989; Blount and Merlie, 1991) and 
hence is thought to be required for the correct folding and 
assembly of these proteins in the ER. Complexes of BiP with 
immunoglobulin heavy chain can be disrupted by addition 
of ATP (Munro and Pelham, 1986). ATP hydrolysis by 
purified BiP in vitro has been shown to be dependent upon 
peptide binding and necessary for the subsequent release of 
bound peptide (Flynn et al. 1989). It is assumed that ATP 
hydrolysis occurs during BiP’s participation in protein 
assembly in vivo. Genetic analysis of BiP has been facilitated 
by the identification of its homologue KAR2 in 
Saccharomyces cerevisiae (Normington et al. 1989; Rose 
et al. 1989). KAR2 is required for karyogamy and 
additionally is involved in translocation of nascent 
polypeptides across the ER membrane (Vogel et al., 1990). 
As yet it is unclear whether BiP performs such roles in 
mammalian cells. BiP shares a high degree of homology with 
the HSP70 heat shock proteins, although BiP itself is not 
induced by heat shock in mammalian cells (Munro and 
Pelham, 1986). Perturbations of the ER such as the inhibition 
of glycosylation or treatment with calcium ionophores induce 
expression of BiP (Welch et al., 1983). These treatments 
are thought to cause an accumulation of misfolded proteins 
in the ER, though the mechanism by which this signal is 
transduced to the nucleus remains a subject for speculation.

BiP and protein disulphide isomerase are members of a 
class of resident ER proteins which are soluble in the lumen 
but are not secreted. This localization is mediated by a C- 
terminal tetrapeptide which is both necessary and sufficient 
for ER retention (Munro and Pelham, 1987). This sequence 
is usually KDEL in mammalian cells (Pelham, 1990) and 
HDEL in S. cerevisiae (Pelham et al. 1988). Several variants 
have been identified at the C-termini of luminal ER proteins 
from other species, including DDEL in Kluyveromyces lactis 
(Lewis and Pelham, 1990a) and SDEL in Plasmodium 
falciparum (Kumar et al., 1988). In S.cerevisiae, HDEL- 
bearing proteins can leave the ER but are selectively retrieved 
from a subsequent compartment (Dean and Pelham, 1990). 
A genetic approach has identified the gene for the HDEL 
receptor, ERD2 (Lewis et al., 1990; Semenza et al., 1990). 
A human ERD2 homologue has also been cloned and the 
26 kDa protein product localizes to the Golgi (Lewis and 
Pelham, 1990b) though it has not yet been shown to cause 
the retention of KDEL proteins. An additional candidate for 
the KDEL receptor has been identified in mammalian cells 
using anti-idiotypic antibodies. A fragment of this 72 kDa 
protein binds KDEL peptides in vitro (Vaux et al., 1990) 
but the protein is apparently unrelated to human erd2. It is 
assumed that the receptor will bind escaped ER proteins, 
return them via a vesicle-mediated pathway to the ER and 
from there release them in response to an unknown signal 
or change in environment.

Thus several issues concerning the functions, regulation and 
localization of BiP remain to be clarified. The fission yeast
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A
- 4 4 0
CACAATATCAATAAGTTCCACTCACGCTTTGTCTTTCACAATATCATTTCAGAATTTACCAATTTCGATTTTCATTGTTACATTCATTGCTATGAAAACGTAAGGTGGTGGCGGCAATAGGAeTTATCGAAATGTACA 

- 3 0 2  S p e l
GAACTCACTATAGAATTGTTGTGTTGATGAGCTTCAACTGCATTCTTCTGGAAAGTACTAGTATTAACGACGTGACTGCTCCTCTCGTTACTTAGCTGATTTCTGGTACGCTATTAAACTCATCCAAAACCAACTATT

- 1 6 4
CTAGTTTGGTAAATCTTAATCAAAAACTATTAAAACCCGTTTACTATTTACTTAACAGGTTGTTTTCAATAATTGGGAATTGCTTGTGCCTACGATCTCTTGTAATTGAACTACACATATAAGCATTTATAAGTTGGT

- 2 6
AATCTTCAAATTCTTGTTTATTGAAAATGAAGAAGTTCCAGCTATTTAGCATTTTAAGCTACTTTGTAGCTTTATTCCTCCTACCTATGGCTTTTGCTAGTGGTGATGATAACTCTACAGAATCATATGGAACAGTTA 

M K K F Q L F S I L S Y F V A L F L L P M A F A S G D D N S T E S Y G T V I  
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------  38

113
TTGGTATTGATCTTGGTACAACATACTCTTGCGTTGCCGTTATGAAAAATGGTCGTGTAGAAATTATTGCCAACGATCAGGGTAATCGTATTACACCCTCATATGTGGCCTTTACTGAAGACGAACGTTTGGTTGGTG 

G I D L G T T Y S C V A V M K N G R V E I  I A N D Q G N R I T P S Y V A F T E D E R L V G E
84

251
AGGCCGCTAAGAACCAAGCTCCTTCCAATCCTGAAAACACCATTTTTGACATCAAGCGTCTTATTGGACGTAAGTTTGACGAAAAGACAATGGCCAAGGATATTAAATCTTTTCCTTTCCATATTGTAAATGACAAGA

A A K N Q A P S N P E N T I F D I K R L I G R K F D E K T M A K D I K S F P F H I V N D K N
130

3 8 9  H l n d l l l  ..........................................................
ACCGTCCTTTGGTTGAGGTTAATGTAGGTGGTAAGAAGAAAAAGTTTACCCCTGAAGAAATTTCAGCCATGATTCTTAGTAAAATGAAGCAAACTGCTGAAGCTTACCTCGGAAAGCCTGTCACTCACTCTGTTGTTA

R P L V E V N V G G K K K K F T P E E I S A M I L S K M K Q T A E A Y L G K P V T H S V V T
1 7 6

527
CTGTCCCCGCCTACTTCAATGACGCTCAGCGTCAGGCTACCAAGGATGCTGGTACTATTGCCGGCTTGAATGTTATTCGTATCGTCAATGAGCCTACTGCGGCTGCTATTGCCTACGGATTAGACAAAACTGATACAG

