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ABSTRACT
During mitosis the cisternae of the mammalian Golgi apparatus are fragmented
into thousands of vesicles. To study whether this change in morphology is
reflected in the physical properties of Golgi membranes the fractionation of
mannosidase-l a marker for the cis Golgi cisternae, and 3-1,4-galactosyltransferase a trans cisternae Golgi marker was analysed on sucrose gradients.
A method was developed for the growth of large numbers of HeLa cells in
suspension culture which were subsequently blocked in prometaphase with the
microtubule inhibitor nocodazole for 24 hours for the production of mitotic cells.
The morphology and biochemistry of these cells was very similar to that
previously described for mitotic cells isolated from roller bottles by shake-off. A
reproducible protocol for the homogenisation of mitotic cells was developed
and used for the fractionation of organelles by equilibrium density centrifugation
in sucrose.
This study shows:
1.

The Golgi apparatus membrane marker G-1,4-galactosyltransferase of

both interphase and mitotic HeLa cells has an equilibrium density of
1.129g/cm3.
2.

The cisternal membranes of the Golgi apparatus retain their biochemical

integrity and remain discrete during mitosis, neither mixing with each other, nor
with markers for any other organelle.
3.

A fundamental difference in the equilibrium density of the two resident

Golgi enzymes mannosidase-l and 6-1,4-galactosyltransferase in mitotic cells.
The cis membrane marker undergoes a dramatic and reversible shift to a lower
equilibrium density during mitosis while the trans membrane marker density
remains unchanged. The density shift is consistent with the loss of peripheral
cytoplasmic protein and similar to the shift described for clathrin-coated
endosomal vesicles (Rothman and Schmid, 1985: Woodman and Warren,
1991).
4.

Purification of membrane vesicles enriched in 6-1,4-galactosyl-

transferase activity from mitotic HeLa cells gave a 20-fold purification with 3%
yield when sucrose gradient centrifugation was followed by further fractionation
on Percoll gradients.

Vesicles were examined by electron microscopy and

shown to be morphologically similar to the mitotic Golgi vesicles described by
Lucocq ef a/., 1987 for intact mitotic cells.
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CHAPTER

ONE

INTRODUCTION

21

1.1

Protein traffic through the Goigi apparatus

1.1.1 The compartmentation of the mammalian Golgi apparatus
The Golgi apparatus, the organelle primarily responsible for the posttranslational modification and sorting of membrane and secretory proteins, is
organised into five functionally distinct regions: the cis-Golgi network (CGN),
the stacked Golgi cisternae, itself divided into three separate compartments cis,
medial and trans (Griffiths ef a/., 1983), and the trans-Golgi network (TGN)
(Fig. 1.1).

Of these the best characterised is the Golgi stack, the region

originally referred to as the Golgi apparatus or complex (Dalton and Felix,
1954). Electron microscopy (EM) of mammalian cells in culture shows the Golgi
stack to have a juxtanuclear location and to contain characteristically three or
more membrane-bound compartments or cisternae which have flattened plate
like centres and dilated rims, stacked together rather like a stack of pitta breads
(reviewed in Farquhar and Palade, 1981) in a 'zone of exclusion' from which
ribosomes and mitochondria are excluded (Mollenhauer and Morre, 1978). In
mammalian cells these stacks are joined together by tubules which link
equivalent cisternae in adjacent stacks (Hambourg and Clermont, 1990). The
CGN (as defined by Huttner and Tooze, 1989 and Hsu et a i, 1991) forms the
entry face of the Golgi apparatus, receiving proteins from the ER and may act as
a filter or salvage compartment for escaped resident ER proteins which are then
returned to the ER. Membrane and secretory proteins are then transported
successively through the cisternae of the Golgi stack in a cis to trans direction
(Bergman and Singer, 1983; Saraste and Hedman, 1983). Finally they exit the
Golgi from the TGN, which acts as a sorting and distribution centre for proteins
destined for different subcellular compartments such as lysosomes, secretory
vesicles and plasma membrane (Griffiths and Simons, 1986).
1.1.2 The compositional heterogeneity of the Golgi stack
The compositional heterogeneity of the stack of Golgi membranes was first
suspected when thiamine pyrophosphatase was found to be restricted to the
trans-most cisternae of the Golgi apparatus (Novikoff and Goldfischer, 1961).
Prolonged treatment of cells with osmium tetroxide was found to lead to
precipitation in the first cisterna on the cis side of the Golgi apparatus (Friend
and Murray, 1965) while NADP-phosphatase activity was restricted to cisternae
in the middle of the Golgi (Smith, 1980). Differential staining of the Golgi stacks
with periodic acid-Schiff reagent (Hambourg and Leblond, 1967) then
suggested that such heterogeneity may be related to the synthesis of
carbohydrate moieties on glycoproteins. Further advances were also made
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Figure 1.1

ER

Schematic Diagram of the Interphase Mammalian Golgi
Apparatus and its position within the Secretory Pathway.
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using lectin binding studies.

By immu no-gold labelling with lectins of known

sugar specificity and treatment of cells with monensin Griffiths et al. (1982) and
Tartakoff and Vassalli (1983) revealed at least three compartments within the
Golgi apparatus, cis, medial and trans, each involved in the post-translational
modification of carbohydrate moieties on proteins.

Further elucidation of the

pathway of N-linked oligosaccharide processing (reviewed in Kornfeld and
Kornfeld, 1985) and the immuno-EM localisation of some of the processing
enzymes involved (reviewed by Dunphy and Rothman, 1985) has established a
more precise description of the compartments of the Golgi apparatus and their
function with respect to the post-translational modification of glycoproteins.
1.1.3 The N-linked oligosaccharide processing pathway
1.1.3.1

The use of viruses in the élucidation of the pathway

The biogenesis of N-linked glycoproteins has been extensively studied in cells
infected with vesicular stomatitis virus (VSV) and Sem iiki forest virus (SFV)
(Singer and Bergman,1983; Bergman et ai., 1981; Green et ai., 1981). The
virus "hi-jacks” the host cell's biosynthetic machinery to manufacture and
process its coat glycoprotein, the envelope or G protein.

By studying the

processing of these viral glycoproteins and the immunoglobulins (Anderson
and Grimes, 1982) the pathway and enzymes involved in the biogenesis of Nlinked oligosaccharides have been elucidated.
1.1.3.2

The three types of N-iinked oiigosaccharide

The VSV G glycoprotein is an example of an N-linked glycoprotein containing
high-mannose oligosaccharides, one of the three categories of highly
heterogenous N-linked oligosaccharides found in eukaryotic cells: complex,
high-mannose and hybrid.

Each type of oligosaccharide differs in the outer

branches as shown in Fig.1.2.but has a common pentasaccharide core
structure derived

from

the

lipid-linked

oligosaccharide

precursor,

GIC3 Man9 GlcNAc2 , itself formed in the ER by the sequential addition of sugars
to dolichol pyrophosphate (reviewed by Hubbard and Ivatt, 1981).
1.1.3.3

Processing of the common oiigosaccharide precursor

The enzymic pathway of the processing of the oligosaccharide precursor
following its en bloc transfer from its lipid carrier and attachment through an Nlinkage to the growing polypeptide chain (reviewed by Hubbard and Ivatt, 1981)
and the compartments in which the processing reactions appear to take place
are illustrated in Fig. 1.3.

Figure 1.2 Structures of the Main Types of Asparagine-Linked Oligosaccharides
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Figure 1.3

Asparagine-Linked Oligosaccharide Processing Pathway.

This figure is a representation of the modifications to asparagine (N) linked
oligosaccharides on newly synthesised secretory and membrane glycoproteins,
which take place initially in the ER and later in the stacked cisternal elements of
the Golgi apparatus to which they are transported in coated vesicles.
After the co-tranlational addition of the oligosaccharide moiety from
dolicholpyrophosphate (Dol-P-P) by an oligosaccharyltranferase (1) the
modifications are catalysed by the folowing sequence of enzymes:
a-glucosidase-l (2), a-glucosidase-ll (3), ER 1,2-mannosidase (4),
Golgi a-mannosidase-l (5), N-acetylglucosaminyltransferase-l (6),
Golgi a-m annosidase-ll (7), N-acetylglucosaminyltransferase-ll (8),
fucosyltransferase (9), galactosyltransferase (10), sialyltransferase (11).

The symbols represent:

t

membrane-bound ribosome

I

N-acetylglucosamine

O
A
A

mannose
fucose

0

galactose

^

sialic acid

glucose

@ COP-coated vesicle
o uncoated vesicle

This figure was adapted from Kornfeld and Kornfeld (1985)
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Figure 1.3 Asparagine-Linked Oligosaccharide Processing Pathway
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After exiting the ER, where terminal glucose residues have been removed by
glucosidases I and II (Atkinson and Lee, 1984) and some trimming of
a-1,2-mannose residues may have occurred due to the action of ER
mannosidase (Bischoff and Kornfeld, 1983), further processing occurs in a step
wise manner in the sequentially encountered compartments of the Golgi
apparatus.

Evidence for this derives principally from the subcellular

fractionation of enzyme markers of the Golgi cisternae and the in situ
localisation of these to particular Golgi cisternae by immuno-electron
microscopy (see Dunphy and Rothman, 1985 for review). This localisation
enables these enzyme reactions to be used as markers for the characterisation
of the three compartments of the stacked Golgi apparatus. The three markers
described below are the principle ones used in this study.
1.1.3.4

Cis Golgi: mannosidase-l

Mannosidase-I catalyses the removal of a-1,2-linked mannose residues from
the high mannose MangGlcNAcaAsn core of oligosaccharides after exit from the
ER, where some trimming of mannose residues may have occurred.
Dunphy and Rothman (1983) demonstrated that mannosidase-l can be
separated from both the trans Golgi enzyme galactosyltransferase and the ER
enzyme glucosidase-l on sucrose gradients, however it was not separated from
the medial Golgi enzyme, N-acetylglucosaminyl (GlcNAc) transferase-!.
Glycoproteins move through the Golgi apparatus in a cis to trans direction
(Bergmann and Singer, 1983; Saraste and Hedman, 1983) and mannosidase-l
produces the substrate for GlcNAc transferase-1 (Kornfeld and Kornfeld, 1985).
These results are consistent with the localisation of mannosidase-l in either the
cis or medial Golgi cisternae, or in a compartment between the ER and the
Golgi apparatus. Balch and Keller (1986) have identified ATP-sensitive steps in
the pathway of protein transfer to the cell surface. They demonstrated an ATPsensitive step inhibiting the conversion of VSV strain ts045 G protein that had
been trimmed by mannosidase-l to the endo-H resistant forms and so provided
the first functional evidence that mannosidase-l is located in a distinct
compartment between the ER and the medial Golgi. Thus, mannosidase-l is
used as a cis Golgi marker enzyme as it has been pinned down to a location
after the ER and the intermediate compartment (shown using 15°C blocks - see
Balch et ai, 1986) but before the medial Golgi.
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1.1.3.5

Medial Golgi: resistance to endoglycosidase-H digestion as a
marker for transport from the ER to the medial Golgi

Endo-H cleaves the N-linked oligosaccharide from a glycoprotein between its
chitobiose residues (GlcNAc-GlcNAc) unless and until a GlcNAc residue has
been attached to the Mans core through the action of GlcNAc transferase-1
(Tarentino and Maley, 1981).

The enzyme GlcNAc transferase I has been

localised to the medial Golgi cisternae by electron microscopy using a
monoclonal antibody to the enzyme and immunoperoxide methods (Dunphy et
al., 1985).

Thus, endo-H can be used to monitor the arrival of N-linked

glycoproteins at the medial Golgi cisternae
1.1.3.6

Trans Golgi: 3-1,4-galactosyltransferase

8-1,4-galactosyltransferase catalyses the addition of galactose residues to the
GlcNAc residues of complex and hybrid oligosaccharide chains. It is a resident,
integral Golgi membrane protein (Strous and Berger, 1982) and has been
localised to the trans Golgi cisternae of HeLa cells by immuno-labelling and
decoration with protein A-gold (Roth and Berger, 1982).
1.1.4 Vesicular transport
1.1.4.1

The concept of vesicular transport

In the mid 1960's Caro and Palade used autoradiography adapted for EM to
deduce the relationship between the ER, Golgi apparatus and secretory
storage vesicles within the secretory pathway (Caro and Palade, 1964). They
followed radiolabelled proteins from their site of synthesis to their exit from the
cell and compared results with information gained from subcellular fractionation
(see Palade, 1975).

Their description of the secretory pathway was later

extended by immunochemistry in the 1970's to include the plasma membrane
and lysosomes.
Studies on the secretory pathway of the pancreatic acinar cell led Palade to
suggest that molecules were carried from one subcellular compartment to
another by vesicular membrane transport. (Jamieson and Palade, 1967). Since
then the concept of vesicular transport has accounted for much of the
morphological and biochemical data produced and was strengthened in the
1980's with the advent of three different experimental approaches:
1.

In vitro assays for specific steps in membrane traffic

2.

Isolation of specific populations of vesicles

3.

Genetic approaches in the yeast Saccharomyces cerevisiae
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The combination of these established that both yeast and mammalian systems
use membrane vesicles to transport proteins to the cell surface and that the
steps involved require proteins that are highly conserved between them.
(Rothman and Orel, 1992).
1.1.4.2

Inter-cisternal Golgi transport

The molecular nature of the transport vesicles and the mechanisms by which
they bud from and fuse to successive membrane compartments are being
actively investigated in many laboratories. Most is currently known about intercisternal Golgi transport but many of its characteristics are likely to be
ubiquitous throughout the secretory pathway.
Rothman and co-workers pioneered the use of cell-free transport assays with
the development of an assay with components derived from mammalian cells
for the transport of VSV G protein from the cis to medial Golgi cisternae (Balch
et al. 1984). Using this assay many of the proteins are being identified and the
mechanism of vesicular transport is being unravelled.
Transport-coupled glycosylation requires both cytosol and ATP (Balch et ai,
1984) and is inhibited by non-hydrolysable analogues of GTP such as GTPyS
(Melancon et al., 1987) and by pre-treatment of the Golgi membranes with
N-ethylmaleimide (NEM) under mild conditions (Glick and Rothman, 1987).
Blocking with GTPyS leads to the accumulation of 75nm non-clathrin proteincoated vesicles (Melancon et ai, 1987) which appear to be precursors of the
uncoated vesicles which accumulate on treatment with NEM (Malhotra et ai,
1988), given that the GTPyS block has been shown to precede the NEM block
and combining both treatments leads to an accumulation of coated vesicles
(Orel et ai, 1989).

These data suggest the model whereby coat proteins

accumulate on one Golgi cisterna and bud off to form coated vesicles which are
transported to the next Golgi cisternae where uncoating (involving GTP
hydrolysis), leads to fusion with the acceptor membrane which itself involves the
NEM-sensitive protein NSF (Block et ai, 1988). That the 75nm vesicles are the
inter-cisternal transport vesicles has not been definitively proved but they are
the most likely candidates (See Rothman and Orci, 1992).
1.1.4.3

The nature of the Golgi vesicle coat

Golgi-derived coated vesicles have been accumulated in the presence of
GTPyS and purified (Malhotra et ai, 1989; Serafini et a i, 1991).

The coat

contains the GTP-binding protein product of the ARFgene (Stearns et ai, 1990)
and a number of proteins termed 'COPS' (for coat proteins):
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a-COP

170K

3-COP

110K
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98K

Ô-COP

61K

ARF

21K

Immunocytochemistry at the EM level has localised 3-COP and ARF to coated
(but not uncoated) Golgi-derived vesicles (Serafini et ai, 1991; Duden et ai,
1991) and both are found with the bulk cytosol when not assembled for
transport (Orci et ai, 1986; Serafini et ai, 1991 ; Orci et ai, 1991). The COP
proteins exist together in the cytosol, with three further proteins p20, p35 and
p36, as a complex called a 'coatomer'.

Conditions blocking binding of this

'coatomer' to Golgi membranes or blocking ARF activity have been shown to
inhibit both vesicle budding (Waters et a i, 1991; Kahn et ai, 1992) and vesicle
fusion (Lenhard et ai, 1992) and to inhibit both intra-Golgi transport (Kahn et
a i, 1992; Taylor et a i, 1992) and ER to Golgi transport (Balch et a i, 1992),
highly indicative of their involvement in vesicular transport.

Absolute

confirmation of their role now awaits the development of fractionated transport
reactions dependent on their addition (see Pryer et ai 1992).
1.1.4.4

The involvement of small GTP-binding proteins

Treatment with the non-hydrolysable analogue of GTP, GTPyS, leads to an
extended lag in the budding of vesicles from the yeast ER (Rexach and
Schekman, 1991) and the mammalian TGN (Tooze ef a/., 1990), inhibits the
fusion of endocytic vesicles (Mayorga et ai, 1989) and causes the accumulation
of Golgi-derived coated vesicles. These results suggest that one or more GTPbinding proteins may have a universal role within the secretory pathway.
That small GTP-binding proteins may in fact regulate vesicular transport was
first realised by Novick and co-workers investigating the SEC4 gene and its
gene product. When the primary structure of the yeast SEC4 gene product was
determined (Salminen and Novick, 1987), it was shown to be a GTPase
(Kabcenell et ai, 1990). Mutations in the SEC4 gene led to the accumulation of
secretory vesicles (Salminen and Novick, 1987). A search for the mammalian
homologues of SEC4 has revealed a large and ever increasing family of small
GTP-binding proteins, all with a 30% identity to the oncogene product ras. The
first of the family were identified from rat brain and so the family are termed 'rab
proteins for ras-like proteins from rat brain.

These proteins appear to be

localised to specific compartments within the secretory pathway (reviewed by
Pfeffer, 1992).

They may therefore be involved in the specific targeting of
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vesicles (Bourne et al., 1990) and the spatial and temporal organisation of
Intracellular protein transport (Rothman and Orel, 1992).
A second family of GTP-blndIng proteins functioning in Intracellular transport Is
the ARFgene family so called because of the discovery of ARF as a cofactor In
the cholera toxin-catalysed ADP-rlbosylatlon of stimulatory G protein a-subunlts
(Stearns et a!., 1990). Serafini at al. (1991) postulate a GTP-hydrolysIs driven
cycle whereby myrlstylated ARF binds to Golgi membranes as It binds GTP and
Is Incorporated Into the coat. Hydrolysis of GTP then destabilises the coat and
releases ARF and constituents of the ’coatomer' Into the cytosol. As many ARFrelated genes have now been Identified, the possibility arises that a given ARFtype protein may specify a given target site for vesicle attachment and fusion
which then activates the NSF-dependent fusion pathway.
Future research into the role of small GTP-binding proteins is likely to address
how they specifically associate with certain membranes and how that
association is regulated In order to elucidate how fidelity, directionality and
regulation of vesicular transport are mediated by this family of proteins (see
Pryer eta!., 1992).
1.1.4.5

The NSF-dependent fusion pathway

Golgl-derlved vesicles are uncoated as they dock with their target membrane or
Immediately after docking. NSF Is an obligatory factor for fusion at this point
(Malhotra eta!., 1988).

To catalyse fusion, NSF requires three additional

proteins termed NSF attachment proteins or SNAPs. The exact mechanism of
fusion Is unknown but a-SNAP, 8-SNAP and y-SNAP appear to bind to an
Integral membrane receptor. Only then are they able to bind NSF to form a 20S
fusogenic particle which Is likely to be the core of the active species In
membrane fusion (Wilson eta!., 1992).

NSF-dependent ATP-hydrolysIs Is

needed to fuse membranes and brings about the dissociation of NSF from the
membrane resulting In fusogenic particle disassembly. Thus one can propose
a model whereby the controlled assembly-dlsassembly of a fusogenic particle
may regulate membrane fusion.
1.1.4.6

The universal nature of the vesicular transport mechanisms
described

The models described above depend upon data from both yeast and
mammalian systems and homologues for many of the proteins Involved exist In
both species. For example secW encodes the S. cerevisiae homologue of NSF
and sect 7 that of a-SNAP. This and the fact that certain yeast proteins such as
sec76 can replace their mammalian equivalents In animal cell-free assays and
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act at more than one step In the transport pathway, suggests that much, if not all,
of the mechanisms involved in vesicular transport are highly conserved across
species.
1.1.5

Signal mediated retention/retrieval of resident proteins

1.1.5.1

Bulk flow

Anterograde transport from the ER to plasma membrane occurs by default and
does not appear to require any special signals (Pfeffer and Rothman 1987).
Proteins undergoing transport enter the lumen or insert into the membrane of
transport vesicles and are carried as the constitutive 'bulk flow' to the cell
surface created by the vectorial movement of carrier vesicles. As yet no signals
have been discovered for constitutive transport, signal-less tripeptides being
secreted as fast as the fastest endogenous protein (Wieland et al., 1987).
1.1.5.2

Protein sorting

The fact that certain proteins are notcarried in the bulkflow to the cell surface
for secretion implies the existence of sortingor retention mechanisms so that
proteins can either be sorted to a specific compartment, illustrated by the use of
the mannose-6-phosphate receptor for lysosommal targeting (Lang et al., 1984;
Hoflack and Kornfeld. 1985) or remain as residents of a compartment reached
in the bulk flow. In the later case, proteins undergoing transport must somehow
be sorted into budding transport vesicles, whilst those destined to be residents
of the particular compartment, are left behind.
1.1.5.3

Residence signals

One method of protein sorting relies on the possession of residence signals to
retain proteins in their appropriate compartment. An example is the sequence
KDEL found at the C-terminal of the resident luminal ER proteins, protein
disulphide isomerase and the immunoglobulin binding protein BiP (Pelham,
1989). Putative KDEL receptors have been identified in both yeast and animal
cells which are used for protein retrieval (Pelham, 1990).
sequence

The retrieval

KKXX (where X is almost any amino acid) is found at the

cytoplasmically exposed C-terminus of certain ER membrane proteins including
the adenovirus 19KD protein (Jackson et al., 1990) and is thought to be
retrieved from both the CGN and later Golgi compartments.
Since the cDNA sequences of several resident Golgi enzymes have become
available (Paulson and Colley, 1989; Moreman, 1989) a number of groups
have begun to look for the Golgi residence signal(s).

Colley et al. (1989)
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inferred the location of such a signal to a region of a-2,6-slalyltransferase
Including Its cytoplasmic tall, transmembrane domain and a short region of the
luminal domain called the stem because a clipped form of the enzyme was
secreted. Munro (1991) showed that the only portion of a-2,6-slalyltransferase
required to retain a type II membrane protein In the Golgi apparatus was the
membrane spanning domain, although the Inclusion of a small piece of the
stem did enhance retention. Nilsson et al. (1991) confirmed the Important role
of transmembrane domains In Golgi retention using chimeras engineered from
G-1,4-galactosyltransferase and a type II protein normally only found In the
plasma membrane and endosomes. As few as 11 residues from the luminal
side of the transmembrane domain of 3-1,4-galactosyltransferase were
necessary to retain the chimera In the Golgi apparatus of transfected cells,
Golgi location being confirmed for the first time by Immuno-EM. Thus from this
and other work the transmembrane domain would appear to be pivotal In the
retention of resident Golgi proteins. There does not, however, appear to be any
common sequence motif Involved since there are no sequence homologies
between any of the Golgi glycosyltransferases cloned to date, even amongst
those from the same Golgi compartment.
Two general models for a Golgi retention mechanism have been proposed by
Machamer (1991): 1. receptor mediated and 2. oligomerisation or aggregation
mechanisms. Each model requires a membrane-bound receptor with a binding
site for the Golgi residence signal within Its own membrane spanning domain.
For the receptor-mediated model, analogous to the system for soluble ER
proteins terminating In KDEL, a constltutlvely recycling receptor Is proposed
which retrieves any resident Golgi proteins which may have escaped from their
specific compartment. Although there Is as yet no such receptor known to exist,
the model would account for the reterograde transport pathway as revealed by
brefeldin A (BFA) (Llpplncott-Schwartz at al. 1980). This retrieval model Is more
plausible than a retention model where a Golgi resident protein Is recognised
and retained by a specific receptor as this would require a receptor to be
present In an amount equalling the number of resident proteins and there are
no candidate proteins present In such large amounts.
The oligomerisation model requires a receptor that Itself Is retained In the Golgi
apparatus by a specific retention mechanism.

