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A b s tra c t
The

polarised

epithelial

cell

phenotype

is generated

and

maintained by the polarised delivery of proteins to either the apical
or basolateral domains, where th ey perform domain-specific
functions.
Proteins destined for the two domains have been co
localised up to and including the trans-Golgi network. Subsequent
transport to either domain occurs by distinct vesicles, although the
morphology and itinerary of these pathways are not understood. This
lack of understanding is due mainly to the low sensitivity of
antibody detection, resulting from loss of antigenicity and
inaccessibility.
Thus, advancements in this area await the
development of a more sensitive detection system. A solution to
this problem would be the development of an enzymatic probe within
the exocytic pathway of animal cells.
project was to develop such a probe.

The aim of this research

Three potential probes were examined, microperoxidase, pgalactosidase and horseradish peroxidase (HRP).
Unfortunately,
microperoxidase expressed from DNA was inactive.
However, the
other two probes were both found to be active and present within
the exocytic pathway. Horseradish peroxidase activity was jfurther
analysed and found to be secreted from cells with a t i / z of 80
minutes. The development of stable cell lines expressing HRP have
proved difficult, with cells dying after a only few passages. This
cell death was concomitant with the intracellular accumulation of
inactive HRP.
Interestingly, the addition of exogenous haemin
converted this inactive intracellular pool to an active and secreted
form of HRP.

It may now be possible to rescue stable cell lines by

their incubation in the presence of low levels of haemin.
In

summary,

an

enzym atic

probe

has

been

successfully

introduced into the exocytic pathway of animal cells. This probe
(HRP) can be detected at high levels within cells by electron
microscopy. Enzyme activity may also be detected biochemically by
the spectroscopy of soluble reaction product.
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1.1.

Epithelial cellsv Function & Structure

Epithelial

cells

form

boundaries

between

d iffe ren t

tissue

compartments, regulating the transport of ions, organic solutes,
macromolecules and water.
These functions are polarised, with
absorption and secretion of individual macromolecules occurring
unidirectionally.
Its function as a boundary results from the
formation of a tight monolayer which prevents the direct mixing (via
paracellular transport between cells) of the two compartments. In
order to generate these d ifferen t environments, the plasma
membrane (PM) of polarised epithelial cells is segregated into two
distinct domains; the apical (Ap) domain which faces the lumen and
the basolateral (BI) domain which faces adjacent cells and the basal
lamina/serosa (figure 1).
This epithelial cell polarity is reflected in their general
intracellular organisation. Ordered arrays of cytoskeletal filaments
run from the nucleus to the plasma membrane (PM). In particular,
cytokeratin filaments are found at desmosomes and traverse the
cytoplasm, actin microfilaments associate with adherens-type
Junctions and form a belt circumscribing the cell, and microtubules
run parallel to the lateral membrane.
Intercellular skeletal
structures associate with the
Junctional complexes and run
throughout the monolayer, forming a tight seal between the Ap and
BI domains.
1.1 .3 .

The generation

of epithelial cell polarity

Epithelial polarity begins early in embryo development; at the 816 cell stage and continues throughout embryogenesis, when organs
are forming. During this period, adhesion proteins involved in the
formation of contact points between cells (uvomorulin) and their
subtratum (laminin) are expressed. Basement membrane formation
also regulates morphogenesis and may influence tissue specific
expression. Therefore there are several factors that appear to be
involved in the generation of polarity.
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Apical PM

Golgi

Basolateral PM
BM
Figure 1. The polarised phenotype of gut epithelial cells. The
Ap plasma membrane (PM) faces the lumen of the gut and functions to regulate the
uptake of nutrients and water, as a protective barrier and regulated secretion of
components such as mucin (goblet cells). The opposing face, the BI PM faces the basal
lamina/serosa and functions to attach to the basal membrane via receptors, generate ion
gradients, is involved in the secretion of basal lamina components and signal reception
and transduction. The lateral membrane contains cell adhesion molecules and junctional
complexes: Zonula occludens (ZO), Zonula adherins (ZA), Desmosomes (D) and Gap
Junctions.

BM = basement membrane.

1 . 1 . b.
The
o f polarity

role

of

extracellular

factors

In the

generation

Madin-Darby Canine Kidney (MDCK) cells rapidly polarise
following attachment to a substratum, with a delay of 12-24 hours,
as demonstrated by the polar appearance of Ap proteins (VegasSalas 1 9 8 7 ). This correlation between cell-substratum interaction
and Ap polarity has been illustrated further; the transformation of
MDCK cells with Ki-ras (ras-oncogene derived from Kirsten sarcoma
virus) disrupts both Ap polarity and cell-substratum adhesion, but
have no effect on cell-cell interactions and tight junction formation
(Schoenenberger 1991).

However, proteins associated with the BI

surface

a

do

not

interactions occur.

show

polarised

distribution

until

cell-cell

14
It has become apparent that long-term (several days) cell-cell
contact is required before BI polarity is achieved, even though tight
junction formation is very rapid. This can be illustrated by the
induction of cell-cell interactions in MDCK cells, after which newly
synthesised BI proteins are delivered to both surfaces in a non
polarised fashion.
Subsequent polarity can be achieved by rapid
removal of mistargetted proteins (a t the Ap surface) and retention
of basolaterally targetted proteins (Wollner 1 9 9 2 ). It appears that
recruitment
and complex formation of ankyrin and fodrin to BI
proteins (e.g. Na"^K+ATPase) occurs
(Rodriguez-Boulan 1989, Nelson 1989,
function to hold BI proteins in the
proteins present in the Ap domain do

via cell-cell contact regions
Gundersen 1991). This may
BI domain.
Mistargetted BI
not cluster and time may be

required for their recruitment to the BI domain.

After several days,

once polarity has been established, it is maintained at the BI surface
by direct delivery of newly synthesised proteins.
Both cellsu b stra tu m
and cell-cell
in te ra c tio n s
stim u late
d ram atic
reorganisation and stability of the microtubule cytoskeleton, which
is responsible for the localisation of the Golgi complex, endocytic
vesicles and other organelles (Parton 19 91 ).
I.I.c .
The role of intracellular factors in the generation of
p o la rity
In principle, a protein may be sorted to its final destination
either by a signal-mediated process or by default in the absence of a
signal. Such a process of delivery could be accomplished by either
an interconnected tubular network or vesicular transport.
In the
case of vesicular transport, a protein to be sorted by a signalmediated process would need to interact with the sorting machinery
capable of specifically directing the vesicle to its destination. The
general steps involved in protein traffic within higher eukaryotes
are illustrated in figure 2.
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Signal-mediated steps are represented by thin arrows, probable default steps are
represented by thick arrows. Signal-mediated recycling is represented by the dotted
arrows.

The generation of polarity requires domain-specific localisation
of specific proteins. This is probably achieved by sorting signals
present on the exposed surface of the protein.

Simple sorting

signals have

as continuous

been detected

on soluble

proteins

stretches of specific amino acids, such as for the endoplasmic
reticulum (ER) retention signal, peroxisomal targetting and nuclear
import. At the amino acid level more complex and less conserved
signals may exist as non-continuous stretches, as observed for the
signal sequence involved in translocation into the ER.
However
polarity signals may also result from secondary structure formation
rather than its primary sequence. It must also be considered that
sorting to only one PM domain necessarily requires a signal; sorting
to the other domain could occur by default.
The

segregation

of proteins

destined

for opposite domains

appears to occur at, or downstream from, the trans-Golgi network
(TGN) (Rindler 1984, Fuller 1985). There are three possible sorting
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itineraries for the polarised delivery of proteins: (i) direct sorting
from the TGN or subsequentorganelle (ii) relocation/redirection
from the PM, and (iii) degradation of missorted proteins, with no
specific sorting.

It appears that a mixture of the first two occur,

whilst no evidence has been presented to support the third
possibility. It is possible that intracellular sorting may involve the
microtubular network, at least in Ap targetting (Rindler 1987, Salas
1982).
1 . 1 . d.

The maintenance of epithelial polarity

Integral membrane proteins are capable of rapid and long-range
diffusion within the PM and must therefore be restrained if polarity
is to be maintained. This can be achieved in the following ways: (i)
diffusion mediated trapping - proteins aggregate and become
immobile (McClosky 1 9 8 4 ), (ii) anchorage to the cytoskeleton of
ankyrin, fodrin and actin (called submembranous skeleton) (Nelson
1986, Nelson 1987, Gundersen 1991) and (iii) diffusion barrier - the
tig h t junction prevents diffusion of proteins and lipids in the
exoplasmic leaflet (van Meer 1986).
There is no evidence for the first possibility, th at protein
aggregation of integral membrane proteins may function as a
mechanism for the maintenance of polarity. The second possibility
appears more likely, with the submembrane cytoskeleton playing a
role in the biogenesis and maintenance of epithelial polarity (Nelson
1 9 8 9 ). Such a mechanism can be envisaged as follows: upon cell
cell contact, ankyrin, fodrin and NA+K+ATPase complex becomes
insoluble by the formation of high order polymers, possibly initiated
by uvomorulin present in the complex.
The formation of these
insoluble complexes results in increased metabolic stability, with
their half-life increasing from approximately

15 hours to over 72

hours.
During the biogenesis of polarity, after tight Junction
formation, those complexes present in the Ap domain do not
aggregate and therefore exist as unstable soluble complexes.
In
agreement with the role of the submembranous cytoskeleton, the
reversed polarity of the fodrin-ankyrin cytoskeleton in retinal
pigment epithelial cells is concomitant with the Ap expression of
Na+KMTPase (Gundersen 1991).
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The diffusion barrier, or tight junctions, are cell-cell contact
points which delineate the Ap and BI domains and, as such, are the
obvious barriers to the mixing of components from each domain. The
use of fluorescent lipids has shown that tight Junctions block the
flow of lipids present in the exoplasmic leaflet
Bankaitis 1 9 9 0 ) between domains.
Lipids
cytoplasmic leaflet are free to diffuse between
such, show no polarity. The exoplasmic leaflets

(van Meer 1986,
residing in the
domains and, as
of adjacent cells

are not continuous (Bankaitis 1990).
1 .1 .0

The

importance

of

intracellular

protein

trafficking

Evolutionary specialisation, from a primordial 'soup' into the
segregation of cellular functions into specialised organelles,
allowed the optimisation of their function.
Taking advantage of
specialised micro-environments requires specific and efficient
targetting machinery capable of removing components selectively
from the 'soup' and placing them within their appropriate optimised
micro-environment.
The importance of efficient targetting is
illustrated by the expanding number of diseases found to result from
intracellular trafficking defects.
Inclusion cell (l-cell) disease results from the loss of mannose6-phosphate addition, a signal for lysosomal targetting. Lysosomal
enzymes are th erefo re secreted, causing the intracellular
accumulation of undegraded macromolecules within the lysosome
(von Figura 1 9 8 6 ).
Similarly, Tay-Sachs disease results from the
failure to correctly target the lysosomal enzyme, p-hexaminidase
(Lau 1989).
Familial hypercholesterolaemia results from the failure of LDL
receptor (LDLR) to remove circulating cholesterol from the blood
(Hobbs 19 90 ) which can be due to aberrant trafficking of the LDLR as
identified by failure to leave the ER, failure to endocytose or recycle
(Amara 1992).
The congenital dietary defect caused by the inability to digest
sucrose and starch can result from trafficking defects of the
heterodim eric sucrase-isom altase complex (Sem enza 1 9 8 9 ).
Defects identified to date include failure to exit the ER or Golgi,
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mistargetting to the BI surface and premature cleavage of the
sucrase and isomaltase subunits, resulting in correct targetting of
the isomaltase subunit only (Fransen 19 91 ).
Other diseases such as cystic fibrosis (Cheng 1 9 9 0 ) and serious
pulmonary disease/chronic liver disease caused by homozygosity in
the Z form for a i -antitrypsin (Le 1 9 9 0 ), probably result from
conformational changes that cause failure to exit the ER.

The list of

diseases caused by trafficking defects is likely to grow as genetic
analyses become more frequent.
Knowledge of intracellular trafficking events is also necessary
for the elucidation of mechanisms of viral infection (particularly
HIV) and pathogenic bacteria or their toxins (such as cholera toxin).
In addition, knowledge of signals and pathway interactions may lead
to novel approaches to drug targetting. In particular, it would be
highly beneficial to identify a highly efficient transcytotic route
(endogenous or artificial) from the gut (Ap) to the serosal (BI)
domain of intestinal epithelial cells. This might represent a costeffective and simple alternative to intravenous drug delivery.

1.2.

Model systems and protein polarity

Much of the early work on polarised transport in epithelial cells
was carried out in vivo in whole animals or in situ, on epithelial
sheets derived from animal tissue.
These methods suffer many
disadvantages such as inaccessibility, lack of integrity of epithelial
barrier, and the complications of dealing with mixed cell
populations. It was therefore advantageous to turn to cell lines as
model systems, capable of exhibiting their native polarised
phenotype.
Two cell lines, Madin-Darby canine kidney (MDCK) cells and a cell
line deriving from a colonic adenocarcinoma (CaCoZ) have been used
extensively. Both cell lines form tight monolayers when grown on
perm eable

filters,

with

their

BI

domain

facing

the

(substratum ) and Ap domain facing the medium (lumen).

filte r
The

monolayers form an impermeable barrier in which the cells are
sealed by tight junctions, the integrity of which can be monitored by
its electrical resistance, 10OO-SOOQacm^ (MDCK) and 200-500|Qcm^
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(CaCo2).
Other model systems include cell lines of mammary epithelia,
such as COMMA-D cells (Emerman 19 7 7 ) and intestinal epithelia such
as HT29 cells (Huet 1 9 8 7 ). COMMA-D cells exhibit many normal
characteristics including casein synthesis/secretion which is
responsive to both lactogenic hormones and the extracellular matrix.
However, the cell line is heterogeneous and when cloned to
homogeneity loss of function results. HT29 cells produce a highly
polarised phenotype in the absence of glucose, with morphological
features of fully differentiated intestinal goblet cells. HT29 cells
are interesting because they contain a regulated secretory pathway,
mucin storage in secretory granules, secretion from which requires
a BI secretagogue.
The model systems discussed below represent different Ap
delivery pathways and have been characterised in detail by several
independent research laboratories. The trafficking evidence to be
discussed has indicated the general conclusion th at MDCK cells
appear to utilise direct Ap and BI pathways. On the other hand CaCo2
cells appear to use the BI pathway predominantly and hepatocytes in
vivo appear to lack a direct Ap pathway, trafficking all material via
the BI surface.

1 .2 .a.

The site of epithelial sorting

Both proteins and lipids destined for both

surfaces can be co

localised up to and including the TGN (Rindler 1984, Fuller 1985).
Therefore, sorting to specific surface domains, lysosomes and
secretory granules must either occur in this compartment or at
some other compartment downstream, i.e. the endosomes or the PM.
One of the first observations of epithelial cell polarity was that
MDCK cells infected with influenza virus and vesicular stomatitis
virus (VSV) show polarised virus budding predominantly at the Ap
and BI domains respectively (Rodriguez-Boulan 1 9 7 8 ). The same
result was subsequently observed with CaCo2 cells.
with

the

viral

glycoproteins

revealed

th a t

their

Experiments
sorting

was

identical to and independent of the virus and must therefore be using
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the endogenous cell sorting machinery.
The viral glycoproteins of both influenza virus and VSV were co
localised throughout the pathway up to the TGN by electron
microscopy (EM)(Rindler 19 84 ). Conclusive proof of co-localisation
was achieved using doubly-infected cells, by the biochemical
interaction of proteins in the TGN (Fuller 19 85 ). The haemagglutinin
(HA) oligosaccharides of influenza virus lack sialic acid, as viral
neuraminidase present with the haemagglutinin in the trans-Golgi,
quickly cleaves it.
VSV G protein usually has sialylated
oligosaccharides.
In doubly-infected cells, blocked at 2 0 °C to
accumulate protein in the Golgi, the G protein was under-sialylated,
therefore it could be concluded that both the HA, neuraminidase and
G protein were all co-localised in the TGN.
Other studies of the viral glycoproteins have suggested that HA
(Misek 1984, Matlin 1984, Doms 1988) and G protein (Pfeiffer 1985,
Doms 1 9 8 8 ) were directly sorted to their respective PM domains in
MDCK cells, without appearing even transiently at the other domain.
These results suggest that intracellular sorting is responsible for
both Ap and BI targetting in MDCK cells.
I.Z .b .

CaCoZ cells

The kinetics of the cell surface delivery of endogenous proteins
has been studied by pulse-chase experiments, coupled to domainspecific immunoprécipitation, biotinylation and protease digestion,
to determine their arrival at a particular membrane domain.
These techniques have revealed that the delivery of BI proteins
such as: 120kd BI membrane glycoprotein (M atter 1990b), antigen
525 (Le Bivic 1990b, Le Bivic 19 89 ), HLA-1 (Le Bivic 1990b) and
transferrin receptor (Le Bivic 1990b ), all occur directly with little
appearance at the Ap domain (<3% ). The delivery time of BI proteins
from the Golgi, as determined by endo H resistance, was very rapid
(2 0 min). In contrast, the delivery of proteins to the Ap domain
showed variable kinetics, with different degrees of transient or
permanent residence in the BI domain.
Sucrase isomaltase is mostly delivered directly to the Ap domain.
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although approximately 4% appears transiently on the BI surface,
which is then transcytosed to the Ap domain (M atter 1990b, Le Bivic
1990b ). Dipeptidylpeptidase IV (DPPIV) is delivered directly to both
domains in equal amounts, the BI population is subsequently
transcytosed producing 2 waves of Ap appearance (M atter 1990b).
Aminopeptidase N (APN) arrives at the Ap domain in a similar
fashion to DPPIV, however, Ap appearance occurs as one wave of
longer duration (M atter 1990b, Le Bivic 1 9 9 0 b ).
Between 40%
(M atter 1 990b) and 70% (Le Bivic
domain, and is then transcytosed
rates of both proteins were the
limiting event, such as fusion with

1990b ) is present first at the BI
very rapidly. The internalisation
same, thus an alternative rateanother compartment, may occur

during transcytosis.
Reduced kinetics of transcytosis could be
explained by the existence of a large intracellular protein pool, such
as a recycling endosome.
It is possible that all of the APN is delivered to the BI surface
first, but that its detection there is inhibited due to the presence of
the filter.
This hypothesis is in direct conflict with previous
results using subcellular fractionation (Danielson 1 9 8 5 ) and
electron microscopic immunocytochemistry (Hansen 19 8 7 ), in which
no BI detection of Ap proteins was observed.
However, as BI
appearance is only transient, representing a very small fraction of
total protein, it is not surprising they went undetected.
The situation with two other endogenous Ap proteins, detected by
the same methods; alkaline phosphatase (Le Bivic 1990b) and antigen
5 1 7 (Le Bivic 1989), is again different. Both proteins show direct
Ap delivery, with concomitant BI appearance of 20% and 7%
respectively. These BI populations have been shown to be stable
residents that are not transcytosed, and do not therefore represent
the route to the Ap surface of these proteins.
It appears that in CaCo2 cells, direct pathways exist to both
surfaces.

In addition, Ap delivery may be attained by indirect

transport via the BI surface.

Interpretation of these results in

terms of signal-mediated versus default pathways is not possible as
all alternatives remain possible. Delivery to the Ap surface may be
by default, as explained by the initial non-polarised delivery.
transcytosis

may then

Apical

occur by escape from the selective BI
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recycling endosome as a default mechanism.
Proteins that are
directly sorted to the Ap surface may be better excluded from BI
transport vesicles in the TGN. Conversely, the BI route may occur by
default, as only Ap proteins may traffic directly to the Ap surface
yet any protein may traffic directly to the BI surface.
A third
possibility exists; both pathways may be signal-mediated and need
not be restricted to one signal per pathway.
Analysis of endogenous secretory proteins in CaCo2 cells reveals
th a t a variety of newly synthesised proteins are secreted
exclusively from their BI surface (Rindler 1 9 8 8 ), including
apolipoproteins A1 and E, a-fetoprotein and transferrin, whilst no
specific or even preferential Ap secretion has been observed.
The disruption of lysosomal targetting using chloroquine results
in lysosomal proteins such as 8-hexosaminidase being secreted from
the BI surface. In addition, rat growth hormone and Ig kappa light
chain, which are secreted in a non-polarised fashion from MDCK
cells, when transfected into CaCo-2 cells are secreted exclusively
from the BI surface (Rindler 1988, Hughson 19 89 ). These results
suggest that the BI exocytic route is the major pathway in CaCo2
cells, in which default secretion can occur. However, these results
do not imply the direction of signal-mediated secretion, which may
not be the same as that for membrane proteins.
I. 2 . C .

MDCK cells

In order to study the exocytic pathways present in MDCK cells,
researchers have studied the polarised delivery of endogenous PM
proteins such as Na+K+ATPase and uvomorulin present at the BI
surface, and sialoglycoprotein at the Ap surface. In addition, the
exocytosis of both endogenous and exogenous secretory proteins
have been studied.
The BI targetting of the endogenous Na"^K+ATPase has been
studied by taking advantage of the specific, rapid and high affinity
binding of the cardiac glycoside ouabain (Caplan 1986), to the alpha
subunit of Na+K+ATPase.
Domain-specific ouabain addition and
indirect

immunoprécipitation

of

the

ATPase

with

anti-ouabain

antibodies revealed that Na"*"K+ATPase is delivered directly to the BI
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surface, with no appearance at the Ap surface.
Similar studies of a BI membrane protein, uvomorulin, and an Ap
protein, sialoglycoprotein, revealed direct sorting in both instances
(Le Bivic 1990a). Missorted sialoglycoprotein (8% ) at the BI surface
existed as a stable population.

As a direct comparison to CaCoZ

cells, MDCK cells transfected with human APN and rat DPPIV were
found to predominantly (8 0 -9 5 % ) transport both these proteins
directly to the Ap surface (Wessels 1 9 9 0 , Casanova 1991, Low
1991) in contrast to that observed in CaCoZ cells (Matter 1990b, Le
Bivic 1 9 9 0 b ).
It is not clear whether or not this represents a
difference in the relative volumes of traffic through these pathways
or in the site of sorting. The BI DPPIV pool is slowly transcytosed
to the Ap surface to generate 95% on the Ap surface at steady-state
(Casanova 1991), whereas the BL APN (20 % ) is not transcytosed and
remains as a stable pool.
Expression of the hepatocyte-specific BI
membrane protein, asialoglycoprotein receptor H I, resulted in BI
targetting in MDCK cells (Wessels 1989).
Immunoisolation techniques have led to the purification of Ap and
BI transport vesicles from perforated MDCK cells doubly infected
with influenza virus and VSV (Wandinger-Ness 19 90 ). The influenza
HA and VSV G protein were used as Ap and BI markers respectively.
Equilibrium density gradient centrifugation revealed that these two
markers were present in distinct populations of vesicles. Thus Ap
and BI proteins are segregated into distinct vesicles for transport to
their respective domains.
These vesicles have been shown to
contain unique proteins that may represent components of the
sorting machinery, one such protein, VIP21 (vesicular integralmembrane protein of 21 Kd) forms a complex with HA in Ap vesicles
(Kurzchalia 1992).
The

analysis of endogenous secretory

proteins

by 2D-PAGE

revealed a group of acidic proteins (30-40K d ) that were specifically
secreted at the Ap surface (Kondor-Koch 1 9 8 5 ) as an 80Kd complex
(Urban 1987, Gottlieb 1986). Basolateral secretion of endogenous
proteins has been illustrated by laminin and heparin sulphate
proteoglycan (Caplan 1 9 8 7 ).
These proteins are true secretory
proteins and are not generated from membrane-bound forms.
direct pathways do exist to both surfaces in MDCK cells.