V P A Y F N D A Q R Q A T K D A G T I A G L N V I R I V N E P T A A A I A Y G L D K T D T E
222

665
AGAAGCATATTGTTGTTTATGATTTAGGTGGTGGTACTTTTGACGTTTCTCTTTTGTCTATTGACAATGGTGTTTTCGAAGTTTTGGCTACTTCAGGTGATACCCATCTCGGTGGTGAGGACTTTGACAACCGTGTTA 

K H I V V Y D L G G G T F D V S L L S I D N G V F  E V L A T S G D T H L G G E D F D N R V I
2 6 8

803
TCAACTACTTAGCCCGTACTTACAACCGCAAGAACAATGTCGATGTTACTAAGGATCTTAAGGCTATGGGAAAACTCAAGCGTGAAGTTGAAAAAGCCAACGGTACTTTGTCCTCCCAAAAGTCTGTTCGTATCGAGA

N Y L A R T Y N R K N N V D V T K D L K A M G K L K R E V E K A N G T L S S Q K S V R I E I
3 1 4

941
TTGAATCTTTCTTTAACGGTCAAGACTTTTCTGAAACTTTATCCCGTGCTAAGTTCGAGGAGATTAAACATGGATCTCTTCAAGAAGACTTTGAGCCTGTTGAGCAAGTATTAAAGGACTCCAACCTCAAGAAATCCG

E S F F N G Q D F S E T L S R A K F E E I K H G S L Q E D F E P V E Q V L K D S N L K K S E
3 6 0

1 0 7 9  E coR V ................................................................................................................................................................................................................................... ........................................................
AGATTGATGATATCGTTCTTGTCGGTGGTTCTACTCGTATCCCTAAGGTTCAAGAACTTTTGGAGAGCTTCTTTGGTAAGAAGGCTTCTAAGGGTATCAATCCCGATGAGGCTGTTGCCTATGGTGCTGCTGTTCAAG

I D D I V L V G G S T R I P K V Q E L L E S F F G K K A S K G I N P D E A V A Y G A A V Q A
4 0 6

1 2 1 7
CCGGCGTTTTATCTGGCGAGGAAGGAAGTGATAACATTGTCCTCTTGGACGTTATCCCTCTTACTTTAGGTATTGAGACTACCGGTGGTGTTATGACTAAACTTATCGGTCGTAACACTCCTATTCCTACTCGTAAGT

G V L S G E E G S D N I V L L D V I P L T L G I E T T G G V M T K L I G R N T P I P T R K S
4 52

1 3 5 5 _____________________________________________________________________________________________________________________________________________________________________________________________ ____
CGCAAATTTTCTCTACTGCGGTTGACAATCAAAATACTGTTTTAATTCAAGTCTATGAAGGTGAACGTACTCTTACTAAGGACAACAACCTTCTTGGAAAATTTGACCTTCGTGGTATTCCTCCTGCCCCTCGTGGTG

Q I F S T A V D N Q N T V L I Q V Y E G E R T L T K D N N L L G K F D L R G I P P A P R G V
4 98

1 4 9 3 .................................................................................................  S a i l  H i n d i  I I  E coR V
TTCCCCAAATTGAAGTCACGTTTGAAGTCGATGCCAATGGTGTTTTGACTGTTTGAGCCGTCGACAAGTCTGG7AAGGCTAAGCCTGAGAAGCTTGTTATCAAGAATGACAAAGGTCGTTTGTCTGAGGAACATATCG

P Q I E V T F E V D A N G V L T V S A V D K S G K G K P E K L V I K N D K G R L S E E D I E
544

1 6 3 1  E c o R I
AGCGCATGGTTAAGGAGGCCGAAGAATTCGCTGAAGAAGATAAGATTTTGAAGGAGCGTATTGAAGCTCGTAATACTCTTGAAAACTACGCCTATTCTTTGAAAGGTCAATTTGACGATGATGAGCAATTAGGTGGTA

R M V K E A E E F A E E D K I L K E R I E A R N T L E N Y A Y S L K G Q F D D D E Q L G G K
5 9 0

1 7 6 9
AGGTTGATCCCGAAGATAAGCAAGCTGTTTTGGACGCTGTCGAAGATGTTGCTGAATGGCTTGAAATCCACGGAGAAGATGCCAGCAAGGAAGAATTTGAAGATCAGCGTCAAAAACTCGATGCCGTTGTTCATCCTA

V D P E D K Q A V L D A V E D V A E W L E I H G E D A S K E E F E D Q R Q K L D A V V H P I
6 3 6

1 9 0 7  H l n d l l l
TTACCCAAAAGTTGTATTCCGAAGGAGCTGGTGATGCTGATGAAGAGGATGATGATTACTTCGATGATGAGGCCGATGAACTTTAAAGTGTTTTAAAATTGCCTGTACTTTCATTTTTTAAGCTTTACTTAGTAATTT 

T Q K L Y S E G A G D A D E E D D D Y F D D E A D E L .
------------------------ 6 6 3

2 0 4 5
TTATTTAGTTCGAAGTATACGCAAGTCTGACTCGAATGCTCTCATGGTTTCATGACCTTAATCTAAGGGTATTTGGAAACCAAATGTTTT

B
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S.pombe combines the genetic tractability of budding yeast 
with functional and morphological features which may make 
it a better model of the secretory pathway of higher cells. 
For example S.pombe adds terminal galactose to its 
glycoproteins (Moreno et al., 1985) and stacked Golgi 
structures are readily seen by EM in wild-type cells (Smith 
and Svoboda, 1972). In addition, several members of the ypt 
family in S.pombe are highly homologous to their mammalian 
counterparts (Fawell et al., 1989, 1990; Haubruck e ta l ,  
1990; Hengst et al., 1990; Miyake and Yamamoto, 1990).

We describe here the isolation and analysis of the BiP gene 
from S.pombe. The gene is essential for viability and its 
expression is regulated by a variety of stresses. S.pombe BiP 
can be partially glycosylated, unlike BiP from other species. 
Immunofluorescence of cells expressing an epitope-tagged 
BiP protein has allowed visualization of the ER of S.pombe 
and shown it to have some reticular structure. The ADEL 
C-terminal sequence is a new variant of the ER-retention 
signal and can direct the ER retention of the secretory protein 
acid phosphatase. In addition, ER-retention signals from 
other species, including the mammalian sequence KDEL, 
can also function to some extent in S.pombe.