Such a mechanism could be

based on a specific microenvironment of say lipids within the Golgi bringing
about aggregation of receptors and thereby preventing them being taken up
Into transport vesicles.

Alternatively oligomerisation could occur by "kin

recognition" as proposed by Nilsson at al. (1991) whereby Identical or related
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resident proteins oligomerise and form a complex sufficiently large to prevent its
entering transport vesicles.

1.2

Inhibition of vesicular transport during mitosis

1.2,1

Protein kinase p3 4 cdc2 (cdc2 kinase) and its role in cell cycle control.

The cell division cycle in eukaryotes contains up to three major control points:
the conversion of quiescent cells to a state of active proliferation, the initiation of
DNA synthesis and the induction of mitosis.

A molecular description of the

events controlling one of these, the regulation of mitosis, is emerging with the
convergence of work on cell cycle mutants of the yeast Saccharomyces pombe
and the Xenopus oocyte maturation promoting factor (MPF).
Cell fusion and microinjection studies have shown that Xenopus oocytes
contain a dominant regulatory factor known as MPF (Masui and Makert, 1971)
stored in a latent form, the activation of which requires translation of an activator
(Gerhart et al., 1984). MPF induces the enzymatic and ultrastructural changes
that accompany the mitotic state in all eukaryotic cells (Sunkara et a/., 1979;
Newport and Kirschner,1984; Tachibana eta!., 1987).

In higher eukaryotes

these include chromosome condensation, nuclear envelope breakdown and
cytoskeletal reorganisation.

Indirect evidence suggested that MPF was a

phosphoprotein and since many proteins are hyperphosphorylated during
mitosis (Davies et a!., 1983) it was suggested that MPF might be a master
regulator of a protein kinase cascade.

Purification of MPF by Lohka et ai.

(1988) showed it to contain two polypeptides of 32KD and 45KD which act as a
selective protein kinase with histone HI being a substrate.
A number of cell cycle mutants of Saccharomyces pombe have been isolated
(Nurse eta!., 1976) including cdc2 which encodes a 34KD protein kinase
catalysing steps in cell cycle progression and acting as a key regulator of those
steps (Nurse et a/., 1976; Nurse and Thuriaux, 1980). The cdc2+gene was
found to be homologous to the Saccharomyces cerevisiae

gene C D C 28

(Beach et ai., 1982) which also has protein kinase activity in vitro (Reed et ai.,
1985).

The protein kinase p3 4 ^dc2 (cdc2 kinase) has been conserved

stringently during evolution, human cells containing an homologous protein
(Draetta et ai., 1987) which can substitute functionally for its counterpart in
Saccharomyces pombe (Lee and Nurse, 1987). The cdc2 gene interacts with a
number of other genes for correct mitotic control (see Fantes,1979) including
cdc25, wee1 and suc1 which are an activator, negative regulator and allelespecific suppressor respectively of cdc2. suc1 encodes a 13KD protein (pi 3)
which can exist in a complex with the cdc2 kinase (Hindley et ai., 1986).
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The biochemical and genetic approaches to the cell cycle have now been
functionally linked. The fission yeast protein p13 was shown to regulate the
function of Xenopus MPF in a cell-free system (Dunphy et al., 1988); affinity
chromatography demonstrated that p i3 binds directly to MPF, both 34KD and
42KD proteins being bound to the p13-coupled agarose and the -34KD protein
present in purified MPF reacts with anti-cdc2 antibodies (Gautier, 1988). Thus
MPF was shown to contain a Xenopus homologue of the yeast cdc2protein.
These two complimentary approaches have also led to an understanding of the
role of cyclin as the second universal component of the mechanism controlling
the onset of mitosis. The requirement of protein translation for the activation of
MPF indicated a crucial regulatory protein may be cell-cycle regulated. Evans
at al. (1983) discovered the cyclin (50-60KD) family of proteins in sea urchins,
cyclin mRNA was shown to induce M phase on microinjection into Xenopus
oocytes (Swensen et al., 1986; Pines and Hunt, 1987) and then cyclin was
shown to be the 47KD component of purified starfish MPF (Labbe et al., 1989).
The ubiquitous nature of cyclins was demonstrated with the discovery that the
fission yeast o d d 3 gene encodes a cyclin (Hagen et al., 1988; Booher, and
Beach, 1988; Solomon ef a/., 1988) and with the cloning of human cyclin (Pines
and Hunter, 1989), indicating that cyclins are important for the induction of
mitosis in all eukaryotic cells.
As reviewed by Nurse (1990), cyclin forms a complex with the p3 4 cdc2 protein
kinase and is required for its activation and the concomitant phosphorylation of
key proteins which lead to the major events of M phase. High p3 4 cdc2 kinase
activity maintains a cell in mitosis and exit from mitosis requires kinase
inactivation and the dephosphorylation of these key proteins.

Purified cdc2

kinase-cyclin has been shown to substitute for mitotic cytosols in assays
measuring the inhibition of protein transport (see below) suggesting that one of
its roles is to act directly or indirectly on targets to inhibit vesicular transport
during mitosis.
1.2.2 General inhibition of transport
1.2.2.1

Endocytosis

In 1965 Fawcett observed that^erythroblasts did not endocytose ferritin. This
observation was confirmed and extended to mitotic J774 fibroblasts, CHO and
3T3 cells by Berlin et al. (1978) who concluded that all classes of endocytic
processes are suppressed during mitosis, Berlin and Oliver (1980) showing that
endocytosis was inhibited as much as 30-fold in mitotic fibroblasts. In the case
of fluid phase and receptor-mediated endocytosis, the steps along the pathway
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known to be inhibited include invagination of coated pits (Fawcett, 1965; Berlin
et ai, 1978; Berlin and Oliver, 1980; Pypaert at al., 1987) and the recycling of
receptors to the cell surface (Warren at a!., 1984; Sager at a!., 1984). The
inhibition was shown to start at the beginning of prophase and continue until the
anaphase-telophase transition (Berlin at a!., 1978; Warren at ai, 1984).
Exploring the inhibition of coated-pit invagination using a broken cell system
and a morphological assay, Pypaert at ai (1991) found that invagination was
only inhibited when monolayer HeLa cells, blocked in prometaphase by
nocodazole, were incubated with mitotic cytosol and that this inhibition was
reversible if the cytosol was diluted during incubation. Reversal was sensitive
to okadaic acid, an inhibitor of phosphatases PP1 and PP2A and purified cdc2
kinase could partially substitute for mitotic cytosol. This, and the fact that cdc2
kinase is known to be active between prophase and the anaphase-telophase
transition (Nurse, 1990) suggests that cdc2 kinase acts either directly or
indirectly on unknown targets to inhibit invagination.
Purified cdc2 kinase has also been shown to inhibit the fusion of endocytic
vesicles in v/Yro (Tuomikoski ef a/., 1989; Woodman at ai, 1992) though whether
they no longer fuse with each other or with endosomes is not known nor is
whether cdc2 kinase inactivates a transport component directly or via a
downstream kinase (Woodman at ai, 1992). A candidate transport component
target is the small GTP-binding protein rab4. which is associated with
endosomes (van der Sluijs at ai, 1991) and is phosphorylated during mitosis by
cdc2 kinase causing some redistribution of the protein to the cytoplasm (Bailly
at a i, 1991 ; van der Sluijs at a/., 1992a ). This may interfere with its function in
the recycling of receptors to the cell surface (van der Sluijs and Mellman,
1992b) and would explain the inhibition of recycling seen In vivo.
The inhibition of endocytosis is not a synchronous process. The number of
transferrin receptors on the cell surface decreases as cells enter mitosis and
increases above the interphase level during telophase (Warren at ai, 1984)
suggesting that receptor recycling is inhibited after receptor uptake at the onset
of mitosis and resumes before receptor uptake during telophase
1.2.2.2

Exocytosis

The first clear indication that exocytosis is also inhibited during mitosis came
when Warren at a i (1983) showed that newly synthesised VSV G protein is not
transported to the cell surface during mitosis. The appearance of surface G
protein was inhibited by 90% and transport did not resume until telophase.
Featherstone at ai (1985) then showed that VSV G protein does not leave the
ER for transportation to the Golgi apparatus during mitosis (see 1.1.3.6).
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Similar results have been found for the endogenous membrane proteins, the
MHC Class I HLA antigens (Souter et al., 1992 submitted) and the secretory
protein human growth hormone (Kreiner and Moore, 1990) indicative that
exocytosis stops at or before the first vesicle-mediated step of the intracellular
transport pathway of mammalian cells. The only exception is the Xenopus
oocyte during maturation and development where transport of viral proteins is
not inhibited up to the medial Golgi (Leaf eta!., 1990; Kanki and Newport, 1991;
Ceriotti and Colman 1989).
Constitutive transport from the TGN to the cell surface has been assayed in
Xenopus oocytes and mammalian cells. In Xenopus oocytes, during mitosis
and meiosis budding from the TGN is inhibited (Leaf et a/., 1990; Kanki and
Newport, 1991) whereas in mitotic mammalian cells transport is only slightly
reduced (Kreiner and Moore, 1990). Together with the data referred to above
this suggests that Xenopus regulates the latter part of the exocytic pathway
whereas mammalian cells regulate its earlier stages.
Hesketh et al. (1984) demonstrated that regulated secretion of histamine from a
mast cell line is inhibited during mitosis, although some of the early stages of
the signal transduction pathway were observed. This step thus provides the
only direct evidence in vivo that fusion is inhibited during mitosis as well as
budding.
1.2.3 Inhibition of intra-cisternal Golgi transport
Stuart et al. (submitted) used the transport assay of Balch et al. (1 98 4)
measuring transport from the cis to medial Golgi cisternae to conclude that
intra-cisternal Golgi transport is inhibited during mitosis In vitro., cytosols
prepared from mitotic but not interphase HeLa cells inhibiting the transport
assay. Collins and Warren (in press) have used an assay for the transport of
glycosphingolipids in HeLa cells to show that intra-Golgi lipid transport is also
inhibited during mitosis In vivo.

1.3

The Golgi division pathway

1.3.1 The morphological changes occuring during the cell cycle
1.3.1.1

Early reports of the disappearance of the Golgi apparatus
during mitosis

Cytochemical studies at the light microscope showed as early as 1910 that at
the onset of mitosis the Golgi apparatus of animal cells fragments and loses
juxtanuclear position (Peroncito, 1910). This was confirmed by a variety of

38

immuno-fluorescence microscopy studies (Burke et aï., 1982; Hiller and Weber,
1982; Louvard ef a/., 1982) showing that fragmentation continues throughout
prometaphase until in metaphase and anaphase the Golgi apparatus appears
to be dispersed throughout the cell cytoplasm. During telophase, Golgi clusters
fuse to form small stacks which move to the centrosomal region of each
daughter cell and fuse to form the characteristic interphase Golgi apparatus as
the daughter cells are separated by cytokinesis. Electron microscopy confirmed
the disappearance and reappearance of stacks of Golgi cisternae (Robbins and
Gonatas, 1964; Maul and Brinkley, 1970; Zeligs and Wollman, 1979) but was
unable to identify the products of fragmentation. This was done for the first time
by Lucocq et al. (1987) who identified a mitotic form of the Golgi apparatus in
thin sections of HeLa cells using quantitative immuno-electron microscopy with
antibodies to the enzyme 8-1,4-galactosyltransferase, a marker for the vesicles
derived from the trans Golgi cisternae.
1.3.1.2

Identification of the mitotic form of the Golgi apparatus in HeLa
cells

Using immuno-labelling and decoration with protein A-gold, Lucocq et al.
(1987) found specific anti-galactosyltransferase labelling over multi-vesicular
structures in HeLa cells embedded in Lowicryl K4M which they termed 'Golgi
clusters'. These 'Golgi clusters' lacked stacked cisternae but had two distinct
regions; one containing large electron-lucent vesicles, up to 250nm in diameter
(later thought to be fixation artifacts), and one containing smaller, 60nm,
electron dense vesicles, over which most of the staining was concentrated.
Both types of vesicle were embedded in a dense matrix that excluded other
cytoplasmic organelles and was often bounded by elements of the ER. Their
subsequent work having confirmed that impregnation with osmium can be used
as a representative marker of the cis cisternae in interphase HeLa cells,
(Lucocq and Warren, 1987) they went on to show that osmium stains a sub
population of both large and small vesicles of the 'Golgi cluster' nearest to the
ER. Thus the 'Golgi cluster' contains elements characteristic of both the cis and
trans cisternae of the interphase Golgi apparatus.
The study of ultrathin frozen sections of mitotic HeLa cells labelled with antigalactosyltransferase antibodies then allowed the identification of 'Golgi
clusters' containing as few as five vesicles and of free Golgi vesicles. The free
vesicles accounted for as much as 40% of the total Golgi membrane (Lucocq et
al., 1989) at metaphase and were found predominantly in the mitotic spindle
area.
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The 'mitotic form of the Golgi apparatus in HeLa cells' is thus thought to be a
mixture of 'Golgi clusters' and free vesicles, the numbers and ratio of which vary
considerably from cell to cell and between the stages of mitosis. An alternative
explanation, however, is that all clusters break down to give vesicles and that
the mixture seen is simply the consequence of being unable to distinguish
stages within metaphase.
1.3.1.3

Morphological description of the Golgi disassemblyreassembly pathway

Fig. 1.4 uses the data described by Lucocq et al. (1989) to illustrate the changes
in Golgi structure during the cell cycle in relation to that of the nuclear material.
By combining the study of ultrathin frozen sections and stereology on epoxy
resin sections they showed that reassembly of the HeLa cell Golgi apparatus
from the mitotic products 'Golgi clusters' and free vesicles is at least a two step
process: (1) growth of a limited number of dispersed clusters by accretion and
fusion of vesicles to form cisternal clusters next to transitional elements of the
ER; (2) congregation and fusion to form the interphase stack in the juxtanuclear
region.
1.3.2 The purpose of Golgi division
1.3.2.1

The partitioning of organelles

Cells not only need to duplicate their genomic DNA and to pass identical copies
of the information contained to every daughter cell, they also appear to
distribute all other intracellular organelles equally between their daughter cells
during normal cell division (Birky, 1983).

Each daughter cell must receive a

sufficient portion of each organelle, and in the case of mitochondria and
chloroplasts the organellar DNA, to be viable unless there is a mechanism for
de novo organelle synthesis (Birky, 1983). For multi-copy organelles such as
mitochondria, random diffusion alone can be shown statistically to to be
sufficient to ensure approximately equal distribution between daughter cells. It
is apparent from EM studies, however, that the Golgi apparatus exists in a
juxtanuclear position either as a single copy (Hambourg et al., 1981) or
between one and eight copies per interphase cell (Lucocq and Warren, 1987).
Thus given that partitioning by random diffusion is not possible for a single copy
organelle, and that unlike the ER the Golgi apparatus is not distributed
throughout the cytoplasm, there must be an active mechanism for partitioning
the Golgi apparatus unless de novo synthesis occurs.
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Figure 1.4

Diagram Representing the Golgi Apparatus Division Pathway.

The functional unit of the interphase Golgi apparatus is the stack of closely
apposed and flattened cisternae. Stacks are joined together by tubules linking
equivalent cisternae in adjacent stacks. Many of these structures are then fused
together to form the compact juxtanuclear reticulum which characterises the
mammalian Golgi apparatus in G1 and G2.
Fragmentation begins in prophase when the Golgi apparatus loses its
juxtanuclear location and breaks into discrete stacks which take up a
perinuclear distribution. This argues the existence of a scission process that
cuts the tubules connecting the stacks.
During metaphase and anaphase the discrete Golgi stacks vesiculate to form
clusters of vesicles and free vesicles. The metaphase HeLa cell contains
between 10 and 300 mitotic Golgi clusters, those with fewer clusters having a
greater number of free vesicles. Thousands of vesicles are shed into the
cytoplasm so that the anaphase cell contains mostly free vesicles with a few
Golgi clusters.
The Golgi apparatus reassembles during telophase by essentially reversing the
disassembly process. Accretion of vesicles generates about 300 Golgi clusters
and vesicle fusion leads to the same number of discrete Golgi stacks which
then fuse to form the characteristic interphase or G1 Golgi apparatus.

41
Figure 1.4

Diagram Representing the Golgi Apparatus Division Pathway.
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1.3.2.2

De novo Golgi synthesis

The Golgi apparatus appears to derive all of Its membrane components by
transport from the ER and thus may well be capable of synthesising a Golgi
apparatus de novo from components within Its cytoplasm after cell division. If
this Is the case an alternative mechanism for Golgi division would not
necessarily need to exist; any daughter cell not receiving a Golgi apparatus
could synthesise one. Even so de novo synthesis may be a highly Inefficient
process which a cell has evolved to Inhibit In favour of an active partitioning
mechanism. Zorn et al. (1979) and Manlotls and Schllwa (1991) showed that
unequal partitioning leads to slow growth arguing that equal partitioning Is
Important for efficient growth but were unable to deplete cells of all Golgi
material. They were unable to demonstrate de novo Golgi synthesis despite the
use of antl-Golgl antibodies In the more recent work but a negative result for
something likely to be such a complex process cannot be said to be a definitive
one.
A mechanism for Golgi division has been demonstrated (Lucocq et al., 1989)
but Information on such a mechanism has only been gained from details of
changes In morphology during the cell cycle.
1.3.2.3

Partitioning of the Golgi apparatus

Using osmium staining and Immuno-EM with an antl-galactosyltransferase
antibody, Lucocq and Warren (1987) quantitated the number of 'Golgi clusters'
In the mitotic HeLa cell. An organelle will be equally distributed between the
daughter cells, If it Is present In enough copies, randomly distributed throughout
the cell and provided there Is a mechanism for dividing the cell Into equal sized
daughters. Mechanisms are known to exist for the latter (Rappaport, 1971) and
to give daughter cells equal volumes (Prescott, 1956) so the Golgi apparatus
should distribute equally between daughter cells provided there are sufficient
numbers of 'Golgi clusters' and vesicles at mitosis.

The number of 'Golgi

clusters' they found, >100 per cell, can be shown by binomial distribution to
ensure that >99.994% of daughter cells will receive between 30 and 70% of the
original complement of "Golgi clusters' and that there Is only a one In lO^o
chance of a daughter cell receiving nothing. Thus the fragmenting of the Golgi
apparatus Into "Golgi clusters' has overcome the need for any additional active
mechanism for partitioning although It does not preclude the existence of such a
mechanism. The further fragmentation of the Golgi apparatus Into free vesicles
during anaphase as demonstrated by Lucocq et al. (1989) Is not necessary for
partitioning but presumably has some other function (see below).
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1.3.2.4

A comparison of the mitotic Golgi apparatus of animals, plants
and yeast

The Golgi apparatus of plants and yeast does not vesiculate during mitosis as it
does in animal cells, but exists in multiple copies distributed throughout the
cytoplasm each of which can grow and divide. Partitioning is stochastic though
there may be a mechanism for those cells with low copy numbers. It is apparent
during prophase and telophase that the stack is also the unit of growth and
division in animal cells but it vesiculates completely during the middle phases of
mitosis.

It is possible that the purpose of Golgi disassembly is not simply

partitioning but may reflect the need to construct different types of Golgi
apparatus during the differentiation process in animal cells. This could also be
the explanation of why the HeLa cell Golgi apparatus breaks down beyond
what is necessary for partitioning. Why vésiculation would not therefore also be
necessary in the differentiation of plants though is unclear.
1.3.3 Possible mechanism of Golgi division: The inhibition of fusion without
the inhibition of budding (Fig. 1.5)
Intracellular transport in the interphase cell is mediated by vesicles (see 1.1
above) which bud from the dilated rims of one Golgi cisterna and fuse with the
next cisterna in the Golgi stack.

The outward flow of vesicles must be

compensated for by a backward flow of membrane to maintain the integrity of
each compartment. If one assumes that at the onset of mitosis vesicle fusion is
inhibited but that vesicle budding is not, vesicles will bud from one Golgi
cisterna but be unable to fuse with the next, being forced to remain as free
vesicles.

Backward flow of membrane would also be unable to take place.

Therefore so long as the as-yet-uncharacterised adhesion proteins that hold the
Golgi cisternae together are released, and protein sorting is relaxed so that
resident endogenous proteins are included in the budding vesicles, the Golgi
apparatus will fragment into small vesicles.

Complete fragmentation of the

Golgi apparatus is therefore predicted to produce thousands of small vesicles,
more than adequate to ensure equal partitioning between daughter cells
(Warren, 1985).
The resumption of vesicle fusion as the daughter cells separate at telophase
would then trigger Golgi reassembly. This fusion must involve the recognition
of endogenous membrane proteins from the same type of cisternae so that
discrete compartments are reassembled to produce the stacked interphase
morphology.

Such fusions may take place in the interphase cell so that

endogenous proteins accidently incorporated into vesicles could re-fuse with
their donor compartment.

If endogenous membrane proteins of a specific
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Figure 1.5

Possible Mechanism of Golgi Division - The Inhibition of Fusion
Without the Inhibition of Budding.

For simplicity the Golgi stack is shown containing only two cisternae.
During interphase (1) transported proteins move through the Golgi stack in a cis
to trans direction by vesicular transport, vesicles budding from the dilated rims
of one cisternae and fusing with the next.
Endogenous, resident Golgi proteins are prevented from entering the transport
vesicles, possibly due to the linking of a few percentage of proteins with similar
proteins in neighbouring cisternae. This then provides the substrate for
oligermerisation which itself prevents proteins being taken up into vesicles.
At the onset of mitosis (2) transport vesicles are no longer able to fuse but
budding continues. Shortly after this links between the cisternae would be
broken allowing a relaxation of sorting with endogenous proteins being taken
up into transport vesicles. Continued budding would then convert the cisternae
into small vesicles (3).
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Figure 1.5 Possible Mechanism of Golgi Division - The Inhibition
of Fusion Without the Inhibition of Budding.
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compartment then aggregate via for example their transmembrane
retention signals and can then interact with similarly aggregated
proteins in the neighbouring cisternae, the stacked interphase
morphology would be generated (Warren, 1989).
Evidence exists to support at least part of this model;
a.

The predicted size of mitotic Golgi vesicles at lOOnm is well

within the size range observed by electron microscopy.
b.

Membrane trafficking is widely inhibited in mitosis including ER

to Golgi and intra-Golgi transport (see 1.2 above).
c.

Regulated secretion is inhibited in mitosis, secretory vesicles

being unable to fuse with the plasma membrane (Hesketh et
a/., 1984).
d.

Tuomikoski et al. (1989) showed that membrane fusion itself is

inhibited during mitosis by demonstrating fusion when isolated
endocytic vesicles were incubated with interphase but not mitotic
cytosols nor interphase cytosols treated with cdc2

kinase.

This

inhibition of fusion is likely to be applicable to intra-Golgi transport
because of the common role of the NSF-dependent fusion pathway
throughout the secretory pathway (see 1.1 above).
e.

The fact that blocking with GTPyS leads to the accumulation of

non-clathrin-coated vesicles (Melancon eta!., 1987) shows that
membrane fusion can be inhibited without the concurrent inhibition of
budding.

1.4 The aim of the project
The membranes of the Golgi apparatus cisternae appear to be
partitioned equally between daughter cells at mitosis. This maternal
inheritance of Golgi membrane does away with the need of the cell to
synthesise membrane da novo. While a mitotic form of the Golgi
apparatus prepared by the cell for division has been identified in
HeLa cells blocked in prometaphase by nocodazole the mechanism
of this disassembly is not understood. To probe the mechanism of
this disassembly and to go on to understand how membrane is
partitioned later on in the mitotic cycle an important step forward
would be to understand the biochemical make up of the Golgi
membrane in the prometaphase cell. The object of the work outlined
in this thesis was to tackle this problem by isolating a mitotic form of
the Golgi apparatus and studying its morphology and biochemical
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characteristics, both in isolation and in comparison with the
interphase form of the organelle.
It became apparent that a major technical problem had to be
overcome early in the project, as no reproducible and reliable
protocol was available for the homogenisation of mitotic cells grown
in culture.