Thus,
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To date, the examination =:0 f exogenous secretory proteins
transfected into MDCK cells has resulted in non-polarised secretion
(Kondor-Koch 1985, Gottlieb 1986, Urban 19 87 ). These results are
unsurprising as all the proteins studied (see table 2) represent non
polarised proteins, being normally secreted by a regulated pathway
or in an unpolarised cell type.
In particular Kappa light chain
secretion is also secreted in a non-pojarised fashion in MDCK cells
in contrast to the BI secretion observed in CaCoZ cells. It therefore
appears that in MDCK cells default secretion may occur from both
surfaces. Thus polarised targetted secretion to each surface may
require a specific sorting signal, either positive selection or
exclusion. The creation of secretory proteins from membrane forms
have been performed for the apically targetted proteins; DPPIV, APN,
pIgR and neutral endopeptidase (NEP) (Weisz 1992, Vogel 1992,
Mostov 1987 and Corbeil 1992 respectively). In all three cases, the
lumenal domain attached to a cleavable signal sequence was found to
be secreted apically. These results suggest th at the Ap targetting
signal resides within the lumenal domain and th at it can be
recognised in both soluble or membrane-bound forms, although
ultimately the signal needs to be identified by mutagenesis in both
forms.
Interestingly, in the case of DPPIV, it appears that the
lumenal form is sorted more efficiently than the membrane-form
(Weisz 19 92 ). The authors suggest that this is due to competing
signals in the membrane-bound form. In support of this hypothesis,
they have transferred the transmembrane domain and cytoplasmic
tail of DPPIV to a secretory protein, lysozyme. This chimaera shows
increased BI targetting (> 6 7% ) over the nonpolarised secretion of
native lysozyme (Kondor-Koch 1985).
Experiments carried out on glycosyl-phosphatidylinositol (GPI)
anchored proteins have proved informative. When the GPI membrane
anchors (responsible for Ap targetting) were removed from decayaccelerating factor (DAF), Thy-1 and placental alkaline phosphatase
(PLAP)(Lisanti 1989, Brown 1989), these proteins were observed to
be secreted predominantly apically, implying th a t additional
'redundant' Ap signals were present, as default secretion appears to
occur from both surfaces.
However,

when

the

ectodomain

of

PLAP

is fused

to

the
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transmembrane and cytoplasmic domains of VSV G protein (Brown
1989), the chimaera is targetted basolaterally. It therefore appears
that in MDCK cells at least, it is not a question of which pathway
predominates, but of which is the dominant signal. Signal dominance
may be due either to increased affinity for a sorting mechanism or
to temporal organisation.
1.2.d.
The

Hepatocytes (in vivo)
approach

taken

to

study

trafficking

of

proteins

in

hepatocytes (Bartles 1987, Hubbard 19 89 ) has involved preparation
of highly purified hepatocyte PM sheets from rat livers. Apical and
Bl vesicles, derived from these sheets can be separated according to
their surface density charge, by free-flow electrophoresis.
The transport kinetics to the PM of hepatocytes for three Ap PM
proteins; HA4, DPPIV, APN and two Bl PM proteins; CE9 and the
asialoglycoprotein receptor (ASGP-R) were found to be similar.
However, after 45 minutes all these proteins were associated with
Bl-derived vesicles, as determined by the presence of CE9 and ASGPR.
Longer incubations revealed a gradual association with Apderived vesicles.
These Ap proteins reached the Ap surface at
different rates, with APN and DPPIV arriving with a t i / z of between
90 and 100 minutes. HA4 only showed 20% at the Ap surface after
15 0 minutes.
Bl proteins such as CE9 were observed in Bl PM
fractions throughout.
To date, hepatocyte secretion has been observed only from the Bl
surface (e.g. albumin, transferrin and liver «Zu-Qlobulin) and not
from the Ap surface.
It is possible that secretion into the Ap
medium (bile) occurs very slowly (making detection difficult) and/or
by an indirect pathway such as paracellular transport (through
intercellular spaces), fluid phase or receptor-mediated transcytosis.
It therefore appears that in rat hepatocytes a process of compulsory
trafficking to the Bl surface, possibly by default, occurs as a
prerequisite

to

the

sorting

of

Ap

proteins

and

subsequent

transcytosis to the Ap surface occurs.
The

major

problem

when

studying

polarised

sorting

in

hepatocytes has been the limitation to the study of endogenous
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proteins or the lengthy production of transgenic animals. Recently a
hybrid cell line, obtained by hybridisation of well differentiated Fao
rat hepatoma cells and WI38 human fibroblasts, has been produced
which acquires a polarised phenotype akin to in vivo h ep ato cytes
(Cassio 1 9 9 1 ). These cells appear to constitute a model system for
the in vitro study of hepatocyte cell polarity.
1 .2 .0 .

Tissue-specific

sorting

In summary, it can be seen th a t the three model systems
discussed here achieve Ap delivery in different ways; MDCK cells
directly, hepatocytes indirectly via the Bl surface and CaCo2 cells
by a combination of both routes (figure 3).
These findings are
summarised for PM proteins (Table 1) and secretory proteins (Table
2) expressed in all three cell types.
It is interesting that the
specificity of polarity is retained in all three model systems. The
apparent pathway differences reflect the requirement of proteins to
utilise the endogenous sorting machinery, which appears therefore
to be highly conserved in structure, but to differ in location.
A conflicting observation exists between Fischer rat thyroid
cells and CaCo2 cells. Both cell types sort HA and VSV G proteins
apically and basolaterally, respectively.
However Sindbis and
Semliki Forest virus (SFV) buds apically in Fischer rat thyroid cells
but basolaterally in CaCo2 cells (Zurzolo 1 9 9 2 ). This may suggest
that multiple polarity signals exist or that these cell types express
differing affinities for sorting signals.
It is obviously of interest to examine the same proteins in all the
experimental systems, so th at comparative information may be
obtained to fully delineate the pathways discussed above and provide
inform ation regarding the conservation of sorting machinery
between species and tissue types.

An alternate strategy taken

recently is the use of transgenic animals as model systems. In this
way a specific protein may be studied in a variety of epithelia in
vivo and at levels required for reliable quantitation. Recently human
LDLR

was

m icroinjected

pseudopregnant mice and
established (Pathak 1990).

into
a

mouse

eggs,

subsequent

transferred

transgenic

line

to
was
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Figure

3.

Exocytic

pathways

in

polarised

MDCK cells have direct pathways to both the Ap

epithelial

cells.

and Bl domains. CaCoZ cells

predominantly use the Bl pathway, while hepatocytes appear to direct all proteins to the
Bl domain, where Ap proteins are sorted and transcytosed to the Ap domain.

Analysis of the transgenically expressed LDLR in different
epithelia revealed an interesting pattern. In the liver, hepatocytes
exhibited abundant localisation of the receptor (and its ligand, LDL)
at the sinusoidal surface (Bl) with virtually no canalicular (Ap)
localisation.
In the intestinal absorptive cells of the jejunum,
similar Bl-specific localisation was observed.
In the renal
epithelium

of

the

kidney,

located at the Ap surface.

however,

LDLRs

were

preferentially
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MDCK

Hepatocyte

P rotein

Domain

Route

*HA
*VSV G

A

D
D

Na+K+ATPase
Sialoglycoprotein
Uvomorulin
*plgR
DPPIV

B
B
A
B
A
A

*APN
*ASGP

A
B

D
D
D

APN
DPPIV
HA4
CE9

A

B

A
A
B
B

B

ASGP
CaCo2

*HA
*VSV G
BIMg
SI
DPPIV
APN
ALP
TfR
Ag 525
HLA-1
Ag 517

Table

1.

Plasma

membrane

A
B
B
A
A
A
A
B
B
B
A
protein sorting.

D
D
D
B

B
D
D
D
D
D
B (4%)
B (50%)
B (40%)
D
D
D
D
D

Sorting in the three

epithelial cell model systems indicating final polarity (Domain) and route taken to this
surface. A = apical, B = basolateral, * = transfected and D= direct. Other abbreviations
have been cited in the text.
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Domain

Protein
MDCK

A
B

30-40Kd proteins
Laminin
Heparin sulphate
glycoprotein

CaCoZ

REG

A+B

REG

globulin
*rat Liver a Z u -

A+B

REG

globulin

A+B

B

*sAPN (lumenal)
*sDPPIV (lumenal)
*sNEP (lumenal)
*Kappa light chain

A
A
A
A+B

Albumin
Transferrin
rat Liver aZ u -

B
B

globulin

B

Apolipoprotein A1+E
a-feto p ro tein

B
B
B
B
B

Transferrin
*rat Growth Hormone
*Kappa light chain

Table 2.

-

B
A+B

*Lysozyme
*rat Growth Hormone
*ra t Salivary a Z u -

Hepatocyte

N a tiv e

Polarity o f secretory proteins.

-

-

-

-

NP
-

-

-

-

-

REG
-

Secretion of proteins in the

three model systems. A = apical, B = basolateral, ★ = transfected, s= soluble form of
membrane protein, NP = non-polarised and reg = secreted by regulated pathway.

A t first sight, it would appear th at kidney cells may possess
different sorting machinery.

However,

it must be borne in mind that

all the routes observed may represent the default pathway in a
particular cell type. One potential problem with the interpretation
of these results is that the genomic sequence of the LDLR receptor
(including introns) was used.

This type of approach must therefore

consider the possible effects of tissue-specific processing. In this
case, both the liver and kidney receptor showed the same apparent
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mobility by SDS-PAGE.

1.3.

Lipid polarity in epithelial ceils

It is not known to what extent lipid and protein sorting occur
synergistically, but both exhibit similar transport kinetics and
selective purification into Ap and Bl transport vesicles.

To date,

however, their interaction has been limited to those between GPIanchored proteins and cholesterol microdomains at the PM.
In
comparison to the high degree of polarity observed for proteins,
lipid polarity is observed solely as enrichment. There is however a
second level of assymetry for lipids, with the two leaflets of the
lipid bilayer exhibiting d iffe re n t lipid compositions.
This
asym m etry can be exclusive, with glycosphigolipids in the
exoplasmic leaflet and phosphatidylserine in the cytoplasmic
leaflet. The other major phospholipids also show enrichment in a
particular leaflet.

1 .3 .a

Lipid biosynthesis

Most lipids are synthesised at the ER membrane on the
cytoplasmic side and incorporated into the cytoplasmic leaflet. To
prevent disproportionate growth of this leaflet some lipids (choline
containing phospholipids) 'flip' into the luminal leaflet. This results
in the concomitant phosphatidylcholine enrichment in the luminal
leaflet, which may be important in the generation of lipid polarity.
The enzymes present within the ER also synthesise ceramide (a
precursor

for

transported

to

glycosphingolipids
another

site

for

and

sphingomyelin)

utilisation.

which

Studies

is

using

fluorescent ceramide analogues in MDCK (Simons 19 87 ) and CaCoZ
cells (v a n 't Hof 1 9 9 0 ) have revealed th a t sphingomyelin is
synthesised on the luminal side of the Golgi membrane and is
delivered vectorially to the PM in a polarised fashion, with sorting
occurring intracellularly.
This activity was purified with the rat
Golgi (Jeckel 1 9 9 0 ) and found associated with the cis and medial
compartments (Futerman 19 90 ), although low level activity may be
associated with the PM (Marggraff 1987, Futerman 1990).
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I.S .b .
The

Lipid polarity
cell

fractionation

differences between the

of rat

intestinal

cells

has revealed

lipid content of their Ap and Bl surfaces

(Hauser 1 9 8 0 ).
A 2-4 fold increase of glycosphingolipids was
evident in their Ap domain, with a concomitant equivalent increase
in phosphatidylcholine in their Bl domain.

Non-polarised lipids such

as phosphatidylethanolamine and cholesterol are found evenly
distributed between the two domains. Membrane sampling of the Ap
(by Influenza budding) and Bl (VSV budding) surfaces of MDCK cells
reveals similar lipid polarity to rat intestinal cells (McClosky 19 8 4 )
and CaCo2 cells (van't Hof 1 9 9 0 ). These observations predict a
conserved mechanism for epithelial membrane lipid sorting.
The glycosphingolipids in the exoplasmic leaflet completely cover
the Ap domain and face the lumenal environment. Sphingolipids are
particularly resistant to bile salt detergents and the lipid hydrolase,
phospholipase A2, which is especially abundant in the intestinal
lumen. Therefore, a potential protective role against the lumen is
offered by sphingolipids.
I. 3 . C .

Lipid transport

The fluorescent analogues; C6 -NBD-glucosylceramide and C6 NBD sphingomyelin, have been used to study lipid delivery to the PM
(under conditions that prevent endocytosis of the markers from the
PM, by back-exchange using either BSA [van Meer 1986] or liposomes
[van Meer 1987] to remove the lipids from the PM). Sorting appears
to occur at the TGN, with polarised transport to the PM in 1 hour.
Trafficking is most likely to be mediated by a tubulo-vesicular
mechanism, as suggested by the lumenal location of sphingomyelin.
More direct proof (van't Hof 1 9 9 0 ) has been offered by the
observation th a t during mitosis, when vesicular transport is
interrupted, so too is the transport of sphingolipids.

However, the

transport of phosphatidylethanolamine (which can be transported via
cytoplasmic exchange by phospholipid transfer proteins) continues.

32
1.3.d.

A role for lipids in protein sorting

The observed lipid polarity in epithelial cells could be generated
by physical separation of components in the TGN. It is known that
sphingolipids, especially glycosphingolipids, have a tendency to
associate by hydrogen bonding and it has been proposed (Simons
19 88 ) that they cluster into microdomains in the TGN, facilitated by
local conditions (e.g. low pH).
Glycoprotein and glycolipid sorting exhibit similar transport
kinetics (Wattenberg 1990) and both can be blocked at 20^C. It is
therefore possible th at they are transported together.
Protein
microdomains have been observed in the TGN (Geuze 1987) and it is
therefore possible th at proteins and lipids may interact in this
compartment and subsequently be co-sorted (Simons 1985, 1987,
1988). Such lipid and protein association has been illustrated by the
presence of cholesterol microdomains (caveolae) into which GPIanchored proteins cluster at the PM (Rothberg 1 9 9 0 ).
A similar
interaction at the TGN may be involved in the Ap sorting mechanism
(See 'GPI-anchored proteins').
1.3 .e .

Maintenance of lipid polarity

Continual membrane traffic jeopardises the integrity of cell
polarity. The potential losses and gains of both proteins and lipids
resulting from membrane tra ffic must be counterbalanced.
Redistribution of proteins and lipids may be attained by vesicular
transport, however, redistribution of membrane (misplaced lipids)
may be a more urgent requirement.
Lipid redistribution may be
achieved in four ways:
protein

content.

Firstly, lipids may recycle in vesicles low in

Secondly,

misplaced lipids may be degraded.

Thirdly, delivery of vesicles occurs via intermediates, such that the
vesicle matures gradually into the membrane of its target. Lastly,
the lipids may retain their membrane composition by cytosolic lipid
transfer.
Mitochondria and peroxisomes obtain their proteins and lipids
from mechanisms that are independent of the secretory pathway.
Their lipids are obtained by cytosolic phospholipid exchange
proteins, extracting phospholipids from the 'lipid-rich' ER to the
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lipid-poor mitochondria and peroxisomes, whilst
imported post-translationally from the cytoplasm.

proteins

are

In the secretory pathway, forward transport of newly synthesised
proteins and lipids appear to be conducted by vectorial movement
(van't Hof 19 90 ). However it is possible that lipid recycling might
occur primarily by cytosolic exchange (Bankaitis 19 90 ), with protein
recycling occurring vectorially.
Obviously cytosolic exchange can only occur from the cytosolic
leaflet, disproportionate loss of membrane may be controlled by the
'flipping' of some lipids from the exoplasmic to the cytoplasmic
leaflet.

Some ATP-dependent cell surface 'flippases' do exist that

translocate phosphatidylethanolamine and phosphatidylserine (but
not phosphatidylcholine and sphingomyelin) into the cytoplasmic
leaflet (Bankaitis 1990). Similar specific 'flippases' could act along
the secretory pathway, thus maintaining the bilayer and providing
certain lipids with the opportunity to recycle to 'lipid-poor'
membranes.
The observed concentration gradient of lipids from the ER to the
Golgi (Table 3) (Simons 1988) is consistent with the hypothesis that
some lipids preferentially recycle, whilst others cannot. Lipids that
are concentrated towards the ER presumably recycle via cytosolic
transfer, whilst those that cannot become concentrated towards the
PMs. In fact seel 4p, a phospholipid transfer protein located within
the yeast Golgi has been shown to be essential for Golgi to PM
transport (Cleves 19 91 ), which may indicate a specific requirement
for a high ratio of phosphatidylinositol/phosphatidylcholine.
Phosphatidylethanolamine is present in both leaflets, is capable of
flipping yet is evenly distributed throughout the cell, thus some
specificity of cytosolic transfer must exist.
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Endoplasmic reticulum to Plasma membrane
Increasing [LIpId]

Decreasing [Lipid]

glycosphingolipids (E)
sphingomyelin (E)

phosphatidylcholine (E+C)
phosphatidylinositol (C)

phosphatidylserine (E)
cholesterol (E+C)

Table 3. Lipid concentration gradient observed between the
ER and piasma membrane. Upids can be found in either the exoplasmic
leaflet (E) or the cytoplasmic leaflet (C), or both (E+C).

Lipids found concentrated

towards the PM (left-hand column) may be unable to undergo cytosolic transfer due to
reduced residence in the cytoplasmic leaflet.

1.4.

Protein targetting in epithelial cells

Although it is not known how lipids achieve their Ap versus Bl
distribution in polarised epithelial cells, extensive analysis of
protein ta rg e ttin g by the molecular biological approach of
mutagenesis and fusion protein production, has begun to identify
signals required for polarised targetting.
1 .4 .a.

Targetting signals in HA and VSV G proteins

As previously discussed,
transported

directly

to

influenza virus HA and VSV G are

the

Ap

and

Bl membrane

domains of

epithelial ceils respectively (Misek 1984, Pfeiffer 19 85 ).

Both HA

and VSV G proteins are co-localised in the TGN (Fuller 1985), after
which sorting to

their respective

domains

probably occurs via

distinct transport vesicles (Wandinger-Ness 1 9 9 0 ). The polarised
delivery of these glycoproteins does not require glycosylation (Roth
1 9 79 , Green 1 9 8 1 ).
Both these proteins need to noncovalently
associate into trimers before transport to the Golgi can be achieved.
This
q u a rte rn a ry
stru c tu re
mutagenesis experiments.

req u irem en t

has

com plicated
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The production of HA and VSV G protein chimaeras revealed that
the ectodomain of HA (Roth 1987, Puddington 1987, McQueen 1986)
or VSV G protein (McQueen 1987) was required for Ap or Bl sorting
respectively.
Contradictory results have been obtained by the
production of chimaeras with Friend murine leukaemia virus which
suggest that the Ap signal in HA resides in the cytoplasmic domain.
The contradictory and confusing results obtained could be due to a
number of factors; such as the complications of trimérisation and
the fact th at analysis was carried out at steady-state by nonquantitative immunofluoresence on poorly polarised cells.
Recently, several normally Bl proteins have been converted to
apically directed proteins by the mutation or deletion of their
cytoplasmic domains. There appears to be a correlation between
rapid endocytosis via clathrin-coated pits and Bl targetting,
suggesting th at the signals could be the same or very closely
related.
1.4.b.

Correlation between endocytosis and Bl targetting

A particularly revealing correlation between the endocytic and Bl
signals was observed for Influenza HA, which is normally Ap and not
endocytosed (Roth 1986). After conversion of a single residue in its
cytoplasmic domain (Cys 543 to a tyr 5 4 3 ), the intact trimerised
protein changes from an Ap non-endocytosing to a Bl endocytosing
form (Brewer 19 91 ). Endocytosis of the mutant protein occurred
efficiently via clathrin-coated pits in CVI (Lazarovits 1 9 8 8 ) and
MDCK cells (Brewer 19 9 1 ). The tyr 5 4 3 mutant did not transiently
appear at the Ap surface in MDCK cells, as determined by trypsin
cleavage and antibody capture assays.
Another example is shown by two related Fc receptor isoforms,
which differ in their ability to localise to clathrin-coated pits and
have been shown to exhibit distinct polarities when transfected into
MDCK cells (Hunziker 1 9 8 9 ), with coated pit and Bl locations
correlating. The non-polarised isoform differs from the Bl form by
a cytoplasmic 47 amino acid insert.

Analysis of deletions of the

cytoplasmic tail of the Bl receptor (Hunziker 1 9 8 9 ) revealed that
endocytosis and Bl localisation were always coupled and the signal
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responsible for these phenotypes resided within a 13 amino acid
stretch, 18 amino acids from, the membrane.
Interestingly, in
contrast to the non-polarised isoform, these mutations exhibited
80-90% Ap localisation. It is possible that the displacement of the
putative signal from the membrane has resulted in weakening of the
signals functionality.
The human nerve growth factor receptor when transfected into
MDCK cells, shows greater than 80% Ap localisation, as does a
cytoplasmic tailless mutant (Le Bivic 1 9 9 1 ). However, the internal
deletion of 57 amino acids from the cytoplasmic tail results in a
tyrosine being positioned in an appropriate environment for
endocytosis (Ktistakis 1 9 9 0 ) proximal to the membrane.
This
construct exhibited greater than 95% Bl localisation, suggesting
th at new signals may be formed when placed in the appropriate
context.
Igpl 2 0 is a major lysosomal membrane protein containing a short
(11 residues) cytoplasmic tail. It appears to be targetted to the
lysosome directly from the TGN as well as from the cell surface by
endocytosis (Kornfeld 1 9 8 9 ).
Analysis of wild-type and mutant
receptors (tailless and tyr s to cys g) in MDCK cells revealed that a
Bl targetting signal could be disrupted with concomitant loss of
endocytosis (Hunziker 1989).
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1 .4 .b .(i)

Signals for endocytosis

To absolutely determine whether endocytic signals co-function as
Bl targetting signals, it is necessary to examine known endocytic
signals in polarised epithelial cells.
Clearly defined signals have
been identified for the LDLR and transferrin receptor (TFR).
Extensive deletion analysis of the cytoplasmic tail of TFR (Jing
1990, Collawn 19 90 ), followed by single-site mutagenesis (Collawn
1 9 9 0 ) revealed th at the sequence YXRF (tyrosine, X, arginine,
phenylalanine) was essential for efficient endocytosis.
Another
phenylalanine, which is positioned 7 residues distal to the
membrane, also forms part of this signal (McGraw 1 9 9 1 ).
This
signal exhibits some positional effects, in th a t it cannot
positioned within 7 residues of the membrane (Collawn 1990).

be

The first identification of the endocytic signal for the LDLR was
obtained by clinical evidence from 3 familial hypercholesterolaemia
patients unable to endocytose the LDLR. These analyses highlighted
the importance of a tyrosine residue (Davis 19 86 ). In vitro analysis
(Davis 19 87 , Chen 1 9 9 0 ) further validated the importance of
tyrosine and identified a tetrapeptide sequence, NPXY (asparagine,
proline, X, tyrosine), essential for efficient endocytosis. Again, a
contribution of a phenylalanine residue was detected, lying outside
of the main tetrapeptide signal (Chen 19 90 ). The NPXY signal has
been detected in the cytoplasmic domain of several receptors
including those for EGF and insulin.
These two different endocytic signals have been shown to be
interchangeable (Collawn 1 9 9 1 ), albeit not completely, as self
determining structural motifs capable of functioning in both type I
and type II membrane proteins.
Other, as yet uncharacterised
signals clearly exist th at do not contain either NPXY or YXRF.
Examples include the asialoglycoprotein receptor (Führer 1 9 9 1 ),
cation-independent mannose-6 -phosphate receptor (Lobel 19 89 ) and
the influenza virus HA (Lazorovits 1 9 8 8 , Ktistakis 1 9 9 0 ).
In
addition, phosphorylation by the intrinsic protein tyrosine kinase
activity of EGF receptor (Glenney 1 9 8 8 ) or insulin receptor (Chou
1987) appears to be necessary for endocytosis. An interesting case
has recently been reported for the pIgR, in which phosphorylation of
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ser664 is essential for IgA-independent transcytosis (Hirt 1993). In
the absence of phosphorylation (m utation to ala 6 6 4 ) pIgR
accumulates in the recycling Bl endosomes until it is rescued
(transcytosed) by IgA.
1 .4 .b .(ii)
t a r g e t tin g

E n d o cy tic

signals

can

c o -fu n c tio n

as

Bl

signals

As expected, the removal of the cytoplasmic tail from either
LDLR or TFR results in Ap localisation (Hunziker 1991). However, it
was discovered th at the tyrosine present and essential in both
internalisation signals was not required for Bl targ e ttin g .
Furthermore, the 14 residue Bl targetting signal of polymeric
immunoglobulin
recep to r (pIg R ),
cannot function
as an
internalisation signal (Casanova 1 9 9 1 ).
These results are in
contradiction of the results found for HA, where the addition of a
tyrosine residue results in the conversion from an Ap
nonendocytosing to a Bl endocytosing phenotype (Lazorovits 1988,
Brewer 1 9 9 1 ).
Another similar feature between these signals is
seen in pIgR, where phosphorylation of seryzG is required for Bltargetting (Hirt 19 93 ). It is possible, therefore, that the signals for
Bl targetting and endocytosis are very similar and occasionally
identical.
1 .4 .b .(iii)

Distinct

Bl ta rg e ttin g

signals

The Bl targetting signal of pIgR has been localised to a 14 residue
linear stretch, proximal to the membrane, in the cytoplasmic tail of
this receptor (Casanova 1991). Deletion of this signal results in Ap
localisation, however, its ability to be endocytosed is unaffected. In
addition, two endocytic signals of pIgR have been identified by
mutagenesis of two tyrosine residues at positions 6 6 8 and 734.
Conversion of these tyrosines to either a cysteine or serine have
resulted in normal Bl targettin g , but synergistically impaired
endocytosis (Breitfeld 1990, Okamoto 1 9 9 2 ).