Results
Cloning of the BiP gene
Sequences of rat (Munro and Pelham, 1986) and S.cerevisiae 
(Normington etal., 1989; Rose etal., 1989) BiPs were 
compared in order to identify regions which are conserved 
between BiP proteins but not found in other members of the 
HSP70 family. Degenerate oligonucleotides 1 and 2 were 
designed as primers as described in Materials and methods. 
Oligonucleotide 3, an alternative 3' primer, represented a 
sequence conserved among HSP70 and BiP proteins. 
Polymerase chain reaction (PCR) amplification of S.pombe 
genomic DNA using oligonucleotides 1 and 2 yielded one 
major product of 700 bp. This fragment encoded a sequence 
with extensive amino acid homology to rat and S. cerevisiae 
BiP. An overlapping product of 1 kb was generated by PCR 
with oligonucleotides 1 and 3. This fragment was used to 
screen genomic and cDNA libraries. The resulting clones 
gave overlapping sequences encoding the entire BiP gene 
(Figure 1A).

In the upstream region of the BiP gene there are two 
TATA box sequences within 50 nt of the initiator ATG. The 
BiP gene contains no introns through a coding region of 2.2 
kb. Translation of the DNA sequence predicts a protein 
product of 73 kDa which is 67% identical to S. cerevisiae 
BiP and 66% identical to rat BiP, as shown in Figure IB. 
There is a putative signal peptide at the N-terminus and a 
probable cleavage site between amino acids 24 and 25 (von 
Heijne, 1983). The sequence at the extreme C-terminus is 
Ala—Asp—Glu—Leu (ADEL), which differs from both the 
mammalian and S. cerevisiae XDEL motif involved in sorting 
of luminal ER proteins (Pelham, 1990). An unexpected 
feature of the amino acid sequence is the existence of a 
potential N-linked glycosylation site at position 29.

Disruption of the BiP gene
To determine whether the BiP gene was essential in S.pombe, 
a gene disruption experiment was performed. Approximately 
80% of the coding sequence of BiP was replaced by the 
S.pombe ura4 gene. Flanking sequences of 0.7 kb on the 
5' side and 1.7 kb on the 3' side were retained in order to 
direct homologous recombination upon transformation of the 
linear fragment into the diploid S.pombe strain 611. Ura+ 
transformants and the parental strain were analysed by 
Southern blotting of Sail digested genomic DNA with a 
probe from outside the region used for transformation 
(Figure 2A). One out of ~  100 transformants tested showed 
the predicted band of 4.2 kb in addition to the wild-type band 
of 2.7 kb (Figure 2B, lanes 1 and 2). A ura4 probe also 
hybridized to the 4.2 kb band in the disruptant as predicted 
(Figure 2B, lane 4). The heterozygous BiP-disrupted diploid 
strain, BKO-8, was sporulated and subjected to random spore 
analysis. None of the 80 haploid progeny tested were ura+, 
indicating that disruption of the BiP gene is lethal.

Regulation of BiP message
In mammalian cells, BiP mRNA is induced by various 
treatments which cause an accumulation of underglycosylated 
or misfolded proteins in the ER but it is not induced by heat 
shock (Welch et al., 1983; Munro and Pelham, 1986). In 
contrast, S. cerevisiae BiP mRNA is induced by heat shock 
as well as these other stresses (Normington et al., 1989; 
Rose et al., 1989). To examine the regulation of S.pombe 
BiP, cells were subjected to various treatments and their 
RNA was analysed by Northern blotting, using a probe 
which would not hybridize with other members of the HSP70 
family. In unstressed cells a single message of 2.5 kb was 
present (Figure 3, lane 1). Within 10 min of a shift from 
30 ° C to 39° C the level of this message increased several
fold (lane 2). After 30 min at 39 °C an additional smaller 
message of 2.4 kb was present and the level of the larger 
message was less than at the 10 min time point (lane 3). A 
similar pattern of BiP messages was observed after 1 h at 
39°C (lane 4). Treatment with concentrations of tunicamycin 
(an inhibitor of N-linked glycosylation) as low as 0.1 pg/ml 
for 2 h caused the disappearance of the 2.5 kb message and 
an induction of the 2.4 kb message (lane 5). An even higher 
level of this message was present in cells when greater 
concentrations of tunicamycin were used (data not shown). 
Cells treated for 2 h with the calcium ionophore A23187 
at 100 nM (lane 6) or 2-deoxyglucose at 10 mM (lane 7) 
contained both BiP messages.

No sequences matching the heat shock element (HSE; 
Pelham, 1985) consensus sequence (5'-CNNGAANNTTC- 
NNG-3') could be found in the upstream region of the 
S.pombe BiP gene. A 10 bp consensus sequence (5'-NTT- 
CNNGAAN-3') derived from the overlap of two half-HSEs 
has been identified upstream of the Drosophila HSP70 gene 
and as a dimer acts as a heat shock regulatory element (Xiao 
and Lis, 1988). Single copies of a similar sequence 
(consensus 5'-TTCTAGAA-3') are found upstream of 
several S.cerevisiae heat shock genes (Tuite et al., 1988)

Fig.. 1. (A) The nucleotide and deduced amino acid sequence of the S.pombe BiP gene. Relevant restriction enzyme sites are indicated. TATA box 
sequences are present at nucleotide positions -47 and -37. Putative heat shock elements are underlined. Sequences to which the PCR 
oligonucleotides annealed are indicated by dotted lines. The putative signal sequence and the C-terminal sequence ADEL are underlined. The 
potential N-linked glycosylation site at amino acid 29 is indicated by an arrow head. (B) Alignment of amino acid sequences of S.pombe (P),
S.cerevisiae (C) and rat (R) BiP. Identities are shown by a vertical line. Spaces have been inserted to achieve optimum alignment. This sequence has been deposited in the EMBL Nucleotide Sequence Data Library under the accession number X64416.
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Fig. 2. Gene disruption o f S.pombe BiP. (A) 1.7 kb of BiP coding sequence was effectively replaced by the S.pombe ura4 gene (1.7 kb). This 
cloning procedure removed a Sail site in the BiP gene and introduced a new Sail site between the 5 ' Hanking region and the ura4 gene. The linear 
fragment was used to transform S.pombe diploid strain 611. Relevant restriction enzyme sites are abbreviated as follows: S, Sail: V, EcoRV; Sp. 
Spe 1; X, Xhol: E, EcoRI. (B) Southern blot o f Sa/I-digested genomic DNA probed with a Sail-EcoRV  fragment derived from a region outside that 
used for the transformation (SV probe). DNA from strain 611 contains one hybridizing fragment of 2.7 kb (lane 1). Strain BKO-8 contains an 
additional hybridizing band of 4.2 kb (lane 2) indicating homologous integration and disruption o f one copy of the BiP gene. This was confirmed by 
stripping the filter and hybridizing it with a ura4 probe: 611 DNA (lane 3) does not hybridize as both copies o f the ura4 gene are deleted in this 
strain. The 4.2 kb fragment alone hybridizes in DNA from the disrupted strain BKO-8 (lane 4).