Having developed such a homogenisation protocol, an

investigation was made into whether markers for cis and trans Golgi
membranes (mannosidase-l and galactosyltransferase respectively)
remain compartmentalised in mitotic cells as they are in interphase
cells. In doing so a fundamental difference in the behaviour of the two
Golgi compartments at mitosis was discovered and investigated,
giving new information about the behaviour of the Golgi apparatus
during mitosis.
Methods were also developed to purify membranes enriched in
galactosyltransferase activity from mitotic cells. Such methods were
applied to both interphase and mitotic cell populations so that a series
of biochemical techniques and assays could be used to compare the
two forms of the organelle. These studies have laid a solid foundation
on which to build our knowledge of the composition of the mitotic
Golgi membranes in the future.

CHAPTER
MATERIALS AND

TWO
METHODS
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2.1

Materials

2.1.1 Chemicals and Biochemicals
UDP-Galactose, ovomucoid, ATP, cytochrome-c, rotenone, transferrin, WGAagarose, p-nitrophenyi-N-acetyl-(3-D-glucosaminide, Hoechst 33258 and other
biochemicals were from Sigma Chemical Co. Ltd., Poole, Dorset.
Deoxymannojirimycin, swainsonine, protease inhibitors, Triton X-100 and Triton
X-114, precondensed as described by Bordier (1981), were obtained from the
Boehringer Corporation (London).

A protease inhibitor cocktail containing

1mg/ml each of aprotinin, leupeptin, pepstatin and antipain, 156.6mg/mlbenzamidine and 40mg/ml-PMSF all solubilised in DMSG was used at a 1:1000
dilution.
Acrylamide, N,N'-methylene-bis-acrylamide, and all other reagents for
polyacrylamide electrophoresis and Biogel P6 were obtained from Biorad
Laboratories Ltd. Hemel Hempstead, Herts.
Staphylococcus

aureus A, heat treated and fixed, was obtained

from

Calbiochem Novabiochem (UK) Ltd., Nottingham.
Percoll and density marker beads. Blue Dextran-2000 and Concanavalin ASepharose were obtained from Pharmacia, UK.
Moviol was obtained from Hoechst, Frankfurt, Germany.
All other chemicals were of AnalaR grade and obtained from BDH, Poole,
Dorset.
2.1.2 Radiochemicals
Human transferrin was iodinated by the lodogen method as described in
Woodman and Warren (1989).
p4C]-methylated molecular weight markers: myosin 200KD, phosphorylase-b
97KD, bovine serum albumin 69KD, ovalbumin 46KD, carbonic anhydrase
30KD, trypsin inhibitor 21KD, and lysozyme 14KD, were obtained from
Amersham Life Science. Aylesbury, Bucks.
All other radiochemicals used were obtained from MEN Research Products,
Stevenage, Herts., UK. Specific activities were as follows: PH]-UDP-galactose
20/yCi/mmol, pH]-2-mannose 27Ci/mmol, and p^SJ-methionine lOOOCi/mmol.
2.1.3 Enzymes
Jack bean mannosidase, proteinase-K, endoglycosidase-H (Staphylococcus
pllcatus) and neuraminidase (Staphylococcus plicatus or Vibrio choleras) were
obtained from the Boehringer Corporation (London).
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2.1.4 Cultured cell lines
All cultured cell lines used were obtained from the European Collection of
Animal Cell Cultures, Porton Down, UK.
2.1.5 Cell Culture Materials
EMEMS and RPMI 1640 were obtained from ICN Biomedicals Ltd. High
Wycombe, Bucks.
Foetal calf serum (PCS), antibiotics, non-essential amino acids (NEAA), and
trypsin/EDTA were obtained from Northumbria Biochemicals Ltd., UK.
Low glucose E4 from the Imperial Cancer Research Fund tissue culture facility,
Clare Hall, South Mimms, UK, was based on the ICN recipe for DMEM.
Culture plasticware was obtained from Bibby Sterilin, Staffordshire, England.
Nocodazole, DMSG and trypan blue were obtained from Sigma.
2.1.6 Others
XAR-5 film was obtained from Eastman Kodak Co., Rochester, NY.
Amplify was obtained from Amersham Life Science. Aylesbury, Bucks.
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2.1

Methods

2.2.1 Cell culture methods
2.2.1.1

Growth and maintenance of HeLa cells

Suspension HeLa S3 cells (Puck et a!., 1956) were grown in an atmosphere of
5%

0 0 2 /9 5

% air at 37°C in Eagles medium for suspension culture (EMEMS)

containing 10%(v/v)-FCS, lOOU/ml each of penicillin and streptomycin, 2mMglutamine and 1%(v/v)-NEAA.

Suspensions were stirred at 30rpm and

maintained at a density of 2-5x10® cells/ml of culture medium.
The practice of passaging cells in spinner culture by dilution rather than
complete replacement of medium led to: a gradual decrease in the specific
galactosyltransferase activity of post nuclear supernatants; the appearance of
intracellular electron-dense granules when the cell morphology was examined
by electron microscopy (EM); a low mitotic index and a poor percentage of cells
exiting mitosis into G1.

These changes were probably due to a build up of

potentially toxic waste products of cell metabolism.

A simple regime was

developed whereby suspension HeLa cells were maintained as adherent
monolayer cultures in plastic flasks and grown in spinner growth medium until
needed for an experiment.

Only then were they transferred to suspension

culture.
2.2.1.2

Identification and elimination of bacterial contamination

The HeLa cell line was sent to R.N.Smith of the Biodeterioration Centre of
Hatfield Polytechnic to test for bacterial contamination.

A penicillin and

streptomycin resistant bacterial contamination which flared up occasionally
when cells had been maintained for a long period of time in suspension or
when their density was allowed to increase above 10®cells/ml, was identified as
Pseudomonas testosteronl. This is commonly present but remains undetected
in many cell lines. It was eliminated from the HeLa cells by supplementing the
growth medium with 12.5pg/ml tetracycline for four cell passages.
2.2.1.3

Cell viability and counting

Cell number was estimated using a haemocytometer after concentrating the
HeLa cell suspension 10-fold by centrifugation and resuspension in 0.2%(w/v)trypan blue dissolved in 0.15M-NaCI, 0.02%(w/v)-sodium azide, 5mM-Tris HOI,
pH 7.6. Cell viability was assessed as the percentage of the cells excluding the
dye.
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2.2.1.4

Calculation of mitotic index

HeLa cells were fixed with 3%(w/v)-paraformaldehyde, permeabilised with
0.1 %(wA/)-Triton X-100 (TX-100) and their DMA visualised with 0.5/ig/ml of the
fluorescent dye, Hoechst 33258. The cells were examined by fluorescence
microscopy and the percentage of cells in prometaphase recorded as the
mitotic index of nocodazole treated cells.
2.2.2 Subcellular fractionation methods
2.2.2.1

Homogenisation of HeLa cells

HeLa cells were washed twice with 50ml of 50mM-KCI, lOmM-EGTA, 50mMHepes, pH7.4, 2mM-MgCl2, (KEHM), containing ImM-DTT and 1/vl/ml protease
inhibitor cocktail and then homogenised in this same buffer by 10-15 passes of
a ball bearing homogeniser (Balch and Rothman, 1985) with a lO^m clearance
between the ball and the barrel. This gave 80-90% cell breakage as assessed
by trypan blue staining. Cells were recovered by centrifugation at 500gav for
2min. at 4®C.
2.2.4.2

Preparation of post^nuclear or post-chromosomal supernatants

Total cell homogenates were centrifuged at GOOgav and 4°C for 5min.

Post-

nuclear supernatants (PNS) were recovered from interphase cell homogenates
and post-chromosomal supernatants (PCS) from mitotic cell homogenates.
Both were either used immediately after preparation or frozen in liquid nitrogen
and stored at -80®C.
2.2.2.3

Isopycnic centrifugation on continuous sucrose gradients

Continuous gradients of sucrose were poured in Beckman 13.2ml SW40 rotor
tubes. Samples (0.5ml) were layered on top of the gradient or sucrose was
added to the sample to give a final concentration of >1.6M and the sample
introduced beneath the gradient from a glass capillary.

Gradients were

centrifuged at 196,000gavfor 16hr. in a Beckman SW40 rotor at 4°C. Fractions
(0.5 or 1ml) were collected.
2.2.2.4

Isopycnic centrifugation on Percoll gradients

Membrane samples were mixed in a 10ml Beckman TI70.1 tube to give a final
solution of 11%(v/v)-Percoll in 10mM-triethanolamine, pH7.4, lOmM-EDTA,
lOmM-acetic acid,

0.25M-sucrose, ImM-DTT and 1/yl/ml-protease^inhibitor

cocktail. A gradient of Percoll was then formed by centrifugation at 21 ,^00gav for
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45min. at 4°C.

A second gradient was formed without added sample but

containing Percoll density marker beads.
2.2.3

Markers for subcellular compartments

2.2.3.1

NADH cytochrome-c reductase - ER

Rotenone-Jsensitive NADH cytochrome-c reductase activity was measured by
the continuous reduction of cytochrome-c at 20°C, in an assay mix containing
0.1mM-NADH, 0.1 mM-cytochrome-c, 0.3M-KCN, 50mM-sodium phosphate,
pH7.5 and 1.5/yM-rotenone.

The protocol of Sottocasa et al. (1967) was

followed except that the assay volume was reduced to 1.0ml. Rotenone was
included in the assay mix to inhibit the mitochondrial NADH cytochrome-c
reductase so that only the ER enzyme activity was measured.

The enzyme

activity was calculated using a molar extinction coefficient of 21x10® cm^/mol at
550nm (Massey, 1959) and shown to be linear with respect to protein
concentration up to at least 1.2mg protein (Fig.2.1).

The enzyme activity of

mitotic HeLa cell PCS was equal to that of interphase HeLa cell PNS at
41 ± 4nmol/min/mg protein (n=6).
2.2.3.2

p^S]-Methionine labelling of HeLa cell proteins and
immunoprécipitation of HLA - ER

p^S]-Methionine labelling of HeLa cell proteins
For 'pulse-chase' experiments interphase HeLa cells (10®/ml) were washed
twice with 50ml of RPMI 1640 lacking methionine but containing lOmM-Hepes,
pH7.4 and dialysed 0.2%(v/v)-FCS. They were then incubated for Ihr. in an
atmosphere of 5% 002/95% air at 37°C in this medium to deplete the
intracellular methionine pools. For radiolabelling mitotic cells the RPMI 1640
medium was supplemented with 10Ong/ml-nocodazole. Cells were harvested
by centrifugation for 2min. at 500gav and resuspended in 2ml of the above
medium containing 400/yCi/ml-[3®S]-methionine and incubated for lOmin. at
37°C with intermittent agitation to keep the cells in suspension. After the lOmin.
pulse the suspension was divided into halves and treated as follows:
a.

Pulse samples.

Cells were washed once in 50ml of ice cold KEHM containing ImM-DTT,
1^1/ml-protease inhibitor cocktail, lOmM-Hepes, pH7.4, 20/yg/ml-cytochalasin B
and where appropriate, 10Ong/ml-nocodazole, and then incubated in this same
buffer on ice for 45min.
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Figure 2.1

NADH Cytochrome-c Reductase Activity as a Function of Mitotic
HeLa Cell PCS Protein.
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The NADH cytochrome-c reductase activity of increasing amounts of mitotic HeLa cell PCS
(20mg/ml) was assayed by following the continuous reduction of cytochrome-c over 2min. at
20°C .
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b.

Chase samples.

HeLa cell growth medium ( 1 ml) containing 2mM-cold methionine (and for
mitotic cells,

200

ng/ml-nocodazole), was added to the

1

ml of cell suspension

and the cells Incubated for 40mln. In an atmosphere of 5%

0 0 2 /9 5

% air at 37°C

rotated at 30rpm. Cells were then washed and incubated In supplemented
KEHM as for pulse samples.
Both batches of cells were then centrifuged for 2mln. at 250gav and
resuspended In

1 ml

of Ice cold 150mM-KCI, 10mM-triethanolamlne, pH7.4

(TEA) and Incubated on Ice for lOmln.

Cells were washed with KEHM

containing ImM D T I and 1^1/ml-protease Inhibitor cocktail before being broken
In 1ml of this same buffer by 15 passes of the cells In a ball bearing
homogeniser with a

1 0 /vm

clearance.

Immunoprécipitation of HLA
The Immunoprécipitation of proteins was adapted from the methods described
by Anderson and Blobel (1983).
Staphylococcus aureus A (Staph. A.) cells (10%w/v) were washed three times
In 50mM-Trls-HCI. pH7.4, 0.15M-NaCI, 5mM-EDTA, 0.4%(w/v)-SDS,
TX-100, containing

1 /vl/ml-protease

2

%(w/v)-

inhibitor cocktail. Cells were recovered at

2,400gavln a microfuge at 4®C and resuspended to

10

%(w/v). Any debris was

removed from monoclonal antibody containing hybrldoma supernatant W6/32,
by centrifugation for 5mln. at 250,000gav and 4°C In the Beckman TL100.1 rotor.
HeLa cell PCS, PNS or sucrose gradient fractions were diluted to 500/vl with ice
cold CMF-PBS containing 1^1/ml-protease Inhibitor cocktail and pre-cleared
twice by the addition of 15//I of rabbit anti-mouse IgG and 50;yl of a

10

%(w/v)

suspension of washed Staph. A. and rotating end-over-end for 45mIn. at 4°C
before recovering supernatants by centrifugation for lOmln. at 13,000gav Sixty
microlltres of hybrldoma supernatant was added to each sample before
Incubating for 16-18hr at 4®C. Fifty microlltres of 10%(w/v) suspension of Staph.
A. was then added and after mixing thoroughly, the sample Incubated for Ihr.
at 4°C.
The IgG-coated bacterial cells were recovered by centrifugation at 2,400gavfor
4mln. In a microfuge and washed 5x In 50mM-Trls-HCI, pH7.4, 0.15M-NaCI,
5

mM-EDTA, 0.02%(w/v)-SDS, 0.1%(w/v)-TX-100, containing 1/vl/ml-protease

Inhibitor cocktail.
The final Staph. A. cell pellet was resuspended In 50p\ of electrophoresis
sample buffer containing 5mM-DTT, treated as described In 2.2.5 and proteins
separated by SDS-PAGE.
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2.2.3.3

Infection of HeLa cells with VSV, labelling with
p^S]-Methionine and separation of proteins by SDS-PAGE - ER

HeLa cells in monolayer culture were Infected for
atmosphere of 5%

0 0 2 /9 5

1

hour at 37°C in an

% air with VSV at 20 pfu/cell (Featherstone et ai.,

1985). The virus was allowed to replicate for 4 hours at 37°C in an atmosphere
of 5%

0 0 2 /9 5

% air before pulse and chase labelling with p5S]-Methionine as

described in 2.2.3.2.

Labelled proteins were separated by SDS-PAGE as

described in 2.2.5.
2.2.3.4

Mannosidase I - Cis Goigi membranes

Mannosidase-I activity was measured using the substrate Man^.gGlcNACg
glycopeptide, prepared from HeLa cells as described below in 2 .2 .4 .
Mannosidase-I was assayed in a final volume of 200/il comprising 50mMsodium phosphate, pH 6.5, 5 mM-MgOl2 , 0 . 1 %(w/v)-TX- 1 0 0 and 1 0 ,0 0 0 dpm of
pHj-Many.gGlcNACg glycopeptide, in the presence or absence of 2 0 ^g/mldeoxymannojirimycin (dMM). After incubation at 37°0 for 20hr., the reaction
was stopped by addition of 200p\ of 5% (w/v)-phosphotungstic

acid

(PTA)/20%(w/v)-TOA and then neutralised with 250/il of 10%(w/v)-sodium
bicarbonate. Samples were then affinity purified on a lectin column as
described by Szumilo and Elbein (1985) except that mixed columns containing
equal parts of Oon A-Sepharose and WGA-agarose were used. The latter lectin
retained the small amounts of complex glycopeptides in the substrate which
would otherwise have been treated as released pH]-mannose. Mannosidase-I
activity was taken as pH]-mannose released in the absence but not presence of
dMM. The assay was linear over the range of enzyme concentrations used (see
Fig.2.2).

2.2.3.5

3-1,4'Gaiactosyitransferase - Trans Goigi membranes

The transfer of galactose from pH]-UDP-galactose to the glycoprotein acceptor
ovomucoid (Bretz and Staubli, 1977) catalysed by galactosyltransferase
(E.G. 2.4.1.38) was assayed for 30min. at 37®C in an incubation mixture
containing: 40mM-sodium cacodylate, pH6 .6 , 40mM-MnCl2,

2

mM-ATP, 40mM-

mercaptoethanol, 17.5mg/ml-ovomucoid, 0.2%(w/v)-TX-100, 0.2/vCi/ml-UDP-D[6-3H]-galactose. The final volume was 100^1, including a maximum of 20p\ of
sample.

The reaction was stopped by the addition of 1ml of ice cold 0.5M-

PTA/HCI. Precipitated protein was washed three times with PTA/HCI and once
with 95%(v/v)-ethanol (both ice cold) before it was solubilised with 50p\ of 2MTris (unbuffered) and 200p\ of 1%(w/v)-SDS. Samples had 1ml of Beckman CP
scintillation fluid added for scintillation counting for which each sample was
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Figure 2.2

Mannosidase-I Activity as a Function of Mitotic HeLa Cell PCS
Protein.
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The mannosidase-l activity of increasing amounts of mitotic HeLa cell PCS (20mg/ml) was
assayed by measuring the release of [^H]-mannose from [^ H ]-M a n 7 - 9 G lc N A c 2 in the
absence but not presence of 20^g/ml deoxymannojirimycin over 1 hour at 37°C.
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Figure 2.3

Galactosyltransferase Activity of Mitotic HeLa Cell PCS.
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A.
Increasing amounts of mitotic HeLa cell PCS diluted from a sample at 22mg protein/ml were
incubated at 37°C for 30min. and then assayed for galactosyltransferase activity.
B.
10^g samples of mitotic HeLa cell PCS were incubated for up to 90min. at 37°G and then
assayed for galactosyltransferase activity.
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subjected to individual quench correction.

Under these conditions galactose

incorporation was shown to be linear with both time and protein concentration
(Fig.2.3).

When assaying gradient fractions, unless otherwise stated,

galactosyltransferase activity was expressed in dpm per
fraction incubated for SOmin. at 37®C.

20

/il sample of each

When assaying gradient fractions

containing early endosomes or plasma membrane labelled with [125|]_
transferrin, the emission spectra from this isotope swamped that of the PH]. To
obtain a galactosyltransferase profile samples were therefore diluted so that the
sucrose concentration was 0.25M and phase separated in TX-114 and washed
3x in 20mM-Tris-HCI, pH7.4, 150mM-NaCI, 0.5mg/ml-transferrin.

The

concentration of pH]-UDP-galactose was increased to 1.0/iCi/ml and that of
cold UDP-galactose decreased to 60/yM, the Km for the transfer of UDP to
ovomucoid (Bretz etal., 1980) in order to ensure a large pH] to [i 2 S|] ratio. This
procedure reduced the [i25|]_transferrin in each fraction to a background level.
2.2.3.6

Internalised iodinated transferrin - Early endosomes

Mitotic HeLa cells were prepared as described in 3.1.2 except that l^g/ml of
[i25|]_iabelled transferrin was added to the suspension culture with the
nocodazole and internalised as the cells entered mitosis. The early endosomes
of interphase HeLa cells were labelled with p25|]-transferrin following the
protocol described by Woodman and Warren (1988).
Cells were harvested, homogenised and fractionated as described in 3.2.2.
and equal aliquots of each fraction counted for p25|].
2.2.3.7

Bound iodinated transferrin - Plasma membrane

p25|].transferrin was bound to the plasma membrane of both interphase and
mitotic HeLa cells by the method described by Woodman and Warren (1988).
Cells were harvested, homogenised and fractionated as described in 3.2.2. and
equal aliquots of each fraction counted for [^25|]
2.2.3.8
8

8-Hexosaminidase - Lysosomes

-hexosaminidase (E.C.3.2.1.30) activity was measured by the release of

p-nitrophenol from p-nitrophenyl-N-acetyl- 8 -D-glucosaminide

at

3 7 °C

(Landegren, 1984) in a 400pl incubation mix containing 3.75mM-p-nitrophenylN-acetyl-8 -D-glucosaminide, 0.25%(w/v)-TX-100 and O.OSM-sodium citrate,
pHS.O. The reaction was stopped and colour developed with 400pl of 50mMglycine, pH10.4 containing 5mM-EDTA.

8

-hexosaminidase activity was

calculated using a molar extinction coefficient of 18,300 cm2/mol at 405nm
(Borooah etal., 1961).
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Figure 2.4

3-Hexosaminidase Activity of Mitotic HeLa Cell PCS.
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Increasing amounts of mitotic HeLa cell PCS diluted to 2mg protein/ml were i
ncubated for 30min. at 37°C and assayed for 3-hexosaminidase activity.
10/vg samples of mitotic HeLa cell PCS were incubated at 37°C for increasing periods
of time to assay for 3-hexosaminidase activity.
40^g samples of mitotic HeLa cell PCS were incubated for 1 hour at 37°C and
assayed for 3-hexosaminidase in the presence of increasing concentrations of
sucrose.
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Figure 2.5

Cytochrome-c Oxidase Activity as a Function of Mitotic HeLa Cell
PCS Protein.
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Increasing amounts of mitotic HeLa cell PCS (18m g protein/m l) w ere assayed for
cytochrome-c oxidase activity by following the continuous oxidation of cytochrome-c over
2min. at 20°C.
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The assay was shown to be linear with time and protein concentration and the
effect of sucrose on the assay determined (Fig.2.4). Above 0.5M-sucrose the
assay was inhibited but its sensitivity means that this is not a problem, for as
little as 25iJ\ of each gradient fraction can be assayed giving a maximum
sucrose concentration in any assay sample of 0.1 M.

The

3-hexosaminidase activity of mitotic HeLa cell PCS was 2.8±

0 .2

specific

^mol/hr/mg

protein (n=5).
2.2.3.9

Cytochrome-c oxidase - Mitochondrial membranes

Cytochrome-c oxidase (B.C.

1

.9.3.1) activity was measured by the continuous

oxidation of dithionite reduced cytochrome-c at room temperature. (Mason et
a/.,1973). To obtain a linear rate of oxidation the following protocol was used
(Pryde, 1987). Cytochrome-c (62mg of Type III horse heart) was dissolved in
1

ml of

50mM-Mes-NaOH, pH6.5, 0.1M-KCI, ImM-EDTA saturated with N2 ,

reduced with a few crystals of sodium dithionite, then desalted on a 10ml Biorad
P6 desalting column, equilibrated in the buffer described above. The desalted
reduced cytochrome-c was diluted to 80ml with the assay buffer which
contained 50mM-Mes-NaOH, pH6.5, ImM-EDTA, and 0.1%(w/v)-TX100
saturated with N2 .
The concentration of cytochrome-c and its percentage reduction were
calculated from a reduced-oxidised difference spectrum (542-550nm) by
oxidising the reference cuvette with 50/yM-potassium ferricyanide and fully
reducing the sample cuvette with sodium dithionite; the solution was then
diluted to 50/vM-cytochrome-c for use.
KCN in 1M-Tris-HCI, pH8.0.

Reference samples contained 2mM-

Cytochrome-c oxidase activity was calculated

using a molar extinction coefficient of 21x10® cm^/mol at 550nm (Massey, 1959)
and shown to be linear with respect to protein concentration (Fig.2.5).