Therefore, in this

case, neither of the signals for endocytosis are identical to the Bl
targetting signal.
More importantly, when the transmembrane
domain of pIgR (in the presence or absence of Bl-targetting signal)
was fused to a truncated, soluble form of placental alkaline
phosphatase (GPI-anchored protein), Bl targetting could only be
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conferred in the presence of the Bl-targetting signal.
A Bl targetting signal has also been localised to a 17 residue
stretch in the cytoplasmic tail of the LDLR as identified by analyses
of livers from transgenic mice (Yokode 1 9 9 2 ). This Bl signal has
also been shown to be distinct from its identified endocytic signal,
FDNPCY (phenylalanine, aspartate, asparagine, proline, cysteine,
tyrosine).
Interestingly, a 10 amino acid segment of this LDLR and other

Bl

signals (Mehta 1 9 9 1 ) resembles a similar segment found in the
rabbit pIgR (Mostov 1 9 8 4 ), which exist as a series of identical
residues spaced at intervals of three: RNxDxxS/TxxS (arginine,
asparagine, x, aspartate, x x, serine/threonine, x x, serine). This
spacing of three, might suggests its presence as an a-helix, with
conserved residues facing the same side. The serine at position 7 of
pIgR is phosphorylated and required for transcytosis.
Similar
phosphorylation of the serine in LDLR might therefore also support
transcytosis, evidence for a low level of transcytosis does exist
(Kleinherenbrink-Stins 1 9 9 0 ).
G lyco sylph osph atid ylino sitol
ta r g e ttin g signals
I.4.C .

(G PI)

anchors

as

Ap

GPI anchors constitute a novel class of PM proteins which consist
of a single ectodomain anchored to the PM via covalent linkage to a
glycophospholipid (figure 4). The GPI anchor represents conclusive
evidence for the presence of an Ap polarity signal. Examples of GPIanchored proteins include DAF, Thy-1 and alkaline phosphatase. Six
such proteins have been detected in MDCK cells and five in CaCoZ
cells.

Others have been found in LLC-PK cells, kidney cells and SK-

C015 intestinal cell lines.

In all of the above cases, the protein was

targetted to the Ap surface (Lisanti 1990a, Lisanti 1990b).
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Figure 4. Structure of the GPI anchor. The c-terminai amino acid is
linked to ethanolamine (E). This is in turn connected, via a phosphodiester linkage to an
oligosaccharide (M=mannose, G=glycan) terminating, in this case with a non-Nacetylated glucosamine (Gs) which is linked to the inositol ring on phosphatidylinositol.
The diacylglycerol (DAG) serves to anchor this structure to the membrane.

GPI-anchored proteins are not, however, restricted to polarised
cells and may, therefore, have functions other than Ap targetting.
They exhibit increased lateral mobility (Zhang 1 9 9 1 ), presumably as
a consequence of their attachment to only the outer leaflet of the
PM.

The

increased

longevity

of

GPI-anchored

proteins

when

compared to other PM proteins, may result from their inability to
concentrate into clathrin-coated pits (Lemansky 19 9 0 ) and as such
are restricted to the PM (Wilson 1 9 9 0 ).
Thus, in this way GPIanchored proteins may escape lysosomal degradation. Interestingly,
they contain protease-, glycosidase- and phospholipase-sensitive
sites, conferring a potential for regulation. GPI-anchored proteins
are specifically localised into caveolae and may fulfil a role in the
internalisation of low molecular weight ligands, such as observed
for the folate receptor (Rothberg 1990a, 1990b).
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1 .4 .c .i.

GPI-addition

signal

GPI-anchored proteins contain a C-terminal cleavable hydrophobic
sequence which serves as a signal for GPI attachment, although the
C-terminal localisation of this sequence is not required for its
function (Caras 1991). The signal is cleaved (Doering 1990) and the
GPI added in the ER (Ferguson 1 9 8 6 ), rapidly after translation, by
unknown enzymes.

The GPI-anchor is then attached as a preformed

lipid precursor (M asterson
1989)
p erm ittin g spontaneous
incorporation into the membrane (Zhang 19 92 ). It is not known if
the GPI moiety is capable of incorporation by itself and if so,
whether it is present as a separate unit at the PM.
Although all GPI-anchored proteins are likely to be processed by
the same pathway, the lack of primary sequence homology suggests
that this signal is of a general nature, most likely hydrophobicity in
conjunction with specific residues (Caras 1989, Moran 1 9 9 1 ). The
signal for GPI-addition appears to consist of a pair of small
residues (Ser, Gly, Ala, Asp, Asn or Cys) positioned 10-12 residues
amino-terminal to an uninterrupted hydrophobic domain (Lowe
19 92 ), with no other motifs being necessary (Moran 1991a, 1991b,
1991 c). The spacing of the small residues from the hydrophobic
stretch is important (Caras 1 9 8 9 , Lowe 1 9 9 2 ).
This signal
requirem ent has been identified by extensive deletion and
replacement experiments, including the use of hydrophobic cores
from signal sequences (human growth hormone [hGH] and prolactin)
as well as synthetic sequences (Moran 1991a).
To date, all chimaeric proteins resulting in GPI-anchorage have
displayed Ap targetting. The GPI anchors have been donated from
several sources; Thyl (Brown 1989), PLAP (Lowe 19 92 ) and DAF as
well as from artificial sequences (Moran 1991a, 1991b).

In this way

basolaterally targetted membrane proteins and secretory proteins
have been specifically targetted to the Ap surface of MDCK cells.
The evidence of such chimaeric proteins is convincing for a dominant
Ap signal conferred by the GPI-anchor, specifically identified by 3 h ethanolamine, or sensitivity to phosphatidylinositol phospholipase c.
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1.4.C.Ü.

Apical tran sp o rt signal

of GPI-anchored

proteins

The Ap signal of the GPI anchor is known to be present at the
protein's C-terminus, but what is the actual signal?

It could be

either the 9(D A F)-22(Thyl ) residues of the peptide remaining after
cleavage, the ethanolamine, glycan group or phosphatidyl-inositol
moiety. The amino acid sequence has been eliminated as the signal,
by deletions which retain the ability to attach GPI-anchors (Lisanti
1991).
Recent studies (Brown 1992) have supported the hypothesis that
GPI-anchored proteins are sorted via lipid interactions.
GPIanchored proteins are poorly solubilised by non-ionic detergents
such as TX100. This insolubility is not an inherent property^^of the
proteins, but is acquired during transport through the Golgi and was
not conferred by interaction with other protein components, but
correlates with buoyant material.
A proposal that this buoyant
material most probably represents detergent-insoluble lipids is
supported by the fact that GPI-anchored proteins may be released
from this insoluble fraction by treatm ent with phosphatidylinositol
phospholipase C. Analysis of the lipid components of such vesicles
revealed a striking similarity to the Ap surface (Simons 1 9 8 8 ).
These studies were performed in MDCK cells and it will be
interesting to compare the lipid composition in non-polarised cells
which are predicted to lack the lipid components of the Ap domain.
GPI-anchored proteins have been identified in association with a
coated membrane specialisation, termed caveolae.

Recent studies on

receptor-mediated folate uptake have implicated caveolae as an
interm ediate compartment in the internalisation of this small
molecule (Rothberg 1990a, 1990b ).
caveolin (22Kd

The coat protein, known as

monomer) exists as a multisubunit coil on the

cytoplasmic surface of each caveola (Rothberg 1992).
Localisation of caveolin to the PM and possibly Golgi (Rothberg
1 9 9 2 ) in fibroblasts offers a potential for specific targetting of
GPI-anchored proteins from the TGN.
Caveolin also exhibits the
same insolubility to non-ionic detergents, presumably by interaction
with the same compartments.
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Clearly, the interactions (if any) between the GPI-anchored
proteins and caveolin cannot^occur directly as each reside on
opposite leaflets of the lipid bilayer.
It is most likely that GPIanchored proteins are attached directly to the specialised lipid
composition, whilst caveolin may require another component. To
date, there is no evidence for the ability of caveolae to pinch off
from the PM. This must occur if caveolin plays a sorting role in the
TGN for direct delivery of GPI-anchored proteins to the Ap surface.
It is feasible that a TGN-specific scission protein could be involved,
excising a caveolin-induced vesicle.
The formation of caveolae are dependent on the presence of
cholesterol, its depletion or binding by polyene antibiotics (Chang
1992, Rothberg 1 9 9 0 b ) results in the unclustering of the GPIanchored folate receptor.
GPI-anchored proteins, internalised via caveolae, do not appear to
co-localise with clathrin-coated pit derived endosomes (Rothberg
1990a). If this pathway distinction holds true for exocytosis, then
the Ap pathway from the TGN, traversed by GPI-anchored proteins
may be unique. Recent results from our laboratory suggest that this
is the case. Other apically targetted (non-GPI-anchored) molecules
may utilise a separate pathway via interactions with the endosomes,
or be co-transported with GPI-anchored proteins, with no endosomal
interaction. The similarities between endocytic signals and those
for Bl targetting may suggest that these molecules are transported
to the cell surface via interaction with common endosomes, all
other molecules may fail to interact with endosomes and become
directly sorted to the PM.

Colocalisation experiments required to

determine how these three different types of molecules reach their
respective domains, are currently under way in our laboratory.
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1 .4.d .

Signal-mediated

transcytosis

Transcytosis in epithelia is essential for the passive
immunisation of offspring and provision of growth factors in the
mother's milk, as well as for antigen sampling and the secretion of
protective mucosal antibodies.
Studies in MDCK cells using fluid phase HRP have revealed that
although internalisation from both the Ap and Bl domains were
approxim ately equivalent,
subsequent tran scyto sis occurs
predominantly towards the Bl domain. The converse appears to be
the case in CaCo2 cells (Hughson 19 90 ). The transcytotic vesicles
from hepatocytes are enriched in known transcytotic proteins,
whilst depleted in elements of the secretory pathway, Golgi, Bl
surface and early endosomes.
In addition they contain a novel
marker (lOBKd) of unknown function (SztuI 1991).
As previously discussed, proteins may be delivered directly to a
particular surface or initially via the opposite surface.
In this
respect CaCo2 cells appear to utilise both pathways for delivery to
the Ap surface, whereas hepatocytes appear to deliver all Ap
proteins via the Bl surface and MDCK cells directly deliver their
proteins to either surface, even though they do contain transcytotic
pathways, as observed for pIgR (Mostov 1986a).
The presence of a particular receptor at both surfaces, may
reflect a requirement for the collection and transcytosis of its
ligand.

This has been observed in the Bl to Ap transcytosis of EGF

and dimeric IgA.

In the enterocytes of the proximal small intestine

in newborn rats, monomeric IgG is transcytosed from the lumen (Ap)
to the blood (Bl).

1 .4 .d .(i)

P o ly m e ric

im m u n o g lo b u lin

re c e p to r

(p Ig R )

tra n s c y to s is
The pIgR is transported to the Bl surface where it binds its
ligand, dimeric IgA or polymeric IgM, endocytoses via coated pits
and is then transcytosed to the Ap surface where the ligand is
released along with the lumenal domain of the receptor, the
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secretory component by a thiol protease. This secretory component
may provide protection of the ligand from proteolysis in the mucosal
environment. A similar itinerary has been observed in non-polarised
mouse fibroblasts, a rabbit mammary epithelial cell line and rat
liver hepatocytes (SztuI 1985a, 1985b, Solari 1989).
A possible route for transcytosis from both domains includes the
common late endosomes located in Ap region of CaCoZ cells (Hughson
1 9 9 0 ), MDCK cells (Parton 1 9 8 9 ) and in absorptive cells of the
suckling rat ileum in vivo (Fujita 1 9 9 0 ), although transcytosis was
not examined in any of these studies.
VSV G protein implantation studies (by low pH-dependent fusion
of the viral envelope with the Ap surface) revealed that transcytosis
occurred from an endosomal compartment (Matlin 1983, Pesonen
1 9 8 3 ) that was non-lysosomal (Pesonen 19 84a) and did not pass
through the Golgi complex (Pesonen 1984b), as determined by sialic
acid attachment.
Morphological analysis of pIgR transcytosis in the rat hepatocyte
has identified the involvement of a Bl tubular network from which
vesicular transcytosis could occur (Geuze 1984, Hoppe 19 85 ). An
interesting observation was made relating to the size of
transcytotic vesicles; that vesicles in the Ap region were larger
than those of the Bl region, suggesting that repackaging or fusion
was occurring.
The transcytotic itinerary of pIgR (including initial Bl targetting)
in transfected MDCK cells has been shown to be ligand-independent
(Mostov 1986a). The observed secretory component cleavage has
been shown to be specific for the Ap surface by analysis of purified
rat hepatocyte membranes (Solari 19 89 , Musil 19 87 ,
polarised MDCK cells (Breitfeld
component cleavage

by

1 9 8 9 ).

leupeptin

(a

1 9 8 8 ) and

Inhibition of secretory
thiol

protease

inhibitor)

increased the half-life of pIgR from 2-8 hours, but exhibited no
effects on polarity or kinetics of transcytosis (Breitfeld 1989).
Unidirectional transcytosis was therefore independent of ligand
binding or secretory component cleavage.
A potential role for
differential endocytosis was excluded by the observation th at Ap
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endocytosis of pIgR was only reduced to 70% that of Bl endocytosis
(Breitfeld 1989). However, a major distinction was observed in the
recycling rates: Almost all (9 1 % ) the Ap endocytosed receptors
recycled, whereas only 45% recycling was observed from the Bl
endosomes, the

remaining

55%

being selectively removed into

transcytotic vesicles.

1 .4 .d .(ii)

The transcytotic signal of pIgR

The cytoplasmic tail of pIgR is important for both Bl targetting
and endocytosis, with deletion mutants trafficking directly to the
Ap surface (Mostov 1986b ).
Removal of the transmembrane and
cytoplasmic domains generates a soluble protein secreted
preferentially (3.4-fold higher) from the Ap domain (Mostov 1987).
Comparison to a non-polarised secretory protein, lysozyme, revealed
a net of 7.8-fold increase in Ap secretion. It is therefore possible
that pIgR contains a lumenal Ap targetting signal that can function
in the absence of the Bl targetting signal.
A signal for transcytosis may reside within an essential 37
amino acid (6 7 0 - 7 0 7 ) cytoplasmic stretch, deletion of which
(B reitfeld 1 9 9 0 ) results in Bl targ ettin g , followed by rapid
deg radatio n
( t i / z = 1 hour).
In addition to this sequence,
phosphorylation of a nearby serine (sere 6 4 ) appears to be essential
for transcytosis (Casanova 1 9 9 0 ). Replacement of this serine for
aspartate, appears to mimic phosphorylation due to its negative
charge

and

results

in

increased

transcytosis.

Interestingly,

elimination of this phosphorylation (mutation to alae64) results in
an IgA-dependent accumulation of pIgR in the Bl recycling
endosomes
transcytosis.

(H irt

1 9 9 3 ),

the

addition

of

IgA

restores

normal

These results were validated in the rat liver, where a

phosphorylated and a non-phosphorylated form of pIgR exist, with
only the phosphorylated form detectable in transcytotic vesicles. It
is likely that these two transcytotic signals (the linear cytoplasmic
stretch, 6 7 0 -7 0 7 , and ser664) operate in concert, as TFR is
similarly phosphorylated but recycles to the Bl surface (Fuller
19 86 ).

Thus pIgR possesses three potential signals for transcytosis;

the lumenal signals for direct Ap targetting, ser664 phosphorylation
and

a cytoplasmic signal residing within a 37 amino acid (6 7 0 -7 0 7 )
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stretch.
1 .4 .6 .

Signal-mediated

or default

pathways?

Until recently it was thought th a t Bl sorting was default,
principally because the Bl surface resembled the cell surface of
non-polarised cells and, in addition, no direct Ap pathway could be
detected in hepatocytes. Furthermore, treatm ent of MDCK cells with
brefeldin

A (under conditions where

ER to

Golgi transport is

unaffected) resulted in the specific redirection of Ap targetting to
the Bl domain (Low 1992), suggestive of default targetting to the Bl
surface. The Ap surface is therefore often considered to be the
specialised domain with specific targetting such as observed with
GPI-anchored proteins. On the other hand, in terms of interaction
with the environment, all single-cell organisms contain 'Ap' PM only.
The development of complex organisms has resulted in the formation
of a new, non-environmentally interacting domain, the Bl surface.
Specific Bl targetting signals have now been discovered, and their
removal produces Ap targetting (presumably in the absence of any
targetting signal).
Thus, with the exception of GPI-anchored
proteins (probably as a result of lipid sorting), Ap transport of
membrane proteins may occur in the absence of any signals, either
directly, or indirectly from the Bl surface (by failure to interact
with the recycling machinery).
Interaction with the Bl recycling
machinery may be further hindered by conformational changes such
as phosphorylation, as seen for pIgR. It is clear that Ap signals do
exist, at least for soluble proteins such as the 30-40Kd proteins,
th at are secreted apically from MDCK cells (Kondor-Koch 1985,
Urban 1987, Gottlieb 19 86 ). It also seems likely that membranebound proteins may contain Ap signals in their lumenal domain that
can function in the soluble form, as suggested for DPPIV, APN, pIgR
and NEP (Weisz 1992, Vogel 1992, Mostov 1987, Corbeil 1992).
Hepatocytes

and CaCo2

cells

apparently

lack Ap secretory

pathways, although these must clearly exist.

These cells could

achieve Ap secretion by transcytosis from the Bl domain, or by
cleavage from membrane-bound forms.
Bl-specific secretion occurs.

In MDCK cells, both Ap- and

In addition, removal of membrane

anchorage of pIgR and two GPI-anchored proteins (DAF and PLAP)
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results

in Ap-specific

secretion,

whereas

removal of the

GPI-

anchors from other proteins results in Bl-specific secretion. Both
pathways are therefore likely to be signal-mediated, with default
secretion of non-polarised proteins occurring equally from both
surfaces.

1.5.

The vesicular trafficking machinery

The sorting of proteins within the biosynthetic pathway requires
a highly selective, concentrating system, capable of separating
molecules destined for d iffe re n t in tra- and extracellular
compartments.
Two potential systems exist, the clathrin-coated
and the non-clathrin-coated or (Coat Proteins) coated vesicles.
1 .5 .3 .

Clathrin-coated

vesicles

The clathrin-coated vesicles, which are located at both the PM
and TGN, are highly selective resulting in up to 100-fo ld
concentration of protein. The vesicles are formed by a complex of
clathrin and adaptin subunits, the clathrin forming a lattice
consisting of hexamers and pentamers, to produce a football-type
structure.
Different adaptors are present at the PM and TGN and therefore
potential exists for differential sorting capacity of the two
compartments. These two groups of adaptins have been classified as
hydroxylapatite (HA) groups I and II. The MAI group (consisting of y
and p' adaptins) are associated with Golgi vesicles (Ahle 1 9 8 8 ),
whilst the HAH group (consisting of a and p adaptins) are associated
with the PM (Robinson 1987).
cytoplasmic

tails

independent
PM), thereby
pits (Pearse
expected to

mannose-6-phosphate receptor, LDLR and pIgR at the
linking them to clathrin and subsequently into coated
1 9 9 0 ).
The p-adaptin, is highly conserved and is
be involved in binding to clathrin, whilst the a and y

adaptins are
sp ecificity.

of

selected

Adaptins appear to interact with the

probably

transmembrane

responsible

for

proteins

transmembrane

(cation-

protein

An example of the differential specificity of these two adaptin
complexes can be observed for the envelope glycoprotein of VSV G
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protein. The virus enters the cell via coated pits on the Bl PM, but
newly synthesised protein when ^present in the TGN is excluded from
these coated pit structures (Griffiths 1 9 8 5 ).
I.S .b .

Non-Clathrin (COP) coated vesicles

The more recently discovered non-clathrin (COP) -coated vesicles
appear to be non-selective, bulk flow carriers present at and
probably responsible for, traffic through all the stacks of the Golgi.
It is not known if they are capable of excluding resident Golgi
proteins.
COP-coated vesicles have been purified from CHO cells (Serafini
1 9 91 ) by a method involving the use of non-hydrolysable GTP-yS {in
vitro) which leads to an accumulation of the COP-coated vesicles,
followed by isopycnic gradient centrifugation.
In the absence of
active N-ethylamide sensitive fusion protein (NSF), uncoated
transport vesicles accumulated which were unable to fuse.
Four
major bands were purified: a,p,y and 5 COPs (table 3). Other smaller
proteins co-purified, some of which were GTP-binding proteins.
The same result was found using rabbit liver Golgi, suggesting a
conserved complex as well as evidence that these
merely 'cargo'.
In further support of this, all
sensitive to added proteinase K, whereas the
remained insensitive until the addition of detergent

proteins are not
four COPs were
vesicle contents
(TXlOO).

The COP complex has been isolated as a cytosolic complex which
precipitated during purification (Waters 1 9 9 1 ).
Several repeated
solubilisation/precipitation steps consistently
proteins with the same stoichiometry (table 3).

yielded the same
Although no direct

evidence is available relating to the function of the complex, its
existence is highly suggestive of a role in the formation of coated
Golgi transport vesicles and Waters e t al. have coined the phrase
'Coatomer' for this cytosolic complex, which is thought to act as a
Golgi coat promoter.
It has been shown (Donaldson 1 9 9 0 ) th at brefeldin A causes pCOP (and possibly the entire complex) to dissociate from the Golgi
membrane, thus disrupting the coating/uncoating complex.
This
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occurs within 30 seconds and may be responsible for all other
observed effects of this drug. ^
I.5 .C .

Comparison

of

c la th rin -

and

C O P-coated

vesicle

c o m p le x e s
The components of the two types of complex (table 3) are very
similar and they most probably evolved from the same ancestral
complex or set of related proteins. The a-COP (160K d) is probably
structurally and functionally related to the clathrin heavy chain
(IS O K d), with the p-COP (llO K d ) fulfilling the role of p-adaptin
(lO SKd) in recognising/binding to a-COP. The p-COP component has
been cloned and sequenced (Duden 1 9 9 1 ) from a rat liver cDNA
expression library and shows significant homology to p-adaptin.
Their amino-terminal 500 residues are very similar and suggest a
common main chain fold and function. As this region of p-adaptin is
probably involved in clathrin binding, it is possible th at this
analogous region of p-COP has the capacity to bind to a clathrin-like
molecule such as a-COP.

Non-clathrin-coated

Clathrin-coated
clathrin heavy chain (ISOKd)

a-COP (IGOKd)

Clathrin light chain (30-40K d )
P- Adaptin (lOSKd)

p-COP (IIO K d )

a - / y - Adaptin (92-1 OBKd)

Y-COP (98Kd)

SOKd, 20Kd proteins

5-COP (61Kd),36Kd,35Kd,20Kd

Table

4.

Components of clathrin- and COP-coated vesicles.

The two types of coat exhibit similar functional and sequence features.
adaptins/COPs appears to interact with specific cargo proteins.

The p-

The clathrin heavy

chain/a-COP probably form the coat structure, whilst the other components are
involved in other functions such as targetting.

1.6.

Directionality of vesicular transport.

As discussed above, the sorting of molecules to be transported
may be achieved by interactions of their cytoplasmic tails with the
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vesicle coat proteins. However, this can be envisaged as only the
first step in the delivery of the ^vesicular components to their target
com partm ent.
The remaining steps include vesicle budding,
transportation, uncoating, docking and fusion.
In addition several
components require recycling to retain compartment specificity.
The

potential

directionality

for

GTP-binding

proteins

of vesicular transport was

first

to

regulate

realised

the

by the

identification of the Ras-like yeast SEC4 gene product (sec4p)
(Salminen 1 9 8 7 ), which resulted in the accumulation of secretory
vesicles when function was abolished (a t the restrictive
tem perature of temperature-sensitive mutants).
The sec4p was
localised to the cytoplasmic surface of secretory vesicles and found
capable of binding and hydrolysing GTP. Another Ras-like G protein,
YPT1, was found to be essential for transport between the ER and
Golgi (Segev 1 9 8 8 ) with a Golgi-localised mammalian homologue
(rabi ) found in L cells and NIH-3T3 cells.
More than 20 mammalian
counterparts have been identified in this family of rab (Ras-like
proteins from rat brain) proteins, isolated from several sources.
The rab proteins are 21-25 Kd and exhibit about 30% homology to the
Ras gene product, sharing four highly conserved regions which co
operate to form the GTP-binding domain.
Another class of small G proteins, termed ARE (ADP-ribosylation
factor) also function in intracellular transport, with mammalian
ARE being located in the Golgi complex (discussed below).