and the KAR2 gene (Normington et a l., 1989) which is heat 
inducible. Two sequences (TTCTGGAA and TTCTGGTA) 
with homology to these consensus elements are found 
upstream of the S.pombe BiP gene (see Figure 1A). 
Sequences responsible for A23187 induction have been 
identified in the upstream regions of BiP genes from several 
species (Resendez et al., 1988) but such sequences are not 
apparent in the 5' region of the S.pombe BiP gene. These 
studies reveal that the levels and size of BiP mRNA are 
affected by treatments which cause an accumulation of 
misfolded or underglycosylated proteins in the ER.

Localization of epitope-tagged BiP protein
A BiP fusion protein, in which an epitope from the myc 
protein was inserted 7 aa from the C-terminus, was expressed 
in S.pombe under control of the S.pombe adh promoter on 
a multicopy plasmid. Logarithmic phase cells were fixed and 
processed for immunofluorescence using the 9E10 
monoclonal antibody which recognizes the myc epitope 
(Figure 4A) and the nuclei stained with DAPI (Figure 4B). 
The BiP protein is localized to a ring around the nucleus, 
around the periphery of the cell and in strands throughout 
the cytoplasm. The level of tagged BiP expression varies 
considerably from cell to cell which probably reflects 
variation in the copy number of the expression vector. To 
visualize this labelling at higher resolution, cells were 
analysed by confocal microscopy (Figure 4, C —I). A 
reticulum of stained structures was often observed near the 
edges of cells and this is particularly apparent in the cell 
shown in Figure 41. In sections through a single cell, a 
reticular pattern is apparent in the peripheral regions of the 
cell (C and E), whereas nuclear envelope labelling is 
observed in the middle of the cell (D).

S.pombe BiP can be glycosylated
The existence of an N-glycosylation site near the N-terminus 
of S.pombe BiP was unexpected; BiPs in S. cerevisiae and 
mammalian species lack N-linked glycosylation sites whereas 
such sites occur (but are not used) in cytoplasmic HSP70 
proteins. There were a number of possibilities regarding the
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Fig. 3. Northern blot analysis o f BiP mRNA. Total RNA from 
S.pombe cultures was separated by electrophoresis in a 1.5% 
ag a ro se -2 .2  M formaldehyde gel, transferred to nitrocellulose and 
hybridized with a 400 bp Hindlll fragment from the 3' end of the BiP 
gene. 8 /*g of RNA was loaded per track: lane 1, control cells grown 
at 30°C; lane 2. 10 min shift from 30°C to 39°C ; lanes 3 and 4. shift 
from 30°C to 39°C for 30 min or 1 h, respectively; lane 5, 2 h in 0.1 
^g/m l tunicamycin at 30°; lane 6, 2 h in 10 mM 2-deoxyglucose at 
30°C: lane 7. 2 h in 10 A23187 at 30°C. Approximate positions
of the 18S and 28S ribosomal RNAs are indicated.

potential N-linked glycosylation site in S.pombe BiP: the 
assignment of the site of signal peptide cleavage was incorrect 
and the NST sequence was removed as part of the signal 
sequence; the site was present in the mature protein but not 
utilized; the site was present and glycosylated in the mature 
protein. As BiP is an ER resident protein, any glycosylation 
would be expected to be in the form of core sugars.

To determine whether S.pombe BiP is glycosylated, 
epitope-tagged BiP was immunoprecipitated from extracts 
of metabolically labelled cells and either analysed directly 
by S D S -P A G E  or re-precipitated with concanavalin A 
bound to Sepharose beads (C onA -Sepharose) before 
S D S -P A G E  analysis. Figure 5A (lanes 1 and 2) shows

1586



Fig. 4. Immunofluorescence o f S.pombe cells expressing epitope tagged BiP. Logarithmic phase cells were processed for immunofluorescence as 
described in Materials and methods. (A) Field o f cells expressing epitope-tagged BiP, labelled with 9E10 antibody. (B) Same field showing nuclear 
staining with DAPI. ( C - I )  Confoca! images o f cells labelled with 9E10 antibody. ( C - E )  sections through a single cell ~  1 pm apart. ( F - H )  
Labelling of reticular structures in three different cells. (I) Enlargement of cell in C. The scale bars in A, C and I represent 10 pm. 2 pm and 1 pm. 
respectively.

immunoprecipitation and im m unoprecipitation-C onA  
precipitation, respectively, from a strain which does not 
express tagged BiP. A major band of 78 kDa and a minor 
band of 81 kDa are specifically immunoprecipitated from 
cells expressing tagged BiP (lane 3); the upper band is 
precipitated by C onA -Sepharose (lane 4). Lanes 5 and 6 
are longer exposures of lanes 2 and 4, respectively. To 
confirm that this carbohydrate was N-linked, Western blots 
were performed on extracts from cells expressing the tagged 
BiP protein. Two species were present, a major band of 78 
kDa and a minor band of 81 kDa (Figure 5B. lane 1). When 
the extract had been treated with endoglycosidase H only 
the 78 kDa band was apparent (lane 2) indicating that the 
larger species contains N-linked carbohydrate. These 
experiments indicate that S.pombe BiP is partially N- 
glycosylated, presumably at the NST sequence near the N- 
terminus. The difference in mobility between the two species 
is consistent with the addition of a core sugar moiety of 
GlcNAc2Man9. Approximately 10% of the tagged BiP 
protein is present in the glycosylated form although there 
was some variation between experiments.