The

specific cytochrome-c oxidase activity of mitotic HeLa cell PCS was
1.0± 0.3nmol/min/mg protein (n=4).
The storage of samples at -80°C was only possible for short periods of time (up
to one month) before the cytochrome-c oxidase was inactivated.
2.2.4 Preparation and characterisation of Many_gGlcNAc2 as a substrate for
mannosidase-l
2.2,4.1

Deoxymannojirimycin

Deoxymannojirimycin (dMM) is a chemically synthesised analogue of mannose
with a nitrogen in its carbon ring (1,5-dideoxy-1,5-imino-D-mannitol).

It has

been widely characterised as an inhibitor of the cis Goigi enzyme
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mannosidase-l.

Fuhrmann et al. (1984) first showed that dMM blocks the

conversion of high mannose to complex oligosaccharides in hybridoma cells
but does not affect immunoglobulin synthesis.

Pulse chase analysis showed

that in the presence of dMM both secreted and surface glycoproteins remain
sensitive to endo-H throughout the period of the chase (Burke et a!., 1984;
Fuhrmann at a!., 1984) suggesting that no terminal modifications have occurred
and that the oligosaccharides remain of the high mannose form.

This was

confirmed by N-acetylneuraminidase digestion and sugar labelling experiments
with hybridoma cells treated with dMM.

In addition, most of the endo-H

released oligosaccharides from dMM treated cells migrated on Biogel P4 gel
filtration columns like the proposed MangGlcNAc2 structure, with 30% having a
mobility consistent with a MansGlcNAc structure.

Burke at al. (1984) also

showed that inhibition by dMM does not interfere with surface expression of
integral membrane proteins.
Bischoff and Kornfeld (1984) tested the In vitro effect of dMM on five
a-mannosidase activities present in rat liver.

They found inhibition of

mannosidase-l but not of mannosidase-ll, ER mannosidase, cytosolic
mannosidase, or lysosomal mannosidase, showing that dMM is a specific
inhibitor of mannosidase-l; consistent with its in vivo effect on oligosaccharide
processing (Fuhrmann at al., 1984). The tightness of inhibition by dMM is cell
type specific. Whereas Elbein at al. (1984) reported that MDCK processing of
influenza viral glycoproteins was inhibited by over 95%, Hughes at al. (1987)
found that in BHK cells complex-type oligosaccharide synthesis w as
diminished, but not abolished by dMM, so that 20-30% of the oligosaccharides
formed were of the complex type.
Here I will present the effect of dMM on oligosaccharide synthesis in HeLa cells.
2.2.4.2

Establishing a mannosidasa-l assay

To assay mannosidase-l requires a suitable high-mannose substrate from
which the pHJ-labelled a - 1 , 2 linked mannose residues can be removed. The
most widely used assay is based on the protocol of Kornfeld at al. (1978),
where a Mane gGlcNAca substrate is prepared from VSV-infected CHO cells but
it was decided to exploit the specific inhibitor of mannosidase-l, dMM, to inhibit
the oligosaccharide processing of HeLa cells and then to isolate the
endogenous high-mannose glycopeptides formed as the end point of the
inhibited processing. Initial experiments were carried out to determine the effect
of dMM on HeLa cells and to develop a reliable protocol for substrate
preparation as given below in 22.4.9.
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2.2.4.3

The culture of HeLa cells in low glucose medium

In order to maximise the uptake of pH ]-2-m annose

into

N-linked

oligosaccharides, HeLa cells can be cultured in low glucose E4 medium
(DMEM + 500mg/L-glucose) containing 10%(v/v)-FCS and

10

mM-sodium

pyruvate, which allows glycolysis to be by-passed, avoiding the need for
glucose which competes with the uptake of mannose. Such a culture was set
up and the cell viability checked over 30 hours. No drop in viability was seen in
the first 8 hr. and only a very small drop from

100

% to 96% after 26hr. Samples

taken and fixed for EM after 0, 10 and SOhr. all showed normal morphology of
subcellular components including the Goigi apparatus.
2.2.4.4

Isolation of pH]-mannose labelled glycopeptides from HeLa
cells

HeLa cells were incubated with low glucose E4 medium containing
FCS and lOmM-sodium pyruvate. After

2

10

%(v/v)-

hr. varying concentrations of dMM

were added, followed 2 hr. later by D-[2-3H]mannose at 5/;Ci/ml. After a further
24hr. the cells were washed three times with CMF-PBS and extracted on ice
with 1%(w/v)-TX-114 (Bordier, 1981). Cloud point precipitation was performed
after removal of insoluble material by centrifugation at 13,000gav and 4°C for
5min.

Glycopeptides were then prepared by digestion with lO m g /m l

proteinase-K (Featherstone et al., 1985).
2.2.4.5

The binding of pH]-mannose labelled glycopeptides to
Concanavalin A-Sepharose

The glycopeptides produced in the presence of 10 and

20

/yg-dMM/ml were

compared with control glycopeptides in terms of their binding to columns of
Con A-Sepharose (see Fig.2 .6 ).

In untreated control cells, 53% of the total

radioactivity in the glycopeptide fraction passed through the column in the wash
buffer, indicating that it was composed of tri- and tetra- antennary chains. Of the
remaining activity about 10% eluted with wash buffer supplemented with lOmMa-methylmannoside, suggesting the presence of bi-antennary chains and the
rest of the activity with wash buffer, supplemented with

lOOmM-

a-methylmannoside indicating high-mannose or hybrid structures.

In the

presence of lO^g-dMM/ml, 29% of the total counts were in the wash or the
1 0m M -a-m ethylm annoside fraction,

but 71% eluted with

100mM-

a-methylmannoside.
In the presence of 20/yg-dMM/ml only 15% of the total counts were in the wash
or the lOmM-fraction, 85% being eluted with lOOmM-a-methylmannoside,
indicating that most of the glycopeptides contained high-mannose or possibly
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hybrid chains. High mannose structures are consistent with an inhibition at an
early stage of the N-linked oligosaccharide-processing pathway including
mannosidase-l.
2.2.4.6
A

200

Analysis of pH]-mannose labelled glycopeptides on Biogel P6

ml column of Biogel P6 was poured and equilibrated. The excluded (Ve)

and included (Vx) volumes of the column were calculated from the elution
profiles of Blue Dextran and pH]-mannose; they were 50ml and 175ml
respectively.
The glycopeptides produced in the presence of 10, 20, and 25;yg-dMM/ml were
compared to control glycopeptides in terms of their elution profile on the P6
column (Fig.2.7). In each case there was a peak of radioactivity around 50ml.
This represents undigested glycopeptides, that due to their relatively large size,
are not retarded by the column but elute with the void volume. There is also
one major peak of activity eluting at

100

ml. This peak increases as a proportion

of the total eluted counts as the concentration of dMM is increased and is likely
to represent the high mannose species accumulated due to the inhibition of
mannosidase-l by dMM.

The radioactivity eluting between 50 and 100ml

probably represents complex oligosaccharides produced due to incomplete
inhibition of mannosidase-l activity.
2.2.4.7

Digestion of high-mannose substrate with endo-H

Glycopeptides produced in the presence of

20

;vg-dMM/ml were digested with

endo-H and the resultant samples analysed on the P6 column. The peak of
endo-H-released oligosaccharides was shifted relative to the untreated
substrate peak (Fig.2.8).

As all the main substrate peak shifted on endo-H

digestion, it must contain only high mannose oligosaccharides.
Rosner et al. (1982) illustrate the use of the relationship between relative
elution constants and molecular weights of endo-H released oligosaccharides
to identify unknown oligosaccharides by gel filtration:
The relative elution constant Kd = V I- Ve
Vx - Ve
VI = elution volume of peak of interest
Ve = excluded volume
Vx = included volume
From their analysis a Many.gGlcNAc oligosaccharide has a relative elution
constant of 0.44 - 0.52. The elution constant for the major peak of the substrate
after endo-H digestion was 0.47. This is indicative of the substrate having the
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Figure 2.6

The Binding of Glycopeptides to Concanavalin A-Sepharose.
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Glycopeptides produced in the presence of A. No dMM B. lO/vg-dMM/ml and 0 . 20/vgdMM/ml were analysed for their ability to bind to Concanavalin A-Sepharose. Columns were
eluted with first 1GmM and then 10OmM-a-methylmannoside. 1ml fractions were collected
and counted for [^H].
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Figure 2.7

The Analysis of Glycopeptides on Biogel P6 .
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Glycopeptides produced in the presence of A. No dMM B. 10/vg-dMM/ml C. 20^g-dM M /m l
were analysed on a 200ml Biogel P6 column. 1ml fractions were collected and counted for

[3H].
Ve=excluded volume of 50ml
Vx=included volume of 175ml
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Figure 2.8

Analysis of the Substrate for Mannosidase-I after Digestion with
Endoglycosidase-H.

40

120
Ve

Vx

100
80
dpm

60

40

20

0

50

100

150

200

Fraction No.

Glycopeptides produced in the presence of 20/7g-dMM/ml were digested with 2m U/m l
endoglycosidase-H for 16 hours at 37°C and fractionated on a 200ml Biogel P6 column. 1ml
fractions were collected and counted for pH].
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Figure 2.9

Analysis of the Substrate for Mannosidase-I after Digestion with
Jackbean Mannosidase.
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Glycopeptides produced in the presence of 20/7g-dMM/ml were digested with 0.4U /m l
jackbean mannosidase for 46 hours at 37°C and then for a further 72 hours at 37°C with
0.8U /m l enzym e before fractionating on a 200ml Biogel P6 column. 1ml fractions were
collected and counted for pH ].
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desired Man7 .9 GlcNAc 2 structure.

The fact that the substrate Is not pure

Man 9 GlcNAc 2 may be due to the action of ER mannosidase (Bischcoff and
Kornfeld, 1983) for which this is the preferred substrate.

Again the relative

activities of ER and Goigi mannosidase-l seem to be cell specific.
2.2.4.8

Digestion of Man^.pG/cA/Ac^ with jackbean mannosidase

To further test the nature of the substrate, glycopeptides produced in the
presence of

2 0 /yg-dMM/ml

were digested with jack bean mannosidase and then

analysed on the P6 column. The jack bean mannosidase released all of the
a-linked mannose residues present in the glycoprotein and gave a single peak
eluting with free mannose (Fig.2.9).
corresponding

to

A second peak was expected

M an- 8 -GlcNAc 2 which cannot

be

hydrolysed

by

a-mannosidase but is probably masked by the background counts. The fact
that the whole substrate peak shifted to elute at Vx is consistent with its desired
high mannose structure and shows that all the tritium incorporated into the
substrate is in the form of PH]-mannose.
2.2.4.9

Conditions chosen for production of Many.pG/c/VAc^

The information on the characterisation of the substrate given above allow it to
be confidently described as being about 80% Man7 -9 GlcNAc2 When produced in
the presence of 20^g-dMM/ml. This was used as a substrate in an assay for
mannosidase-l with contaminating complex oligosaccharide containing
glycopeptides removed by WGA-agarose (see 2.2.4.2). The final protocol for
the preparation of IVIan7 _gGlcNAc2 is as given in 2.2.4.4, with the dMM at a final
concentration of

2 0 /vg/ml.

2.2.5 Electrophoretic methods
2.2.5.1

SDS-Polyacrylamide slab gel electrophoresis (PAGE)

Samples were separated on

10

% slab gels according to the method of

Laemmli, (1970).
2.2.5.2

Preparation of samples for SDS-PAGE

Proteins were precipitated from samples in 10%(w/v)-ice-cold TCA.

After

lOmin. on ice the protein was recovered by centrifugation at 7000gav for 5min.
The pellet was washed once with 95%(v/v)-ethanol cooled to 0°C and once with
diethyl ether, before solubilisation in sample buffer containing: 0.05M-Tris-HCI,
pH 6 .8 , 2mM-EDTA, 5%(w/v)-SDS, 10%(w/v)-glycerol, and 0.001 %-(w/v)bromophenol blue. Dithiothreitol (5mM) was added if reducing conditions were
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required and all samples heated to 95®C for 3min. then cooled to room
temperature before the addition of 50mM-iodoacetamide, centrifugation for
5min. at 13,000gav and loading on to gels.
2.2.5.3

Fixing and staining gels

Proteins were fixed in the separating gel with 10%(v/v)-acetic acid and
20%(v/v)-methanol, then stained with 0.25%(w/v)-Coomassie Brilliant Blue
R250 dissolved in 50%-(v/v) methanol, 7.5% (v/v)-acetic acid.
2.2.5A

Fiuorography

Gels containing psgj-methionine labelled proteins were fixed for 30min. and
washed for 30min. in Amplify at room temperature. XAR-5 film was exposed to
dried gels for 1-3 days.
2

.2.5.5

Free flo w electrophoresis

Samples enriched in Goigi membranes were prepared and incubated with
trypsin according to the methods of Marsh et al. (1987).

Proteins were

separated by free-flow electrophoresis on a Bender and Hobein ElphorVap

22

apparatus. Prior to each run the separation chamber was coated with 1%(w/v)BSA solubilised in 10mM-triethanolamine, pH7.4, lOmM-EDTA, lOmM-acetic
acid, (TEAE) for 30min. and washed with BSA-free TEAE. TEAE buffer was
used in the separating chamber and run at -4mI/fraction/hr with a field of 1650V
at

111

mA. The temperature in the separating chamber was maintained at 4°C.

Samples adjusted to -Im g of protein/ml were perfused into the collecting
chamber at - 2 mI/hr and collected through an hundred-channel peristaltic pump
at 4°C. Fractions were assayed for galactosyltransferase, 3-hexosaminidase
and protein.
2 .2 . 6

Miscellaneous methods

2.2.6.1

Protein estimation

g,

Peterson's (1977) adaptation of the assay of Lowry,^(1951).
2.2.6.2

Solubilisation of membranes and temperature-induced phase
separation

TX-114 was added to samples from a 10%(w/v) stock to give a final
concentration of

2

%(w/v) detergent.

Membranes were solubilised on ice for

5min. Any insoluble material was removed by centrifugation in a microfuge at
13?00gav and 4°C for 5 min.
A
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The supernatant was then warmed to 30°C for

5

mln. and became turbid. On

centrifugation for 5min. at 1,600gav it separated into two phases, the upper
aqueous phase was enriched in hydrophilic proteins while the lower detergent
phase was enriched in integral membrane proteins. The aqueous phase was
discarded and the detergent phase washed 3x with 0.15M-NaCI,

10

mM-Tris-

HCI, pH7.6 (Tris/salt buffer) containing 0.06%(w/v)-TX-114 and 1/;l/ml-protease
inhibitor cocktail, phase separating between each wash.
When phase separating fractions from a sucrose gradient, fractions were
diluted to below 0.25M-sucrose.
2.2.6.3

Endoglycosidase-H digestion

Proteins extracted into TX-114 were digested with 5mU of endo-H by the
addition of an equal weight of TX-100 to the detergent pellet on ice, together
with 250/71 of ice cold 0.2M-sodium citrate, pH5.0 and protease inhibitor cocktail
( 1 / 7 l/ml). The sample was incubated at 37®C for 16-20hr. before recovering the
proteins by precipitation with 10%(w/v)-TCA on Ice for 2 hr. Samples were then
solubilised in sample buffer and separated by SDS-PAGE as described in 2.2.5.
2.2.6.4

Neuraminidase digestion

Proteins extracted into TX-114 were digested with 30U neuraminidase after the
addition of an equal weight of TX-100 to the detergent pellet on ice, together
with 250/71 of ice cold 50mM-sodium acetate, pH5.5, 150mM-NaCI,

9

mM-CaCl2 ,

and protease inhibitor cocktail ( 1 /7l/ml). The sample was incubated at 37°C for
16-20hr. before recovering the proteins by precipitation with 10%-TCA on ice for
2

hr. Samples were then solubilised in sample buffer and separated by PAGE

as described in 2.2.5.
2.2.6.5

Jackbean mannosidase digestion

Freeze dried glycopeptides were solubilised in 500/71 of 50mM-sodium acetate,
pH5.0 containing 0.05mM-ZnCl2 and 0 .2 U-jackbean mannosidase. The sample
was overlaid with toluene and incubated at 37°C for 46hr. before addition of a
further 0.2U of enzyme and incubating at 37®C for a further 72hr.
2.2.6.6

Preparation of samples for EM

Cells were fixed in 0.5%(v/v)-glutaraldehyde, post-fixed, dehydrated and
embedded and stained as described in Lucocq etal. (1987).
Membrane samples were fixed for 8-16hr. at 4®C in 3%(v/v)-glutaraldehyde in
O.IM-KPO 4 , pH6.7, 0.25M-sucrose,

5

mM-MgCl2 before proceeding as for cells.

Samples were examined in a Philips CM10 electron microscope.
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2.2.2.7

Hisîone kinase assay

HeLa cell PCS and PNS samples were centrifuged at 360,000gav and 4®C for
SOmin. The histone kinase activity of the cytosols produced was determined as
described by Pypaert at al. (1991).

CHAPTER

THREE

PREPARATION AND FRACTIONATION OF MITOTIC
HELA CELLS : DISTRIBUTION OF
GALACTOSYLTRANSFERASE ACTIVITY.
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3.1

Preparation of mitotic HeLa ceils

3.1.1

Published methods

3.1.1.1

Isolation of mitotic cells from monolayer cultures by Shake off

Mitotic cells can be isolated by exploiting the fact that mitotic tissue culture cells
round up and become less firmly attached to their substratum. When grown in
roller bottles they can be removed by mechanical shear (Klevecz, 1975). This
method was used by Lucocq et a i (1987) when they first identified and
described morphologically the mitotic form of the Golgi apparatus in HeLa cells.
3.1.1.2

The use of drugs causing microtubule disassembly

Yields of mitotic cells can be increased by synchronising cell populations and
by accumulating them in mitosis with antimicrotubule drugs such as
nocodazole. Hoebeke et al. (1976) showed that nocodazole binds reversibly to
tubulin and inhibits the in vitro assembly of microtubules. Zieve et al. (1980)
used nocodazole to block HeLa cells in prometaphase and produce large
numbers of mitotic cells. They showed that the microtubule depolymerisation is
reversible after a four hour incubation in nocodazole and that the drug has no
adverse effects on cell metabolism.
3.1.1.3

Assessment of published methods

An important limitation of the published methods, is the number of mitotic cells
prepared.

Only between 10® and

10^

cells per roller bottle can be isolated

when monolayer HeLa cells are blocked with nocodazole and even fewer if
cells are untreated. This is sufficient for EM and some biochemical studies but a
bulk isolation method capable of yielding sufficient amounts of material for
subcellular fractionation to permit biochemical analysis, requires considerably
more mitotic cells. The minimum volume which can be homogenised efficiently
in the ball bearing homogeniser is 1 ml and a concentration of

1 0 ®cells/ml

was

found necessary for reproducible breakage and to yield enough material for
analysis after fractionation of membranes on sucrose gradients.
3.1.2 Preparation of mitotic HeLa cells from suspension culture
The subclone of the monolayer HeLa cell line selected to grow in suspension
culture, SaHeLa (Puck et ai, 1956), (hereafter referred to as HeLa cells) had a
cell doubling time of 22±1 hours (n=3).

Fig.3.1 shows how time course

experiments were set up with growth medium supplemented with increasing
concentrations of nocodazole. In the control samples, where DMSO alone was
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added to the growth medium, the mitotic index remained steady at around 5%,
consistent with the cells taking one hour to complete mitosis.

An optimal

concentration of nocodazole having no toxic side effects should produce a fully
mitotic population after 22 hours. At all the concentrations of nocodazole tested
the mitotic index increased to a plateau between 22 and 24 hours, with mitotic
indices approaching 100% at 100 to 120ng nocodazole/ml.

At the highest

concentration of nocodazole ( 1 2 0 ng/ml), the mitotic index began to decrease
after 24 hours; there was also a reduction in cell viability from 100 to 95%. At all
lower concentrations of nocodazole tested the cell viability remained at 99100% and the mitotic index reached a maximum after 24 hours.
HeLa cells, with a starting density of

2

x 1 0 ® cells/ml, were incubated with

increasing concentrations of nocodazole for 24 hours as shown in Fig.3.2. The
HeLa cell mitotic index reached a maximum at concentrations of nocodazole
between 80 and lOOng/ml nocodazole and cell viability was 99-100%.
These two experiments demonstrated that the best conditions for producing
mitotic HeLa cells were incubating with lOOng/ml nocodazole for 24 hours.
Subsequent experiments gave a mitotic index of 97±2% and viability of 99±1%
(n=50) when cells were grown under the conditions developed and described
in 2 .2 . 1 .
3.1.3 Criteria used in the assessment of mitotic HeLa cells produced in
suspension
3.1.3.1

Why is It necessary to assess the morphology and
biochemistry of mitotic HeLa cells prepared In suspension and
compare them to those prepared In monolayer culture?

The mitotic form of the Golgi apparatus was identified in HeLa cells prepared
from monolayer culture without the use of any drug treatment to block cells in
mitosis (Lucocq et al., 1987). Work on the inhibition of protein traffic in mitotic
cells (Featherstone et al., 1985) does describe the characteristics of mitotic cells
produced in monolayer cultures using a nocodazole block.

However,

suspension HeLa cells have not been used, nor cells treated with nocodazole
for as long as 24 hours. It is therefore important to check that the mitotic cells
produced by the protocol outlined in 3.1.2 show the morphological and
biochemical characteristics previously ascertained for mitotic HeLa cells.
3.1.3.2

Light microscopic examination of cells

Phase contrast microscopy showed the mitotic HeLa cells to be around twice
the volume of cells produced under suboptimal culture conditions; that is where
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Figure 3.1

Time course for Effect of Nocodazole on HeLa Cells.
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Suspension cultures of HeLa cells at 2x10^ cells/ml were supplemented with increasing
concentrations of nocodazole, incubated at 37°C In an atmosphere of 5% C 0 2 /9 5 % air and
sampled over 30 hours. Mitotic indices were calculated and results averaged from triplicate
sampling of three experiments.
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Figure 3.2

Dose Response of HeLa Cells to Nocodazole.
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Suspension cultures of HeLa cells at 2x10^ cells/ml were supplemented with increasing
concentrations of nocodazole and incubated for 24 hours at 37°C in an atmosphere of
5% 0 0 2 /9 5 % air. Samples of cells were scored for mitotic index and results averaged from
triplicate sampling of three experiments.
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cells were passaged by dilution rather that complete replacement of medium as
described in Chapter 2. There were no inclusion bodies and tests for bacterial
and fungal contamination on agar plates were routinely negative.
3.1.3.3

Electron microscopic examination of ceiis

Mitotic cells were examined by electron microscopy to compare the morphology
of their Golgi apparatus with that described by Lucocq et ai. (1987). The mitotic
cells shown in Fig.3.3A are blocked in prometaphase by nocodazole and
therefore have no mitotic spindles, unlike the cell isolated by shake-off shown
by Lucocq et ai. (Fig . 6 1987) which is a metaphase cell in which the
chromosomes have lined up on the mitotic spindle. The circumferential ER is
also nearer to the condensed chromosomes in the cells shown in Fig.3.3A. The
mitotic Golgi clusters of the cells grown in suspension, however, did have the
same characteristic vesicular morphology and intracellular distribution as the
mitotic cells produced from monolayer culture (Fig.3.3).
3.1.3.4

Gaiactosyitransferase activity

The PCS from mitotic cells produced under the conditions described above in
3.1.2 had a gaiactosyitransferase activity of 95±15nmol/hr/mg protein (n=20)
which is consistent with the 105 nmol/hr/mg protein found by Lucocq et ai.
(1987) for mitotic cells isolated in the absence of nocodazole by shake off.
Suboptimal culture conditions, where cells were passaged by dilution rather
than complete replacement of medium, were found to reduce this by up to five
fold.
Interphase cells produced under the same regime had a galactosyl-transferase
specific activity equal to that of mitotic cells at 90±20nmol/hr/mg (n=20),
confirming the observation of Lucocq et ai. (1987) that the specific activity of
gaiactosyitransferase is the same in interphase and mitotic HeLa cells but
contrary to the earlier results of Quintart et ai. (1979) who found that the specific
activity of gaiactosyitransferase in hepatoma cells increased steadily as mitotic
cells were allowed to progress to G1.
3.1.3.5

Reversion of mitotic ceiis to G 1

One reason that suspension cultures have not been used for the production of
mitotic cells is that Zieve et ai. (1980) reported that after prolonged exposure to
nocodazole the synchrony of recovery of mitotic HeLa cells was reduced and
50% of the cells were incapable of proceeding to G1.