Both rab

and ARE proteins are cytoplasmic proteins which require posttranslational

modifications

(N-term inal

m yristate

in some

ARE

proteins and the addition of a geranylgeranyl [C 2 0 ] prenyl moiety on
one or both of the C-terminal cysteine residues of rabs) for function
and association with their target membranes (Kahn 1984).
Synthetic peptides identical to the amino-terminus of ARE
proteins have been shown to be potent and specific inhibitors of ARE
activities (as detected by transport) but not its guanine nucleotide
binding capability (Kahn 1992, Balch 1992, Lenhard 1 9 9 2 ). Such
peptides have been shown to inhibit ER to Golgi transport (Balch
1 9 9 2 ), vesicle (and possibly tubule) budding from the Golgi stack
(Kahn 19 92 ) and endosome fusion (Lenhard 1992).
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However,

these

m odifications

cannot

account

for

their

differential membrane localisation. Analysis of the most divergent
region of the rab proteins, revealed th at adjacent to the cysteine
m otif (a t the C-terminus) were regions encoding localisation
specificities which have been identified (rab 7, rab 5 and rab 2) by
transplantation experiments (Chavrier 1 9 9 1 ).
It is therefore
hypothesised that these unique sequences have specific counterpart
receptors

localised

to

restricted

regions

of

the

intracellular

trafficking pathways. These hypothetical receptors may be retained
via retention/retrieval signals, or may dissociate post-rab binding
and evacuate the forming vesicle, with rab association being
maintained by the prenyl moiety found to be essential for membrane
association (Serafini 19 91 ).
Thus the rab receptor may function
solely as a catalytic unit and would therefore not be required in
stoichiometric concentrations.

1 .6 .a.

Model for rab recruitm ent and vesicle budding

Prenylated rab proteins may be retained in the cytoplasm with
GDP bound, by interaction with a GDP-dissociation inhibitor (GDI).
Interaction with a rab receptor may require a GDP-dissociation
stimulator (GDS) (Yamamoto 1990) which may represent the specific
receptor itself, a common subunit (to all rab receptors) or a
comm on/specific ancillary factor binding as a prerequisite to
vesicular formation/targetting. This would result in exchanging the
GDP in rab for GTP, its membrane bound form.

Rab recruitment may

serve to regulate the coating and uncoating of transport vesicles.
This may be illustrated by the SARI gene product (s a rip ), a
cytoplasmic GTP-binding protein in yeast, which appears to bind
specifically to the ER integral membrane protein, seclZp (d'Enfert
1991, Oka 1991) and appears to function in vesicle budding.
Another example, ARE, may represent a family of GTP-binding
proteins th at regulate the coating and uncoating of transport
vesicles.

ARF exists in a cytoplasmic pool (ARFgdp), when converted

to the GTP form (ARFg t p ) which is myristylated, it exhibits a
propensity for association with membranes, with specificity being
controlled by an ARF-specific nucleotide exchange protein present
on the membrane.

ARFs are unusual in that they have a much higher
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affinity for GDP than GTP (Weiss 1989) and that nucleotide exchange
has a requirement for phospholipids (Kahn 1986). It has been shown
that p-COP binding to the Golgi complex requires GTP hydrolysis,
probably of the ARFgtp (Serafini 19 9 1 , Donaldson 1 9 9 1 ) which
accumulates in the presence of GTPyS.
ARF appears to be a coat protein involved in the formation of
COP-coated vesicles from the Golgi.
It is found in stoichiometric
concentrations with a-COP (3 :1 ) on coated vesicles but is not
present in the preformed cytoplasmic coatomers (Serafini 19 9 1 ).
ARFs have also been localised to PM-derived clathrin-coated
vesicles and remain associated with the coat after detergent
extraction (Lenhard 1 9 9 2 ). It is possible that ARF may associate
with p-COP and p-adaptin at their region of sequence similarity.
The ARF may function in the formation and/or dissociation of coat
structures (clathrin or COP) on transport vesicles. The production of
specific antibodies to ARF may answer this question as well as
determine its availability (for targ ettin g ) by presence on the
surface of vesicles accumulated in the presence of GTPyS.
The trimeric G proteins, have also been implicated in coat
formation, as their specific activation by fluoroaluminate (AIF 3 . 5 )
prevents the redistribution of p-COP from Golgi membranes in the
presence of brefeldin A (Donaldson 19 91 ). Thus p-COP association
may be regulated by trimeric G proteins.

These molecules also

appear to play a role in ER to Golgi transport (Kahn 1 9 9 1 ) and
endosome fusion (Colombo 1992).
Recently, annexin VI has been shown to be essential for PMderived clathrin-coated pit budding (Lin 1 9 9 2 ).
Annexin VI is
required in the presence of ATP, Ca2+ and cytosol, suggesting a
requirement for ancillary factor(s).

This other component may be

the ARF detected in the clathrin-coated vesicles (Lenhard 1992).
This

illustrates

the

potential

com plexity

of

the

sorting

mechanisms, with many different components required.
Other
proteins may be transiently involved in vesicular transport and not
associated with the excised vesicles.
Such roles could include
protein and lipid sorting, coat formation and vesicle scission or
fusion.

Interestingly, a Drosophila temperature sensitive mutant.
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shibire, results in non-scission at the non-permissive temperature,
as identified by the accumulation of extended endosomal coated pits
(van der Bliek 1991). The gene product is 69% identical to the GTPbinding motor protein dynamin, suggesting a role for motor proteins
in vesicle scission.
I.S .b .

Model fo r rab ta rg e ttin g /fu s io n

How does the rab GTP direct membrane targetting and/or fusion?
A role for this is indicated by the accumulation of vesicles in sec4p
tem perature-sen sitive m utants incubated at the restrictive
temperature (Salminen 1 9 8 7 ) as well as inhibition of function by
specific antibodies to YPT1 (Segev 1991) or rab 5 (Gorvel 1991).
The intrinsic GTPase activities of rab proteins, like those of Ras
are extremely low and would therefore require an extrinsic GTPaseactivating protein (GAP). Such activity has been detected for YPT1
and rab 3a (Becker 1991, Burstein 19 91 ). It is possible that these
GAPs may provide accurate targetting and/or fusion.
However,
similarities in the effector domain sequences of rabs thought to
interact with cognate GAPs suggests th at some rabs may share
common GAP proteins, as indicated by rab 3a peptides which inhibit
rab 1-dependent ER to Golgi transport (Plutner 19 90 ), although the
reciprocal effect of rabi peptides on rab3a function was not
determined.
It is therefore likely th at a specific target receptor may be
involved in recognising a GAP-bound rabsTP bearing vesicle (Pfeffer
1992). Such an interaction might promote GAP protein hydrolysis of
rabGTP to rabcDP, thus activating membrane fusion with concomitant

release of the GAP and rabcop, possibly stimulated by cytosolic GDI
(Araki 1990).
It is not known to what extent, if any, trafficking via tubular
structures occurs. In the Golgi, the retrograde transfer (Golgi to ER)
of mannosidase II appears to be via tubulovesicular processes
requiring

microtubules

(Lippincott-Schw artz

1 9 9 0 ).

However,

anterograde tubulovesicular processes have only been observed in
brefeldin A treated cells and could represent an artifact of vesicle
coat loss (COPs) with concomitant loss of budding containment. A
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more sensitive probe detectable by EM (such as HRP) is required for
TARGET MEMBRANE
TARGET ^
RECEPTOR

vesicle budding and
transport lo accaptor

membranes
4- GDP

lerpli

rab
RECEPTOR

DONOR MEMBRANE
Figure 5.
Model for the involvem ent of rab proteins in
vesicular targ ettin g . Cytosolic rabcjp proteins are complexed to a GDPdissociation inhibitor (GDI) and exhibit no affinity for membranes. Conversion to rabcTP
(with a propensity for membrane binding) may be triggered by a GDP-dissociation
stimulator (GDS) bound to the rab receptor (or part of it) on the donor membrane.
The rabGTP associates with the membrane, either directly or via the receptor.

The

receptor may serve as a catalytic component only, being released upon the
conformational change of the rabcjP- The rab cTP'Containing vesicle may then
recognise a specific GAP, or target receptor exhibiting GAP activity, at the target
membrane. The resulting GTP hydrolysis may trigger membrane fusion reactions. The
rabcDP generated may now exhibit preferential affinity to GDI, thus catalysing its
membrane release into the cytoplasm where it would be available for a second round of
vesicular transport. Figure adapted from Pfeffer 1992.

extensive analysis of the structures along the biosynthetic pathway.
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If tubular structures are involved, the sorting mechanism may be
similar to those of vesicular trafficking.
A model for directional
vesicular targetting is illustrated in figure 5.

1 .7 .
Factors
transport

affe ctin g

Intracellular

Intracellular transport may be controlled by factors other than
polarity signals, which may function simply as an o n/off switch or
catalytically, ensuring that the system is efficient.
The tubulo
vesicular transport of proteins within confined compartments might
permit the tight control of micro-environmental conditions such as
pH, which may expose or mask epitopic signals. In addition, proteins
in the secretory pathway are subjected to post-translational
modifications, such as glycosylation and phosphorylation that may
affect their subsequent transport. The transport of vesicles through
the cytoplasm may require interaction with the cytoskeleton,
therefore becoming responsive to factors such as cell division as
the cytoskeleton disassembles and transport ceases.
In addition,
transport efficiency may be increased, especially over long
distances.
1 .7 .a.

The role of an intracellular acidic com partm ent

Acidification in endosomes has been shown to be required for
entry into the cytoplasm of certain viruses and toxins, as well as
the dissociation of some ligands from their receptors (Helenius
1 9 8 3 ).
The Golgi complex, like elements of the endocytic
compartment, is acidified (Anderson 1 9 8 5 ) with acidity increasing
towards the TGN. This is achieved in the Golgi by an electrogenic
proton pump similar to that which acidifies the endosome (Glickman
1 9 8 3 ).

Therefore, acidification of the Golgi may play a role in

transportation and sorting of proteins to the cell surface. The pH of
intracellular compartments can be raised with chloroquine or NH4 CI
when performed in MDCK (Caplan 1 9 8 7 ) or CaCo2 cells (Rindler
1 9 8 8 ),

lysosomal sorting

is interrupted

and lysosomal proteins

escape, to be secreted by the default pathway.
In AtTZO

cells

(a

pituitary

tumour cell

line)

the

regulated
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secretory pathway was found to be pH-dependent; treatm ent with
weak bases resulted in the conversion of regulated secretion to that
of constitutive secretion in the absence of any secretagogue (Moore
19 83 ). In addition, the raising of the intracellular pH of MDCK cells
resulted in non-polarised secretion of the normally basolaterally
secreted proteins, laminin and heparin sulphate proteoglycan (Caplan
1987).

It was also found that the relative Ap secretion of the gp80

glycoprotein and the non-polarised secretion of lysozyme could be
increased in the Ap direction upon treatm en t with weak bases
(Parczyk 1 9 8 9 ). However, the polarised targetting of Ap Influenza
HA (Matlin 1 9 8 6 ) or 81 Na+K+ATPase (Caplan 1 9 8 6 ) membrane
proteins were unaffected by treatment with weak bases.
These results suggest th at in MDCK cells the 81 secretory
pathway is pH-dependent, whereas the Ap secretory pathway and the
sorting of membrane proteins to either domain are pH-insensitive.
However, this does not appear to be a general phenomena, as 81
secretion is not pH-sensitive in CaCo2 cells.
Ultimate proof will
require the identification of the sorting receptor.
1 ,7.b.

Glycosylation

N-linked glycosylation has been shown to be necessary for the
polarised
Ap secretion
of the 30-40K d endogenous secretory
proteins of MDCK cells (Urban 1 9 8 7 ). However, this is in direct
conflict with the data obtained for HA and VSV G protein (Green
19 81 ). It seems likely that N-linked carbohydrates probably do not
constitute the Ap sorting signal, but may act indirectly to stabilise
proteins in a competent conformation. The situation is complicated
by the evidence of GPI-anchored proteins which appear to require
glycosylation of the anchor components for successful Ap targetting.

1 .7.C.

Phosphorylation
Inhibitors of phosphatases (okadaic acid and microcystin-LR)

have revealed a potential role for phosphorylation as an inhibitor of
protein trafficking.
Inhibition of dephosphorylation inhibits ER to
Golgi (Davidson 1992) and endocytic vesicle fusion (Woodman 1992).
Potential targets for phosphorylation are the low molecular weight
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GTP-binding proteins of the rab family.
Interestingly, rabi p
(ER/Golgi) and rab4p (early endosomes) are hyperphosphorylated
during mitosis, a stage in the cell cycle when vesicular transport is
arrested (Warren 1 9 8 9 ).
In contrast, phosphorylation (or the
presence of a negative charge) of the pIgR appears to be essential
for Bl to Ap transcytosis (Casanova 1 9 9 0 ).
Phosphorylation may
therefore offer a 'stop/go' regulation of protein trafficking. If the
GTP-binding proteins are the targets of such phosphorylation, then
they may hold the key to controlling when and where a vesicle is
delivered.
1.7.d.

Microtubule cytoskeleton

Microtubules (MTs) have been observed as being preferentially
oriented along the long axis of enterocytes in vivo and end in close
proximity of the brush border membrane, penetrating the terminal
web of actin, villin and fimbrin (Hagen 1987, Sandoz 19 85 ).
A
similar distribution has been determined in CaCoZ cells (Gilbert
19 91 ). Microtubules serve to maintain the intracellular distribution
of organelles such as the late endosomes in rat Hippocampal neurons
and MDCK cells. Movement of these organelles along microtubules
can occur retrogradely to the Ap domain in response to increased
cytosolic pH, whilst anterograde movement to the Bl domain results
from the lowering of cytosolic pH (Parton 19 91 ). Therefore MTs and
physiological pH establish the distribution of late endosomes within
cells.
Microtubule organisation in polarised MDCK cells differs from the
unpolarised state as they become more dispersed, no longer emanate
from the centriole-containing nuclear region (Bre’ 1 9 9 0 ) and exhibit
a 2-fold increase in stability (Pepperkok 1 9 9 0 ), similar changes are
not seen in confluent, non-polarised cells.
Long distance vesicular transport
synapse of neurons is directed by MTs
distance transport may also involve
evidence th at their involvement may

between the cell body and
(Allen 19 83 ). Relatively short
MTs and there is increasing
direct/accelerate Ap delivery

in polarised epithelia. The use of MT-disrupting drugs has facilitated
the study of MT involvement in the polarised transport of epithelial
cells.
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Microtubules are not involved in trafficking from the ER to the
TGN in NRK cells (Rogalski 1984), although they are necessary in the
retrograde transport from the Golgi to the ER in brefeldin A-treated
cells (Lippincott-Schwartz 1 9 9 0 ).
In the presence of nocodazole
(which disrupts MTs) the Golgi apparatus is dispersed, but the
kinetics of delivery from the ER are unchanged (Rogalski 1 9 8 4 ),
opening the possibility th a t the ER and Golgi are either
interconnected or th at ER budding is dictated by proximal Golgi
stacks.
Brush-border (BB) like structures (containing Ap but not Bl
markers) at the Bl surface of intestinal epithelium in vivo resulted
from colchicine or vinblastine treatm ent of rats and mice (Achler
19 8 9 , Gilbert 1 9 9 1 ).
Drug removal permitted normalisation via
internalisation of BB-like structures, followed by fusion to each
other and to the Ap surface. This recovery was concomitant with MT
reappearance. The clustering of Ap proteins in the Bl membrane
indicates a domain-specific affinity which may operate within the
TGN as a sorting mechanism.
Initial MT-disruption experim ents in MDCK cells yielded
contradictory results. The effects of colchicine, nocodazole, taxol
and cytochalasin D caused no disruption of polarity (Salas 1 9 8 6 ) or
the loss of Ap targetting (Rindler 1 9 8 7 ). Analysis of CaCo2 cells
supported Rindlers results; Ap but not Bl targetting was affected by
nocodazole treatment (Eilers 1989).
Extension of the previous work suggested that mistargetting was
not

occurring,

nocodazole

e ffe c ts

being

limited

to

severe

retardation of the transport kinetics to the Ap surface, as normal
polarised delivery was eventually observed (overnight incubation)
(M atter 1990b). Previous mistargetting was attributed to a longer
residence time at the Bl surface prior to transcytosis to the Ap
surface.

No such mistargetting was observed for proteins directly

sorted to the Ap surface, but retardation was evident.
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Thus both direct and transcytotic routes to the Ap surface utilise
MTs. Experiments using colchicine produced similar results, except
that full polarity was not realised after long chase periods of 20
hours (Gilbert 1 9 9 1 ); with some markers remaining completely
unpolarised at this time point. The differences between these two
results may be explained by the differential MT-disruption abilities
of nocodazole and colchicine, so that more available MTs result in
faster achievement of polarity.
Analysis of the transcytotic pathways in MDCK cells revealed
th a t only transcytosis in the Bl to Ap direction required MTs
(Hunziker 19 9 0 ). Similarly, analysis of all pathways in MDCK cells
further supported MT-requirement for Ap delivery by transcytosis
and direct transportation from the TGN, with all other pathways (Bl
and Ap recycling, TGN to Bl and Ap to Bl transport) being independent
of MTs (Breitfeld 1990a).
Pre-incubation at 1 7°C (perm itted
dimeric IgA to internalise and be transported to the Ap domain)
before addition of nocodazole at 37°C did not override the MTrequirement, suggesting that penetration of the terminal web was
still required or that MTs fulfil a role in the fusion event itself.
Studies of the endocytic pathways of CaCoZ cells have identified
a common endosomal compartment th at is accessible from both
surfaces (Hughson 1989b).
Meeting of these endocytic pathways
occurs in a late endosomal compartment as Ap or Bl vesicles can
only fuse with others of the same origin (Bomsel 1990).
This

m eeting

reaction

in

vitro

requires

MTs

and

the

mechanochemical motors kinesin and dynein.
A schematic
representation of the likely mechanism is illustrated in figure 6.
Microtubules run parallel to the lateral membrane

encountering the

late endosome on route.
Basolaterally derived vesicles may be
driven by dynein in the negative direction, Apically derived vesicles
may require kinesin for transport in the opposite direction.
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Kinesin
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MTs

Dynein

Figure

6.

Microtubule

involvem ent

in

tra n s p o rt.

m ts

are

oriented with their minus ends penetrating the terminal web (not shown).
Polymerisation occurs in the plus direction. Two mechanochemical motors, Kinesin and
Dynein may 'drive' vesicles to the late endosome, where fusion occurs.

Previous analyses suggests th at only the dynein-dependent,
basolaterally derived vesicles are transported via MTs (Rindler
1 9 87 , Salas 1 9 8 6 , Achler 1 9 8 9 , Ellers 1 9 8 9 , Matter 19 9 0 a ).
However, some MTs may be highly resistant to MT-disrupting drugs
(MTs may be available in excess) or are utilised but not essential.
These possibilities have been highlighted by the discovery that both
Ap and Bl derived vesicles can bind to MTs in vitro, with equal
affinity, in a cytosolic-dependent and saturable manner, which can
be prevented by pre-binding of MT-associated proteins (MAPS).
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1.8.

Research proposai

Much information has been amassed regarding the biogenesis
and maintenance of epithelial polarity, with the identification of
signals for the polarised delivery of proteins to the Ap and Bl
surfaces. In addition, new hypotheses are being proposed for the
mechanisms of protein sorting, vesicular form ation, budding,
targetting and fusion. However, the basic questions regarding the
structure and interactions of the post-TGN compartments involved
in the polarised delivery of proteins are still largely unknown.
Studies of the exocytic pathways in polarised epithelial cells
have concluded that the pathways to both surfaces are co-existent
up to and including the TGN (Rindler 1984, Fuller 1985). Attempts to
identify the subsequent transport pathways have suggested that
vesicles destined to each plasma membrane domain are distinct
(W andinger-Ness
1 9 9 0 ).
However, d is tin ct apically and
basolaterally targetting vesicles have not been isolated as pure
populations or distinguished by EM.
In addition, the appearance of similar clathrin-coated pits at
the PM and the TGN (Robinson 1987, Ahle 1988), as well as the close
relationship between endocytic signals and basolaterally targetting
signals, suggests th at proteins destined for the Bl surface may
interact with and possibly be sorted by its endosomal compartment
on route. Transport to the Ap surface may occur directly, without
any interaction with any endosomal compartments, as indicated by
GPI-anchored proteins. Alternatively, other apical proteins may be
sorted from the basolateral endosome in CaCo2 and H.Ep.2
possibly an Ap endosome in MDCK cells.
1 . 8 . a)

cells and

The problems of immuno-detection

The major reason for these possibilities remaining unanswered
is that analysis of proteins transported by these pathways has been
performed using immuno-detection methodologies. The detection of
antigens by EM may be performed by one of two methods: the first
requires the embedding of cells in plastic such as epon, from which
thin sections may be cut.
Post-embedding immuno-detection is
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relatively insensitive due to poor penetration of such sections and
their loss of antigenicity.
Therefore, pre-embedding immuno
detection is an alternative when using this plastic embedding
technique. Such pre-embedding immuno-detection of antigen within
the exocytic pathway requires permeabilisation to permit access
(although

still limited)

of the

antibody,

which

results

in poor

morphology as cytosol may be leaked from the cells and organelles
can be damaged.
These problems of immuno-detection using plastic blocks can
be overcome by the alternative method, involving the use of frozen
thin sections. This is a post-embedding immuno-detection method
in which the cells are frozen and cut into thin sections and then
thawed. There is often less reduction in antigenicity by subsequent
immuno-detection.
However, this technique is very difficult,
requiring highly specialised training and still suffers from low
sensitivity. Another inherent problem with immuno-EM is that many
antibodies will no longer recognise its antigen after the EM-fixation
of cells.
Thus, the sensitive determ ination of the morphological
characteristics and possible interactions of the exocytic pathways
with the endosomes by EM requires the development of a new
sensitive probe which can be detected easily and reliably.
1 .8 .b )

Enzymatic probes for the exocytic pathway

The development of an enzymatic probe that may be detected
directly by its activity, throughout the exocytic pathway, would
eliminate the need of antibody detection.

Such a probe would need to

exhibit high specific activity and the absence of endogenous cellular
activity.

This probe must also produce an electron-dense insoluble

reaction product th at
production.

may be detected

by EM at its site of

In order that high quality EM morphology may be observed, it
would be a major advantage if enzyme activity is unaffected by EMfixation (up to 2% paraformaldehyde and 2.5% gluteraldehyde) and
th a t penetration of the enzyme substrate does not require
permeabilisation. Once an enzymatic probe has proved satisfactory
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for EM analysis, other attributes become desirable.

It would be

important to be able to produce chimaeric fusion proteins with the
probe, so that it may be directed to specific compartments of the
cell.
The production of such fusion proteins would be less
complicated for small monomeric enzymatic probes, that are not
expected to possess any of their own sorting signals or require
interaction with other subunits.
A particularly attractive

probe would

be microperoxidase,

which may be generated as a very small haeme-peptide, of eight or
eleven residues, by enzymatic (trypsin or pepsin) cleavage of
cytochrome c. These peptides retain the peroxidase activity and may
therefore represent ideal probes.
However, the haeme prosthetic group, which is essential for
enzyme activity, is normally attached to cytochrome c via six
chemical bonds (figure 10). Although the three bonds present within
the microperoxidase sequence are enough to retain the haeme
prosthetic group, it is not clear whether they will suffice to
instigate haeme-binding when newly synthesised away from the
context of cytochrome c. The obvious suitability of microperoxidase
as an enzymatic probe (table 5) justifies its experimental analysis.
A nother potential enzym atic probe is B-D-galactoside
galactohydrolase (p-galactosidase), a cytoplasmically expressed
enzyme of E. coli.

This enzyme produces a striking dark blue

reaction product by light microscopy (LM) which is also reported to
be visible by EM (J. Parnovelas, Univ. Coll. Lond.,
personal
communication).
The disadvantages of p-galactosidase as an
enzymatic probe are principally that it exists as a homotetramer,
consisting of 1 1 6Kd subunits, most of which is required for enzyme
activity. In addition, the enzyme is not resistant to EM fixatives and
its substrate, X-gal (5-brom o-4-chloro-3-indolyl-p-D-galactoside),
is not freely diffusible through membranes. However, this enzyme
may still be useful, although imperfect, for EM analysis and will
certainly be useful for biochemical analysis.
A particularly
favourable attribute of this enzyme is that it has been previously
shown to remain active as a fusion protein, when a fusion is made at
its amino-terminus (Sarthy 19 7 9 ) and when the fusion protein was
membrane-bound (Silhavy 1976).