ADEL acts as a retention signal in S.pombe
Pelham and co-workers have shown that C-terminal KDEL 
in mammalian cells and HDEL in S.cerevisiae is necessary 
and sufficient for retention of proteins in the ER (Munro 
and Pelham, 1987; Pelham e ta l.,  1988). We wanted to 
determine whether the ADEL sequence could direct the ER 
retention of acid phosphatase, which is normally secreted 
from S.pombe cells. S.pombe contains two immunologically 
related acid phosphatases; the phol gene is phosphate- 
repressible (Maundrell et a l., 1985) and the pho4 gene is 
thiamin-repressible (Schweingruber et al., 1986a. b; Yang 
et a l., 1990). The pho4 gene was extended at its 3 ' end so 
that the encoded protein terminated in ADEL or one of two

random sequences, DYFD or EKSG. These fusion protein 
constructs (A P -A D E L , AP —DYFD and A P -E K S G , 
respectively) were expressed from the adh promoter on a 
multicopy plasmid in strain ESI which contains a deletion 
of the phol gene. Cells were grown in media containing 5 
pM  thiamin. Protein extracts were made from ESI cells and 
from cells expressing A P -A D E L , A P -D Y F D  and 
A P -E K S G , incubated in the presence or absence of 
endoglycosidase H and analysed by Western blotting. Under 
these growth conditions the strain ESI contains no material 
cross-reacting with an anti-acid phosphatase antibody 
(Figure 6, lanes 1 and 2) since phol is deleted and pho4 
is repressed by thiamin. No cross-reacting material was seen 
in cells expressing A P -E K S G  (lane 3) and AP —DYFD 
(lane 5) unless N-linked oligosaccharides were removed with 
endoglycosidase H (lanes 4 and 6) to produce a 55 kDa 
species. In samples not treated with endoglycosidase H, 
heterogeneous high molecular weight carbohydrate side 
chains may prevent acid phosphatase from entering the gel, 
or cause it to migrate as a very diffuse smear which is not 
detectable with the antibody. Cells expressing AP —ADEL 
contained an 80 kDa species (lane 7) which represents a core
glycosylated form of acid phosphatase. This was shifted to 
55 kDa upon treatment with endoglycosidase H (lane 8). The 
A P -D Y F D  and A P -E K S G  proteins are subject to 
heterogeneous high molecular weight modifications 
associated with passage beyond the ER, whereas the majority 
o f the A P -A D E L  protein is present in the core-glycosylated 
form suggesting that it has been retained in the ER. Although 
equal amounts of cell extract were loaded in each track, the 
total cellular acid phosphatase as revealed by endoglycosidase 
H digestion appears to be greater in the cells expressing 
A P -A D E L  than in those expressing A P -E K S G  and 
A P -D Y F D . This effect is probably due to an accumulation 
o f the A P -A D E L  protein in the cell due to its ER retention,
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Fig. 5. Glycosylation o f S.pombe BiP. (A) Cells containing plasmids 
p E V P ll or pEB9 were labelled with [35S]sulphate for 1 h at 30°C . 
Proteins were immunoprecipitated with the 9E10 mAb (lanes 1 and 3) 
or immunoprecipitated then ConA precipitated (lanes 2, 4. 5 and 6) 
and analysed by 8% S D S -P A G E  and fluorography. Each lane 
contains lysate derived from 8 x l 0 7 cells. Com parison of lanes 1 
(control cells containing p E V P ll)  and 3 (cells containing pEB9) 
indicates that two additional bands o f 78 and 81 kDa are present in 
cells expressing epitope-tagged BiP. The 81 kDa species was 
precipitated by ConA —Sepharose (lane 4) indicating that it contains 
carbohydrate. No proteins were re-precipitated by ConA from control 
cells (lane 2). Lanes 5 and 6 are longer exposures o f lanes 2 and 4. 
respectively. (B) Protein extract from cells expressing epitope-tagged 
BiP was incubated overnight in the presence (lane 2) or absence 
(lane 1) o f endoglycosidase H, separated by 10% S D S -P A G E  and 
analysed by W estern blotting using the 9E10 monoclonal antibody.
Each track contains lysate derived from 5 x l 0 6 cells. The positions o f 
marker proteins are indicated in kilodaltons.

whereas the A P -D Y F D  and A P -E K S G  proteins are 
secreted. Although secreted acid phosphatase is thought to 
be trapped between the plasma membrane and the cell wall, 
some of this material would be lost upon conversion of the 
cells to spheroplasts.

Several variants of the XDEL sequence have been found 
at the C-termini of luminal ER proteins from other species, 
including KDEL in mammalian cells, HDEL in S.cerevisiae 
and DDEL in K. lactis. To define further the requirements 
for an ER-retention signal in S.pombe, these sequences were 
fused to the C-terminus of acid phosphatase and analysed 
as described above. Extracts from cells expressing 
A P -D D E L , AP —HDEL and AP —KDEL all contained a 
80 kDa band (Figure 6, lanes 9, 11 and 13). Upon

9 2 -

Fig. 6. Sorting o f C-terminally extended pho4 fusion proteins. Protein 
extracts were made from logarithmic phase cells grown in the presence 
o f thiamin and incubated overnight in the presence (lanes 2. 4. 6. 8.
10. 12 and 14) or absence (lanes 1, 3. 5. 7. 9, 11 and 13) of 
endoglycosidase H and analysed by 8% S D S -P A G E  and Western 
blotting. Each lane contains lysate derived from 3 x l 0 6 cells. Strain 
ESI contains no material cross-reacting with the anti-acid phosphatase 
monoclonal antibody (lanes 1 and 2). Acid phosphatase terminating in 
EKSG or DYFD is not detectable by the antibody without 
endoglycosidase H treatment (lanes 3 and 5). Upon endoglycosidase H 
treatment material appears as a 55 kDa band (lanes 4 and 6). Acid 
phosphatase terminating in ADEL is present as an 80 kDa band 
(lane 7) which is shifted down to 55 kDa upon endoglycosidase H 
treatment (lane 8). Acid phosphatase terminating in DDEL (lanes 9 
and 10). HDEL (lanes 11 and 12) and KDEL (lanes 13 and 14) show 
a similar pattern but the 80 kDa band is much fainter. The positions 
o f marker proteins are indicated in kilodaltons.

endoglycosidase H treatment (lanes 10. 12 and 14), a 55 kDa 
band of greater intensity than the 80 kDa band was apparent. 
The relative intensities of the AP —DDEL, A P -H D E L  and 
AP —KDEL 80 kDa bands varied between experiments, but 
they were consistently weaker than the A P -A D E L  80 kDa 
band (see lane 7). These results show that all these signals 
can be recognized in S.pombe.