It was important to

demonstrate that the HeLa cells blocked in prometaphase with nocodazole will
revert to G 1 or it could be argued that despite being blocked in a state that
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Figure 3.3

Electron Micrographs of Mitotic HeLa Cells.

%
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C lu sfir

Cells were fixed in 0.5% (v/v) glutaraldehyde and stained with 1% (v/v) osmium tetroxide.
Mitotic cells contain no stacked cisternal Golgi apparatus but mitotic 'Golgi clusters'.
A. Whole mitotic HeLa cells. Magnification 3.1 K.
B. Mitotic Golgi cluster. Magnification 43.4K.
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Figure 3.4

Reversion of Mitotic HeLa Cells to G1.
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Mitotic HeLa cells at 2x10^ cells/ml were washed twice with 50ml of growth medium to
remove nocodazole, resuspended in fresh growth medium at a density of 2x10^ cells/ml and
incubated at 37°C in an atmosphere of 5% C 0 2 /9 5 % air. Samples of cells were taken and
scored for mitotic index over 24 hours. Parallel samples were stained with trypan blue and
scored for viability. Results were averaged from triplicate sampling of three experiments.
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Figure 3.5

Electron Micrographs of HeLa Cells Allowed to Progress out of
Mitosis to G 1 .
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Mitotic cells were washed twice with growth medium to remove nocodazole and incubated in
growth medium at 37°C in an atmosphere of 5% C 0 2 /9 5 % air for 6 hours before fixing in
0.5% (v/v) glutaraldehyde and staining with 1%(v/v) osmium tetroxide. Golgi apparatus has
stacked cisternal morphology characteristic of inter phase cells.
A Whole HeLa cells. Magnification 3.2K.
B. Golgi apparatus. Magnification 32.2K.
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morphologically resembles prometaphase, the cells may not be biochemically
comparable with those produced by shake-off alone.

Mitotic HeLa cells

produced in suspension as outlined above in 3.1.2 will revert to G 1 once
nocodazole is removed (Fig.3.4).

Fifty percent of the cells revert after 180

minutes in nocodazole-free medium which is twice as long as that found for the
same mitotic HeLa cells produced in roller bottles incubated for 4 hours with
40ng-nocodazole/ml (E.Souter personal communication). Twenty four hours
after wash out of nocodazole 95% of the viable cells have progressed to G1
with 5% remaining in mitosis. Cell viability is maintained above 95% for at
least the first

hours after washing out nocodazole, dropping to 70% after some

6

time between

6

and 24 hours, the 30% of dead cells having become polyploid.

Six hours after wash out of nocodazole the gaiactosyitransferase specific
activity is unchanged at 95±5 nmoles/hr/mg protein (n=3) and electron
microscopy shows the Golgi apparatus to have reassembled into its interphase
state (Fig.3.5).
3.1.3.6

Inhibition of exocytosis

Featherstone et ai. (1985) showed that newly synthesised G protein of the
vesicular stomatitis virus (VSV) is not transported to the Golgi apparatus in
mitotic cells isolated from roller bottles, by demonstrating that VSV G protein
contained only endo-H sensitive oligosaccharides.

This maintenance of

endo-H sensitivity is a measure of inhibition of intracellular transport from the
ER to the medial Golgi cisternae (see Chapter 1 , page 28).
The major histocompatability antigen protein (HLA) was used to examine
protein traffic in the suspension cells rather than VSV G protein to avoid the
inherent technical difficulties of viral infection of mitotic cells.
mitotic HeLa cells produced in suspension were

Interphase and

pulse-labelled

with

[35S]-Methionine for lOmin. at 37°C, chased for 40min. at 37°C and then
digested ± endo-H before the HLA was immunoprecipitated (see Chapter 2,
page 52 for details).
Pulse labelling with a forty minute chase showed that in interphase cells the
HLA had become endo-H resistant whereas in mitotic cells it remained endo-H
sensitive (Fig.3.6). This confirmed, with an endogenous membrane protein, that
ER to medial-Golgi transport is inhibited in mitotic cells blocked in
prometaphase for 24 hours.
3.1.3.7

Inhibition of endocytosis

Mitotic HeLa cells produced in roller bottles by treatment with nocodazole have
inhibited rates of endocytosis (see Chapter 1 ). Interphase and mitotic HeLa
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Figure 3.6

ER to Golgi Transport is Inhibited in Mitotic Cells Produced in
Suspension by Treatment with Nocodazole for 24 Hours.
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Mitotic and interphase HeLa cells were metabolically labelled with
m ethionine for
tOmins at 37°C and the label chased by incubation at 37°C for a further 45mins. Cells were
then washed and homogenised according to the protocol summmarised in 3 .4 and their HLA
imm unoprecipitated.
Samples were digested ±endo-H and separated on a 10% SDS
polyacrylamide gel.

Figure 3.7

Endocytosis is Inhibited in Mitotic HeLa Cells Produced in Suspension by Treatment with Nocodazole for
24 Hours.

1a

Mitotic and interphase HeLa cells were incubated at 37°C in 2mg/ml FITC-dextran. Samples were taken over QOmins, fixed with 3% (w /v)paraformaldehyde and stained with 1/vg/ml-Hoechst 33258. Samples were examined by fluorescence microscopy for endocytosis of the FITCdextran. After 5min. the interphase cells had endocytosed the FITC-dextran (1b) but even after 90min. the mitotic cells showed only minimal
fluorescent staining (2b). l a and 2a show interphase and mitotic cells respectively stained with Hoechst 33258.

CO
CO
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cells produced In suspension were therefore assayed for the endocytosis of
FITC-labelled dextran following the protocol of Berlin and Oliver, (1980). After
Smin. the interphase cells had Internalised FITC-dextran whereas the mitotic
cells had only begun to do so after 90 minutes (Fig.3.7).
3.1.3.8

Histone kinase activity

When suspension HeLa cells were grown under the conditions described here
and used for the production of mitotic cytosols these had histone kinase
activities of 400±150pmol/mln/mg protein (n=6 ), 10-20 fold above the activity of
Interphase cytosols.

Similar Increases In histone kinase activity have been

shown by Pypaert at al. (1991) and Woodman at a i (1992) who used this as a
marker for the mitotic state.
3.1.3.9

Summary

HeLa cells grown in suspension and blocked for 24 hours In prometaphase by
nocodazole consistently met all the criteria described here for mitotic cells.

3.2

Homogenisation of mitotic HeLa cells

3.2.1. An introduction to homogenisation
3.2.1.1

The importance of the homogenisation protocol

Subcellular fractionation as a tool for the study of the biochemistry, function and
morphology oi cell organelles, dates back to procedures introduced by Brehens
(1932).

These aim to preserve enzyme activities and the morphology of

intracellular compartments, correlating these enzyme activities with membrane
bound organelles in order to gain an understanding of their spatial and
temporal interrelationships in normal cellular function. The most critical step in
such a study is the Initial cell breakage. Ideally a procedure should rupture the
plasma membrane of all the cells in a given sample and release their
organelles intact and unaltered Into a suitable medium. Most of the methods
available fall short of this ideal, so the method of choice is best determined
empirically for each cell type.
3.2.1.2

The "internal homogenates" of mitotic cells

Homogenisation aims to break the plasma membrane without causing damage
to Internal membranes.

This may be easier to achieve with mitotic cells

because they effectively provide a ready-made internal homogenate in that their
Golgi apparatus has been broken down into small vesicles which are a
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predicted product of homogenised membranes. It has proved difficult to Isolate
a stacked Golgi preparation from Interphase cells with

homogenisation

destroying the stacked morphology to produce membrane vesicles. In contrast
the morphology of the mitotic cell Is not subject to alteration by homogenisation
apart from possible damage to the mitotic cluster since none can be Identified In
mitotic cell homogenates. Thus, whereas the Interphase Golgi apparatus is
homogenised by mechanical forces, the mitotic Golgi apparatus has already
been "homogenised” by the cell's own Internal mechanisms. This fundamental
difference may explain why homogenisation protocols developed for interphase
cells are not necessarily applicable to mitotic cells.
3.2.1.3

The assessment of homogenisation

As gaiactosyitransferase Is a resident Integral membrane protein (Strous and
Berger, 1982) uniquely located In the trans Golgi cisternae (Roth and Berger,
1982) of the HeLa cell It Is an ideal marker with which to assess
homogenisation and to follow the distribution of the Golgi apparatus during
fractionation calculating both Its yield and purification with respect to total cell
homogenates.
The following criteria were reproduclbly met and therefore used to define
successful homogenisation;
a.

having 95% of cells broken

b.

producing a PCS giving a reproducible peak of
gaiactosyitransferase activity on analytical centrifugation

c.

giving >80% recovery of gaiactosyitransferase activity on
analytical centrifugation

3.2.2 Homogenisation
3.2.2.1

The problems of homogenising cells cultured in suspension

In tissue samples, cells are joined by connective tissue making shear forces
relatively easy to generate during homogenisation.

Cultured cells, however,

require more energy to be put into the system to generate the same kind of
disruptive force needed to break the cells. This problem Is compounded in the
case of single cells In suspension because a force cannot be generated
between the cells and their substratum as It can when dealing with monolayer
cultures.

Hence, suspension cells are especially difficult to homogenise

successfully.

Vigorous methods such as the motor-driven Potter-Elvehjem

homogeniser commonly used In rat liver Golgi preparations (Ehrenreich et al.,
1973) are unsuitable for homogenising tissue culture cells because although
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they generate enough force to disrupt the plasma membrane they also tend to
cause nuclear membrane breakage and the release of DNA; these conditions
lead to membrane aggregation. A more gentle method was essential which
broke open the cells but kept the nuclear membrane intact.
3.2.2.2

Comparison of methods for breaking cells

Three relatively gentle methods of breaking HeLa cells were compared; the
dounce homogeniser (Dounce eta!., 1955), ball-bearing homogeniser (Balch et
a!., 1984) and passage up and down a narrow (19) gauge needle.
Homogenisation of mitotic cells was assessed by light microscopy Nomarski
optics and by the staining of DNA with the fluorescent dye Hoechst 33258.

If

homogenised samples are examined immediately, the stain will only have
entered those cells with broken plasma membranes and can be used to detect
maximum cell breakage with minimal dispersal of DNA; defined here as optimal
homogenisation. The ball bearing homogeniser was the only procedure which
gave reproducible cell breakage without release of nuclear DNA in interphase
cells and was therefore used to develop a homogenisation protocol.
3.22.3

Homogenisation buffers

Breaking the cells immediately introduces the problem of the choice of medium.
Ideally it would approximate the cell cytosol to maintain structure and function of
intracellular compartments. In practise a large variety of ionic and polyol buffers
are available and their use is somewhat empirical.
When homogenising mitotic HeLa cells in a variety of buffers commonly used
with cultured cells, Golgi membranes, detected by assaying for gaiactosyi
transferase activity, were found to associate with other membrane fractions at
the bottom of sucrose gradients. This occurred using
5

100

mM-KP0 4 , pH7.2,

mM-MgCl2 , 0.25M-sucrose, empirically found to give the best results for the

preparation of rat liver and subsequent purification of rat liver Golgi which
themselves show consistent densities in sucrose of around 1.123g/cm3.
Golgi membranes could not be separated from other intracellular membranes
by homogenising cells in 45mM-Hepes-KOH, pH7.5, 75mM-KCI,

5

mM-MgCl2 ,

ImM-DTT (Balch etal., 1984) or in 0.25M-sucrose, lOmM-Tris-HCI, pH7.4 (Fries
and Rothman, 1980), conditions which were reported to produce discrete peaks
of gaiactosyitransferase activity on discontinuous equilibrium sucrose gradients
of CHO cell homogenates.
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3.2.2.4

Cytoskeleîal networks

One possible cause of the problem of Golgi membranes associating with other
membrane material was thought to be the presence of networks of
microfilaments. Microfilaments are broken down by cytochalasin B and Burke
and Gerace (1986) found a pre-incubation of cells with cytochalasin-B was an
essential step to minimise membrane aggregation in CHO cell homogenates.
Following their protocol for CHO cells, lO^ mitotic HeLa cells were incubated in
50mls of growth medium supplemented with 10Ong-nocodazole/ml, 20/yg/mlcytochalasin B and 10mM-Hepes pH7.4, for 45min. at 37®C and rotating at
20rpm. The cells were washed and then homogenised in 1ml of 150mM-KCI,
50mM-Hepes-KOH. pH7.4,

2

mM-MgCl2 , 1 mM-DTT. This is a simplification of

the Burke and Gerace buffer (itself designed for nuclear lamin reassembly
studies) was- made in order to keep all conditions, and therefore the
interpretation of results, as simple as possible.

The problem of membrane

association was overcome as the PCS produced now reproducibly gave a
single peak of gaiactosyitransferase

activity

on

equilibrium

density

centrifugation.
3 .2 .2 5

Pre-swelling steps

Mitotic HeLa cells were difficult to break needing many passes of the ball
bearing homogeniser which in some preparations led to over homogenisation.
A ten minute incubation on ice in 150mM-KCI, lOmM-triethanolamine,

pH7.4

(TEA) (Balch et al., 1987) was therefore introduced immediately prior to
homogenisation.

After treatment with TEA the cells swell noticeably.

It is

probable that the TEA makes the plasma membranes of the cells leaky to
certain ions causing them to take up water and swell. The cells thus become
fragile and their plasma membranes more easily ruptured, allowing the
homogenisation to accomplished with only 10 passes of the ball. EM studies
revealed no perceptible swelling of intracellular membrane compartments.
3.2.2.6

Preservation of gaiactosyitransferase activity using protease
inhibitors

The percentage of gaiactosyitransferase activity recovered on the sucrose
gradients was never

100

% and varied from preparation to preparation possibly

due to differential breakage of lysosomes during the homogenisation and the
release of proteases. A cocktail of protease inhibitors was therefore included at
all stages including and subsequent to homogenisation. This prevented the
loss of gaiactosyitransferase activity during fractionation and analysis so that
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100

% of the activity loaded on to a sucrose gradient could be accounted for in

the sum of the activities of individual fractions.
3.2.2.7

Preservation of the mitotic state

An important criteria for the isolation of a mitotic form of the Golgi apparatus was
that the homogenates from mitotic cells would not revert to an interphase state
during isolation. This should not happen as all procedures are carried out at
0-4°C. EGTA and microcystin were, however, included in the homogenisation
buffer since these are known to inhibit phosphatases needed for cells to exit the
mitotic state and would be required in procedures where temperatures are
raised, for example in the development of a cell-free Golgi reassembly assay.
Microcystin has been shown to preserve the mitotic state by inhibiting
phosphatases PP1 and PP2A which oppose the action of the mitotic kinase,
cdc2 kinase (Woodman eta!., 1992),
3.2.2.8

Summary of protocol for preparation and homogenisation of
mitotic HeLa cells

1.

Grow HeLa cells at 37°C as adherent monolayer cultures in EMEMS
growth medium in an atmosphere of 5%

0 0 2 /9 5

% air until 75%

confluent. Release cells from the plastic with trypsin and transfer into
suspension culture at a density of 2 x 1 0 ^ cells/ml.
2.

After 24hr. in suspension culture supplement medium with lOOng/mlnocodazole and incubate for 24hr. at 37®C in 5%

0 0 2 /9 5

% air.

3.

Harvest cells by centrifugation at 500gav for 2min.

4.

Incubate cells at 5x10®cells/ml in growth medium supplemented with
20/yg/ml-cytochalasin B, lOmM-Hepes, pH7.4 for 45min at 37°0,
rotating at

5.

20

rpm.

Oentrifuge cells as in 3 and incubate at -2x1Q7cells/ml in 150mM-KOI,
lOmM-triethanolamine, pH7.4 on ice for lOmin.

6

.

7.

Wash cells twice in 50ml KEHM, pH7.4 containing ImM-DTT and
1 ^ 1/ml-protease inhibitor cocktail.
Resuspend final cell pellet in an equal volume of KEHM, pH7.4
containing ImM-DTT, 2.5^M-microcystin and 1/vl/ml-protease inhibitor
cocktail
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.

Homogenise on Ice by 15 - 20 passes of ball-bearing homogeniser
with 1 0 /vm clearance.

3.3

Fractionation of HeLa ceii homogenates

3.3.1 The separation of mitotic HeLa cell membranes by isopycnic sucrose
centrifugation
3.3.1.1

Comparison of top and bottom loaded gradients

By following the protocol described above in 3.2.2.9, and separating the
membranes of PCS samples by isopycnic centrifugation in sucrose, the
equilibrium density of the mitotic form of the Golgi apparatus in sucrose, as
defined by its gaiactosyitransferase activity was 1.13g/cm3(0.96M sucrose)
(n=50). This was confirmed by both top and bottom loading PCS samples on
gradients (Fig.3. 8 ) and by collecting and recentrifuging peak m aterial,
procedures designed to test that the separation was due only to the lipid and
protein content of the membranes and that these did not change during the
procedure.

The equilibrium density estimated agrees with the values of

between 1.12 and 1.13g/cm3 quoted by Rothman and colleagues for the
interphase form of the Golgi apparatus of CHO cells for example, Dunphy and
Rothman (1983). The yield of gaiactosyitransferase activity on a bottom-loaded
sucrose gradient was found to be only about 35% of that for a top-loaded one.
The reason for this is not clear since protease inhibitors were present and assay
conditions were designed to ensure protection of the substrate from
pyrophosphatases (Bretz et ai, 1980). Neither is there any evidence of trapping
of activity at the bottom of the gradient and sucrose did not inhibit at the
concentrations used in the assay.
As a consequence of this observation all further work was carried out using top
loaded gradients.
3.3.1.2

Application to interphase HeLa cells

The homogenisation protocol developed for mitotic cells was followed exactly
with interphase HeLa cells, also grown in suspension. The interphase Golgi
membrane equilibrium density was the same as that of the mitotic form of the
Golgi apparatus at 1.13g/ml (0.96M) sucrose (n=50) (Fig. 3.9).
This for the first time demonstrates that there is no change in the equilibrium
density of the Golgi apparatus between interphase and mitosis despite the
dramatic change in morphology from stacked cisternae to single and clustered
vesicles taking place. Density changes might have been expected since the
loss of proteins associated with the stacked nature of the cisternae or the zone

90

Figure 3.8

Distribution of 3-1,4-Gaiactosyltransferase Activity after
Equilibrium Density Centrifugation of Mitotic HeLa Cell
Golgi Membranes.
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500/yi of mitotic HeLa ceii PCS was ioaded onto A. the top and B. the bottom of a 0.41.6M -sucrose gradient and centrifuged at 196,000gav and 4°C for 16 hours. Im i fractions
were assayed for 6 -1 ,4-gaiactosyitransferase activity.
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Figure 3.9

A Comparision of the Equilibrium Densities of the
3-1,4-Galactosyltransferase Activity of Mitotic and Interphase
HeLa Cells.
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500/71 of mitotic and interphase HeLa cell PCS and PN S at 20mg-protein/ml were loaded
onto the top of separate 0 .4 -1 .6M-sucrose gradients and centrifuged together at 196,000gav
and 4 °C for 16 hours.
1ml fractions were collected and sam ples assayed fo r
6 -1 ,4-galactosyltransferase activity.
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Figure 3.10 The Generality of the Homogenisation Protocol.
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500^1 samples of PNS at 20mg-protein/ml were loaded onto the top of 0 .4 -1 .6M-sucrose
gradients and centrifuged at 196,000gav and 4°C for 16 hours. 1ml fractions were collected
and samples assayed for 6-1,4-galactosyltransferase activity and the profiles compared of
A. Rat Liver B. CHO cells and C. KG1A cells.
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of exclusion might change the lipid/protein ratio of the Golgi membranes. An
earlier study in hepatoma cells ( Quintart et al., 1979 ) suggested that the
equilibrium density of gaiactosyitransferase may increase very slightly during
mitosis (from 1.13-1.15g/cm3) but this was difficult to assess because of the
dispersed distribution of the enzyme found during mitosis, possibly due to
problems with the homogenisation protocol, and has not been substantiated.
3.3.1.3

Generality of method for other cell lines

To be of general use, the homogenisation protocol developed needed to be
reproducible for other cell sources so it was applied to the well characterised
tissue source of Golgi membranes, rat liver, to CHO cells, Cos-1 cells (data not
shown) and to the human myeloid cell line, KG1A.

The same equilibrium

density for gaiactosyitransferase activity of 1.13g/cm3 (0.96M) sucrose was
found in each case (Fig.3.10). Thus the value consistently obtained using the
homogenisation protocol developed agrees not only with the value for
interphase CHO cells quoted by for example Dunphy and Rothman (1983) but
also with figures given for rat liver Golgi preparations by for example Leelavathi
et al. (1970) and Fleischer and Fleischer (1970).
It can thus be concluded that a reliable and reproducible homogenisation
protocol has been developed that is directly applicable to many cell lines.

3.4

Summary of protocol for fractionation of mitotic HeLa ceiis

1.

Prepare homogenised sample of mitotic HeLa cells as described in
3.3.Z9.

2

.

Microfuge total cell homogenate at GOOgav and 4®C for 5min. to
prepare PCS.

3.

Either use PCS fresh or freeze in liquid nitrogen and store at -80°C for
up to 6 months.

4.

Load 500fj\ of PCS on to the top of a 0.4-1.6 M-sucrose gradient made
up in a 13ml SW40 tube in KEHM, pH7.4 containing ImM-DTT,
2.5^M-microcystin and 1/il/ml-protease inhibitor cocktail.

5.

Centrifuge to equilibrium for 16 hours at 196,000gav. and 4°C in
Beckman SW40 rotor.

6

.

Fractionate gradient in to 0.5 or 1ml fractions and assay for gaiactosyi
transferase activity following protocol in materials and methods.
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3.5

Concluding remarks

A protocol has been developed for the production of large numbers of mitotic
HeLa cells in suspension culture which consistently meet a list of stringent
criteria for their use in experiments.
A protocol has also been developed for the reproducible homogenisation of
mitotic HeLa cells and has been shown to be applicable to many other cell
sources as well as interphase HeLa cells.
Sucrose gradient centrifugation has shown that the equilibrium density for
mitotic Golgi membranes in sucrose is equal to that of interphase membranes at
1.13g/cm3. Nagata-Kuno et al. (1990) were also unable to detect any change in
the density of gaiactosyitransferase associated with the cell cycle by isopycnic
centrifugation of CHO cell membranes in sucrose. They did, however, observe
a change using flotation step gradients of sucrose.

They found the

gaiactosyitransferase activity of both interphase and mitotic CHO cells to
distribute as two peaks at 1.6M-sucrose and a 0.8/1.2M-sucrose interface.
However, the amount of activity recovered at the lower density peak was less in
the mitotic, than the interphase cells. The change in the distribution of activity
was reversible if cells were allowed to exit mitosis.

The relevance of these

results in the light of my findings is minor as the most likely explanation, given
that the Golgi membranes did not reach equilibrium during the centrifugation, is
that separation was based on size.

This would suggest that the mitotic

homogenates contain larger membrane structures than the interphase
homogenates, the opposite to that expected if homogenates contained a
predominance of vesicles and cisternae respectively. This suggests a problem
with the homogenisation protocol which uses conditions shown in preliminary
studies for this thesis to produce membrane aggregation in mitotic HeLa cells.
The gross changes in morphology that the Golgi apparatus m em branes
undergo during mitosis suggested that this may be exploited to develop an
assay for characterising the mechanism of Golgi fragmentation. The lack of
change in buoyant density described here precludes the use of density
changes as a basis for a Golgi disassembly-reassembly assay. The change in
morphology of the Golgi apparatus from a stack of membranes to free vesicles
during mitosis suggests an alternative approach designed to exploit change in
size; non-equilibrium sedimentation analysis.