This protein has been used widely
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as a reporter molecule for the detection of gene expression in
animal cells.
The third potential probe is horseradish peroxidase, an
abundant secretory enzyme found in the cell wall of horseradish
cells. This enzyme has been purified and used extensively as a
tracer molecule for fluid phase uptake by cells and by conjugation to
antibodies and ligands. Horseradish peroxidase is resistant to EM
fixation and its substrate freely diffuses through membranes.
Horseradish peroxidase has been recently synthesised by the
use of overlapping oligonucleotides (Ortlepp 1 9 8 9 ) based on its
published amino acid sequence (Welinder 1 9 7 9 ). The protein exists
as a 35Kd monomeric protein which is glycosylated to 44Kd in the
horseradish and its detection by activity is very sensitive, both
biochemically and by EM.
It is therefore the intention of this research project to
express these potential probes within the exocytic pathways of
animal cells at high levels and screen for enzyme activity. In this
way, it is hoped that the exocytic pathway of animal cells may be
studied in detail, by a sensitive and simple methodology, capable of
id entifyin g
its
m orphology
and
in te ra ctio n s
w ith
o ther
compartments.
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P-gal

microperox.

HRP

1.7

3 5 -4 4

4 ° structure

monomer

monomer

homotetramer

Endogenous
a c tiv ity

none

none

none

EM visible

yes

yes

yes

EM fixation

resistant

resistant

sensitive

yes

yes

no

Size (Kd)

substrate
diffusion
Active as
chimaera

116

(X

4)

At NH2unknown

unknown

terminus

Table 5.
The suitability of three enzymes as probes for the
exocytic pathway of animal cells. The most suitable probe would be a
small monomeric protein or peptide with high specific activity, which is absent from
the cell types bein studied. The reaction product must be detectable by EM. For best
morphological analysis the enzyme should be resistant to EM-fixation and not require
permeabilisation for penetration of its substrate throughout the specimen.

The

production of fusion proteins to target the enzyme to specific locations of the cell
requires enzyme activity to be unaffected by the fusion. The three enzymes to be studied
are microperoxidase (microperox.), horseradish peroxidase (HRP) and p-galactosidase
(p-gal). 4 °= quarternary structure.
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Chapter two

Materials & Methods
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2 .1 .

Cell culture

High transepithelial resistance MDCK cells (Madin-Darby
Canine Kidney [strain 1 ]) obtained from J.P.Kraenbuhl (University of
Lausanne, Switzerland) were grown at 37°C in Dulbecco's modified
minimum essential medium (DMEM) (Gibco UK, Paisley, Scotland)
supplemented with 10% heat-inactivated foetal calf serum (PCS)
(pre-screened for low levels of endogenous peroxidase activity) in
an atmosphere of 5% CO2 . Cells were passaged at 1:5-1:10 once
every 3 -7 days (when confluent) and fed every 2-3 days.
Trypsin/ethylenediam inetetraacetic acid (EDTA) solution (0 .2 5 %
trypsin, 0.02% EDTA in phosphate buffered saline; PBS [0 .1 7mM
sodium dihydrogen orthophosphate, 1.76m M disodium hydrogen
orthophosphate, 1 50mM sodium chloride pH 7.4]) was used to detach
cells from
the dish which took 5 -2 0 minutes depending on the
degree of cell-cell contact and the age/storage conditions of the
trypsin.
Once the cells were removed from the plastic, warm
medium was added to inhibit further enzyme activity and the cell
suspension centrifuged at approximately 750 rpm for 5 minutes. The
supernatent was discarded and the cells resuspended in fresh
culture medium ensuring cells were well dispersed by pipetting
before plating onto new dishes.
Cells were frozen in 90% PCS, 10% dimethylsulphoxide
(DMSG) in approximately 1 ml per 10cm dish. Cells were brought to
-7 0 ° C slowly (wrapped in cotton wool in a polystyrene box) and
subsequently
nitrogen.

(3

days to

1 month

later)

transferred

to

liquid

Prozen cells were rapidly thawed at 37°C, washed in DMEM

and plated as described above.
Polarisation of MDCK cells was obtained by seeding 12-well
filters with approximately 4 x 10^ cells per filte r (0.45^im
Transwell filters. Costar) and grown for 3 days. After two days the
medium was changed to determined whether leakage of medium
occurred from the Ap to the Bl chamber and thus an indication of the
integrity of the epithelial sheet.
Human colonic adenocarcinoma (CaCo2) cells were cultured
as for MDCK cells except they were passaged 1:3 -1:5 every week in
DMEM containing 20% PCS and allowed to polarise on filters for 1828 days. Monkey kidney (COS-7) cells were cultured as for MDCK
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cells except they were passaged 1 :1 0-1 :20 every 3-5 days. Baby
hamster kidney (BHK) cells were cultured in DMEM as MDCK cells
except that they were passaged 1:10-1:30, 2 or 3 times a week in
the presence of 5% PCS. H.Ep.2 (human epithelial cells derived from
a larynx carcinoma) cells were cultured in DMEM containing 10% PCS,
as MDCK cells and passaged 1:3-1:10, twice a week.
2 .2 .

Metabolic

labelling of cells.

Steady-state labelling (overnight-72 hours) of 3.5, 6 and
10cm dishes or 12 and 6-well filters with 35s_amino acids (trans
358-label as a source of 35s-methionine, ICN, High Wycombe,UK)
was performed in 0.5, 1.0 and 3.5 or 0.4 and 4.0ml of methioninefree minimum essential medium (MEM; Gibco, UK) supplemented with
1% DMEM with PCS. Cells to be pulse-labelled were first starved of
methionine for 1 5 -3 0 minutes then labelled as for steady-state
labelling except no supplemental medium was added. In all labelling
experiments cells were first rinsed 2-3
medium.

times in methionine-free

2 . 3 . Im m u n o p r é c ip ita tio n
The medium was removed and clarified by centrifugation
(1 0 0 0 rpm for 10 minutes). The labelled cells were washed twice in
PBS containing 0.5% BSA and then blown/scraped into 1 ml ice-cold
1XNDET (1 OmM T ris.Cl [p H 7 .4 ] containing 1% NP40, 0.4%
deoxycholate,

66mM

EDTA,

0.1 % BSA,

6.7mM

methionine and

supplemented just prior to use with Im M phenyl methyl sulphonyl
fluoride [PMSP]) and left on ice for 5 minutes.

The lysate was

vortexed

and

briefly

before

removal

of

the

nuclei

debris

by

centrifugation at 1 4 ,0 0 0 rpm for 5 minutes at 4°C in a microfuge.
The post-nuclei supernatents and clarified medium samples were
brought to IX NDET and 0.3% SDS before being preabsorbed with 50|il
(3 m g /m l binding capacity) of a 10% suspension of fixed
Staphylococcus aureus cells (Pansorbin; Calbiochem-Boehring Corp.,
La Jolla, CA) for one hour, rotating at 4°C.

The 10% solution of

Pansorbin was made in NDET/0.3% SDS (NDET/SDS) after pelleting
from the stock 10% Pansorbin solution at 1 4 ,0 0 0 rpm for 1-2
minutes; Pansorbin that had not pelleted in this time was aspirated.
A fter preabsorption with Pansorbin the samples were centrifuged
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(1 4 ,0 0 0 rpm, 5 minutes), antibody added and incubation at 4°C
continued overnight with rotation.
The immunoprécipitation was
carried out as for preabsorption with Pansorbin, centrifuged
at
1 4 ,0 0 0 rpm for 5 minutes, resuspended in 0.5ml NDET/SDS, layered
onto 30% sucrose cushion (600^1) in NDET/SDS and centrifuged
(1 4 ,0 0 0 rpm, 5 minutes). The immunoprécipitation complex was
washed in NDET/SDS (1 ml) and then NDET/SDS (1ml) containing 0.5M
NaCI and finally resuspended in 50^1 (2X) reducing sample buffer
(see SDS-PAGE).
a)

Endo H tre a tm e n t of immunoprecipitates

Immunoprecipitates
resuspension
in
sample

to be treated
b u ffe r)
w ith

(obtained prior to
the
endo
p-N-

acetylglucosaminidase H enzyme were washed and resuspended in
2 0 0|il SOOmM sodium citrate buffer (pHS.5), incubated for 18 hours
at 37°C with lOpU/ml endo H, washed in NDET/SDS and resuspended
in sample buffer.
b)

Endo F tre a tm e n t of immunoprecipitates

Immunoprecipitates
resuspension
in
sample

to be treated
b u ffe r)
w ith

(obtained prior to
th e
endo
p-N-

acetylglucosaminidase F enzyme were washed and resuspended in
25|il of lOOmM sodium phosphate buffer (41 ml 0.2M Na 2 HP0 4 . 2 H2 0
plus 9 ml 0.2M NaH2 P0 4 . 2 H 2 0 )(pH 6.1 ) containing SOmM EDTA, 1%
NP40, 0.1% SDS and 1% mercaptoethanol. Samples were boiled for 5
minutes to denature the protein (ensuring all carbohydrate sites are
revealed), cooled and 2|il Endo F (Elder 1982) added and incubated for
18 hours at 3QoC, after which, 25|il 2x sample buffer was added and
boiled for 5 minutes prior to separation by SDS/PAGE.

2 .4 .

SDS-PAGE

Proteins were separated by SDS-PAGE by modifying the
method of Laemmli 1970. Proteins to be analysed were boiled for 5
minutes in 2x sample buffer (125mM Tris pH6.8, 4% glycerol, 0.002%
bromophenol blue, 10% mercaptoethanol and 6.7mM L-methionine).
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Immunoprécipitations were centrifuged (1 4 ,0 0 0 rpm, 5 minutes) and
2 5 III loaded onto Protean IL slab gels (Bio-Rad Laboratories,
Richmond CA), avoiding the pellet.

Slab gels (comprising between 8-

15% acrylamide:0.27% bis-acrylamide, 375mM Tris (pHB.B), 0.044%
SDS, 0.077% N,N,N 1,N 1-tetramethyl-ethylenediamine [TEMED], mixed
and then 0.1% final concentration of ammonium persulphate [APS]
added prior to pouring) and stacking (comprising 3% acrylamide:
0.08% bis-acrylamide, 125mM Tris pHG.B, 0.1% SDS, 0.1% TEMED,
mixed and then 0.05% final concentration of APS added before
pouring) gels. A fter pouring the separating gel distilled water was
gently layered onto the polymer (to remove air bubbles and produce
an even surface). Once set the top of the separating gel was rinsed
several

times

in distilled

w ater

and

the

stacking

gel

poured.

Protean II slab gels were run in running buffer (3B4mM glycine,
49.5mM Tris and 0.1% SDS) at 6-9mA per gel overnight or 46mA per
gel for 3-4 hours. Mini-Protean II slab gels were run at 20 0V for
30-45 minutes (irrespective of number of gels).
Once run, gels were fixed for 4 0 minutes in 45% methanol
(or industrial methylated spirits) and 10% acetic acid. Fixed gels
were rinsed in distilled water 3 times then enhanced in 1M sodium
salicylate for 2 0 -3 0 minutes. Enhanced gels were rinsed in distilled
water and gels picked up onto 3MM paper by placing the filter paper
onto the gel and sliding/inverting both out of the distilled water.
This was then covered with clingfilm (air bubbles removed) and
dried under vacuum at 70 °C in a slab gel drier (Drygel Senior,
SE1160, Hoeffer Scientific Instruments, San Francisco,CA) for one
hour. Dry gels were exposed against RX NIF X-ray film (Fujimex Ltd.,
Swindon Wiltshire) for the required time at -70°C . X-ray film was
processed automatically.

‘•"^C-methylated marker proteins of 200,

92.5, 69, 46, 30 and 14.3Kd apparent molecular weight (Amersham
International) were loaded as reference points.
Proteins were
quantified by scintillation counting of excised bands located by
autoradiography and corrected for background radiation.
Gels containing non-radioactive proteins were fixed and
proteins simultaneously stained in 45% methanol, 10% acetic acid,
0.1% coomassie blue R dye for 1-4 hours. Gels were then destained
in 45%

methanol,

10% acetic acid for between two hours and

overnight. Pieces of sponge were placed in the destain to soak up
the dye which increased the rate of destaining . Destained gels were
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dried (as above). A mixture of marker proteins of 205, 116, 97.4,
6 6 , 45 and 29Kd apparent molecular weight (Sigma Chemical Co.)
were loaded onto gels as reference points.
2 .5 .

Protein

estimation

from

radiolabelled

cells.

Duplicate samples (2-5^1) of 35s-nietionine labelled post
nuclei supernatents were spotted onto filter paper (Whatman N o .l)
and air dried.
The filters were then placed in ice-cold 10%
trichloroacetic acid (TCA) for 10 minutes and then boiled for 10
minutes in a fume hood. After boiling the filters were replaced in
ice-cold TCA, followed by 2-3 washes in organic solvents to dry the
filters (typically; twice with 100% ethanol then once with acetone
or chloroform) and then air dried. The filters were then placed in
scintillation cocktail and counted.
Counts per minute were
considered to be proportional to overall protein concentration. When
counting excised bands, consideration of methionine content (if
known) must be given. Bands were excised from dried gels, placed in
2 ml Universal liquid scintillation cocktail fluid (Aquasol-2 [NEF9 5 2 ], Du Pont) and counted in an LKB 1 2 1 4 Rackbeta liquid
scintillation counter.
2 .6 .

Immunofluorescence

Cells grown on coverslips or filters (Transwell, Costar)
were rinsed in PBS (2-3 changes in 5 minutes), filters removed from
units and fixed in 3% paraformaldehyde containing 0.1 mM calcium
and magnesium chloride in PBS (stored at -2 0 °C ) for 20 minutes,
rinsed in PBS, quenched twice (for 10 minutes) in PBS containing
lOmM glycine (pH8), rinsed in PBS and then washed twice (for 10
minutes) in PBS containing 0.5% BSA (wash solution) and 10% PCS.
For cells to be permeabilised, 0.2% saponin was included in the wash
solution.

Cells were incubated with primary antibody (diluted in

wash solution containing 20% PCS) by inverting the coverslips onto
the antibody solution on parafilm for one hour at room temperature
(in a humidified chamber). Cells were then washed 4 times (for 1 5
minutes) in wash solution and incubated with secondary antibody
(diluted in wash solution containing 20% PCS) by inverting the
coverslips onto the antibody solution on parafilm for one hour at
room tem perature (in a humidified chamber).
Cells were then
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washed twice (for 1 5 minutes) in wash solution, rinsed in 5% PBS,
drained and mounted (in a drop of PBS containing 90% glycerol, 3% Npropylgallate and 0.1% sodium azide) on a microscope slide
precleaned with 70% ethanol. Filters were placed with cells facing
upwards then covered with coverslips. Coverslips were fixed into
position using nail varnish or dental wax. Cells were viewed using a
plan apo 100X 1.32 oil immersion lens (Reichert-Jung Ltd.) on a
polyvar microscope equipped with epifluorescence optics (ReichertJung Ltd.) or using a plan apo 63X 1.4 oil immersion lens (Zeiss
[Oberkochen]

Ltd., Germany) on a Zeiss microscope fitted with

epifluorescence optics (Zeiss Ltd., Germany), or alternatively by
confocal microscopy.
2 .7 .

Confocal Microscopy

This technique was utilised to obtain vertical optical sections of
polarised epithelial cells using a Biorad MRC 6 0 0 Laser Scanning
Confocal Unit, fitted with an argon-krypton laser and attached to a
Nikon Optiphot microscope with a X60 (N A 1.4) lens.
Using the
computer software, approximately 1|iM optical sections were taken
and used to generate a vertical image of the epithelial monolayer.
2 .8 .
a)

Purification of DMA
Small

scale:

mini-preparation

This method was used exclusively for the elucidation of construct
orientation and integrity of vector DMA.
Cultures (2m l) in terrific broth (1.2% bacto-tryptone, 2.4%
yeast extract, 4% v /v glycerol, 17mM KH2 PO4 and 72mM K2 HPO4 , the
salts were sterilised [autoclaving] sep arately to prevent
precipitation) containing 10Omg/ml ampicillin were initiated by
inoculation with transformed bacteria (E. coli) and grown overnight
at 37°C with shaking. Cultures were then centrifuged (1 4 ,0 0 0 rpm,
1 minute) washed in TNE (lOmM Tris.CI [pHB], lOOmM NaCI and ImM
EDTA) and then resuspended in 60^1 TNE. Phenol/chloroform (Phenol
[equilibrated in 0.1 M Tris.CI, pHB until phenol reaches >pH 7.6],
chloroform and iso-amyl alcohol mixed in the ratio 50 :48 :2) was
added (200^1), then well mixed and centrifuged ( 1 4 ,0 0 0 rpm, 5
minutes). To 55pl of aqueous phase add 36 .7|il of 5M ammonium
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acetate and 183^1 ethanol and leave on ice for 15 minutes.

The

precipitated DNA was centrifuged (1 4 ,0 0 0 rpm, 10 minutes) and
washed in 70% ethanol before being resuspended in 40^1 TE (50mM
Tris.CI [pH 7.6], 10mM EDTA) containing ZOpg/ml ribonuclease A
(preheated to 70°C for 10 minutes to inactivate any DNAse activity
present).
b)

Large scale: Alkaline lysis

method

This method has been used for preparation

ofDNA for subsequent

cloning manipulations and transfections of DNA by calcium
phosphate precipitation, lipofection and electroporation into
mammalian cells.
An overnight culture (2 0 0 m l) in terrific broth was
centrifuged (3 ,2 0 0 rpm, 20 minutes), bacterial pellet resuspended in
8 ml of SOmM glucose, 25mM Tris.CI (pH8), 10mM EDTA and stored on
ice for 20 minutes. To this 16ml freshly made 0.2M NaOH, 1% SDS
was added and gently mixed followed immediately by the addition of
12ml potassium acetate solution (3M potassium acetate, 2M glacial
acetic acid [3M K+, 5M OAc”]), shaken well and left on ice for a
further 10 minutes. The samples were then centrifuged (3, 2 0 0 rpm,
15 minutes, 4 °C ), the pellet and pellicle removed and the
supernatent precipitated with 2 volumes ethanol on ice for 15
minutes. The precipitate was centrifuged (3 ,2 0 0 rpm, 15 minutes),
pellet dried, resuspended in 10mM Tris.CI (p H 7.5) added an equal
volume of ice-cold 5M lithium chloride and left on ice to precipitate
RNA and proteins. After 1 hour the sample was centrifuged (3 ,2 0 0
rpm, 15 minutes, 4 ^ 0 , the supernatent precipitated on ice with 2
volumes ethanol for 1 5 minutes, washed with 70% ethanol, dried and
resuspended in lOmM Tris (pH 7.5). Ribonuclease A (preheated to
70°C for 10 minutes to inactivate any DNAse activity present) was
then added to a final concentration of 250^ig/ml and incubated at
37°C for 15 minutes, SDS was then added to a final concentration of
0.5% and incubated at 70°C for 10 minutes. The samples were then
extracted twice with phenol, twice with phenol/chloroform, once
with chloroform (containing 4% iso-amyl alcohol), once with
d iethyl-ether

(w ater

saturated), heated

to

5 0 °C

to facilitate

removal of ether by evaporation and precipitated with 1 /1 0 volume
sodium acetate (3M, pH5.4) and 2 volumes ethanol, without chilling
for 15 minutes. The DNA was then centrifuged (1 4 ,0 0 0 rpm, 10
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minutes), resuspended in TE containing ZO^g/ml RNase and DNA
concentration determined by agarose gel electrophoresis and UV
spectroscopy.
c)

Large scale: anion-exchange column

This method has been used for preparation of DNA for subsequent
cloning manipulations, production of RNA and transfections of DNA
by lipofection and electroporation into mammalian cells.
An overnight culture (2 5 0 m l) in terrific broth was
centrifuged (3 ,2 0 0 rpm, 20 minutes), bacterial pellet resuspended in
10ml buffer PI (lOO^ig/ml RNase A, 50mM Tris.Cl, lOmM EDTA,
pHB.O), 10ml buffer P2 (200mM NaOH, 1% SDS) added, gently mixed
and incubated at room temperature.

After 5 minutes, 10ml of buffer

P3 was added and mixed immediately, but gently, centrifuged (3 ,2 0 0
rpm, 30 minutes) and particle-free clear (non-turbid) lysate loaded
onto the pre-equilibrated (10m l buffer QBT; 750mM NaCI, SOmM
MOPS, 15% ethanol, 0.15% Triton X-100, pH 7 .0 ) anion-exchange
column (Qiagen-tip 500, Qiagen Inc. USA), washed with 30ml buffer
QC (IM NaCI, 50mM MOPS, 15% ethanol, pH7.0) and eluted in 15ml
buffer QF (1.25M NaCI, 50mM MOPS, 15% ethanol, pH8.2). The eluted
DNA was precipitated with 0.7 volumes of isopropanol at room
temperature, washed in 70% ethanol and resuspended in TE.
2 .9 .
a)

DNA manipulation
Restriction

Endonuclease digestion of DNA

Digestion
instructions.
React

1-4

of

DNA

was

performed

as

m anufacturer's

Digestions with 2 or more enzymes were performed in
buffers

(Gibco,

UK)

such

th a t

optimal

restriction

efficiencies were attained.
b)

G e n e ra tio n

of

b iu n t-e n d e d

fra g m e n ts

(fro m

S'

o v e rh a n g s )
DNA fragments generated by restriction digestions that
result in 5' overhangs were converted (by filling in) to blunt ends by
the use of DNA polymerase 1 (large [Klenow] fragment). The reaction
was carried out directly (in the same buffer) after restriction with
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the

addition of ISO^iM dNTP's and 1 unit/ng

reaction was
c)

carried out

G en eration

for 30 minutes at

of

b lu n t-e n d e d

DNAenzyme.

The

37°C.

fr a g m e n ts

(fro m

3*

o verhangs)
DNA fragments generated by restriction digestions that
result in 3' overhangs were converted (overhang removed by 3'-5*
exonuclease activity) to blunt ends by the use of T4 DNA polymerase.
The reaction was carried out directly (in the same buffer) after
restriction with the addition of 1 50pM dNTP's and 1 unit(per pg DNA)
T4 DNA polymerase. The reaction was carried out for 30 minutes at
1 2 °C (a t lower temperatures the 3 '-5 ' exonuclease activity is
countered by the 5'-3' polymerase activity, resulting in blunt-ends.
d) Dephosphorylation

of blunt-ended

DNA

The terminal 5' phosphates can be removed from NA by
treatm ent with Calf Intestinal Phosphatase (CIP).
DNA treated in
this way cannot seif-ligate and has therefore been used to reduce
religated vector background when transforming E. coli after
ligations.
DNA that has been digested, blunt-ended, purified by
phenol/chloroform, precipitated with ethanol and resuspended in
lOmM Tris.CI (pH8). Dephosphorylation was then performed in 50mM
Tris.CI (pH9), ImM MgClz, 0.1 mM ZnClz, ImM spermidine containing
0.01 units CIP per pmol of 5' ends of DNA, for 15 minutes at 37°C,
followed by 15 minutes at 56oC. A second aliquot (0.01 units) was
added and incubations at both temperatures repeated.
e)

Oligonucleotide

synthesis

Oligonucleotides were synthesised on a 'Cyclone Plus' DNA
synthesiser by Dr. W. Richardson. Solvent was removed from the
cassette by centrifugation.