Discussion

Sequence conservation of BiP between S. cerevisiae and 
mammalian cells has enabled us to clone a homologue from 
the fission yeast S.pombe by PCR. The PCR approach was 
successful in that only BiP sequences were amplified; no 
other members of the HSP70 family were cloned. The 
encoded protein has the expected characteristics: extensive 
sequence homology to the HSP70 family of proteins as well 
as sequences characteristic only of BiP proteins, a putative 
N-terminal signal sequence and ER retention signal at the 
C-terminus (Figure 1). The protein is approximately equally 
divergent from its mammalian and S. cerevisiae homologues, 
once again underlining the substantial differences between 
these two yeasts and the potential value of a comparative 
genetic analysis. However, two features of the sequence were 
unexpected, namely the presence of a potential glycosylation 
site near the N-terminus and a new variant of the ER 
retention signal, ADEL, at the C-terminus.

The BiP gene of S.pombe, like that of other species, can 
be induced by a range of stresses, including the calcium 
ionophore A23187, the glycosylation inhibitor tunicamycin 
and 2-deoxyglucose. Tunicamycin appears to have a relatively 
greater effect on the level of BiP mRNA in S.pombe than 
it does in some mammalian species (Watowich and Morimoto, 
1988). In addition, the S.pombe gene is induced by heat shock, 
as is the case with S.cerevisiae but not with higher cells. The 
various stresses cause the appearance of a new BiP mRNA 
which is shorter than the normal form (Figure 3). The 
structures of these two mRNAs are unknown; the two putative 
TATA boxes upstream of the gene are only 10 bp apart which 
would not account for the 100 bp difference in size between 
the two messages. It is possible that the message terminates
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at a different 3' position in stressed and unstressed cells, or 
that the message is differently modified. It has been proposed 
that an inducing signal common to some or all of these stresses 
is the appearance of misfolded or aggregated proteins in the 
lumen of the ER (Kozutsumi et al., 1988), but the pathway 
for transmission of this signal to the nucleus remains 
unknown. It will be of interest to discover which elements 
of such a pathway are conserved between the two yeasts and 
higher cells.

Immunofluorescence of BiP has allowed us to visualize 
the ER of S.pombe (Figure 4). The pattern includes the 
elements in which S. cerevisiae BiP was observed (Rose 
etal.,  1989), namely the nuclear envelope, filaments 
radiating from the nucleus and structures beneath the cell 
surface, but in addition the ER of S.pombe has a distinct 
reticular component in the cytoplasm (Figure 4). In higher 
cells the reticulum is formed by dynamic interactions 
between membranes and microtubules (Dabora and Sheetz, 
1988). The same may be true in S.pombe; if so this might 
be a useful system to study the nature of these interactions, 
since both the patterns of microtubule formation (Hagan and 
Hyams, 1988) and the tubulin genes (Yanagida, 1987) are 
well characterized in this organism.

Glycosylation of BiP has not been previously observed. 
The mammalian and S. cerevisiae sequences lack sites for 
N-glycosylation, in contrast to the other members of the 
HSP70 family, which contain potential sites but are never 
exposed to the glycosylation machinery within the ER. It 
has been argued that glycosylation would hinder the folding 
or assembly functions of BiP (Normington et al., 1989). 
However, S.pombe BiP contains a site for A-glycosylation 
which is clearly used, if only in a small proportion of the 
protein (Figure 5). The significance of this partial 
modification is unclear. It seems unlikely that glycosylation 
is required for any activity of the protein, and it is even 
possible that the glycosylated form is inactive. The K.lactis 
BiP sequence also contains a potential N-linked glycosylation 
site, near the C-terminus (Lewis and Pelham, 1990a) but 
it is not known whether it is utilized.

The sequence ADEL is found at the C-terminus of 
S.pombe BiP. This sequence can function as an ER-retention 
signal when attached to an otherwise secreted protein. 
Sequences which vary at the - 4  position (DDEL, HDEL, 
KDEL) can also direct ER-retention in S.pombe, though 
apparently with less efficiency than ADEL. This is in contrast 
to S. cerevisiae which does not retain KDEL or DDEL and 
mammalian cells which do not retain HDEL. The C-terminal 
sequences of other S.pombe luminal ER proteins are as yet 
unknown, but it is clearly possible that their retention signals 
differ from that of BiP. The process of ER ‘retention’ in 
fact appears to involve selective retrieval of proteins to the 
ER from a subsequent secretory compartment, probably the 
early Golgi complex (Pelham, 1988; Dean and Pelham, 
1990). Since S.pombe, in contrast to S. cerevisiae, contains 
well defined and readily detectable Golgi stacks (Smith and 
Svoboda, 1972), this organism may prove useful for a 
combined genetic and morphological analysis of the 
mechanism of recycling to the ER.

Materials and methods
Bacterial and S.pombe strains
E.coli strain JM101 was used for all cloning procedures. Strain NM646 
was used as a host for the Xdash library and strains Y1088 and Y1090 were 
used as hosts for the S.pombe cDNA library in Xgtl 1. S.pombe strains used

were 556 (h+ ade6-M 2\6  ura4-D18 leu I-32), 611 (h + /h“ 
ade&M216/ade6-M210 ura4-D 18/«ra4-D 18 leul-32/leu J-32), obtained from 
Prof Paul Nurse, ESI (phol-44 leul-22), obtained from Dr Ernst 
Schweingruber and NCYC 1845 (h_ ade6-M2lO) .

S.pombe media and proceduresThe media used for S.pombe were YPD (1 % Bacto-yeast extract, 2% bacto- 
peptone, 2% glucose) and minimal medium (Moreno et al., 1990). Nitrogen- 
free medium was used for the sporulation of diploids. NSM (sulphate-free 
minimal medium, in which all sulphate salts were replaced by chloride salts) 
was used in metabolic labelling experiments. Minimal medium was 
supplemented with 5 /xM thiamin when required. Standard genetical 
procedures (Moreno et al., 1990) were used. S.pombe transformations were 
performed by the lithium chloride procedure (Broker, 1987).