However, gaiactosyitransferase

distributions in such experiments were heterogenous and did not provide the
basis of a valid assay.
With these points in mind it was important that a reliable and reproducible
homogenisation procedure was developed so that these questions could be
answered with confidence.
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4.1

Introduction

The compartmental organisation of the Golgi apparatus has been reviewed by
Dunphy and Rothman (1985). Glycosylation, although not considered to be the
primary function for this compartmentalisation, may have evolved to be
dependent upon it.

Membrane fractionation experiments have revealed for

example, that in inter phase cells the cis Golgi enzyme mannosidase-l, resides
in membranes which can be separated by sucrose density centrifugation from
those containing the trans cisternal enzyme 8-1,4-galactosyltransferase
(Dunphy et al., 1981). The inter-cisternal Golgi transport assay of Balch at al.
(1984) is dependent upon and therefore a proof of the compartmentation of
Golgi enzymes.
To aid the understanding of the Golgi disassembly-reassembly process I set out
to determine whether or not the Golgi cisternal compartments retained their
characteristic buoyant densities determined for interphase cells when
fragmented in mitotic cells.

This involved determining whether membrane

proteins of the Golgi cisternae mix with those of other cisternae or other
organelles during mitosis. If the cisternae retained their integrity then this would
suggest that there was an ordered disassembly and presumably an ordered
reassembly of the Golgi stack rather than vesicles forming a homogenous pool
and proteins being sorted to the correct cisternae after fusion of the vesicles.
This would be despite the precedent for the later mechanism being suggested
from studies of Doms at al., (1989) where both resident and itinerant Golgi
proteins were shown to reversibly redistribute to the ER in the presence of
brefeldin A (BFA ).
To do this I needed markers for two distinct sets of cisternal vesicles to be
generated by mitotic cells.

Mannosidase-l from the cis-cisternae and

gaiactosyitransferase from the trans cisternae provided the markers. Thus I set
out to determine whether the two enzyme activities were separated from each
other on sucrose gradients of HeLa cell membranes prepared from mitotic cells.
I show that the compartmental organisation seen in the interphase Golgi
apparatus does appear to persist after disassembly during mitosis because
mannosidase-l and gaiactosyitransferase activities can be separated in postchromosomal supernatants of mitotic HeLa cells. In Chapter 3 I demonstrated
that despite the gross morphological changes undergone by the Golgi
apparatus membranes during mitosis, there is no change in the equilibrium
density of the trans Golgi marker enzyme, gaiactosyitransferase. In contrast I
show here that mannosidase-l undergoes a dramatic and reversible shift in
equilibrium density between inter phase and mitotic membranes.
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4.2

The distribution of mannosidase-i on sucrose gradients

Of the mannosidase-l activity present in total HeLa cell homogenates 60±5%
(n=11) was recovered in the PCS/PNS samples. When they were loaded onto
sucrose gradients 85±4% (n=11) of that mannosidase-l activity was recovered
in the fractions.
4.2.1

Gradients of interphase HeLa cell PNS

Interphase HeLa cell PNS was separated by sucrose gradient centrifugation as
described in Chapter 3. The mannosidase-l activity, assayed in the absence of
dMM, distributed as a single peak with an equilibrium density of 1.14g/cm3
(1.08M sucrose; n=3); the same density published, for example, by Dunphy and
Rothman (1983).

As seen in Fig.4.1A and also shown by Dunphy and

Rothman, this is a slightly higher density than the equilibrium density found for
galactosyltransferase of 1.13g/cm3. This suggests that the cis and trans Golgi
cisternae are biochemically and morphologically discrete and separable in the
interphase HeLa cell homogenate and reflects the increase in the cholesterol
content of the membranes of the secretory pathway from the ER to plasma
membrane (Keenan and Morre,1970; Zambrano ef a/., 1975) and across the
Golgi apparatus itself (Borgese and Meldolesi, 1980: Orci et a i, 1981). To
ensure that the mannosidase activity detected in Fig.4.1A was the interphase
cis Golgi enzyme mannosidase-l and not one of the other mannosidase
enzymes present in the cell, the same gradient fractions were assayed for
mannosidase activity in the presence of
inhibitor, dMM.

2 0 /yg/ml

of the specific mannosidase-l

This was confirmed when no mannosidase activity was

detected in any fraction in the presence of dMM (see Fig.4.1 B).
4.2.2 Gradients of mitotic HeLa cell PCS
Mitotic HeLa cell PCS was separated by sucrose gradient centrifugation as
described in Chapter 3. Fig.4.2A shows how the mitotic mannosidase-l activity
assayed in the absence of dMM distributed as two peaks at 1.10g/cm3(0.75M)
sucrose and 1.14g/cm3 (1.08M) sucrose (n=4). The higher density peak colocalises with the peak of activity seen in gradients of interphase HeLa cell
membranes and represents only about 5-10% of the total mannosidase-l activity
recovered on the gradient.

This is thought to be due to contaminating

interphase cells in the mitotic population. The lower density peak was never
observed in assays of fractions from gradients of interphase HeLa cell
membranes and has never been reported in the literature for the fractionation of
interphase cells.
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When the fractions from gradients of mitotic HeLa cell PCS were assayed in the
presence of 20^g/ml dMM, (Fig.4.2B) no activity was detected in any of the
fractions, showing that both the major and minor peaks of mannosidase activity
seen were due to Golgi mannosidase-l.
The galactosyltransferase activity distributed on the gradient as a single peak
with an equilibrium density of 1.13g/cm3.
4.2.3 Gradients of PNS prepared from HeLa cells reverted from mitosis to
G1
A population of 10® mitotic HeLa cells was washed twice in 50ml of nocodazolefree growth medium before resuspension in 50ml of the same medium and
incubation in an atmosphere of 5%

0 0 2 /9 5

% air at 37®C for six hours. The

mitotic index of the cells fell to 15%, 85% shown by EM to have progressed to
G 1 with an interphase nucleus, intact nuclear envelope and stacked-cisternal
Golgi apparatus. PNS samples of these reverted G 1 HeLa cells (and a mitotic
HeLa cell PCS prepared in parallel) were separated on sucrose gradients and
their fractions assayed for mannosidase-l and galactosyltransferase.
4.2.3.1

Mannosidase-l assayed in the absence of dMM

The mannosidase-l activity of HeLa cells that had exited mitosis and entered G1
distributed into a major broad peak around 1.14g/cm® (1.08M sucrose) and a
minor peak at l.llg/cm ® (0.85M sucrose) (n=2) (Fig.4.3A). These peaks co
localised with the minor and major peaks respectively of the mannosidase-l
activity of a sample of mitotic HeLa cell PCS prepared and separated in parallel.
Fig.4.3 therefore shows that the shift in the equilibrium density of mannosidase-l
at mitosis is reversible when HeLa cells exit mitosis and progress to G1.
Reversion was not complete with 15% of the HeLa cells remaining in mitosis,
thought to account for the minor peak of mannosidase-l activity at l .llg/cm®.
Fig.4.3B confirms that the equilibrium density of the peak of galactosyl
transferase activity is very similar for mitotic and G 1 samples.
4.2.3.2

Mannosidase-l assayed in the presence of dMM and swainsonine

When the gradient fractions of G1 and mitotic HeLa cell samples were assayed
for mannosidase-l activity in the presence of dMM, only the fractions from the
gradient of mitotic PCS with sucrose concentrations of 1.32M and 1.42M
maintained their activities (Fig.4.4).

This activity must therefore represent

another of the cell's mannosidase enzymes other than Golgi mannosidase-l.
Swainsonine, an indolizidine alkaloid, is a potent inhibitor of lysosomal
a - mannosidase ( Elbein et al., 1981)

and the medial Golgi enzyme
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Figure 4.1

Distribution of Mannosidase-l and G-1,4-Galactosyltransferase
Actvities after Equilibrium Density Centrifugation of Interphase
HeLa Cell PNS.
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500^1 of interphase HeLa cell PNS was separated on a 0.4-1.6M -sucrose gradient and
centrifuged to equilibrium for 16 hours at 196,000gav arid 4°C. 20/71 of each fraction was
removed and assayed for galactosyltransferase activity before T X -1 1 4 separation and
dividing fractions into two for assaying for mannosidase-l activity in the presence and
absence of 20/7g/ml dMM.
A. Compares galactosyltransferase and mannosidase-l activities of fractions.
B. Compares the mannosidase-l activity of fractions assayed in the absence and presence of
dM M .
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Figure 4.2

Distribution of Mannosidase-l and 3-1,4-Galactosyltransferase
Actvities after Equilibrium Density Centrifugation of Mitotic HeLa
Cell PCS.
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500/71 of mitotic HeLa cell PCS was separated on a 0 .4 - 1 .6 M -s u c ro se gradient and
centrifuged to equilibrium for 16 hours at 196,000gav and 4°C. 20/71 of each fraction was
removed and assayed for galactosyltransferase activity before T X -1 1 4 separation and
dividing fractions into two for assaying for mannosidase-l activity in the presence and
absence of 20/7g/ml dMM.
A. Compares galactosyltransferase and mannosidase-l activities of fractions.
B. Compares the mannosidase-l activity of fractions assayed in the absence and presence of
dM M .

100

Figure 4.3

Distribution of Mannosidase-l and Galactosyitransferase Actvity
after Equilibrium Density Centrifugation of Golgi Membranes from
HeLa Cells either Blocked in Mitosis or Allowed to Progress out of
Mitosis into G 1 .
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500^1 of PNS prepared from HeLa cells allowed to progress out of mitosis into 01 and 500/71
of mitotic HeLa cell PCS were separated on 0.4-1. 6M-sucrose gradients and centrifuged to
equilibrium for 16 hours at 196,000gav and 4°C. 20/yl of each fraction was removed and
assayed for galactosyltransferase activity (Fig.4.3B) before fractions were TX-114 separated
and divided into three. One of these samples was assayed for mannosidase-l activity in the
absence of dMM (Fig.4.3A).

101
Figure 4.4

Distribution of Deoxymannojirimycin and Swainsonine-insensitive
Mannosidase-l Actvity after Equilibrium Density Centrifugation of
Golgi Membranes from Mitotic HeLa Cells.
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500^71 of mitotic HeLa cell PCS were separated on a 0.4-1.6M -su cro se gradient and
centrifuged to equilibrium for 16 hours at 196,000gav arid 4°C. Fractions were T X -1 1 4
separated and divided into two. One sample was assayed for mannosidase-l activity in the
presence of 20^M-swainsonine and the other in the presence of 20^g/ml dMM.
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mannosidase-11 (Tulsiani et ai, 1982) but has no effect on ER-mannosidase and
Golgi mannosidase-l.

Assaying gradient fractions in the presence of 20/yM-

swainsonine had no effect on any of the gradient fractions as shown in Fig.4.4.
This, together with the equilibrium density of the activity peak is highly
suggestive of its being the ER-mannosidase though why such an activity was
not seen in earlier samples is unclear.

4.3
Concluding remarks
The cis and trans Golgi membrane markers mannosidase-l and galactosyl
transferase have different equilibrium densities in the homogenates of mitotic
and interphase HeLa cells. This is indicative of the Golgi apparatus retaining
the compartmentalisation of its oligosaccharide processing enzymes during
mitosis so that mixing of cisternal membranes does not occur. This is consistent
with the model of Golgi disassembly-reassembly put forward in Chapter 1 (see
1.3.4) whereby budding of vesicles from individual cisternae continues during
mitosis but vesicle fusion is inhibited.

Maintaining compartmentalisation of

enzymes during mitosis means an extensive protein sorting mechanism is not
required to reestablish compartmentalisation after reassembly of the cisternae
during telophase whereas it would be

if cisternal membrane mixing

did occur. The mechanism of recognition and aggregation proposed in Chapter
1

would be sufficient in itself for reassembly of the stacked interphase Golgi

apparatus with as little as one endogenous protein per compartment required
for such recognition. The bulk of the vesicle protein would be incorporated into
the correct compartment as it were by default.

Cisternal mixing would in

contrast require a mechanism whereby each and every protein of a mitotic
vesicle would have to be targetted to its particular compartment; clearly a much
less efficient mechanism. There is, however, evidence from studies with BFA
(Lippincott-Schwartz et al., 1990) that such a mechanism may exist, though any
interpretation of results depends on what is left behind in the Golgi region in
BFA-treated cells and the fact that BFA treatment is non-physiological not a
model for the mitotic disassembly of the Golgi apparatus.
The two enzymes mannosidase-l and galactosyltransferase, and by implication
the cis and trans Golgi compartments, however, behave very differently during
mitosis. Mannosidase-l was shown to undergo a dramatic and reversible shift
from its interphase equilibrium density of 1.14g/cm3 sucrose to I.IOg/cm^
sucrose during mitosis. What causes this shift or its role in the cell is not known
but the extent of the shift is consistent with the loss of a cytoplasmic matrix,
possibly the zone of exclusion, or proteins responsible for the stacking of the
interphase Golgi apparatus (see discussion, page 147).
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5.1
Introduction
In Chapter 3 I described the development of an homogenisation protocol for
mitotic HeLa cells whereby PCS samples could be prepared which distributed
in a reproducible way on sucrose gradient centrifugation. Here I examine the
distribution of other mitotic cell organelles to determine whether they also
reproducibly fractionate and to compare them with published data for the
distribution of the organelles of interphase tissue culture cells.

All the

membrane fractionations were carried out using the sucrose gradient described
in Chapter 3.
In Chapter 4 I described how the equilibrium density of mannosidase-l shifted to
a lower density compared to its interphase position when mitotic HeLa cell
homogenates were analysed on sucrose gradients. Galactosyltransferase, in
contrast did not shift.

It was important to show that mannosidase-l did not

redistribute during homogenisation to another membrane fraction as well as to
explore whether during mitosis cells retain the integrity of their membrane
compartments or whether an integral membrane protein like mannosidase-l
redistributes to other membranes. One way of assessing such behaviour was
to see if mannosidase-l in mitotic cells co-migrated with markers of other well
characterised membrane fractions. Such a co-localisation would be indicative
of a redistribution. I show below that no such redistribution occurred.

5.2
5.2.1

Endoplasmic reticulum
NADH cytochrome-c reductase

NADH cytochrome-c reductase is present in both the endoplasmic reticulum
and mitochondria of eukaryotic cells. Unlike the mitochondrial enzyme, the ER
enzyme is not coupled to oxidative phosphorylation and is therefore not
sensitive to the electron transport inhibitor, rotenone. Therefore when assayed
in the presence of rotenone, NADH cytochrome-c reductase is a marker for the
ER (Sottocasa etal., 1967).
5.2.1.1

Sucrose gradient profiles of interphase and mitotic HeLa cell
membranes

Fig.S.IA shows an increase in NADH cytochrome-c reductase activity towards
the bottom of the sucrose gradient of interphase membranes, appearing to peak
at 1.37M sucrose, an equilibrium density of 1.18g/cm3. This is consistent with
the values of around 1.2g/cm3quoted for the ER enzyme glucosidase-l in CHO
cells by, for example, Dunphy and Rothman (1983).
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Figure 5.1

Distribution of NADH Cytochrome-c Reductase Activity of Mitotic
and Interphase HeLa Cells on Sucrose Gradient Centrifugation.
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500/71 of HeLa cell A. PNS or B. PCS at 20mg-protein/ml were loaded onto the top of a 0.41.6M-sucrose gradient and centrifuged to equilibrium for 16 hours at 196,000gav and 4°C.
Equal fractions (1ml) were assayed for NADH cytochrome-c reductase activity.
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Fig.5.1B shows how the NADH cytochrome-c reductase activity of mitotic HeLa
cell membranes distributes as two peaks at 0.9M (1.12g/cm3) and 1.2M
(1 .16g/cm3) sucrose. This contrasts with the single peak of activity of the ER
marker enzyme choline phosphotransferase observed by Mundy and Warren
(1992) to co-localise with the Golgi apparatus on sucrose gradients of mitotic
CHO cells.
5.2.2 Endoglycosidase-H sensitivity of HLA
5.2.2.1

The use of the endoglycosidase-H sensitivity of HLA as an ER
marker

The NADH cytochrome-c reductase gradient profiles were difficult to rationalise
in terms of the differences between mitotic and interphase membranes (see
5.2.3 below). An alternative marker for the ER was to use the endo-H sensitivity
of N-linked glycoproteins when they are in the ER (described in Chapter

1 ).

Featherstone et al. (1985) used the retention of sensitivity to endo-H digestion
by the VSV G protein as a measure of the inhibition of ER to Golgi transport
(see Chapter 1).

Although sensitivity of VSV G to endo-H can strictly be a

marker for the ER, CGN or cis Golgi, they presented evidence in the form of
post-translational modifications and immunocytochemistry in the presence of
cycloheximide to show that in mitotic cells VSV G is restricted to the ER.
Featherstone et al. (1985) encountered considerable technical problems when
using VSV G in mitotic HeLa cells, as it was found difficult to synchronise a
virally infected cell line in mitosis. To avoid these problems the endogenous
glycoprotein HLA which has a single N-linked oligosaccharide chain was used
as a marker in this project.
5.2.2.2

Enzyme sensitivities of HeLa Cell PCS and PNS samples

Before assaying gradient fractions the endo-H sensitivity of HeLa cell PCS and
PNS samples was examined. Membranes were prepared from VSV-infected
interphase HeLa cells as well as mock-infected mitotic and interphase cells so
that the endo-H sensitivity of HLA in the interphase cells could be compared to
that of the well characterised VSV G protein.

Digests were also set up with

neuraminidase to confirm that endo-H resistant glycoproteins had reached the
trans Golgi cisternae.
Each population of HeLa cells was divided into two for 'pulse' and 'chase'
samples as described in Chapter 2. The results are shown in Figs.5.2-5.4, with
a summary in the table below.
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Figure 5.2

The Endo-H and Neuraminidase Sensitivity of VSV G Protein in
Interphase HeLa Cells.
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Figure 5.3

The Endo-H Sensitivity of HLA Immunoprecipitated from
Interphase HeLa Cells.
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chased out of half of the cells for 40min. Cells were immunoprecipitated with an antibody
against HLA before separation by 10% SDS-PAGE.
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Figure 5.4

The Endo-H and Neuraminidase Sensitivity of HLA
Immunoprecipitated from Mitotic HeLa Cells.
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Interphase HeLa cells were pulse labelled with p5s]-m ethionine for 10min. and the label
chased out of half of the cells for 40min. Cells were immunoprecipitated with an antibody
against HLA before separation by 10% SDS-PAGE.
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Figure 5.5

The Distribution of pS]-Label led HLA on a Sucrose Gradient of
Mitotic HeLa Cell PCS.
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A population of 10® mitotic HeLa cells was divided into two halves, one of which was pulse
labelled with [®®S]-methionine for 10 minutes and chased for 40 minutes while the other
remained unlabelled to act as a cold control.
Each sample was homogenised and its
membranes separated on a 0.4-1.6M -sucrose gradient centrifuged at 196,000gav and 4®C
for 16 hours. Equal fractions from the gradient of labelled cells were then extracted with
T X -1 1 4 , the HLA immuno-precipitated and separated by S D S -P A G E (F ig .5.5a ).
The
radioisotope-free fractions were assayed for galactosyltransferase activity and their protein
content estimated (Fig.5.5b).

110

Fig.5.2 shows that the VSV G protein in interphase HeLa cells is sensitive to
endo-H and insensitive to neuraminidase after a 10 minute pulse labelling but
that the bulk of the G protein becomes resistant to endo-H digestion and
sensitive to neuraminidase after a 40 minute chase.

This shows that the

labelled G protein is in the ER after a 10 minute pulse but that the majority of it
has been been transported to the Golgi apparatus and been modified by the
action of the medial Golgi enzyme GlcNAc transferase-1 after a 40 minute
chase. Fig.5.3 shows that the endogenous labelled HLA behaves in the same
way as the viral protein with respect to its endo-H sensitivities. (Unfortunately
the neuraminidase digests are uninformative because the enzyme used was
derived from Streptomyces plicatus (the usual source of endo-H) and was
contaminated with endo-H. In further experiments neuraminidase from Vibrio
cholerae was used and was uncontaminated.) In contrast, Fig.5.4 shows that
the HLA of mitotic cells remains endo-H sensitive and neuraminidase
insensitive even after a 40 minute chase.

This shows that the HLA is not

modified by the action of the medial Golgi enzyme GlcNAc transferase-l
because of the inhibition of ER to Golgi transport during mitosis.

This is

indicative of its ER location and therefore the suitability of metabolically labelled
HLA as a marker for the ER In mitotic cells. The table below summarises the
results of Figures 5.2-5 4.

Mitotic - Pulse
- Chase
Interphase - Pulse
- Chase
5.2.2.3

Endo-H
Sensitive
Sensitive
Sensitive
Resistant

Neuraminidase
Resistant
Resistant
Resistant
Sensitive

HLA as a marker in gradient fractions of mitotic HeLa cells

A population of 10^ mitotic HeLa cells was divided into two halves, one of which
was pulse labelled with p^Sj-methionine for 10 minutes and chased for 40
minutes while the other remained unlabelled to act as a cold control for the
assaying of galactosyltransferase.

Each sample was homogenised and its

membranes separated on a sucrose gradient. The fractions from the gradient of
labelled cells were then extracted with TX-114, the HLA immuno-precipitated
with the anti-HLA antibody, W6/32, solubilised in Laemfélli sample buffer and
fractionated by SDS-PAGE and the radiolabelled proteins visualised by
fluorography (Fig.5.5a).

The radioisotope-free fractions were assayed for

galactosyltransferase activity and their protein content estimated (Fig.5.5b).
Fig.5.5a shows the HLA to be predominantly present in fractions 3 to 9, that is
those with a sucrose concentration of 1.3M to 0.7M. This distribution covers the
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same range of sucrose concentrations as that of the NADH cytochrome-c
activity of mitotic HeLa cells.
5.2.3 Interpretation of gradient profiles
The peak of NADH cytochrome-c reductase activity at 0.9M-sucrose, although
not exactly coincident with the peak of galactosyltransferase activity of mitotic
cells, may represent a Golgi-located NADH cytochrome-c reductase activity.
Howell et al. (1978) first suspected the existence of such a Golgi activity when
their Golgi fractions contained the enzyme.

Ito and Palade (1978) then

developed an affinity separation protocol which reported to show the reductase
to be present in Golgi elements rather than contaminating ER and tentatively
suggested that Golgi elements have distinct domains and that the dilated rims
of at least some Golgi cisternae have "ER-like" areas of membrane which
contain an NADH cytochrome-c reductase activity. This does not. however,
explain why Fig 5.1 shows a Golgi-located NADH cytochrome-c reductase
activity in mitotic but not interphase HeLa cell membranes and Brands at al.
(1985) could not find sufficient quantities of cytochrome-c (P450) in Golgi stacks
by immuno-EM or any evidence that Golgi-associated processing of the
N-linked oligosaccharides of other well characterised ER enzymes had taken
place.

They concluded that ER membrane proteins are efficiently retained

during the process of highly selective protein export from the organelle.
An alternative, and more likely, explanation of the difference in enzyme activity
profiles between mitotic and interphase HeLa cell membranes could lie in the
fact that the ER of many cell types has been shown to fragment during mitosis
(Zeligs and Wollman, 1979). Fragmentation may entail the loss of ribosomes
(which has been shown by Wibo at al. (1971) to affect the equilibrium density of
ER membranes) changing the equilibrium density of the ER between
interphase and mitosis. Indeed Zeligs and Wollman (1979) used EM to show
that up to 60% of ribosomes appear to be shed from the ER of epithelial cells
during mitosis. This may lead to two populations of ER with different amounts of
bound ribosomes which would equilibrate as two peaks of NADH cytochrome-c
reductase activity on sucrose gradients.

Repeating the homogenisation

protocol and sucrose gradients in the presence of 10/;g/ml cycloheximide which
should prevent the release of ribosomes, however, appeared to have no effect
on the profile of NADH-cytochrome-c reductase activity.
A further alternative is that the peak of NADH cytochrome-c reductase activity
which co-sediments with the galactosyltransferase activity of mitotic HeLa cells
may represent the ER membrane observed by Lucocq at al. (1987) closely
apposed to Golgi clusters and rich in transitional elements.