The oligonucleotide was deprotected and

cleaved from the column by incubation in ammonia (approximately
35%, BDH) at 55°C for 16 hours. The cassette was placed on ice for
15 minutes to reduce the internal pressure developed. The ammonia
was removed from the cassette,

the cassette washed and all

ammonia pooled. The DNA was the precipitated using 1 /1 0th volume
sodium acetate (NaOAC) and 2.5 volumes ethanol, rinsed in 70%
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ethanol and resuspended in TE (50mM Tris.CI [pH7.6], lOmM EDTA).
The DNA concentration was determined by reading the absorbance at
260nm (1 O.D. unit = 34|ig/ml).
f)

Polymerase Chain Reaction (PCR)

Mix together lOng denatured (boiled for 5 minutes) plasmid
DNA,
(final concentration) of each oligonucleotide primer (at
least 18m ers), ZOO^iM dNTP's (dATP,dCTP, dTTP and dGTP), Tag
polymerase buffer and Tag polymerase enzyme (Promega).
The
reaction mixture is overlaid with an egual volume of paraffin in the
appropriate vessel (dependant on thermal cycler being used).
Typical

tem perature

cycles

chosen

for

the

PCR of

a

fragment from a plasmid, assuming the oligonucleotides were not
too degenerate, was as follows: a) Denature at 94°C for 1 minute, b)
Anneal at 52°C for 1 minute and c) Elongate at 72°C for 2 minutes.
This cycle was run 25 times in total and followed by an extra cycle
consisting of a 10 minute elongation step followed by refrigeration
at 4°C. The paraffin was removed by extraction with chloroform and
DNA purified by extraction with phenol/chloroform (once),
chloroform (once), precipitated with 2 volumes of ethanol, rinsed in
70% ethanol and resuspended in TE.

g)

Ligation of blunt-ended DNA fragments
Vector (approximately 10 fmol) and insert DNA were mixed

in a molar ratio of 1:1 to 1:10 in SOmM Tris.CI (pH7.6), lOmM MgClz,
5% (w /v ) polyethylene glycol 8000, Im M DTT containing 1 unit T4
DNA ligase and incubated at 26°C for 4 hours.
h)

E. coli transform ations
To

produce

(b y

com petent

electro p o ratio n )
bacteria

a

10ml

culture

was

inoculated, grown overnight in LB broth (1% bacto-tryptone, 0.5%
yeast extract and 1% NaCI), used to inoculate 1 litre of LB broth and
grown to logarithmic phase ( O . D 6 Q Q = 0 . 6 ) .
The culture was then
chilled on ice, centrifuged (3, 2 0 0 rpm, 4°C, 30 minutes), washed in
1 litre, 500m l and finally 20ml ice-cold sterile distilled water and
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resuspended in 2.5m l ice-cold 10% glycerol.
These competent
bacteria (90 p l aliquots) were Jsnap-frozen' in liquid nitrogen and
stored under liquid nitrogen until required. Immediately prior to use
the bacteria were thawed on ice and 40|il mixed with the DNA to be
transformed (typically Ip l). The mixture was then transferred to a
0.2cm electroporation cuvette and electroporated at 2.5Kv, 200
ohms, 25pF (BioRad electroporator) by depressing both pulse buttons
until electroporation is com plete (indicated by a 'b leep ').
Immediately after electroporation 1 ml of LB broth (pre-warmed to
3 7 0 C) was added and cultured at 37°C for 1 hour (to allow expression
of the antibiotic resistance gene prior to selection) before plating
dilutions of the culture onto selective plates (LB broth containing
15% agar and 100|ig/m l ampicillin) and overnight incubation (agar
facing downwards) at 37°C.
i)

Colony

hybridisation

This method employed the use of enhanced chemiluminescence
random prime labelling (RPN3030 , Amersham, UK).
Colony lifts were obtained using Hybond N+ filters (RPN82B,
Amersham, UK) with orientation markers for later alignment.
Filters (colony side up) were placed on 2 sheets of 3MM paper,
saturated with 0.5M NaOH for 5 minutes to denature the DNA,
followed by 3 washes (1 minute, 100ml per filter) in 5X SSC ( IX
SSC;150mM NaCI, 15mM sodium citrate [pH 7.0]) and filters air dried.
The filters were then pre-hybridised at GO°C for 30 minutes in 5X
SSC, 0.5% ECL blocking agent, 0.1% SDS, 5% dextran sulphate and
lOOmg/ml herring sperm DNA (denatured and sheared).

The probe

(50ng DNA denatured by boiling for 5 minutes, chilled on ice,
nucleotides [including fluorescein labelled dUTP], nonamer primers
and 'Klenow' [4 units] added [ as directed by the manufacturer
{Amersham}] and incubated for at least 1 hour at 37°C followed by
dénaturation by boiling prior to hybridisation) was then added and
the incubation continued for another 2 hours.

The filters were

rinsed, then washed 3 times (0.1 X SSC, 0.1% SDS, 20 minutes) at
60°C, rinsed a further 3 times (lOOmM Tris.CI [pH7.5], 150mM NaCI)
at room temperature, blocked (lOOmM Tris.CI [pH7.5], 1 50mM NaCI,
0.5% blocking agent) for 30 minutes, and rinsed 3 times (lOOmM
Tris.CI

[p H 7 .5 ],

1 50mM

NaCI).

Anti-fluorescein-HRP

( 1 /2 0 0 0

dilution in lOOmM Tris.CI [pH7.5], 150mM NaCI, 0.5% BSA) was added
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and incubated, with agitation, for 1 hour at room temperature
followed by 2X 10 minute and _2X 5 minute washes (lOOmM Tris.CI
[pH7.5], 1 SOmM NaCI, 0.1% Tween 20 ) and stored in lOOmM Tris.CI
[pH7.5], 1 SOmM NaCI.
the

filters

(drained

Antibody detection was achieved by placing
on

3MM

paper)

in ECL detection

solution

(solutions 1 and 2 freshly mixed in equal proportions) for 1 minute.
The filters were then rapidly drained placed on saranwrap and
exposed to ECL hyperfilm (RPN210 3 ,Amersham, UK) for 5 -6 0
minutes.
2 .1 0 .
a)

Expression
Stable

transfection

of

mammalian

cells

by lipofection

The day previous to transfection cells were plated onto
10cm plates to achieve approximately 75% confluency with minimal
cell-cell contact. On the day of transfection lO^g DNA was diluted
to 250|il in Opti-Mem (Gibco, UK), lOO^il lipofectin (Gibco, UK) was
diluted to 250^1 in Opti-Mem (using polystyrene test tubes as
lipofectin adheres to certain types of plastic and glass), then mixed
and complex allowed to form at room temperature for a few minutes.
The DNA/lipofectin complex was then pipetted onto the cells (pre
washed with Opti-Mem to remove traces of serum), incubated at
3 7 0 c for 20 minutes followed by the addition of 2ml serum-free
□MEM and the incubation continued for another 5 hours. DMEM was
then added to 10ml and cells cultured for 1 (H.Ep.2 or MOCK cells) to
3 (CaCo2 cells) days. The cells were then trypsinised and plated
into 6X 96 well plates in the presence of selective agent (0.5m g/m l
G418 for H.Ep.2 or MDCK cells or 1 mg/ml for CaCo2 cells).
b)

Transfection

of

mammalian cells

by electroporation

The day previous to transfection cells were plated onto
10cm plates to achieve approximately 75% confluency with minimal
cell-cell contact. On the day of transfection 1 O^ig DNA was added to
cells that had been trypsinised, washed (DMEM/10%FCS followed by
20mM Hepes[pH7.05], 137mM NaCI, 5mM Na2 HP0 4 , 6mM D-glucose)
and resuspended in 250^1 (20mM Hepes[pH7.05], 137mM NaCI, 5mM
Na 2 HP0 4 , 6mM D-glucose). The DNA/cell mix was electroporated in
0.4cm electroporation cuvettes (300V,125^iF, infinity ohms [COS
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cells]

or

260V,

250^iF,

infinity

ohms

[MDCK

cells]).

The

electroporated cells were then-plated onto a 10cm (or equivalent)
plate. A fter 1-3 days cells were either assayed for expression or
plated in selective media for the production of stable lines (see
lipofection protocol).
c)

Preparation of mRNA in vitro
Plasmid

u ltim a te ly

DNA

(l^ ig

expressed)

phenol/chloroform ( X I) ,

was

of

pSFVl
cut

containing

w ith

S pel

cDNA
to

to

be

linearise,

then ether (X 2) extracted and ethanol

precipitated in the presence of 1 /1 0 volume NaOAc (3M, pHG.O). The
DNA was resuspended in DEPC water (0.1% diethylpyrocarbonate in
water, left at room temperature for several hours and autoclaved to
inactivate prior to use) to inactivate ribonuclease activity and
incubated in transcription solution (40mM Hepes-KOH [pH7.4], 6mM
MgOAc, 2mM spermidine, lOO^ig/ml BSA [C a t.2 7 -8 9 1 4, Pharmacia],
5mM DTT [D 9779, Sigma], Im M m 7G (5')ppp(5')G [Cat. 1404, NE
Biolabs], Im M ATP, ImM CTP, O.SmM GTP, Im M UTP [C at.27-2056,
2 7 -2 0 6 6 , 2 7 -2 0 7 6 and 2 7 -2 0 8 6 , respectively, Pharmacia], 50 units
RNasin and 30 units SP6 RNA polymerase [C at.27-0808-01 ]) for 1
hour at 37°C .
An aliquot was electrophoresed on low gelling
tem perature agarose (u ltra-p ure) to confirm successful RNA
production. The RNA was stored at -70°C until required.
d)

Transfection of BHK cells with RNA by electroporation
The day previous to transfection cells were plated onto

10cm plates to achieve approximately 75% confluency with minimal
cell-cell contact.
On the day of transfection the cells were
trypsinised, washed in BHK medium (cells were stored at this point
for up to 3 days) then in 20mM Hepes[pH7.05], 137mM NaCI, 5mM
N a 2 H P Ü 4 , 6mM D-glucose and resuspended in 1.0ml of 20mM
Hepes[pH7.05], 137mM NaCI, 5mM Na2 HP0 4 , 6mM D-glucose. The
cells (0 .5 m l) were placed in a 0.2cm cu vette, lOpJ RNA
(approximately lO ^g) added and well mixed before electroporating
twice at 1.5KV, 25|iF, infinity ohms. The electroporated cells were
then plated onto a 10cm plate and assayed for expression the next
day.
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e)

In vivo packaging of recom binant RNA into SFV particles

RNA was transcribed from the recombinant and helper
plasmids, mixed in equal amounts and electroporated into BHK cells.
The cells were then incubated for 36 hours at 37oC, 5% C02, after
which the medium was collected and clarified by centrifugation
(1 0 0 0 rpm, 5 minutes). The medium was then centrifuged through
50% glycerol, SOmM Tris.CI (pH7.4), lOOmM NaCI to pellet the virus
(3 0 ,0 0 0 rpm for 90 minutes at 4°C in a SW40 rotor). The virus was
resuspended in SOmM Tris.CI (pH7.4), lOOmM NaCI, O.SmM EDTA on
ice overnight, aliquoted and stored at -70°C .

The viral titre was

determined by immunofluorescence on BHK cells.
2 .1 1 .
a)

Enzyme analysis

HRP detection in cell extracts and medium

Medium was removed from cells expressing HRP and
clarified (centrifugation at 3 ,0 0 0 rpm, 10 minutes). The cells were
rinsed in lOOmM Tris.CI (pH7), blown/scraped into Tris.CI (pH2.S),
freeze/thaw ed 3 times, centrifuged (1 4 ,0 0 0 rpm, S minutes) to
remove nuclei and cell debris and supernatent collected for analysis.
To 980|il sample, 10|il 0-phenylene diamine (10% In methanol) and
1 O^il 20% H2 O 2 was added, incubated (in the dark) at 37°C for 30
minutes, and the OD4 5 0 was measured after stopping the reaction
with 1ml IM H2 SO4 .
b)

fixed

HRP detection (in situ)

in mammalian cells

Cells expressing HRP were rinsed in SOmM Tris.CI (pH6) and
for either light (3 0 minutes in PBS containing 3%

paraformaldehyde)

or

EM (3 0

minutes

in

PBS containing

2%

paraformaldehyde and 2.5% gluteraldehyde). The cells were then
washed in SOmM Tris.CI (pH6) and incubated (SOmM Tris.CI [pH6]
containing 0.1 5% diaminobenzidine (DAB), 0.02% H2 O 2 and 0.1 M
imidazole) for 1 hour (in the dark) at 37°C. The cells were rinsed in
Tris.CI (pH6) and then 0.1 M sodium cacodylate and the reaction
product of HRP intensified (0.1 M sodium cacodylate containing 1%
OSO4 (reduced by the addition of 2% K4Fe[CN]e) for 2 minutes at room
temperature (LM) or 1 hour at 4°C (EM). The cells were then rinsed
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in 0.1 M sodium cacodylate and examined by LM or further processed
for EM.
c)

p-galactosidase

detection

in cell

extracts

and

medium

Medium was removed from cells expressing p-galactosldase
and clarified (centrifugation at 3,000 rpm, 10 minutes).

The cells

were rinsed in PBS, blown/scraped into water, freeze/thawed 3
times, centrifuged (1 4 ,0 0 0 rpm, 5 minutes) to remove nuclei and
cell debris and supernatent collected for analysis. To lOO^il sample
(medium or cell extract) 200^1 0.2M sodium phosphate (41ml 0.2M
Na2 HP0 4 . 2 H2 0 plus 9ml 0.2M NaH2 P0 4 .2 H2 0 )(pH 7.2), 4pl 0.1 M MgCl2
and 10O^il 4mg/ml 0-nitrophenyl p-D galactopyranoside (ONPG) was
added and incubated (in the dark) at 37°C for 30 minutes. The
reaction was stopped by the addition of 640^1 1M Na2 C0 3 and the
O D 4 2 0 was measured.
d)

p-galactosldase

d etec tio n

(In situ)

In mammalian cells

Cells expressing p-galactosidase were rinsed in PBS, fixed
(PBS containing 0.2% gluteraldehyde, 2mM MgCI2, 0.02% NP40 and
0.01% sodium deoxycholate), washed 3 times (PBS [pH7.2] containing
2mM MgCI2, 0.0 2% NP40 and 0.01 % sodium deoxycholate) and
incubated (PBS containing 2mM MgCI2, 0.02% NP40, 0.01% sodium
deoxycholate, 1 m g/m l X-gal (5-b ro m o -4 -c h lo ro -3 -in d o ly l-p -D galactoside), 5mM KgFeECNle and 5mM K4 Fe[CN] 6 ) for 1 hour (in the
dark) at 37^0. Cells were then rinsed in PBS and examined by LM. At
this stage cells could be fixed further (2.5% gluteraldehyde and 2%
paraformaldhyde in PBS) and processed for EM.
e)

Light Microscopy
Cells growing on tissue culture plastic or glass coverslips

were viewed on a Nikon phase contrast-2 microscope (Nikon,
Telford, UK) using 10X, 2 OX and 40X lenses (Nikon) and photographed
without the dish lid (increases resolution) with a fitted SLR camera.
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f)

Electron Microscopy (Perform ed by Adele Gibson)

Cells were rinsed in 0.1 M sodium cacodylate, incubated in
1 % 0 s 0 4 (in 0.1 M sodium cacodylate) for 1 hour at 4°C and again
rinsed in 0.1M sodium cacodylate.

The cells were then dehydrated in

70% ethanol ( 2 X 1 0 minutes), then in 90% ethanol ( 2 X 1 0 minutes)
and finally in absolute ethanol ( 2 X 1 0 minutes). Treatment ( 2 X 1 0
minutes) was then carried out with propylene oxide (miscible with
Epon), followed by treatm ent with an equal mixture of propylene
oxide and Epon 812 (3 0 minutes to overnight) and finally 100% Epon
( 2 X 2 hours).
The cell suspension in Epon was then heated to 60°C
(overnight) to allow polymerisation.
Sections (50nm thick) were
then cut on a Reichert-Jung ultramicrotome (Ultracut E) and stained
with Reynolds lead citrate (5 minutes).
photographed using a Phillips CM12
microscope.

Cells were viewed and
transmission electron
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Results & Discussion

as

Selection of expression vectors
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3.1 .

Abstract

Comparison of the relative promoter strengths of pRSV and
pSRa, was determined by examination of relative expression levels
of the genomic fragment of Kappa light chain, when placed under the
control of each of the promoters and transfected by lipofection into
CaCo2 cells. Under these stable expression conditions, the pSRa
vector produced a 1 5-fold higher expression level than pRSV, when
the total population of 6 4 1 s-resistant colonies were assayed.
Several CaCo2 cell lines were produced using pSRa, screened by
immunofluoresence and compared to the best cell line produced
using pRSV (cell line '1 .1 '), and an increased expression of 2 to 10fold was observed.
By analysis in COS cells, under transient and replicative
conditions, pSRa was shown to produce 7.4-fold higher expression
than pRSV. It therefore appears that the pSRa vector is between 2
to 1 5-fold better than pRSV, in terms of expression level. These
observed advantages of pSRa are produced by a stronger promoter as
well as containing the selective marker (G4 1 8 resistance) on the
same plasmid, circumventing the requirement of co-transfection.
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3 .2 .

introduction

The use of exogenous probes to map the exocytic transport
pathways in animal cells requires a vector system capable of
synthesising exogenous proteins, from its own promoter, to levels
sufficient for both biochemical and morphological detection. High
levels of probe expression within the transport pathway would
increase the probability of its d etec tio n within all the
compartments of the pathway. The aim of this work was therefore
to determine which vectors would give the highest expression of
protein in the cells lines being studied.
However, before a
comparison of vectors could be made, the optimal method of
transfection was needed. As CaCo2 cells were the intended system
of choice, optimisation of transfection conditions for these cells
were determined.
The transfection methodologies examined in
CaCoZ cells were calcium phosphate precipitation (Chen 19 87 ) and
lipofection (Feigner 1987, Chang 19 8 8 ). Both methods rely on the
formation of aggregates between the carrier molecules (calcium
phosphate or lipofectin) and the DNA.
Calcium phosphate
precipitates settle on the cells and are subsequently endocytosed.
The lipofectin aggregates, on the other hand, are capable of fusing
with the plasma membrane, delivering the DNA directly into the
cytoplasm. Delivery of DNA from the endosomes or the cytosol to
the nucleus, neccessary for transcription and integration into the
genome, occurs by an unknown mechanism.
3 .3 .
c e lls

O ptim isation

of

tra n s fe c tio n

frequencies

fo r

CaCoZ

Stable CaCoZ cell lines were originally produced by
transfection using calcium phosphate precipitation (Chen 1 9 8 7 ).
This

method

was

found

to

produce

very

low

transfection with typically only 1 in 10^ to 10^

frequencies

of

cells forming

resistant colonies.
Improved transfection frequencies could be
achieved by the use of other techniques reported to be very
efficient, such as lipofection or electroporation. Thus the efficacy
of lipofection (Feigner 1987, Chang 1 9 8 8 ) on CaCoZ cells was
examined and found to be very efficient, producing 1 in 103 to 10^
cells forming resistant colonies.
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Lipofection, therefore, produced a 10 0-fo ld increase in
transfection frequency over calcium phosphate precipitation.
In
addition a 10-fold reduction in the quantity of DNA required was
permitted.

Lipofection was found to be a very simple method,

reported to cause little, if any, trauma to the cells.

As lipofection

was so efficient, there was no need to optimise and compare
transfection of CaCoZ by electroporation (Chu 1987).
3 .4 .

The pRSV and pSRa v e c to rs
The commonly used vector, pRSV, utilises a Rous Sarcoma

virus (RSV) long terminal repeat as a promoter for expression of
cloned DNA in animal cells (Gorman 1 9 8 2 ) and is reported to
produce approximately 5-fold higher expression levels than the use
of the SV40 early promoter in pSV2. A new plasmid vector, pSRa,
(figure 7), constructed by DNAX and consisting of the fusion of the
R-U5' segment of the HTLV1 promoter to the 3' end of the SV40 early
promoter is reported to produce very high expression levels in
animal cells (Takebe 1988). The stimulation of expression observed
in pSRa does not occur via an enhancer-like element for replication,
it appears to enhance transcription initiation, but not transcript
stability. There may also be a translational effect as the increased
number of transcripts at steady-state (4-fold increase over SV40 Pe
alone) does not completely explain the levels of protein produced
(100-fold increase over SV40 Re alone).
Therefore, the relative efficiencies of pRSV and pSR aw ere
compared by transient and stable transfection of CaCoZ cells by
lip o fectio n

and

electoporation.

tra n s ien t

tra n s fec tio n

of

COS

cells

by
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BvnHI

SV40
pSRa
5700bp

Figure 7.

polyA

pSRa. This plasmid has been constructed (DNAX Research Institute of

Molecular and Cellular Biology, Japan) by the fusion of the HTLV1 promoter with the
SV40 early promoter (Takebe 1988).

This plasmid has an origin of replication (ori)

for both pBR322 and SV40 allowing propagation in E. coli as well as replication in
mammalian cells transformed with the large T antigen from SV40 (ie, C0S7 cells).
Genes for antibiotic resistance, allowing selection in E. coli

(ampicillin [amp]) or

stably transfected mammalian cell lines (G418 [neo]) are present. The SV40 poly A
site provides a site for polyadenylation of transcribed RNA if the cDNA lacks its own.
The cloning sites; Xhol and BamHI can be used for the introduction of cDNAs into this
plasmid.

3 .5 .

Comparison of vectors in CaCoZ cells

Direct comparison of these vectors was carried out by
quantifying the relative expression from the same genomic fragment
encoding Kappa light chain (KLC). The cloning of DNA encoding KLC
into both vectors to produce pRSVAS' MPC-11 and pSRaAS' MPC-11
are shown in figures 8 and 9, respectively. The pRSVAS' MPC-11
vector does not contain a selective gene and so all transfections
with this vector were carried out in the presence of pSV2.neo, which
encodes G4 1 8 -resistance. The pRSVAS' MPC-11 vector encodes its
own G4 i 8 -resistance gene and does not require co-transfection.
These vectors were transfected by lipofection into CaCoZ cells and
transient KLC expression was analysed between 3-6 days in nonselective medium (table 6 ).
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amp
/

RSV LTR

pRSV A S MPCI I
9375bp

J3

Figure 8 .

pRSVA 5 'MPC1 1 .

This plasmid was constructed (Matsuuchi

1988) by ligating a BamHI genomic fragment of MPC11 (Kappa light chain) into the
BamHI

site of pRSV.BamHI.

The resulting plasmid was then digested with

BamHI/Pvul 1, blunt-ended with 'Klenow' and religated (BamHI site is regenerated) to
remove 5' non-coding sequences.

AMP
J2
5Y40OM
J3
pSRtx A 5 MPCI I
5700bp

J4

SV40
polyA
BamHI

Figure 9.

pSRa.A5*MPCl 1 . This plasmid was constructed by removing the

genomic fragment of MPC1 1 (BamHI fragment) from pRSV.AS'MPCI 1. This fragment
was cloned into the BamHI site of pSRa (cohesive-end ligation).

It was found that pRSVAS' MPC-11 produced 1.7-fold more KLC
than pSRaAS' MPC-11 (table 6) under these non-selective, transient
conditions. After two weeks selection in G4 1 8 , it was found that the
percentage KLC expression, compared to total protein synthesised
increased for both vectors. However, examination of this increase
revealed that this was much greater for pSRaAS' MPC-11 (2 8 1 -fold)
than for pRSVAS' MPC-11 (1 1 -fold) (table 6).
The reduced enrichment observed for pRSV (only 11-fold
increase) may result from its failure to integrate into the genome or
a weaker promoter strength.
However, the increased number of
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stable transfectants produced by pSRaAS' MPC-11 can be explained
by the 8.3-fold more neomycin gene used (table 6). Therefore, both
plasmids can integrate equally efficiently. A comparison of the %
KLC expression afte r selection reveals th a t pSRaAS' MPC-11
produces a 15-fold

(1 2 5 /8 .5 ) increase over pRSVA5' MPC-11.

It is

possible that this result is affected by the amount of neomycin gene
present. However, in the 'worse case' scenario, if it is assumed that
this effect is linear, then pSRaA5' MPC-11 still produces a 1.8-fold
(1 2 5 /7 0 .5 ) increased expression over pRSVA5' MPC-11. Therefore,
the promoter in pSRaA5' MPC-11 is at least 1.8-fold more efficient
than th at in pRSVA5' MPC-11 (all else being equal). However, the
direct comparison between the two vectors remains the important
issue and in this respect, pSRaA5' MPC-11 produces a 15-fold
( 1 2 5 /8 .5 ) increase in expression of KLC and a 6.2-fold increase
( 8 8 /1 4 ) in transfection frequency, when compared to pRSVA5' MPC11 on an equal molar basis.
Upon subsequent production of stable CaCo2 cell lines with
pSRaA5' MPC-11 an approximately 2-fold increase in KLC expression
was found when compared to the highest KLC expressing cell line
generated using pRSVA5' MPC-11 (results not shown).
3 .6 .

Comparison of vectors in COS cells
It is clear from the above results th at pSRaA5'

M PC-11

produces the highest average stable expression and transfection
frequency (per microgram expression vector). To further confirm
the

relative

prom oter

strengths

of

these

two

vectors,

the

comparison was repeated in the transient, replicative system of COS
cells.
Plasmids containing the SV40 origin of replication, which
includes pRSV and pSRa, are capable of replication in the presence
of the SV40 large T antigen.

This SV40 large T antigen exhibits

transforming capabilities and has been transfected into COS cells to
produce transformed, permanent COS cell lines expressing the SV40
large T antigen.
COS cells were transfected by electroporation (Chu 1987) with
either vector and analysed after two days. It was apparent that KLC
expression from the pSRaA5' MPC-11 was 7.4-fold higher than that
obtained from pRSVA5' MPC-11 (table 7). Together, all these results
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indicate that pSRaAS' MPC-11 produces between 2 and 15-fold
higher expression levels than pRSVAS' MPC-11. The plasmid pSRa,
was therefore chosen for all future production of stable cell lines.

pRSVAS' M P C - 1 1
% KLC

pSRaAS' M P C - 1 1

(x1 0 - 3 )

no selection

0.8

0.46

8.5

125

11

281

transfectants (T)

14

88

Expected % KLC
( x 1 Q - 3 ) selection
per 1 0pg neo gene

70.5

125

Expected No. of
transfectants per
1 0pg neo gene

116

88

% KLC ( x l O - 3 )

selection
Enrichment by
selection
Actual No. of

Table 6.