DNA proceduresStandard procedures were used for DNA manipulations (Sambrook et al., 
1989). S.pombe genomic DNA was prepared from 5 ml logarithmic phase 
cultures (Moreno et al., 1990). PCR was performed as described (Saiki 
et al., 1988). Genescreen-Plus (DuPont) was used for library screening and 
Genescreen (DuPont) for Southern transfers. Probes were prepared using 
the random hexamer-primed method (Feinberg and Vogelstein, 1982) and 
hybridization performed according to Church and Gilbert (1984). Double
stranded DNA sequencing was performed using Sequenase (USB) according 
to the manufacturer’s instructions.
RNA preparation and analysis
Logarithmic phase cells of strain NCYC 1845 were split into 20 ml aliquots 
and subjected to various treatments. Control cells were incubated at 30°C 
for 2 h. For heat shock, cells were shifted from 30°C to 39°C for the last 
10, 30 or 60 min of incubation. Alternatively, cells were grown at 30°C 
in the presence of 0.1 /xg/ml tunicamycin, 10 /xM A23187 or 10 mM 
2-deoxyglucose for 2 h. At the end of the incubation cells were placed on 
ice, pelleted and total RNA prepared (Moreno et al., 1990). 8 pg of each 
RNA sample was analysed by electrophoresis through a 1.5% agarose—2.2 
M formaldehyde gel (Sambrook e ta l., 1989). Transfer to Genescreen membrane was achieved by capillary blotting in 20xSSC and hybridizations 
performed by the method of Church and Gilbert (1984). The probe was 
made from a 400 bp /fcrtdHI fragment from the 3' end of the gene 
(Figure 1A) which is a region of minimal homology between HSP70s and 
BiPs.

PCR amplification and cloning of the BiP gene
The following oligonucleotides were synthesized: 1, 5'-TACTCTAGAAGG- TNACKCATGCKGTNGT-3'; 2, 5'-TACGC ATGC YTC ATCMGG ATTRA- 
TNCC-3'; and 3, 5'-TACGGTACCTCRATCTGNGGMACNCC-3'. To 
facilitate the cloning of PCR products after amplification, restriction enzyme 
recognition sites were incorporated at the 5' ends of the oligonucleotides. 
Oligonucleotide 1 primes towards the 3' end of the BiP gene and oligonucleotides
2 and 3 prime towards the 5' end. Oligonucleotide 1 encodes amino acids 
KVTHAW. Four of these seven amino acids are common to HSP70s and 
to BiPs in S. cerevisiae and mammalian species, the remainder are specific to 
BiP. Degeneracy was reduced by not incorporating all possible codons, relying 
on weak base-pairing of G and T. Oligonucleotide 2 represents the amino acid 
sequence GINPDEA of which only the glycine is BiP-specific. Oligonucleotide
3 represents the amino acid sequence GVPQIEV which is common to HSP70s 
and BiPs. Oligonucleotides 1 and 2 and oligonucleotides 1 and 3 were used 
in PCR reactions to amplify genomic DNA. 2 pg of genomic DNA was heated 
to 95 °C for 5 min in a volume of 100 p\ which contained 250 /xM of each 
dNTP, 10 mM Tris-HCl pH 8.3, 50 mM KC1, 1.5 mM MgCl2 and 5 pg 
of each oligonucleotide. Reactions were then incubated at 45 °C for 5 min during 
which time 2.5 units of Taq polymerase (Cetus) was added. This was followed 
by a 2 min incubation at 60°C. Two cycles of 1 min at 92°C, 1 min at 50°C 
and 2 min at 70°C were then performed, followed by 37 cycles of 1 min at 
92°C, 1 min at 55°C, 2 min at 70°C. PCR products of die predicted size 
were gel-purified, digested with the relevant restriction enzymes and cloned 
into Bluescript and Bluescribe vectors (Stratagene). The 1 kb product of 
oligonucleotides 1 and 3 was used as a probe to screen —3000 plaques of 
a Xdash (Stratagene) library containing inserts derived from a Sau3A partial 
digest of Spombe genomic DNA (obtained from Dr Alister Craig). Two positive 
overlapping clones were obtained. Subclones and deletion series were made 
for sequencing (Yanisch-Perron et al., 1985). An S.pombe cDNA library in 
Xgtl 1 (Young and Davis, 1983) obtained from Dr Viesturs Simanis and Prof 
Paul Nurse was also screened. None of the clones obtained were longer than 
600 bp. Two of these clones were partially sequenced and the sequences were 
identical to that obtained from the genomic clones.
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Gene disruption
The construct used for disruption (see Figure 2a) was made as follows. A 
0.7 kb fragment from the region 5' of the BiP gene was placed adjacent 
to the ura4 gene (1.7 kb). The 3' end of this fragment is 50 bp upstream 
of the initiator ATG. A 1.7 kb EcoRV fragment encompassing 360 bp of 
BiP coding sequence and 1.35 kb of 3' sequence was placed on the other 
side of the ura4 gene. This procedure effectively deleted 1.7 kb of BiP coding 
sequence ( — 80%) including a Sail site and created a new Sail site at the 
junction of the 5' region and the ura4 gene as shown in Figure 2A. The 
linear fragment was transformed into the diploid strain 611. DNA from 
strain 611 and ura+ transformants was digested with Sail and analysed by 
Southern blotting using a Sail—EcoRV fragment from outside the region 
used for transformation as a probe (Figure 2A). The heterozygous BiP- 
disrupted strain, BKO-8, was sporulated on nitrogen-free medium and the 
mixture of asci and vegetative cells treated with 1:500 dilution of helicase 
(IBF Biotechnics, Paris, France) in H20 at 37°C overnight. Liberated 
spores were washed and germinated on YPD plates. Colonies were replicated 
onto media with or without uracil to determine the genotype of the progeny.
Expression of epitope tagged BiP in S.pombe
PCR manipulation of the 0.5 kb EcoRl—Xhol region (see Figure 2A) was 
used to insert the myc epitope (Munro and Pelham, 1984; Evan et al., 1985), 
such that the altered C-terminus is DDLFLEQKLISEEDLNlDDÊ tDEL (the 
italicized sequences are derived from BiP). The Spel-E coR l fragment encompassing the rest of the gene was then fused to the EcoRl—Xhol 
fragment. The resulting construct was cloned as an Sstl—BamHl fragment 
into pEVPl 1 which contains the efficient S.pombe adh promoter (Russell 
and Nurse, 1986) and the S.cerevisiae LEU2 marker to form plasmid pEB9. 
pEB9 and pEVPll were transformed into strain 556.
pho4 constructs
The pho4 gene and its sequence (Yang et a l., 1990) were obtained from 
Dr Ernst Schweingruber. PCR was used to create a Sstl site 15 bp 5' of the pho4 initiator ATG. The 3' end of the gene was altered so that the C- 
terminus was extended from TVYY to TVYYLEQKLISEEDLNIDD- 
E-ADEL, -DDEL, -HDEL, -KDEL, -EKSG or -DYFD. 200 bp 
of 3' region from the BiP gene was included downstream of the stop codon. 
The constructs were cloned into pEVPl 1 as BawHI-Ssd fragments to form 
AP-ADEL, AP-DDEL, AP-HDEL, AP-KDEL, AP-EKSG and 
AP-DYFD respectively and transformed into strain ESI. Transformants 
were grown in minimal media supplemented with 5 /tM thiamin to repress 
the endogenous pho4 gene. Western blot analysis was performed with the anti-acid phosphatase monoclonal antibody, 7B4 (obtained from Dr Emst 
Schweingruber).
Immunofluorescence
Immunofluorescence of cells expressing epitope-tagged BiP was performed 
as described (Chappell and Warren, 1989) except that antibody incubations 
were at 4°C. 9E10 ascites fluid (obtained from Dr Tommy Nilsson) was 
used at a dilution of 1:1000, FITC-conjugated rabbit anti-mouse (TAGO) 
was used at 1:100. Cells were mounted in Citifluor anti-fade (Agar Aids) containing 1 /tg/ml DAPI (4',6'-diamidino-2-phenylindole dihydrochloride, 
Sigma). Cells were observed with a Zeiss Axiophot microscope through 
a 100 x objective and photographed with TMAX-400 film (Kodak). Confocal 
fluorescence microscopy was performed with a BioRad Lasersharp 
microscope, using a 60 x objective. Images were collected with a Polaroid 
Quick Print video printer on Plus-X 125 film (Kodak).
Western blotting
S.pombe protein extracts were prepared from logarithmic phase cultures. Cells were spheroplasted in SP1 buffer (1.2 M Sorbitol, 50 mM sodium 
citrate, 50 mJM Na2HP04, 40 mM EDTA, pH 5.6) containing 0.4 mg/ml 
Zymolyase-20T (ICN) at 37°C for 30 min, heated to 95°C for 5 min in 
2 Xsample buffer (2% SDS, 50 mM Tris—HC1 pH 6.8,2 mM EDTA, 10% 
glycerol, 0.03% bromophenol blue, 2% /3-mercaptoethanol) and cell debris 
pelleted by centrifugation. Protein extracts from 1 x 107 cells were diluted 
5-fold in 60 mM sodium acetate pH 5.5 and incubated overnight at 37°C 
in the presence or absence of 1 unit of endoglycosidase H (Boehringer- 
Mannheim) and protease inhibitors (2 mM PMSF, 2.1 /tg/ml aprotinin, 10 
/tg/ml pepstatin A, 10 /tg/ml leupeptin). Three-fifth volume of 2 x sample 
buffer was added and the samples heated to 95°C. Protein from equal 
numbers of cells was loaded in each track and separated by electrophoresis 
in 8 or 10% SDS-PAGE gels. Proteins were transferred to Amersham 
Hybond-C nitrocellulose membranes by semi-dry electro-blotting. Detection of specific proteins was performed using the Amersham Enhanced Chemi- 
Luminescence system according to manufacturer’s instructions. 9E10 ascites 
fluid was used at 1:5000 dilution, 7B4 culture supernatant was used at 1:10.