The fact that it
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represents 40% of the total activity, however, does tend to preclude this
interpretation.

5.3

Plasma membrane and early endosomes

5.3.1 The surface binding and internalisation of [i25|]_transferrin as markers
for the plasma membrane and early endosomes
The binding and intracellular processing of p25|].|abelled transferrin has been
studied in A431 cells by Hopkins and Trowbridge (1983). They found that at
5°C p25|].|abelled transferrin was bound to the cell surface, but not internalised.
On warming to 37°C the bound transferrin was rapidly internalised and recycled
to the cell surface with a half life of 7.5min.

Prior to its recycling to the cell

surface the transferrin passes through membrane-bound endosomal elements,
which in many cells represent a large and morphologically distinctive
compartment. [i25|]_iabelled transferrin was therefore used as a marker for both
the plasma membrane and early endosomes (see Chapter 2).
5.3.2 Plasma membrane
When mitotic HeLa cells were incubated at 4®C for 5min. with [i25|].|abelled
transferrin and the PCS fractionated on a sucrose gradient the main peak of
[125|] counts was found at a sucrose concentration of 1.2M; an equilibrium
density of I.IGg/cm^ (n=4) (see Fig.5.6).

Another smaller peak found at a

density of 0.55M-sucrose (I.OSg/cm^) may represent [i25|]_transferrin not bound
to the receptor and fractionating with cytosolic proteins. This contrasts with the
results of Mundy and Warren (1992) whose fractionation of mitotic CHO cells
showed the plasma membrane marker enzyme alkaline phosphodiesterase to
distribute as a single peak with a density much lower than that of Golgi
membranes. This discrepancy may be due to the difference in cell type and
homogenisation protocol.
When the labelling procedure was repeated with interphase HeLa cells
(Fig.5.6) the distribution of [i25|]-transferrin labelled plasma membrane was
similar to the mitotic gradient profile but the denser peak was broader.
5.3.3 Early endosomes
Endosomes of mitotic HeLa cells could not be labelled with p25|]-iabelled
transferrin by a standard pulse labelling protocol, such as that described by
Woodman and Warren (1988) because endocytosis is inhibited in mitotic cells
(discussed in detail in Chapter 1). However, by adding the [12 S|] _ labelled
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Figure 5.6

Distribution of the Plasma Membrane of Mitotic and Interphase
HeLa Cells on Sucrose Gradient Centrifugation.
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500/7! of HeLa cell A. PNS and B. PCS with the plasma mem brane labelled with [1^5|]_
transferrin were loaded onto the top of 0.4-1.6M -sucrose gradients and centifuged to
equilibrium for 16 hours at 196,000gav arid 4°C. 1ml fractions were counted for [125|]
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Figure 5.7

Distribution of the Early Endosomes of Mitotic and Interphase
HeLa Cells on sucrose Gradient Centrifugation.
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500/vl of HeLa cell A. PNS and B. PCS with the early endosomes labelled with [“'2 5 |].
transferrin were loaded onto the top of 0.4-1.6M -su crose gradients and centifuged to
equilibrium for 16 hours at 196,000gav and 4°C. 1ml fractions were counted for [^^^1].
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Figure 5.8

Distribution of [125|]_Transferrin-labelled Endosomes on a Sucrose
Gradient of Mitotic HeLa Cell PCS.

Bottom

Top

97 K

69K-

5 0 ^ 1 of PCS prepared from 10® mitotic HeLa cells with their early endosomes labelled with
[^2®I]-transferrin was separated on a 0.4-1.6M-sucrose gradient centrifuged at 196,000gav
and 4°C for 16 hours. 10^1 of each of 12 equal fractions was separated by 10% SD S-PAG E.
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transferrin to the HeLa cell population along with the nocodazole when
preparing mitotic cells the transferrin gets loaded into early endosomes where it
is trapped when the cells go into mitosis, unable to recycle to the cell surface
(Warren et al. 1984; Sager et ai. 1984).

In this way a mitotic early endocytic

compartment was labelled and then fractionated on sucrose gradients and gave
a peak at 0.9M-sucrose (n=4), an equilibrium density of 1.123g/cm3 (Fig.5.7).
This equilibrium density is very close to that of galactosyltransferase but the
peak of activity itself is sharper.
Interphase HeLa cells were labelled with [i25|]-transferrin as described above
for plasma membrane labelling except that after the binding of transferrin at 4°C
the cells were transferred to 37°C for 5 minutes so that it was internalised into
the cells to label their early endosomes. The distribution of [i25|]_transferrin
labelled early endosomes was very similar to the mitotic gradient profile
(Fig.5.7).
The distribution of counts on the sucrose gradients and the fact that all the [125|]
detected in the gradient fractions was present as [i25|]_iabelled transferrin was
confirmed by separating 10//I of each fraction on polyacrylamide gels (Fig.5.8).

5.4

Lysosomes

5.4.1

8-Hexosaminidase

5.4.1.1

a-Hexosaminidase as a iysosomai marker

N-Acetyl-8-D-hexosaminidase is a soluble lysosomal enzyme involved in the
degradation of glycosylated cellular constituents. Found uniquely in the lumen
of the lysosome it provides a useful marker for cell fractionation studies
(Landegren, 1984).
5.4.1.2

Sucrose gradient profiles of mitotic and interphase HeLa ceil
membranes

Fig.5.9A shows how the 8-hexosaminidase activity of mitotic HeLa cells
distributed as two peaks on sucrose gradient centrifugation.

At I.IOg/cm^

(0.75M) and 1.15g/cm3 (1.1 M) sucrose they have equilibrium densities either
side of the peak of galactosyltransferase activity.
As 8-Hexosaminidase is a soluble enzyme present in the lumen rather than the
membrane of the lysosome, a sample of PCS was assayed for activity in the
absence of TX-100 and 10-15% of the total 8-hexosaminidase activity was
found to be accessible. This activity cannot be free in the cytosol or a peak of
activity would be seen co-localising with the cytosolic protein peak at 0.5Msucrose. It could, however, be activity accessible in the absence of TX-100
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Figure 5.9

Distribution of the 3-Hexosaminidase Activity of Mitotic and
Interphase HeLa Cells on Sucrose Gradient Centrifugation.
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500/jl of HeLa cell A. PCS or B. PNS at 20mg-protein/ml were loaded onto the top of 0.41.6M-sucrose gradients and centrifuged to equilibrium for 16 hours at 196,000gav and 4°C.
1ml fractions were assayed for 3-hexosaminidase activity.
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because assay conditions have caused some lysosomal breakage. My results
therefore suggest that there are two populations of lysosomes rather than there
being a population of broken membranes and free (3-hexosamlnldase. Flg.5.9B
shows that the same bl-modal distribution of 13-hexosamlnidase activity is seen
for fractionated Interphase HeLa PNS, except that, whereas the two activity
peaks were of approximately equal size on a mitotic gradient, the higher density
peak consistently represented only about 25% of total B-hexosamlnldase
activity on an Interphase gradient.
5.4.1.3

Evidence for two populations of lysosomes

An explanation of the bl-modal distribution of lysosomal enzyme activity could
be the presence of two populations of lysosomes within an Individual cell.
Heterogeneity of lysosomes with regard to density and enzyme content has
been reported for various cell types (reviewed by M. Davies, 1976) but little is
known about the relationships between the sub-populations.

Pertoft and

Warmegard (1978) suggested that the two populations could represent different
stages of one common metabolic pathway whereas Rome et al. (1979)
suggested that they originate from different membrane compartments of the
protein transport pathway.
Either of these theories could explain the appearance of two peaks of
8-hexosamlnldase activity on the sucrose gradients of both mitotic and
Interphase PCS/PNS samples, but not why the ratios of the two peaks are
consistently different at these two stages of the cell cycle. This difference could
be due to the change In the cytoplasmic distribution of lysosomes observed by
Zeligs and Wollman (1979). They describe how during mitosis the majority of
lysosomes become tightly clustered particularly In the equatorial area of the
cell. This clustering may Involve association with cell matrix material which Is
Isolated with the lysosomes. Increasing the density of a proportion of the
B-hexosamlnldase activity on sucrose gradient centrifugation.

5.5

Mitochondrial membranes

5.5.1 Cytochrome-c oxidase
5.5.1.1

Cytochrome-c oxidase as a mitochondrial membrane marker

Cytochrome-c oxidase is the terminal enzyme of the mitochondrial respiratory
chain and one of the major proteins of the Inner mitochondrial membrane. As
such it can be used as a marker for mitochondrial membranes In subcellular
fractionation studies.
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Figure 5.10 Distribution of the Cytochrome-c Oxidase Activity of Mitotic and
Interphase HeLa Cells on Sucrose Gradient Centrifugation.
20 1
A. Mitotic

Cytochrome-c oxidase
activity (nmol/min/mg)

Manpeak
GT
peak

-o—f t
0.6
0.8

0.4

1.0

1.2

1 .4

1.6

[Sucrose] M

Interphase

Cytocrome-c oxidase
activity (nmolmin/mg)

GT
peak

□—Q.

0.4

0.6

0.8

1.0

1 .2

1 .4

1 .6

[Sucrose] M

500^1 of HeLa cell A. PCS or B. PNS at 20mg-protein/ml were loaded onto the top of 0.41.6M-sucrose gradients and centrifuged to equilibrium for 16 hours at 196,000gav and 4°C.
1ml fractions were assayed for cytochrome-c oxidase activity.
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5.5.1.2

Sucrose gradient profile of mitotic and interphase HeLa cell
membranes

Fractions from gradients of mitotic HeLa PCS were assayed; a representative
profile is shown in Fig.5.10. The peak of cytochrome-c oxidase activity has an
equilibrium density of I.IGg/cm^ (1.25M) sucrose (Fig.S.lOA), identical to that of
interphase HeLa cells (Fig.5.1 OB) and consistent with that recorded by Mundy
and Warren (1992) for mitotic OHO cells.

5.6

Concluding remarks

Using the homogenisation protocol developed here (see Chapter 3) to allow
reproducible fractionation of mitotic HeLa cells has allowed the reproducible
separation of membrane-bound organelles on sucrose gradients.

The

organelles have been separated with respect to their buoyant densities and the
Golgi membranes can be isolated from other membranes.
Quintart et al. (1979) describe the only comprehensive comparison of the
distributions on sucrose gradient centrifugation of the organelles of interphase
and mitotic cells, in their case hepatoma tissue culture (HTC) cells. Any direct
comparisons with their data must, however, take into account the difference in
cells lines fractionated and the fact that their mitotic indices were lower than
those of the HeLa cells used for all experiments described above (87±4%
compared to 97±2%).
The significant differences between the results shown above and those of
Quintart et al. (1979) are in the distributions of ER and plasma membrane.
Quintart et al. found a single peak of the ER marker enzyme NADH cytochromec reductase activity at 1.14g/cm3 sucrose compared to the two peaks of activity
at 1.12g/cm3 and 1.1 Gg/cm^ shown in Fig.5.1. They did, however, observe that
the equilibrium density of NADH cytochrome-c reductase activity decreased
slightly in mitotic cells compared to interphase cells which is consistent with the
results shown in Fig.5.1.
Quintart et al. (1979) also showed that the plasma membrane marker alkaline
phosphodiesterase-1 has a sightly higher density (I .IGg/cm^) in mitotic than in
interphase cells (1.15g/cm3) whereas Fig.5.9 shows no difference between the
equilibrium densities of the [i25|]_transferrin labelled plasma membrane of
mitotic and interphase samples.
The study of the distribution of organelle markers described above was the first
step in demonstrating that the homogenisation protocol was reproducible
enough to allow purification procedures to be developed for the isolation of
membrane fractions enriched in Golgi markers such as galactosyltransferase
and mannosidase-l.

The next chapter deals with my attempts to enrich
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membrane fractions from mitotic cells in galactosyltransferase to prepare the
way for the future characterisation of their protein composition and the raising of
antibodies.
By comparing the distributions of the subcellular organelles of mitotic HeLa
cells described here with that of mannosidase-l observed in Chapter 4 it can be
seen that in no case does an organelle co-distribute exactly with the distribution
of mannosidase-l. The only overlap in the distributions is the lower density peak
of B-hexosaminidase which at 1.10g/cm3 appears to co-localise with the
equilibrium density of mannosidase-l from mitotic HeLa cells although at no
stage were the enzyme activities compared directly for the same gradient
fractions.
These results are indicative of mannosidase-l not redistributing to any other
compartment during mitosis.

CHAPTER SIX
APPROACHES TO THE PURIFICATION OF MEMBRANE
VESICLES ENRICHED IN GALACTOSYLTRANSFERASE
ACTIVITY FROM MITOTIC HELA CELLS.
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6.1
Introduction
One of the aims of this project was the purification of membrane vesicles
enriched in galactosyltransferase activity from mitotic HeLa cells, identified as
forming 'Golgi clusters' and as free vesicles by Lucocq et al, (1987), and their
subsequent comparison with membranes prepared in the same way from
interphase HeLa cells.

The continuous sucrose gradient centrifugation

described in Chapter 3 provided a first step for such a purification.

The

distributions of other subcellular organelles on this sucrose gradient, described
in Chapter 5, then allowed the identification of contaminants and the
development of possible strategies for improving purification.

6.2

Sucrose gradient centrifugation

6.2.1

Isopycnic sucrose centrifugation

6.2.1.1

Purification data

Fig.6.1 shows a representative protein profile of a sucrose gradient on which
HeLa cell PCS has been separated. The peak of protein is separated from the
peak of galactosyltransferase activity and the marker enzymes for other
subcellular organelles (see Chapter 5).
A purification table for galactosyltransferase on sucrose gradients is shown in
Table 6.1. There was a 9.5 fold purification over PCS or 14.2 fold purification
over total homogenate in the fractions with peak enzyme activity. All further
purifications are quoted with respect to PCS. The fold purification of
galactosyltransferase from homogenate to PCS for mitotic HeLa cells was
relatively constant at 1 7±0.3 fold (n=20).
The 9.5-fold purification achieved is relatively high as it is with respect to PCS
rather than homogenate but Balch at al. (1984) report a 25-fold purification of
galactosyltransferase relative to PNS when interphase CHO cells are
fractionated by sucrose gradient centrifugation.

However, as I discussed in

Chapter 3, Golgi fractions lost galactosyltransferase activity unless a cocktail of
protease inhibitors was added prior to the homogenisation of HeLa cells and its
presence maintained during subsequent manipulations.

If protease inhibitors

are not present enzyme activity will be lost disproportionately from fractions of
different degrees of purification; that is the greater the fold purification, the
smaller the contamination by lysosomal proteases and the smaller the loss in
enzyme activity. This can lead to the degree of purification appearing higher
than it really is because enzyme activities of total homogenates a re
underestimated. This, and the fact that the specific galactosyltransferase activity
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Figure 6.1

Distribution of Protein on Sucrose Gradient Centrifugation of
Mitotic HeLa Cell PCS.
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500^1 of mitotic HeLa cell PCS at 20mg-protein/ml were loaded onto the top of a 0 .4 -1 .6M sucrose gradient and centrifuged at 196,000gav and 4°G for 16 hours. Equal volume
fractions were assayed for protein.
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Table 6.1

Purification Table for Galactosyltransferase Activity of Mitotic HeLa Cell PCS.

Volume
(ml)

Protein
concentration
(mg/ml)

Specific activity
(nmol/mg/hr)

Total activity
(nmol/hr)

Fold
Fold purification % Yield
(with respect
Purification with with respect to
to
respect to
PCS
hom ogenate)
homogenate

Total
Homogenate

2.5

20.0

80.7

4030

1.0

-

100

PCS

1.6

14.4
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2790

1.5

1.0

69

Peak fractions 5.0

0.21

1150

1207

14.2

9.5

29

Fraction

2.5m l of total homogenate of mitotic HeLa cells was centrifuged at 600gav and 4®C for 5 minutes to prepare a PCS.
The PCS was then divided into 5 equal aliquots each of which were separated on a 0.4-1.6M -sucrose gradient centrifuged at 196,000gav and 4®C
for 16 hours. The 5 peak galactosyltransferase-containing fractions were pooled.
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Table 6.2

Purification Table for Separation of Mitotic HeLa Cell PCS by
Sucrose Gradient Centrifugation.

Subcellular
compartment
Mitochondrial
membranes
(Cytochrome c
oxidase)
Plasma membrane
(Bound iodinated
transferrin)
Endosomes
(Internalised
iodinated transferrin)
Lysosomes
(3-hexosaminidase

Specific activity

Fold purification

Yield

1.0 ±0.3
nmol/min/mg
(n=4)

0.16 ±0.1

3.6 ±3%

8.0 ±1 .0
^g transferrin/mg
(n=3)
0.1 ±0.2
//g transferrin/mg
(n=3)
2.8 ±0 .2
/ymol/hr/mg
(n=5)
41 ± 4
nmol/min/mg
(n=6)

1.9 ±0.5

12 ± 2 %

2.7 ± 0.4

17 ±3%

0.9 ±0.5

24 ±9%

1.7 ±0 .3

9.8 ±0.5%

10 ±1.5

23 ±6%

Endoplasmic
reticulum
(NADH-cytochrome c
reductase
Galactosyltransferase 1000 ±200
nmol/min/mg
(n=6)

500/71 of mitotic H eLa cell PC S at 20m g-protein/m l was loaded onto a 0 .4 -1 .6 M -su cro se
gradient and centrifuged at 196.000gavand 4°C for 16 hours. Im i fractions w ere a s s a y e d
for c yto ch ro m e -c oxidase, B -hexosam inidase, N A D H c yto c h ro m e -c re d u c ta s e a n d
galactosyltransferase. 500/71 each of PC S from mitotic cells with [^^^Ij-transferrin labelled
plasm a m em brane and early endosomes were separated on identical gradients and fractions
counted for
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of 42nmol/mg/hr quoted by Balch et al. (1984) for their purified Golgi fraction is
3-4-fold lower than that found for a PNS prepared from CHO cells under the
conditions described in Chapter 3 for HeLa cells, suggests that the purification
data shown in Table 6.1 compares very favourably with published data.
One hundred percent of the enzyme activity loaded onto a sucrose gradient in
the PCS can be accounted for on the gradient, but by taking only the fraction
with the highest galactosyltransferase activity and thus maximising purification,
the yield falls to 29%.
Table 6.2 shows the co-purification of contaminating organelles with the
galactosyltransferase activity on sucrose gradient centrifugation.

The main

contaminants are shown to be endosomes, lysosomes and endoplasmic
reticulum. The relatively low fold purification but high yield of lysosomes and
endoplasmic reticulum seen in the Golgi fraction reflects their broad, bi-modal
distributions. The high fold purification and yield of early endosomes in the
Golgi fraction reflects the very close buoyant densities of the two organelles in
sucrose. Further purification strategies need to be developed to remove these
contaminating organelles.
6.2.1.2

SDS-PAGE analysis of fractions from gradients of mitotic and
interphase HeLa cell samples

Fig.6.2 and 6.3 show gels of fractions from gradients of mitotic and interphase
HeLa cell proteins. Fractions were centrifuged for 15 minutes at 541,000gav to
separate cytosolic and membrane proteins.

The membrane pellets were

solubilised in either reducing or non-reducing sample buffer.

Non-reduced

fractions were examined because the pattern of protein bands is often simpler
and therefore more easy to interpret than that of reduced fractions.

It is

noticeable that although there are not any gross differences between the
interphase and mitotic protein patterns the non-reduced gels in particular do
show

differences

in the

fractions corresponding

to

the

peak

of

galactosyltransferase activity on each gradient. For example proteins present
around 200KD in the interphase fractions are not seen in the mitotic fractions
and proteins of around 50KD present in the mitotic are not found in the
interphase fractions. Additional steps may further purify these or other mitotic or
interphase specific proteins in order that antibodies may be raised against them
and their possible role in the Golgi disassembly-reassembly process
investigated. Additional data may also be obtained by enriching the fractions in
membrane proteins by for example carbonate washing or TX-114 extraction
prior to loading on to gels.
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Figure 6.2

SDS-PAGE Analysis of Fractions from a Sucrose Gradient of
Mitotic HeLa Cell PCS.

58K

B

Top

500/71 of mitotic HeLa cell PCS at a protein concentration of 20mg/ml was loaded onto a
0 .4 -1 .6M-sucrose gradient and centrifuged at 196,000gav and 4°G for 16 hours.
1ml fractions were collected, divided into two and separated by SD S -P A G E on 10% gels.
A. shows reduced fractions, B. non-reduced fractions.
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Figure 6.3

SDS-PAGE Analysis of Fractions from a Sucrose Gradient of
Interphase HeLa Cell PNS.

58K

■Top.

B

c su.

500/71 of interphase HeLa cell PNS at a protein concentration of 20mg/ml was loaded on to a
0 .4 -1 .6 M -s u c ro s e gradient and centrifuged at 196,000gav and 4®C for 16 hours.
1ml
fractions were collected, divided into two and separated by SD S -P A G E on 10% gels.
A. shows reduced fractions, B. non-reduced fractions.
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6.2.2 Sucrose step gradients
One limitation on the purification of galactosyItransferase-containing vesicles,
by sucrose gradient centrifugation, is the volume of sample it is possible to load
on a single gradient. One way of overcoming this is to concentrate and partially
purify the PCS before loading it on to the gradient. This was attempted by a
variety of different sucrose step gradients. The most successful in terms of yield
and purification is shown in Fig.6.4. The yield of galactosyltransferase at the
0.5/1.2M-sucrose interface was 37±5% with a fold purification of 5.0±1.0 (n=3).
This compares unfavourably with the yield of 55% and a 25-fold purification
reported by Balch et al. (1984) who collected interphase CHO Golgi
membranes on a 0.8/1.2M sucrose interface.

Therefore the low yield and

purification mean that this is not a useful first purification step.
6.2.3 Non-equilibrium sucrose gradients
Samples of HeLa cell PCS were centrifuged for varying times on sucrose
gradients constructed so that at no point could the Golgi membranes reach
equilibrium; thus vesicles will be fractionated by size. A maximum purification of
galactosyltransferase by 6-fold (n=3) was achieved by centrifugation for 3 hours
at 196,000gav and 4®C in a Beckman SW40 rotor (Fig.6.5). If the peak material
was collected and loaded onto a continuous equilibrium sucrose gradient (see
Chapter 3) the final peak galactosyltransferase fraction was 12-fold purified but
with an overall yield of only 5±2% of original activity (n=3). There was thus no
significant further purification and a loss of yield using this protocol when
compared with the isopycnic centrifugation protocol.

6.3

Percoll gradients

6.3.1

Introduction

Percoll is a colloidal silica solution ideal for density gradient centrifugation
because of its low viscosity and osmolarity.

Gradients form spontaneously

during centrifugation allowing the premixing of samples with Percoll prior to a
run allowing quite large volumes of sample to be fractionated. Percoll enables
membrane vesicles to be separated under iso-osmotic conditions but this was
not taken advantage of because the dilution of sample which was found to
occur with Percoll centrifugation gave too large a sample volume to be
accommodated on a sucrose gradient and pelleting membranes was not an
alternative because it led to membrane association. By varying the percentage
of Percoll, and the time and velocity of centrifugation, a suitable gradient profile
can be achieved for many applications.

Density marker beads, coloured
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Figure 6.4

Distribution of the Galactosyltransferase Activity of Mitotic HeLa
Cell PCS on a Step Gradient of Sucrose.

■200MlPCS + 2 00 p lK E H M
■400^10.5M-3Ucro3e/KEHM

1.5 ml 1.2M-3Ucrose/KEHM

Centrifugation for somins at 4Q.ooorpm, 4»C, TL100

Fraction

1
2
3
4

Yield as % of
loaded
activity
25
37
17
3

Fold
purification
0.4
5.0
1.0
0.7

200/vl of mitotic HeLa cell PCS was mixed with 200/yl of KEHM and loaded on top of a step
gradient and fractionated into 4 fractions as shown in the diagram. Fractions were assayed
for galactosyltransferase activity. The yield and fold purification of galactosyltransferase with
respect to the PCS is given in the table.