V ecto r comparison in CaCoZ cells.

The cells (6cm dishes)

were transfected (lipofection) with lOpg pRSVAS' MPC-11 and l.Zpg pSVZ.neo or 10
pg pSRoAS' MPC-11 alone. Three days post-transfection, the cells were passaged into
3x 3.5cm dishes, each containing 2.7 x 10^ cells. When confluent (3 days) one dish was
analysed for KLC expression (no selection) and another subjected to selection with
1 m g/ml

6413

for 2 weeks prior to analysis.

KLC expression was determined by

immunoprécipitation from 35s-methionine-labelled cells, separated by PAGE, detected
by autoradiography, KLC bands excised and counted in a scintillation counter.

The

percentage KLC expression represents KLC as a percentage of total TCA precipitable,
labelled protein.

The cells from the last dish were plated into 96-well plates and

selected in 1 mg/ml G418 for 4 weeks, when the number of resistant colonies
(transfectants) was determined. The expected values have been calculated assuming the
presence of 1Opg neomycin gene-containing vector.
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% KLC (x10-3)
pRSVA5' MPC-11

0.12

pSRaA5' MPC-11

0.92

Table 7.

V ecto r comparison in COS cells.

COS cells were transfected

with 1O^ig vector DNA without co-transfection of pSV2 neo. The next day the cells were
labelled (overnight with ^Sg-methionine) and KLC expression was analysed by
immunoprécipitation, separation by SDS-PAGE, and then autoradiography. KLC bands
were excised and counted in a scintillation counter.

The KLC expression was then

calculated as a percentage of total TCA precipitable, 3 Sg-methionine-labelled protein.

3 .7 .

Discussion

These results suggest that lipofection might be the optimal
method for transfection of CaCoZ cells, as it produces a
transfection frequency of approximately 1 in 5 x 1 0 3 cells. However,
we did not analyse the efficiency of electroporation, which may be
more efficient, as lipofection could already generate more cell lines
than required.
It is generally accepted that pRSV produces up to 20-fold
higher expression than pSV2 in a variety of cell types. Therefore, a
comparison was made of the pRSV to a new plasmid, pSRa, using KLC
expression as the marker.

Lipofection of CaCoZ cells with each

plasmid revealed th a t for some unknown reason, transient
expression was higher (1.7-fo ld) using the pRSV.
However, after
selection, pSRa produced a 1 5-fold higher expression, calculated as
percentage

to tal

protein

present

in the

entire

population

of

resistant colonies.
The actual number of transfectants revealed only a 6.3-fold
increase for pSRa. This increase could be explained by the fact that
selection of pRSV requires co-transfection with pSV2 neo, in such a
ratio

(8 :1 )

th a t

most

resistant

colonies

would

express

KLC.

Comparison of transfection frequency, expressed per microgram
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selective DNA were similar (pRSV 1.3-fold higher than pSRa).
These measurements were not direct measures of relative
promoter strengths, as many of the resistant colonies for pRSV may
not contain the DNA for KLC. A more direct measure was made by
the comparison of the highest KLC expressing CaCoZ cell line (1 .1 ),
generated by expression from pRSV, with a random unscreened
selection of resistant colonies generated by transfection with pSRa.
A 2 to 5-fold increase in KLC expression was observed for some cell
lines generated from pSRa. These results were also confirmed by
examining transient expression in COS cells, where a 7.4-fold
increased expression was observed for pSRa. Therefore, all further
expression studies were carried out with pSRa, with CaCoZ cells
transfected by lipofection.

Microperoxidase
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4 .1 .

A b stract

The DNA encoding the undecapeptide of microperoxidase was
synthesised in vitro and cloned in-frame at the carboxy-terminus of
the cDNA encoding lysozyme.
This fusion protein was stably
expressed in CaCoZ cells and subsequently at very high levels in COS
cells,
as
determ in ed
by both
im m unofluorescence
and
immunoprécipitation.
Despite this high level expression, no
peroxidase activity could be detected in either CaCoZ or COS cells.
It is assumed that the lysozyme-microperoxidase fusion protein is
unable to bind haeme and is subsequently inactive.
4 .2 .

Introduction

Microperoxidase can exist in two forms, each haemepeptide being approximately 20 Angstroms in diameter. The two
forms, haeme-undecapeptide (M w t= 1 9 0 0 ) and haeme-octapeptide
(M w t= l 5 5 0 ), can be derived from cytochrome c by enzymatic
digestion with pepsin or trypsin respectively (figure 10). The haeme
peptides derived from cytochrome c contain the haeme group and are
fully active peptides differing only in their pH optima (haemeoctapeptide [pH 7 .0 -7 .2 ] and haeme-undecapeptide [pH 8 .6 -9 .0 ])
which are a consequence of the number of basic residues carried.
The principle of this work was to generate microperoxidase as
a sensitive enzymatic probe for the exocytic pathway of animal
cells. The microperoxidase haeme-peptides have proved extremely
useful in transport studies across endothelial cells by quantitative
analysis as well as EM ( Simionescu 1 9 7 5 ) and therefore represent
very attractive probes for the study of the exocytic pathway in
animal cells. Microperoxidase offers a unique opportunity to use a
very small enzymatic probe for the production of chimaeras.

The use

of an enzyme tag consisting of only a few amino acids would be
extremely versatile in that it may be fused to other proteins in many
different contexts, such as on secretory proteins, the cytoplasmic or
lumenal domains of transmembrane proteins, or within cleavable
domains.
Its small size would limit the possibility of its
possession of any unknown signals for transport, processing or
interactions and would be much less problematical in the correct
folding of fusion proteins.
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PEPSIN
TRYPSIN

fheYvaUGlnYLysYCysYAIaYGlnYCysYHisYThrYvaUGluTLys

Met
80
yr) 48

Trp) 59

Figure

10.

Structure of m icroperoxidase.

This diagram shows

the sites at which the polypeptide chain of the cytochrome c molecule is split by
treatment with either pepsin or trypsin.

Pepsin cleavage yields an undecapeptide

and trypsin cleavage yields an octapeptide.

In both cases the haeme is covalently

bond to the peptide chain by thio-ether bridges to the cysteinyl residues 14 and
17, as well as by a coordination bound between the Fe atom and the imidazole
nitrogen of His. The bond of Fe to Met 80 as well as the hydrogen bonds to Tyr 48
and Trp 59 are broken. The conformations of these molecules are unknown. Two
basic residues (Lys and His) in the undecapeptide chain versus one (His) in the
octapeptide chain introduces a difference in their pH optimum (pH 8.6-9.0 and 7.07.2 respectively). Figure adapted from Simionescu (1 9 7 5 ).

In this figure, and the original paper (Simionescu, 1975), the
trypsin cleavage site at position 21-22 is depicted as being Nterminal to the lysine residue.
In fact trypsin only catalyses the
hydrolysis of peptide bonds whose carbonyl function is donated by
either a lysine or arginine residue. Trypsin should therefore cleave
C-terminal to the lysine residue at position 22.
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4 .3 .

Synthesis of microperoxidase encoding DNA

Two oligonucleotides (representing both strands of DNA) were
synthesised to encode the haeme-undecapeptide (figure 11 ), chosen
in preference to the haeme-octapeptide due to its superior ability to
be cross-linked to other proteins by aldehyde fixatives (Simionescu
1 9 7 5 ) and is thus more securely tethered during localisation
experiments.
The oligonucleotides were synthesised such th at
unique restriction sites (BamHI, Xhol and Hindi 11)

were generated

just after the stop codon, following the coding sequence for the
haeme-undecapeptide microperoxidase (figure 1 1 ).
The DNA
encoding the microperoxidase (dsDNA) was produced by mixing the
two oligonucleotides in equal amounts (approximately 1 5^g), heated
to 100°C for 5 minutes and allowed to cool slowly to 37oC.

Val Gin Lys Cys Ala Gin Cys His Thr Val Glu STOP
5 - gg GTC CAG AAG TCG GCT CAG TGC CAT ACG GTA GAG TAG
gatcctcgagaagctt
BamH 1

3’

Hind 1 1 1

Xhol
Figure 11.

Microperoxidase sequence. The sequence of the top strand

is shown. Two bases are placed upstream of the microperoxidase coding sequence so the
resulting lysozyme-microperoxidase chimaera will be in frame.

Restriction sites for

BamHI, Xhol and Hind 111 were positioned downstream of the microperoxidase to
facilitate subsequent mapping of orientation. The 2 oligonucleotides required for the
synthesis of the microperoxidase were provided by Eli Lilly.
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4 .4 .

Production

of

lysozym e-m icroperoxidase

fusion

To facilitate entry into the the biosynthetic pathway, the
microperoxidase requires a signal sequence. However, due to the
size of the microperoxidase, its fusion to a signal sequence (such as
from the hGH) would produce a polypeptide of between 41 -4 4 amino
acids (figure 19). A polypeptide of this size would be inefficient in
entering the lumen of the ER, as it may be released from the
ribosome before translocation is assured (Ibrahimi 1 9 8 6 ). A fusion
protein was therefore produced with chick lysozyme, a secretory
protein.
The microperoxidase was blunt-end ligated into the Nael site
at the C-terminus of lysozyme (figure 12) in pTKZ.Iys, transformed
into E. coli and colonies screened by colony hybridisation and
restriction digestion (results not shown).
The resulting plasmid,
pTKZ.Iys.^iPO (figure 13), was used to transfect CaCo2 cells by
lipofection.
cells.

As a control pTKZ.Iys was also transfected into CaCo2

Immunoprécipitation of the lysozyme-microperoxidase fusion
protein (figure 15) revealed that an increase in size from 14.3Kd to
approximately 16Kd, as predicted by the 10.7% increase in number of
amino acids present. In addition to the presence of the chimaeric
molecule, another protein, migrating at the molecular weight for
lysozyme, was present (figure 15 ).
This protein presumably
represents native lysozyme liberated by proteolytic cleavage or
premature termination of translation.
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LVSOZVME
arg gly cys arg leu stop
•AGA GGC TGC CGG CTG TGA

Nae 1
M /
AGA GGC TGC C

MICROPEROXIDASE
val gin lys
GG GTC CAG AAG •••

arg gly cys arg val gin lys
AGA GGC TGC CGG GTC CAG AAG

Figure 12. Sequence of th e fusion point o f the lysozym emicroperoxidase chimaera. The microperoxidase was cloned into the Nael
site of lysozyme. The microperoxidase sequence was designed so that the arginine (arg)
from lysozyme would be regenerated upon ligation to the microperoxidase and therefore
only the last amino acid from lysozyme is missing.
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PBR322 on

TK2
Pvul I

Hindi I 1

Figure 13.

pTK2.LYS.|iP0.

1984) from pSV2

Hindi 11

The pTKZ.LYS plasmid was constructed (Krieg

by the replacement of the SV40 early promoter (Pvul 1/Hindi 11

fragment) with the promoter for the Thymidine Kinase of H erp es
(Pvul 1/Hindi 1 1).

Sim plex

Into this plasmid (Hindi 11 site) was cloned the cDNA for chick

lysozyme, as a Hindi 11 fragment.

The pTK2.LYS.pP0 plasmid was constructed by

cloning the nucleotide sequence (synthesised as two 54mer oligonucleotides) of the
undecapeptide form of microperoxidase into the Nael site of the lysozyme cDNA by
blunt-end ligation, to produce an in-frame chimaeric lysozyme-microperoxidase
molecule.

,Xhol

jiPO

SV40poly

Figure 14.

pSRa.lyS.ppo.

This construct was produced by the removal of

lysozyme-microperoxidase chimaera (Hindi 11 fragment with S' overhang filled in by
'Klenow') from pTK2.lys.ppo (figure 13) and cloned into the BamHl site (precleaved
and S' overhangs filled in by 'Klenow' of pSRa (figure 7).
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Lysozymemicroperoxidase

Lysozyme
only

16Kd

14.3Kd

F ig u re
15.
microperoxidase

im m u n o p ré c ip ita tio n
of
ly s o z y m e in CaCoZ cells.
immunoprécipitation of lysozyme-

microperoxidase from the medium of CaCo2 cells stably transfected by llpofectlon with
pTKZ.Iys.^iPO. CaCo2 cells In 6cm dishes were labelled overnight with lOO^iCI 35$methlonlne and Immunopreclpltated with 3^il anti-lysozyme antibody (D. Cutler). As a
control,

CaCo2

cells

transfected

with

lysozyme

(pTK2.lys)

were

also

Immunopreclpltated. Both the lysozyme and the lysozyme-microperoxidase migrated at
the predicted molecular weights of 14.3 and 1 6Kd respectively.

Despite the chimaeric protein having the expected molecular
weight, all CaCoZ cell lines lacked detectable peroxidase in both the
cells and medium.
Higher expression levels may be required for
detectable enzyme activity.
To increase expression levels, the
lysozym e-m icroperoxidase
chimaera
was
removed
from
pTK2.LYS.pP0 (figure 13) by Hind III digestion, and the 5’ overhangs
filled in with ’Klenow'. This was blunt-end ligated into pSRa (figure
7) which had been precleaved with Bam HI and its 5' overhangs filled
in with 'Klenow', ligated into E. coli and colonies screened by colony
hybridisation.
Positive colonies were further screened by
restriction digestion to determine orientation of the lysozymemicroperoxidase insert in the resulting pSRa.lys.pPO plasmid (figure
14) (results not shown) and the appropriate colony used for a large
scale production of DNA.
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WI

uEfl

30Kd

16Kd
l 4 3Kd

Figure
1 6 . Im m u n o p r é c ip ita tio n
of
ly s o z y m e microperoxidase in COS cells.
immunoprécipitation of lysozymemicroperoxidase from the medium of COS cells transiently expressing the chimaeric
molecule, 3 days post-electroporation.

COS cells (10cm dishes) were labelled

overnight with lOOpCi 35g_niethionine and immunoprecipitated with 3pl antilysozyme antibody (D. Cutler).

The COS cells were either mock-transfected or

transfected with pSRa.LYS.pPO (figure 14).

Transfection of the pSRa.lys.pPO construct

by electroporation,

into COS cells, in which the plasmid is able to replicate for up to
approximately three days (Gluzman 1981), resulted in an extremely
high expression level as determined by immunoprécipitation (figure
16) and immunofluorescence (figure 17). Immunoprécipitation from
the medium with anti-lysozyme antibodies again produced 2 bands,
representing native lysozyme and the chimaeric molecule, although
the amount of native lysozyme was much less than previously
observed in CaCoZ cells (figure 15). The immunofluorescence shows
diffuse vesicular staining at very high levels (fluorescence appears
white).
However, despite these high levels of expression no
peroxidase activity could be detected.
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rFig ure
17.
Immunofluorescence
of
lysozymemicroperoxidase In COS cells.
immunofluorescence of lysozymemicroperoxidase from COS cells transiently expressing the chimaeric molecule, 3 days
post-electroporation. COS cell expression was detected using an anti-lysozyme antibody
(1 /2 0 0 dilution, D.Cutler), followed by an FITC-labelled secondary antibody. A single
binucleate cell is shown with lysozyme-microperoxidase present throughout the cell but
excluded from the nuclei, no specific localisation can be seen due to the high expression
level.

Cells were viewed and photographed on a Zeiss microscope using a plan apo 100 X

1.32 oil immersion lens.

4.5.

Discussion

A chimaeric molecule of lysozyme and microperoxidase was
constructed which, although of the correct molecular weight, was
catalytically inactive. There are three possible explanations of the
observed inactivity of the microperoxidase, that haeme binding is
essential for peroxidase activity and either the microperoxidase
does not encounter haeme or it is incapable of binding the haeme in
the required configuration (if at all).
Later experiments with
horseradish peroxidase suggest that haeme is likely to be
encountered in the biosynthetic pathway of COS cells.
Another possibility, that the lysozyme-microperoxidase
chimaera is responsible for non-native folding of the
microperoxidase or its internal and inaccessible localisation within
the lysozyme moiety. Prediction of secondary structure revealed
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that microperoxidase could be hidden within a p-pleated sheet or an
a-helix (figure 18). These secondary structures (if they exist) are
predominantly determined by the microperoxidase sequence and may
therefore represent their native structure.

oc
p

i
i

Cys Arg Val Gin Lys Cys Ala Gin Cys His Thr Val Glu
B i
1
h h 1 i
1 h H
H
h 1 h
i
h i
H h b
h h b
h
H B
h 1

Figure 18.
Structural (secondary) prediction of lysozymemicroperoxidase chimaera. The fusion point is illustrated by the vertical
line. The structural prediction was determined by the method of Chou & Fasman (Chou &
Fasman 1974) for a-helices (a) and p-pleated sheets (P). Each amino acid has been
analysed for its propensity to form or disrupt the structure and can be classified
accordingly: H= strong former, h= moderate former, 1= weak former, i= indifferent, b=
moderate breaker and B= strong breaker. It can be seen that potentials for both an ahelix (requires 4 /6 h or H) and a p-pleated sheet ( 3 /5 h or H) exist (underlined)
within the microperoxidase region.

Of the three possibilities, the most likely explanation is that
the three missing haeme binding groups present in cytochrome c
(figure 10) are essential for haeme binding and therefore activity.
If this is the case, then it may be possible, in future, to add the
required additional binding sites such that the appropriate haeme
binding pocket may be generated. This is, however, beyond the scope
of this research programme and for present purposes this probe is of
no immediate use.
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Chapter five

Beta-galactosidase
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5 .1 .

A bstract

B-galactosidase was found to be a suitable enzymatic probe
for the exocytic pathway, as determined by its detection within the
exocytic pathway by LM and secretion into the medium.

In addition,

endogenous activity was not significantly present in MDCK, H.Ep.2
and COS cells. The enzyme produces an insoluble and visible blue
reaction product as determined by LM and reputedly an electrondense reaction product by EM.
Access to the biosynthetic pathway was gained by the addition
of the signal sequence from hGH (Hall 1 9 9 0 ), which resulted in pgalactosidase activity being secreted into the medium. Intracellular
p-galactosidase was detected by its activity in approximately 4% of
the COS cells and by immunofluorescence in approximately 20-30%
of these cells.
However, p-galactosidase activity could not be
detected by EM in the same experiments, possibly due to very high
expression, as observed in only 4% of the cells, being required for
its detection by EM.
B-galactosidase is therefore a potential probe for the exocytic
pathway, however its large tetrameric structure and possibly lower
sensitivity of detection by activity as suggested by EM, render it a
less than ideal probe.
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5 .2 .

Introduction
B -galactosidase

(B -D -galactoside

galactohydrolase;

EC

3 .2 .1 .2 3 ) is a cytoplasmically expressed enzyme of £ c o //found to
exist as a homotetramer, the monomer consisting of 1023 residues
with a molecular weight of 116 Kd.
The p-galactosidase gene has been used extensively as a
reporter of gene expression in a variety of systems, including
bacterial, yeast, mammalian, avian and insect cells as well as in
whole animals to study developmental regulation and cell lineage.
Its

u tility

as

a reporter

molecule

in the

production

of

chimaeras has been shown for fusions to its NHz-terminus.
The
first 26 residues of p-galactosidase are not required for enzyme
activity, as determined by the
hybrid proteins (Sarthy 1 9 7 9 ).

production of active tetram eric
However, the use of smaller p-

galactosidase deletions results in a more stable enzyme. In fact, it
may not be possible to remove any more NHz terminal residues, as it
has been shown that an internal deletion of residues 23-31 resulted
in inactive p-galactosidase (Welply 1 9 8 1 ).
Furthermore, enzyme
activity was not inhibited when a chimaera was membrane-bound
(Silhavy 1 9 7 6 ), and p-galactosidase did not interfere with Ura 3
(encoding orotidine-5'-monophosphate decarboxylase)
when the chimaera was regulated by uracil.

regulation,

However, the use of p-galactosidase as a reporter molecule for
the

production of fusions to its COOH-terminus has been less

successful. Chimaeric proteins that become insoluble and inactive
have been reported (Itakura 1977, Goeddel 1979). In fact, removal of
the last 10 residues of p-galactosidase results in inactive pgalactosidase (Mandecki 19 81 ). Therefore, it remains possible that
COOH-terminal fusions may be produced, but only if the entire pgalactosidase tail is left intact.
It is important to note th at all these fusions resulted in
cytoplasmic or membrane-associated, but not secreted proteins. It
is possible that p-galactosidase contains sequences unfavourable to
the protein being extruded through a membrane by a signal sequence.
An example of this was reported by Moreno e t al (1 9 8 0 ), who showed
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that the entire sequence of lamB was unable (or insufficient) to
transport the p-galactosidase through the outer membrane (ER
equivalent) of E. coli.
5 .3 .

Screening fo r endogenous a c tiv ity

in mammalian cells

Before p-galactosidase could be considered for use as a probe
for the exocytic pathways of animal cells,

the endogenous levels in

such cell lines must be determined. Therefore, the four cell lines
most likely to be utilised for future research were examined by LM
or soluble cell extract assays, using the chromogenic substrates Xgal or 0-nitrophenyl galate (ONPG),
respectively. CaCoZ, MDCK,
H.Ep.2
and COS cells were all found to be negative for pgalactosidase activity, as determined by histochemical staining for
two hours. However, after prolonged (overnight) incubation several
CaCo2 cells showed staining. The results of the cell extract assay
indicated a low level of p-galactosidase activity in CaCo2 and H.Ep.2
cells after two hours but all cell lines were negative after 30
minutes reaction.

5 .4 .

Construction of pSR a.ss.p-gal

To permit entry into the biosynthetic pathway of and secretion
from animal cells, p-galactosidase, normally a cytoplasmic enzyme,
requires fusion to a signal sequence capable of translocating the
molecule across the ER membrane.
The signal sequence of hGH
(Figure 19) was chosen, to gain access to the biosynthetic pathway
and allowing subsequent secretion of p-galactosidase into the
medium.
The signal sequence of hGH (Hall 1 9 9 0 ) was therefore cloned
into the pSRa vector (figure 7) by its removal from pEKSP using
Stul/EcoR V and cloning into the Xhol site, with the 5* overhang
filled in using 'Klenow', of pSRa, to produce pSRa.ss containing the
three unique downstream restriction enzyme sites of X b al, EcoRI
and Xhol

which could be used for the positioning of any gene

downstream of the signal sequence, in the correct reading frame.
The gene encoding p-galactosidase was removed from pMC1871

no
(figure 20) by S m a l/P s tl and the 3' overhang removed using T4 DNA
polymerase. This fragment was then ligated into the Xhol site of
the signal sequence, which had its 5' overhang filled in using
'Klenow' and dephosphorylated using CIP. This was transformed into
E. coli and colonies screened directly by restriction digestion, to
produce pSRa.ss.p-gal (figure 21). The sequence at the fusion point
is illustrated in figure 22.
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GCC TTC CCA ACC ATT CCC TTA TCC TCG GpA ACA AAG CTjT CTA G^A
Aval

Hind 111

Xbal

F E
L
P
G
T
M
A
C
I D
R S R G
TTjC GAG CT|C CCp GGT ACjC ATG|GCA TG p A T p GAT AGA TCfT CGAjGGp
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Sm al

Kpn 1

Nco 1

Sph 1

Clo 1

Bgl 1 1Xhol S tu l

L
A
S
CTC GpG AGC
Nrul
Figure 19. The signal sequence in pEKSP. The signal sequence for hGH
is indicated by the thick line box.

The signal sequence was removed by H.Gilbert

(University of Newcastle) from the cDNA encoding cellulase (Bam H l/H indi 11 ) and
placed into the Bam H l/H indl 11 sites of pMTL22p plasmid (Chambers 1988) to
produce pEKSP.

As a cloning artifact of this manipulation 4 amino acids of cellulase

(thin lined box) are present downstream of the first 7 amino acids of mature hGH
(underlined only).

The restriction sites indicated are derived from the pMTL22p

polylinker and may be used to fuse any protein in frame with the signal sequence. It
should be noted that the use of restriction sites other than Aval will introduce additional
sequences (4 -2 2 amino acids) between the signal sequence and the protein being
examined.
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Sma I

Tet

Psti

Figure 20.

pMC1871.

This plasmid was purchased from Pharmacia (Cat.

No.27-4945). The p-galactosidase gene contains an upstream Smal site which cuts at
the end of a triplet codon, the resulting p-galactosidase begins at the first base pair
encoding the 8th amino acid with 2 upstream amino acids, gly and asp (figure 22).

SSh G H

5 Y40polyA

Figure 21.

pSRa.SS.pgal.