Horseradish peroxidase conjugated rabbit anti-mouse (TAGO) was used at 
1:1000.

Protein labelling and precipitation
S.pombe cells of strain 556 containing plasmids pEVPl 1 or pEB9 were 
grown overnight in NSM (containing appropriate supplements) plus 200 
/tM ammonium sulphate. 2x 108 cells were washed and resuspended in 1 
ml NSM, 420 /tCi [35S]sulphate (Amersham) was added and cells were 
incubated at 30°C for 1 h. The immunoprecipitation protocol was adapted 
from Dean and Pelham (1990). Labelled cells were placed on ice and NaN3 
added to 10 mM. Cells were spheroplasted in SP1 buffer containing 0.4 
mg/ml Zymolyase-20T and 10 mM NaN3 for 30 min at 37°C. Cells were 
pelleted gently and lysed by the addition of 0.5 ml of ice-cold 1 % 
TritonX-100 in PBS (containing 2 mM PMSF, 2.1 /tg/ml aprotinin, 10 /tg/ml 
pepstatin A, 10 /tg/ml leupeptin) with vortexing. 0.5 ml of ice-cold PBS 
was added and cell debris removed by centrifuging twice at 9000 g for 5 
min at 4°C. Samples were divided into two aliquots of 400 /tl and 9E10 
ascites added at a 1:100 dilution. After 1 h on ice 2.9 /tg of rabbit anti
mouse antibody (Dakopatts) was added and samples incubated on ice for 
a further hour before addition of 40 /tl of a protein-A —Sepharose slurry 
(Pharmacia) and the mixture was stirred overnight at 4°C. One of each 
pair of samples was left at 4°C while the other was washed four times with 
RIPA buffer (0.5 M NaCl, 50 mM Tris-HCl pH 7.4, 0.5% NP40, 0.5% 
sodium deoxycholate, 0.1% SDS) before heating the protein-A beads to 
95°C for 5 min in 40 /tl 1 % SDS. The supernatant was added to 360 /tl 
0.5% TritonX-100 in PBS and 40 /tl of ConA—Sepharose (Sigma) was 
added. These samples were then incubated at 4°C with stirring for 4 h. 
All samples were then washed four times with RIPA buffer and heated to 
95°C for 5 min in 2xsample buffer before electrophoresis through an 8% SDS-PAGE gel and fluorography.
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