2
-3
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Figure 6.5

Distribution of the Galactosyltransferase Activity of Mitotic HeLa
cell PCS on a Differential Sucrose Gradient.

7000 -I

3.0
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-
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-

[Protein]
mg/ml

0.5

0.0
0.0

0.2

0.4

0.6

0.8

1 .0

[Sucrose] M

500/71 of mitotic HeLa cell PCS at 20mg-protein/ml were loaded onto the top of a 0 .4 -1 .6M sucrose gradient and centrifuged at 196,000gav and 4°C for 3 hours. 1ml fractions were
collected and assayed for galactosyltransferase activity and protein.
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derivatives of Sephadex with specific, reproducible buoyant densities, can be
included to show the shape of the gradient.
As work by for example Morland and Kent (1986) showed that the Golgi
apparatus of interphase cells (in this case CHO cells) has an equilibrium
density in Percoll of ^1.04g/ml, conditions were found using density marker
beads that gave maximum resolution around this density.

Percoll gradients

were then examined as a possible second purification step to use after
separation on continuous sucrose gradients.
6.3.2 Mitotic HeLa cell samples
6.3.2.1

Galactosyltransferase activity profile across gradient

Peak galactosyltransferase-containing fractions from sucrose gradients of
mitotic HeLa cell PCS were separated on gradients of 11 %(v/v) Percoll. The
galactosyltransferase activity distributed as two broad peaks (Fig.6.6), both
between 1.037 and 1.049g/ml Percoll. Two pools of gradient fractions were
made: pool 1, fractions 4-5 and pool 2, fractions 11-13.
6.3.2.2

Distribution of lysosomes on gradient

The 6-hexosaminidase activity of lysosomes distributed as one main peak on
the gradient in a position such that the fractions of pool 1 were contaminated
with lysosomes (Fig.6.7).
6.3.2.3

Distribution of ER on gradient

The NADH cytochrome-c reductase activity separated as two broad peaks on
the gradient, the majority of the contamination with ER being in the fractions of
pool 1 (Fig.6.7).
6.3.2.4

EM analysis of peak gradient fractions

The contamination with lysosomes and ER being much greater in pool 1 than
pool 2, the membranes of pool two were fixed and stained for EM as described
in 2.2.6.6. The membrane fraction was systematically but randomly scanned
and photographs taken.

The representative micrograph (Fig.6.8) shows a

fraction that is homogeneous in that it contains only membrane vesicles but
heterogeneous in terms of the size of these vesicles.

When compared with

Fig.6.9 representative micrographs of mitotic HeLa PCS the high degree of
purification of vesicles is immediately apparent.

There appear to be two

populations of vesicles; large electron lucent vesicles of 154±20nm (n=25) in
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Figure 6.6

Distribution of Galactosyltransferase Activity on an 11%(v/v)
Percoll Gradient of Mitotic HeLa Cell PCS.

10

1 .037g/m l

8
1 .0 49 g/m l
% of recovered
Galactosyltransferase
activity

6

4

pool 2

pool 1
2

0
0
Bottom

5

10
Fraction Number

15

20
Top

The peak galactosyltransferase activity-containing fraction from a continuous sucrose
gradient of mitotic HeLa cell PCS was separated on an 11% (v/v) Percoll gradient by
centrifugation at 21,000gav and 4°C for 45min. in a Beckman Ti70.1 rotor. Equal volume
fractions were assayed for galactosyltransferase activity.
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Figure 6.7

Distribution of 6-Hexosaminidase and NADH Cytochrome-c
Reductase Activités on an 11% (v/v) Percoll Gradient of Mitotic
HeLa Cell PCS.

14

12

10

% total
recovered
activity

8

6

4

2

0
0

2

4

Bottom

6

8

10

12

14

16

Fraction No.
-Q

B -h e x o s a m in i d a s e

-■ ------

NADH c y t o c h r o m e - c r e d u c t a s e

18

20
Top

The peak galactosyltransferase activity-containing fraction from a continuous sucrose
gradient of mitotic HeLa cell PCS was separated on an 11% (v/v) Percoll gradient by
centrifugation at 21,000gav and 4°C for 45min. in a Beckman Ti70.1 rotor. Equal volume
fractions were assayed for B-hexosaminidase and NADH cytochrome-c reductase activities.
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Figure 6.8

EM Analysis of Pool 2 Membranes from 11%(v/v) Gradient of
Mitotic HeLa Cell Membranes.

r>

The peak galactosyltransferase activity-containing fraction from a continuous sucrose
gradient of mitotic HeLa cell PCS was separated on an 11% (v/v) Percoll gradient by
centrifugation at 21,000gav and 4°C for 45min. in a Beckman Ti70.1 rotor. The Percoll
gradient fractions with the highest galactosyltransferase activity were then pooled and fixed in
3%-glutaraldehyde and prepared for electron microscopy as described in Chapter 2.
Magnification 25K.
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Figure 6.9

EM Analysis of Mitotic HeLa Cell PCS.

■%

A sample of mitotic HeLa Cell PCS was fixed in 3%-glutaraldehyde and prepared for electron
microscopy as described in Chapter 2.
Magnification 19K.
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diameter and smaller vesicles with some electron density of 50±5nm (n=45). By
counting vesicles on transects across the micrograph approximately 85% of the
vesicles were calculated to be the small (50nm) vesicles. There is no evidence
for these or the larger electron lucent vesicles being coated: However, it must
be born in mind that there is no specific staining for Golgi-derived coat vesicle
proteins.
Although it is highly probable that one or both of these populations of
membrane vesicles are Golgi derived this cannot be confirmed without
immuno-labelling with a Golgi membrane specific marker like antibodies to
galactosyltransferase.
6.3.2.5

Purification data for pooi 2.

The galactosyltransferase activity of pool 2 was purified 20 fold from the PCS by
centrifugation on Percoll and sucrose gradients (see Table 6.3). This should
represent a large enough degree of purification to begin to compare the protein
composition of membrane vesicles enriched in galactosyltransferase activity
from mitotic and interphase HeLa cells.
6.3.3 Interphase HeLa cell samples
6.3.3.1

Galactosyltransferase activity profile across gradient

Peak fractions from sucrose gradients of interphase HeLa cell PNS were
separated on gradients of 11%(v/v) Percoll. The galactosyltransferase activity
distributed as one major peak between 1.037 and 1.049g/ml Percoll (see
Fig.6.10) consistent with the results of Morland and Kent (1986).
6.3.3.2

EM analysis of peak gradient fractions

The membranes of the peak galactosyltransferase-containing fraction (no.11)
were fixed and stained for EM as described in 2 .2 . 6 . 6 . The fraction was
systematically but randomly scanned and photographs taken of the membrane
fractions.

The representative micrograph (Fig.6.11) shows that relative to

interphase HeLa cell PNS (Fig.6.12) the Percoll fraction is relatively free of other
identifiable organelles such as mitochondria, ER and nuclei. The interphase
Percoll fraction does not contain as many of the SOnm membrane vesicles as
the mitotic fraction.
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Table 6.3

Purification Table for the separation of Mitotic HeLa Cell PCS on
Continuous Gradients of Sucrose and Percoll.

Subcellular compartment
Golgi apparatus
(galactosyltransferase)

Specific
Activity
2200 ± 200
nmol/hr/mg
(n=2)

Fold
purification

Yield

20 ± 2

3 ±1%

SOOfvl of mitotic H eL a cell P C S at 20m g-protein/m l was separated by continuous sucrose
gradient centrifugation on a 0 .4 -1 .6M -sucrose gradient centrifuged at 1 96,000gav and 4®C
for 16 flours. T fie peak galactosyltransferase activity-containing gradient fraction w as tfien
centrifuged on an 11% (v/v) Percoll gradient at 21,000g av and 4°C for 45 m inutes. Tfie
specific activity, fold purification and yield witfi respect to P C S w ere calculated for fractions
pooled as pool 2 (see text 6.3).
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Figure 6.10 Distribution of Galactosyltransferase Activity on an 11 % (v/v)
Percoll Gradient of Interphase HeLa Cell PNS.
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The peak galactosyltransferase activity-containing fraction from a continuous sucrose
gradient of interphase HeLa cell PNS was separated on an 11% (v/v) Percoll gradient by
centrifugation at 21,000gav and 4°C for 45min. in a Beckman Ti70.1 rotor. Equal volume
fractions were assayed for galactosyltransferase activity.
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Figure 6.11

EM Analysis of Pooled Membranes from 11%(v/v) Gradient of
Interphase HeLa Cell Membranes.

-A."V;.Vr

The peak galactosyltransferase activity-containing fraction from a continuous sucrose
gradient of interphase HeLa cell PNS was separated on an 11% (v/v) Percoll gradient by
centrifugation at 21,000gav and 4°C for 45min. in a Beckman Ti70.1 rotor. The Percoll
gradient fractions with the higest galactosyltransferase activity were then pooled and fixed in
3%-glutaraldehyde and prepared for electron microscopy as described in Chapter 2.
Magnification 19K.
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Figure 6.12 EM Analysis of Interphase HeLa Cell PNS.
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A sample of interphase HeLa cell PNS was fixed in 3% glutaraldehyde and prepared for
electron microscopy as described in Chapter 2.
Magnification 18 4K.
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Figure 6.13

Distribution of Mitotic HeLa Cell Membranes on Free Flow
Electrophoresis.
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Samples enriched in Golgi membranes were prepared from mitotic HeLa cell PC S and
fractionated by free flow electrophoresis. 100 fractions of equal volume were collected and
assayed for galactosyltransferase and B-hexosaminidase activities and protein content.
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Figure 6.14 Distribution of interphase HeLa Cell Membranes on Free Flow
Electrophoresis.
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Samples enriched in Golgi membranes were prepared from interphase HeLa cell PNS and
fractionated by free-flow electrophoresis. 100 fractions of equal volume were collected and
assayed for galactosyltransferase and B-hexosaminidase activities and protein content.
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6.4
Others
6.4.1 Free-flow electrophoresis
6.4.1.1

The use of free-flow electrophoresis In subcellular fractionation

Free-flow electrophoresis separates as a consequence of differences in
potential between molecules or particles, including organelles. It can be used
in the purification of membrane-bound organelles because the glycoprotein,
glycolipid and phospholipid components of their membranes give them a
charge. The different properties of organelles being in part determined by their
different component polypeptides and lipids, it follows that charge differences
will exist between functionally different organelles.
Free-flow electrophoresis has been successfully used in the purification of
endosomes (Marsh et al., 1987) and in the subfractionation of rat liver Golgi
(Morre et ai, 1983).
6.4.1.2

The purification of Golgi vesicles

Samples enriched in Golgi membranes were prepared from mitotic and
interphase HeLa cells and incubated with trypsin according to the methods of
Marsh et al. (1987) before being fractionated by free-flow electrophoresis as
described in Chapter 2.

In each case the galactosyltransferase activity

distributed as a single peak with its maximum activity in fraction 26 (n=2) for
mitotic Golgi membranes and fraction 32 (n=2) for interphase Golgi
membranes. Fractions were assayed for protein content (Peterson 1977) and
8-hexosaminidase activity and results are see in Fig.6.13 for mitotic and 6.14 for
interphase samples.)
6.4.1.3

Conclusions

Fig.6.13 and 6.14 shows how the galactosyltransferase activity of both samples
separated slightly from the bulk of the protein and the 8-hexosaminidase
activity. The galactosyltransferase activity of the peak fractions was however
only increased by 3-fold. By altering the run conditions it should be possible to
improve the

separation

and therefore

increase the

purification

of

galactosyltransferase perhaps providing a useful step in the purification of Golgi
vesicles.
It is interesting to note that the galactosyltransferase activity of the mitotic
sample ran nearer the cathode than that of the interphase m em branes,
indicating that mitotic Golgi vesicles must be more positively charged than the
interphase membranes, contrary to expectation and possibly due to some
mitotic-specific post-translational modification.
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6.5
Concluding remarks
A 20-fold purification of membrane vesicles enriched in galactosyltransferase
activity from mitotic HeLa cells has been achieved by isopycnic sucrose
centrifugation followed by Percoll gradient centrifugation. The overall yield of
galactosyltransferase was only 3% but this could perhaps be increased by
applying a larger cut of fractions from the sucrose gradient to the Percoll
gradient.

The membrane vesicles of pool 2 appear to morphologically

resemble those described as mitotic Golgi vesicles by Lucocq et al. (1989)
although definitive identification requires immunocytochemical labelling with
anti-galactosyltransferase antibodies.
The qualitative investigation of free-flow electrophoresis suggests it may be
useful as a purification step in conjunction with sucrose and/or Percoll gradient
centrifugation.

CHAPTER

SEVEN

DISCUSSION
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7.1

Introduction

At the onset of mitosis, mammalian cells have to radically alter the structure of
the Golgi apparatus to effect its partitioning between the two daughter progeny.
Studies are now suggesting that the whole process may be controlled by
reversible hyperphosphorylation under the hierarchical control of cdc2 kinase
(for example Lucocq ef a/.,.1991; Davison et al., 1991). With such dramatic
changes in morphology and radical changes in the biochemistry of the
molecules controlling the structure of the Golgi apparatus my aim was to try and
find ways of isolating membrane fractions enriched in Golgi derived membrane
vesicles from mitotic cells so that we can begin to identify the molecules which
take part in these processes.
The morphological structures identified by Lucocq et. al. (1987) were the so
called 'Golgi cluster'; a body primarily found in prometaphase cells, and free
vesicles which are found at all stages of mitosis in large numbers. At telophase
the familiar structure of the stacked cisternae of the Golgi apparatus begin to
reappear amongst these many vesicles (Lucocq et al., 1989).
Already it can be seen that the Golgi membrane population isolated from mitotic
cells may be expected to be relatively heterogeneous.

However, since

nocodazole blocks cells in prometaphase, the predominant structure may be
expected to be the 'Golgi cluster'. But even with the development of the gentlest
of homogenisation conditions I found no morphological evidence that the 'Golgi
cluster' retained its structure, as reported by Lucocq et al. 1987, following
homogenisation and fractionation of membranes on sucrose gradients. Instead
a relatively homogeneous population of vesicles enriched relative to PCS in
galactosyltransferase was isolated.

I therefore attempted to separate the

vesicle population by equilibrium density centrifugation, since previous work
had shown that vesicle populations produced by homogenisation of interphase
cells could be resolved by this method (Dunphy etal., 1981).

7.2

The shift In the equilibrium density of mannosidase-l containing
vesicles at mitosis
By fractionating mitotic HeLa cell membranes by isopycnic sucrose gradient

centrifugation, I discovered that the cis Golgi membrane marker mannosidase-l
and the trans Golgi membrane marker 8-1,4-galactosyltransferase could be
separated as they can from fractions of interphase cells (Dunphy et al., 1981).
Since the markers remain separated in mitotic cell homogenates this precludes
the possibility that the Golgi proteins are distributed among a common
membrane vesicle pool from which the cell rebuilds the Golgi apparatus after
mitosis.

This would make sense since the cell would not have to expend
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energy on protein sorting that would be required if this were the case; only
desirable should it confer some kind of evolutionary advantage on a cell.
I have shown in Chapter 3 that mitotic membranes enriched in galactosyl
transferase activity equilibrate at the same buoyant density as those from
interphase cells. In contrast I have shown in Chapter 4 that mitotic membranes
enriched in mannosidase-l undergo a large and reversible shift to a lower
buoyant density when compared to the mannosidase-containing membranes
from interphase cells.

This shift is the first demonstration of a physical

difference between the mitotic and interphase forms of Golgi membrane
vesicles. As such it should provide for the establishment of an unambiguous
assay for both the interphase and mitotic forms of the cis Golgi cisternae in vitro.
Until now all experiments investigating the mechanisms of Golgi disassemblyreassembly have had to rely on assessment by EM which is a very time
consuming process with results often difficult to interpret. By monitoring the shift
in density of the cis cisternae factors controlling its reassembly for example can
be studied and purified.
7.2.1

Possible interpretations of the density shift

7.2.1.1

Loss of peripheral cytoplasmic proteins

The shift in the equilibrium density of mannosidase-l containing vesicles at
mitosis could be due to the loss of peripheral cytoplasmically orientated
proteins from the Golgi apparatus, possibly proteins associated with the zone of
exclusion.

In any case the size of the shift suggests a substantial loss of

membrane associated protein and is consistent with the behaviour described
for clathrin-coated endosomal vesicles (Rothman and Schmid, 1985; Woodman
and Warren, 1991).
Why should Golgi compartments show differential association with zone of
exclusion proteins?
Alcade et al. (1992) examined the reversible effects of BFA on the intracellular
location of markers for the cis, medial and trans Golgi cisternae of NRK cells.
They present immunofluorescent evidence which they believe indicates that the
cis and medial Golgi compartments can be assembled under conditions in
which the trans compartment cannot. They also suggest that the reorganisation
of the trans compartment after the removal of BFA depends upon the prior
reorganisation of the cis and medial compartments.

Implicit in their model is

that the disassembly and reassembly of the Golgi apparatus must proceed in a
cis to trans direction. This being so the HeLa cell may undergo a dissociation of
Golgi vesicles from the zone of exclusion in a cis to trans direction and the zone
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of exclusion may function as a type of residual scaffold structure on to which the
Golgi apparatus is assembled.
The drawback of this interpretation is that the only evidence comes from studies
with BFA which redistributes both resident and itinerant Golgi proteins to the ER
and therefore does not maintain the structural integrity of the Golgi apparatus
observed in my results. It could be, however, that a dissociation of vesicles from
the Golgi apparatus occurs both during mitosis and on treatment with BFA but
that the former represents a physiological process whereby compartmental
integrity is maintained whereas the later causes a loss of integrity in an
unphysiological response to a drug.
Mitotic HeLa cells produced by treatment with nocodazole are blocked in
prometaphase and therefore represent only one of the stages of mitosis.
Therefore it is possible that at prometaphase only the cis compartment has
undergone this dissociation and a concomitant decrease in density, whereas
later in mitosis the trans compartment too would undergo a density shift.
7.2.1.2

The loss of mannosidase-l containing vesicles from the Golgi
cluster at prometaphase

It is possible that what we are seeing at prometaphase is the mannosidase-l
containing vesicles leaving the mitotic Golgi cluster so that their individual
density is apparent - but that galactosyltransferase containing vesicles remain
associated with the cluster with their buoyant density reflecting this.
Homogenisation may have destroyed the morphological integrity of the Golgi
cluster but not its biochemical association which would allow it to retain its
characteristic density.

However, if this is the case, then not all the

mannosidase-l containing vesicles are likely to have left the cluster since EM
staining with osmium shows that at least some vesicles derived from the cis
cisternae remain associated with the cluster (Lucocq and Warren, 1987).
7.2.2 Proposals for further investigation of the density shift
If the loss of an associated Golgi protein does occur in a cis to trans direction
then a population of cells accumulated in a later stage of mitosis than
prometaphase, say metaphase, is predicted to show a loss of protein from
vesicles derived from the trans Golgi cisternae and therefore a shift in the
equilibrium density of galactosyltransferase as well as mannosidase-l.

This

could be investigated by removing nocodazole from HeLa cells arrested in
prometaphase and homogenising after different times to compare the relative
equilibrium densities of galactosyltransferase and mannosidase-l activities.
This would allow HeLa cells to be examined both in the later stages of mitosis
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and after having exited mitosis and progressed to G1 as it is equally important
to address the question of what is needed to shift the density back to its
interphase value.
It would also be interesting to assay for markers of the medial Golgi
compartment to see at what stage of mitosis, if at all, these had undergone a
shift in density.
Immuno EM studies using an antibody to mannosidase-l would indicate
whether, as suggested in 7.2.1.3, the mannosidase-l containing vesicles have
left the cluster.

7.3

Purification of the gaiactosyitransferase-containing vesicies of

mitotic HeLa ceils.
The original aim of purification of the mitotic form of the Golgi apparatus as
described morphologically by Lucocq et al. 1987 clearly had to be revised given
the discovery of the different behaviour on sucrose gradients of
galactosyltransferase and mannosidase-l. By following galactosyltransferase
activity alone when assessing a variety of purification procedures only the
galactosyltransferase-containing vesicles of the mitotic Golgi apparatus have
been purified. This compartment has now been partially purified from mitotic
HeLa cells by a combination of sucrose and Percoll gradient centrifugation
resulting in an efficient separation from ER, lysosomes, endosomes, plasma
membrane and mitochondria and a 20-fold enrichment of galactosyltransferase
activity over PCS. Further purification is needed before it can be considered
free of contaminating membranes although the 20-fold purification may in fact
underestimate the relative purity of the membrane population seen in the
electron micrographs. Much of the contamination will be from cytosolic proteins
which can be removed by salt washing procedures. This should then allow the
identification of peripheral and membrane proteins of the Golgi vesicles.
The purification obtained is probably sufficient for:
a)

The identification of mitotic and/or interphase specific Golgi proteins

Examination of the acrylamide gels (Figs. 6.2 and 6.3) shows there to be
differences between the protein profiles of the fractions from gradients of mitotic
and interphase HeLa cell membranes.

A 20-fold purification of such

membranes in conjunction with salt washing procedures should allow
antibodies to be raised and then absorbed if necessary against the opposite
membrane sample and Western blotting used to pick out antibodies to mitotic
specific proteins. Monospecific antibodies could then be prepared by eluting
bound antibody from a single protein on a Western blot.

These antibodies

could be screened by immunofluorescence, only those staining one not both of
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mitotic and Interphase HeLa cells being of Interest. The Involvement of certain
mitotlc-speclfic proteins In Golgi reassembly could then be Investigated by
using the antibodies produced to them to try to block reassembly in a cell-free
assay. The same principle applies for antibodies to Interphase-speclfic proteins
and the blocking of Golgi disassembly.
b).

Establishment of a cell-free assay for Golgi reassembly

It has not been possible to assay for Golgi reassembly because a mitotic Golgi
substrate has not been available.
Electron micrographs of the Isolated galactosyltransferase-contalning fraction
demonstrate the presence of numerous smooth vesicles. Many of the vesicles
with an average diameter of 50nm exhibit an electron dense Interior and
resemble the vesicular structures labelled with antl-galactosyltransferase
antibodies In sections of Intact mitotic HeLa cells. Thus It may be possible to use
this fraction as a mitotic Golgi substrate. The limitations of the purification
having followed only galactosyltransferase activity must, however, again be
taken Into account.

If similar purification procedures were followed for

mannosldase-l-contalning and a medial Golgi marker-containing vesicles of the
mitotic Golgi apparatus the three fractions together could provide a substrate for
a Golgi reassembly assay.

The availability of the three purified vesicle

populations, assuming the successful development of such an assay, may then
bring Into the realms of possibility such projects as determining what ratios of
compartment material are needed to create an Interphase Golgi apparatus and
whether Golgi reassembly Is Indeed only possible In a cis to trans direction.

7.4

Comparison of Percoll gradient profiles of mitotic and Interphase

HeLa cell membranes.
I showed In Chapter 6 that when galactosyltransferase-contalning fractions from
sucrose gradients of Interphase and mitotic HeLa cell samples are separated
on gradients of Percoll the resultant profiles of galactosyltransferase activity are
markedly different. This Is perhaps to be expected as the physical parameters
of the stacked Interphase Golgi and veslculated mitotic Golgi are totally
different. The activity of the mitotic membranes distributes as two broad peaks
across approximately the same density range as a single peak of activity of the
Interphase membranes.
The denser of the two mitotic activity peaks co-locallses with the contaminating
endoplasmic reticulum NADH cytochrome-c reductase activity so It Is likely to
represent Golgi clusters with associated transitional elements of the ER and the
less dense peak Is likely to represent free mitotic vesicles.
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Alternatively, as galactosyltransferase has been detected In the TGN as well as
the trans Golgi cisternae, the two compartments may have been separated on
gradients of mitotic membranes but not interphase membranes.
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