The pSRa.ss plasmid was constructed by the

removal of the sequence encoding the signal sequence of hGH (figure 19) from pEKSP as
an EcoRV/StuI fragment and blunt-end ligated into pSRa (figure 7) precleaved with
Xhol, the 5' overhang filled in with 'Klenow' and dephosphorylated with calf intestinal
phosphatase. The resulting plasmid contains 3 unique restriction sites (Xhol, Xbal and
EcoRl) covering all three reading frames, positioned downstream from the sshGH

(figure 19). The pSRa.ss.pgal construct was produced by the removal of 0-gal from
pMC1871 (figure 20) by Sm al/Pstl digestion and the 3' overhang of the Pstl site was
removed by T4 DNA polymerase). This fragment was cloned into the Xhol site with the
S' overhang filled in using 'Klenow' of pSRa.ss to produce pSRa.ss.pgal.
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Signal Sequence

p -g aiactosidase

asp arg ser arg gly
GAT AGA T C I CGA GGC

lie pro gly asp pro val val
ATT CCC GGG GAT CCC GTC GTT

Sma 1

Xhol/Klenow

GAT AGA TCT CGA

+

GGG GAT CCC GTC GTT

asp arg ser arg gly asp pro val val
gat

AGA TCT CGA GGG GAT CCC GTC GTT

Figure 2 2 . Fusion point sequence of hGH signai sequence/BgalaCtOSidase chimaera. The p-galactosidase was removed from pMC1871
(Pharmacia LKB Biotechnology).

This fusion produced an in-frame chimaera of ss.p-

galactosidase (pre-p-gaiactosidase) which lacks the first 7 amino acids of mature pgalactosidase and contains an extra 28 amino acids derived from mature hGH (7 amino
acids), cellulase (4 amino acids) and pMTL22p (1 7 amino acids) in their place (figure
19). The 8th amino acid of p-galactosidase, proline, is marked with an arrow (« f ).
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5 .5 .

Detection of p -g alacto sid ase

expression

The plasmid was transfected into COS cells and its expression
analysed by p-galactosidase activity after 4 days.
Activity was
detected at high levels in both the medium and in cell extracts,
producing 10.3 and 5.3 OD4 2 0 units (afte r 15 minutes incubation)
respectively, from a 10cm dish. No mass cell death was evident,
therefore this high medium level was considered strong evidence for
the secretion of p-galactosidase by the biosynthetic pathway. By
comparison to purified p-galactosidase

(Sigma G 5 6 3 5 )

and the

expression level of HRP under identical transfection conditions, this
is approximated at between 0.3 and 1 5pg p-galactosidase found
intracellularly per average expressing cell, assuming a transfection
frequency of 30% as determined by immunofluorescence.

However,

analysis by light microscopy (LM)(figure 2 3 ) reveals that only higher
expressing cells may be detectable.
Intracellular examination of p-galactosidase

activity by LM

revealed that approximately 4% of the cells were positive (figure
2 3 a ).
Localisation was restricted to tubular and vesicular
structures characteristic of ER (figure 2 3 b ).
However, higher
sensitivity could be obtained by immunofluorescence detection,
using a mouse monoclonal antibody to p-galactosidase, revealing
that approximately 20 -30 % of the cells were positive. Together,
these results provide very strong evidence th at p-galactosidase is
present

in,

and

secreted

from,

the

biosynthetic

pathway.

Examination of these cells by EM did not reveal any electron-dense
reaction product.
Therefore, it appears th at detection of pgalactosidase by its activity (LM and EM) is less sensitive than its
detection by antibodies (immunofluoresence).
Immunofluorescence on cells which had been previously
analysed for in situ activity by LM, revealed that cells visible by
activity could not be observed by immunofluorescence (results not
shown). This inhibition of antibody binding is most likely due to
steric hindrance by the p-galactosidase reaction product.
This
implies that the reaction product is insoluble and is retained at its
site of synthesis, a vital requirement if enzyme activity is to be
related to actual localisation of the enzyme and also suggests that
the reaction product would be suitable for EM analysis.
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A)

B)

Figure 23.

Light microscopy of p-galactosidase

reaction

product in COS cells, cos cells (3-day post-transfection) were fixed in 0.2%
gluteraldehyde and permeabilised (0.02% NP40 and 0.01% sodium deoxycholate) then
incubated in the presence of substrate (1 mg/ml X-gal) for 1 hour at 37°C, in the dark.
A) The relative expression levels obtained in individual cells, from visible low (L),
moderate (M) and high (H).
approximately 4%.

The frequency of visual expression (M and H) is

Comparison to immunofluorescence reveals an approximate

frequency of 20-30%.

B) p-galactosidase activity can be seen to be restricted to

tubular and vesicular structures (characteristic of ER) within cells and not evenly
distributed throughout the cytoplasm.
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Figure 24.
cells,

Immunofluorescence of p-galactosidase

in COS

cos cells were electroporated with pSRa.ss.pgal and analysed by

immunofluorescence after three days. Expression was detected using a mouse monoclonal
antibody to p-galactosidase at 1/200 dilution (Sigma G8021), detected by an anti
mouse antibody conjugated to FITC (DAKO). A tubular and vesicular network can be
seen, consistant with its presence in the exocytic pathway.

5.6.

Discussion

In contrast to results previously observed in E. coli (Moreno
1980) where the signal sequence of lamB was found to be
insufficient for translocation of p-galactosidase into the
periplasmic space, the results presented in this chapter suggest
that p-galactosidase is entering the biosynthetic pathway.
Quantitation of p-galactosidase in the cells and medium, also
suggest that it is secreted into the medium. Confirmation of these
results by the establishment of the enzyme activity secretion
kinetics have not been performed. These results therefore contrast
with Moreno et al's conclusion that p-galactosidase contains
sequences unfavourable for extrusion through membranes in £ coli,
as secretion, and therefore translocation into the lumen of the ER, is
efficient in COS cells when the signal sequence for hGH is utilised
for translocation initiation.
The detection of p-galactosidase activity through biochemical
assays appears to be less sensitivethanthe use of antibodies. If this
is also true at the electron microscope level, then the usefulness of
p-galactosidase activity as a probe for the exocytic pathway would
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clearly be in jeopardy.
transiently expressing

Although preliminary results of EM on
COS xells failed to detect any p-

galactosidase activity, it is possible that further optimisation of
the conditions may be required.
Immunofluorescence results on
cells previously screened for enzyme activity, suggest that the
reaction product is non-diffusible, and thus a valid marker for the
presence of the enzyme.
Thus it is evident that p-galactosidase

is

a

potentially

successful probe for the exocytic pathway for animal cells. It is
known that fusions can be made to the NH2-terminus of pgalactosidase and possibly to the COOH-terminus also.

The potential

difficulties of this protein as a probe result from its large size,
homotetrameric structure and the requirement of detergent (0.02%
NP-40 and 0.01% sodium deoxycholate) for penetration of the
substrate. Finally, the EM of p-galactosidase has not been well
characterised and could not be detected in transiently expressing
COS cells. The inability to detect p-galactosidase activity may
reflect a failure to find the few (approximately 4%) strongly
positive cells by EM.
An alternative probe, horseradish peroxidase (HRP), which is
synthesised and transported as a monomer of approximately 45 Kd,
has been extensively used and well documented in EM and as such
was considered to be the better probe (if found to be active as a
chimaeric protein). The p-galactosidase was therefore not examined
any further, but would provide a useful reserve if horseradish
peroxidase is found to be unsuitable for the production of active
chimaeras. Additionally, it will certainly prove useful to have two
different enzymatic marker proteins co-expressed within the same
cells.
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Chapter six

Horseradish peroxidase
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6 .1 .

A b stract

The DNA encoding the signal sequence of hGH was cloned in
frame and upstream of the DNA encoding the mature horseradish
peroxidase (HRP). This provision of a signal sequence enables the
HRP to enter the biosynthetic pathway.
This construct was expressed under the control of the SRa
promoter in COS cells and enzyme activity could be detected
quantitatively, by soluble reaction product from both the medium
and cell extracts, as well as qualitatively by LM.
Confirmation of the presence of HRP within the biosynthetic
pathway was obtained by identification of extensive glycosylation.
The largest intracellular form of HRP was found to be approximately
59 Kd. All of the nine intracellular forms (3 2 , 34, 37, 39, 43, 47,
51, 56 & 59 Kd) could be observed between 15 minutes and 6 hours
of synthesis. After 3 hours all forms were still Endo H sensitive,
despite the fact that secretion was occurring.
'Total' HRP was secreted with a half-time ( t i / z ) of 140
minutes and HRP activity with a t i / z of 75 minutes. The difference
between these (61 minutes) represents the transport time from the
ER to secretion com petence.
Once secretion begins, the
transportation

kinetics

of

both

'to ta l'

and

active

HRP

are

indistinguishable (0.4% and 0.36% per minute, respectively).
Curiously, 40% of the 'total' HRP was not secreted within 6
hours, with secretion plateauing after 5 hours. This non-secretion
competent pool of intracellular HRP was found to accumulate with
overnight incubation.
A key to this problem was found by
comparison of the polypeptide backbones of secreted HRP and the
intracellular forms.
Approximately 50% of the intracellular forms
existed as a lower molecular weight apoprotein.
It is possible th at this apoprotein form identifies a ratelimiting step in the biosynthesis and therefore transport of HRP,
possibly representing the addition of the haeme prosthetic group, or
its synthesis.

Evidence

th at

haeme synthesis

is limiting was
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obtained by incubation with exogenously added haemin, which
resulted in increased HRP activity being secreted into the medium at
levels consistent with the conversion of inactive cellular HRP to an
active secreted form. It should be remembered, however, that HRP
activity, which is efficiently secreted, represents the biological
probe to be utilised for the dissection of the exocytic pathway in
future experiments and as such, remains a viable and very attractive
probe.
6 .2 .

Introduction

Peroxidases are abundant in nature, particularly in the plant
kingdom, performing tasks such as scavenging potentially toxic free
radicals.
and are

Peroxidases typically occur in the cell walls of plant cells
therefore secretory proteins.
In the cell wall, the

peroxidases participate in the final stages of lignin synthesis, thus
serving to strenghten the cell wall in response to a pathogenic
attack or as an expression of the ageing process in plants (Galston
1969).
Horseradish peroxidase (HRP; EC 1 .1 1 .1 .7 ) was introduced as a
tracer molecule in 1957 to study uptake by the renal tubule. Its use
was extended to EM with the introduction of diaminobenzidine in
1966 (Graham 1966). A much broader use for HRP was originated in
1 9 6 7 with the introduction of HRP-labelled antibodies for the
cytochemical detection of cellular antigens (Leduc 1968).
The prolific use of HRP as a reporter molecule has been
expanded by its conjugation to antibodies or bioactive ligands and is
used

routinely

as a marker for fluid-phase

endocytosis.

The

continued popularity of HRP is due to the sensitive detection of its
reaction product and the technical knowledge amassed over the
years.
There are seven isoenzymes of HRP found in the horseradish
that vary in their charge and carbohydrate content, with only small
differences

in the

(Strickland 19 68 ).

amino

acids

surrounding

their

active

sites

Isoenzyme c is by far the most abundant enzyme

and its sequence has been determined (Welinder 1979). It consists
of a 3 0 8 amino acid single polypeptide protein containing four

120
disulphide bridges, eight carbohydrate side chains (attached through
Asparagine residues), two Ca?+ atoms and a haemin prosthetic
group.

The predicted molecular weight of the polypeptide backbone

is 34Kd and the native glycosylated protein is 44Kd.
Characterisation of the molecular structure of HRP has been
hindered by difficulties in obtaining large quantities of pure enzyme
and the presence of large carbohydrate additions. To date, HRP has
not been crystallised to a sufficient standard neccessary to permit
X-ray diffraction analysis (Braithwaite 1 9 7 6 ).
Inform ation

regarding

the

roles

of

the

major

post-

translational modifications on HRP have been useful in determining
important regions of the molecule. The two Ca2+ atoms may be
important for the thermal stability of the peroxidase and may play a
role in its activity, as only 60% normal activity is observed at 37°C
in the absence of Ca2+ (Haschke 19 78 ). The haeme prosthetic group
has been found to be essential for activity, as indicated from
studies on the peanut peroxidase, in which peroxidase activity can
be restored on reconstitution with the haemin group (Chibbar 1984).
Synthesis of haeme occurs in the mitochondria of both animal and
plant cells. In plants, biosynthesis of the protein moiety of another
haeme protein, catalase, is regulated by haeme concentration. It is
therefore possible that haeme regulation may occur in animal cells
too.
Carbohydrates may be required for the stabilisation of
peroxidase, but do not appear to be required for secretion, at least in
the peanut cells (Hu 1989), although in the absence of glycosylation
by treatment with tunicamycin, the secretion rate is reduced.
Apart from its obvious use as a reporter molecule, peroxidase
may have novel applications such as treatm ent of waste water
containing phenolic compounds and removal of peroxide from various
m aterials

including

fo od stu ffs

and

industrial

w aste.

Its

purification from horseradish is difficult and is susceptible to bad
weather, disease and other factors. The use of plant cell culture has
produced active peroxidases, easily purified but at low levels.
Production

in

E

coli resulted

in

large

insoluble

intracellular

aggregates which could not be quantitatively purified in the active
state. Thus there is a need to produce easily purifiable high levels
of HRP and it is hoped that high level secretion of active HRP from
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transfected mammalian cells will provide sufficient enzyme for
functional analysis. The DNA used in this research project (Ortlepp
1989) has been artificially synthesised, cloned and used to express
the HRP sequenced by Welinder (a kind gift from Amersham
International).
6.3.

Construction of pSRassHRP

The HRP sequence synthesised by Amersham had been based on
the mature protein and therefore lacked a signal sequence. The
signal sequence from hGH (Hall 1 990) was therefore placed at the Nterminus of the HRP by removing the HRP gene from pSA247 (figure
25) by EcoRV/Hpal digestion and ligation into the Hind III site (with
its 5’ overhang filled in using 'Klenow') of the signal sequence in
pEKSP (figure 19), transformed into E. coli, screened by colony
hybridisation and restriction digestion (results not shown).

EcoRV

PSA247
49K b

HRP

tsc prom oter-R BS

Figure 25.

Hpal

pSA247. This plasmid has been constructed by Amersham and the

HRP lacks a signal sequence. This plasmid has been used as a source of the DNA encoding
HRP. The HRP was excised by Hpal/EcoRV and cloned in frame into the signal sequence
contained in pEKSP (figure 19).

The signal sequence - HRP (ssHRP) fusion was removed from
this vector by EcoRV/SphI digestion and the 3' overhang of the SphI
site was removed using T4 DNA polymerase. The ssHRP was then
ligated into the BamHl (with its 5' overhang filled in using 'Klenow')
site of pSRa (figure 7), transformed into E. coli, screened by colony
hybridisation, followed by restriction digestion (results not shown).
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S ig nal S equ en ce

HRP

gly thr lys leu
.GGA ACA AAG CTT

gin leu th r pro
CAG TTA ACG CCG.

Hindi 11/Klenow

Hpal

....GGA ACA AAG CT

A ACG CCG.

gly

th r lys leu

thr pro

GGA ACA AAG CTA ACG CCG

Figure
26.
Sequence/HRP

Fusion p o in t
sequence
of
hGH
signal
chimaera. HRP was obtained from pSA247 (figure 25) (a

kind gift from Amersham UK).

This fusion produces an in-frame chimaera of ss.HRP

(pre-MRP) which lacks the first amino acid of mature HRP (the second amino acid,
leucine, has been regenerated) and contains an extra eleven amino acids derived from
mature hGH (seven amino acids) and cellulase (four amino acids) in their place (figure
1 9 ).

123
6.4.

A ctivity and localisation of HRP
The pSRassHRP (figure 28) was electroporated into COS cells

and screened for active HRP after three days. HRP activity could be
detected quantitatively by spectroscopy of soluble reaction product,
and qualitatively, by light microscopy of insoluble reaction product.
An approximation of the intracellular active HRP concentration
per expressing cell was calculated using purified HRP (Sigma P6782)
as a standard, assuming the same specific activities. Approximately
4.5 X 1
cells, in a 6cm dish, contained 2|ig HRP activity
intracellularly.
However, electroporation of COS cells typically
yields approximately 30% expressing cells, therefore, an average
HRP-expressing cell is estimated to contain about 13pg of HRP
activity at steady-state. It must be noted that this represents an
average expressing cell and only high expressing cells may be
detectable by LM and EM. The LM results shows that the HRP reaction
product can be observed within cells, but localisation could not be
determined (figure 27).

Figure 27.
Light microscopy of HRP reaction product in COS
cells, cos cells, 3-day post-transfection, were fixed in 3% paraformaldehyde,
rinsed and incubated in the presence of substrate (SOmM Tris.CI [pH 6 ] containing
0.15% diaminobenzidine, 0.02% H2 O2 and 0.1 M imidazole) for Ihour at 37°C, in the
dark (magnification x40).
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HRP enzyme activity can be detected in the medium as 60% of
the total activity found in the cells and medium at steady-state,
three days after transfection without a change of medium (results
not shown). As these measurements were taken at steady state,
they may be affected by cell lysis and degradation of HRP. Indeed,
when the overnight expression of HRP was examined following the
inhibition of protein synthesis (to chase all previously accumulated
HRP from the cells) over 90% of total HRP activity was detectable in
the medium.

Xho I

sshGH

SV40poly A

Figure 28. pSRoc.ss.HRP. The construct was produced by the removal of HRP
from pSA247 (figure 25) by EcoRV/Hpal which was blunt-end ligated into the Hindi 11
site (precleaved its S' overhang filled in using 'Klenow') of pEKSP (figure 19).

The

entire sshGH-HRP fusion was then removed by EcoRV/Sphl, the Sphl 3' overhang was
removed with T4 DNA polymerase and the fragment cloned into

pSRa (figure 7)

precleaved at the BamHl site, and the S' overhang filled in with 'Klenow'.

6 .5 .

Processing of HRP

In order that results obtained with HRP activity may be related
to the presence of total HRP as detected by antibodies, monoclonal
and polyclonal antisera to HRP were tested for their ability to
detect HRP by immunoprécipitation and immunofluoresence. Three
monoclonal antibodies and one polyclonal antibody were screened.
Unfortunately, none of the antibodies could detect transfected HRP
in COS cells by immunofluoresence (results not shown).
The results of immunoprécipitation of HRP from transfected
COS cells revealed that it existed as a protein exhibiting a large
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molecular weight range, with the lowest form representing the
polypeptide backbone of HRP, migrating at approximately 32Kd. The
higher forms were expected to represent glycosylated forms of the
HRP.
The polyclonal serum (Sigma P 7899) recognised the highest
detectable molecular weight forms of HRP, which were not
recognised by the monoclonal antibodies (results not shown) and was
therefore selected for future use.
Confirmation th at these complex forms of HRP were due to
glycosylation, would provide evidence th at the signal sequence of
hGH is correctly functioning to lead the HRP into the exocytic
pathway.
To determine this, COS cells were transfected with
pSRassHRP and three days later, pulse-labelled for 3 hours with
35s-methionine and chased overnight in cold methionine (figure 29).
A fter three hours labelling, subsequent Endo H treatm ent
revealed that all the labelled HRP contains sensitive carbohydrates.
Endo H treatm ent is specific for the high-mannose carbohydrates
added in the ER, which become resistant in the Golgi (medial stack)
if complex oligosaccharides are formed. A fter an overnight chase,
all the HRP can be detected in the medium with complete loss from
the cells (in the absence of significant cell death). These results
are conclusive proof that HRP is being secreted by the biosynthetic
pathway of COS cells.
Several forms of HRP can be detected, although not evident
from

figure

29,

ranging

from

the

polypeptide

backbone

of

approximately 34Kd to a heavily glycosylated 70Kd form. After Endo
H treatment four bands remain: The 34Kd polypeptide backbone and 3
additional forms (approximately 36Kd, 40Kd and 44Kd) due to either
post-translational processing to complex mannose forms or
inefficient Endo H treatm ent (samples were not boiled, to denature
the protein and expose all potential glycosylation, prior to
treatm ent).
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Endo H
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2
+

3
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46Kd

30Kd
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Figure 29.

HRf' I r o n s l R C t e d

Endo H tre atm en t of HRP in COS cells,

i ) Cells,

Wild-type or HRP-transfected, in 10cm dishes, were pulse-labelled for 3 hours with
35$-methionine, cells immunoprecipitated using 5|il polyclonal anti-HRP antibody
(Sigma P7899) preabsorbed with unlabelled wild-type cells and 2) treated with Endo
H. After the 3 hour pulse, one 10cm dish was chased overnight in the presence of cold
methionine and HRP immunoprecipitated as above from both the cells (3) and medium
(4). All samples were resuspended in reducing sample buffer and electrophoresed on a
10% SDS-PAGE gel. This gel has been overexposed to show the complete overnight loss
of HRP from the cells (lane 3) with concomitant presence in the medium (lane 4).

As the forms present after 3 hours show partial sensitivity to
Endo H, these forms may be pre-Golgi forms although they could
contain some sterically inaccessible oligosaccharides that are not
exposed within the context of the medial Golgi.
If this is so,
secreted HRP will also exhibit some endo H-sensitivity.
Alternatively, Endo H-resistant forms may result from inefficient
enzyme treatment.
Thus the 54Kd and 60Kd partially Endo Hsensitive forms may represent ER forms, which is very surprising
considering the 60Kd, and to a lesser extent the 54Kd, appear to be
secretion competent, although these intracellular and secreted
forms may not be the same molecules.
It will be neccessary to
determine the Endo H sensitivity of secreted HRP before location of
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intracellular HRP can be determined.
Thus, it is possible that a secretory block is occurring in
either the ER or Golgi. The detection of 65-70Kd forms exclusively
in the medium is suggestive of their rapid secretion from the cells.
The acquisition of these modifications may occur downstream of a
block or represent the block itself.

6 .6 .

Kinetics o f HRP processing
To determine the processing and secretion kinetics of HRP in

COS cells, transfected cells left for two days, were pulse-labelled
with 35s-methionine for 15 minutes and then chased for up to 6
hours. Immunoprécipitation of HRP from both the cells and medium
(figure 3 0 ) revealed that nine intracellular forms of HRP were
present ranging from 32-59Kd (3 2 , 34, 37, 39, 43, 47, 51, 56 and
59Kd), whilst extracellular forms of 51 and 56-68Kd were found.
Again, HRP forms ranging from 51-60 Kd could be found in both cells
and medium.
Interestingly, all the intracellular forms which were
present within 15 minutes of synthesis were secreted with similar
kinetics (results not shown).
These different HRP forms are compatible with the addition
of pre-form ed high-mannose oligosaccharide structures, of
approximately 3Kd, to between 1-8 of the N-linked glycosylation
sites present in HRP (representing the 37, 39, 43, 47, 51, 56, 59 and
68Kd forms).

The 32Kd form may represent the apoprotein form,

lacking its haeme prosthetic group, with the 34Kd form representing
its acquisition.

The fact that no further processing is observed

intracellularly after 15 minutes is suggestive th a t this block is
present within the ER and not the Golgi.
Thus the
previous
'apparent' Endo H-resistance is most likely to be due to inefficient
Endo H treatment and not evidence of Golgi-processing.
These results confirm the Endo H results and indicate th at a
bottle-neck is present, at which no further processing is occurring.
This bottleneck may be due to the saturation of some essential
component, as a pool of HRP appears to be efficiently processed and
secreted (figure 30).

A bottle-neck may result from the inability to
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fold correctly which could result from 'over-glycosylation' or
failure to acquire a necessary^ modification/conformation required
for secretion. Release from this bottle-neck may result in rapid
secretion, such that full processing does not occur for all molecules
and the HRP forms >59Kd cannot be detected in the cells, due to their
short transit time (figure 29 and 30).

Medium
0

1

2

3

4

5

6 wt

f

Figure 30.

Pulse-chase of HRP in COS cells.

Cells (3.5cm dishes)

were pulse-labelled with 35s-methionine for 15 minutes and chased for up to

6

hours.

HRP was immunoprecipitated using 5pl polyclonal anti-HRP antibody (Sigma P7899)
preabsorbed with unlabelled wild-type cells from both medium and cells.

All samples

were resuspended in reducing sample buffer and electrophoresed on a 10% SDS-PAGE
gel. The major band at the top of the gel of approximately 200Kd may be fibronectin
(Hughson, E. unpublished observation), which binds to Staph A during the
immunoprécipitation procedure and provides a useful internal control for secretion.

Treatment of the HRP samples from the above experiment with
Endo F to remove all N-linked glycosylation (high-mannose and
complex forms) revealed that HRP could be reduced to one broad
band of approximate molecular weight 34Kd (figure 31).
This
confirms the identity of the bands present after Endo H treatment as
being due to N-linked glycosylation.
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Medium
0

Figure 31.
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6 wt

Endo F treatment of HRP from COS cells.

Half of the

samples from the pulse-chase experiment (figure 30) were treated with Endo F at 30°C
overnight. All samples were resuspended in reducing sample buffer and electrophoresed
on a 10% SDS-PAGE gel. The _ ZOOKd protein band may be fibronectin (Hughson, E.
unpublished observation), which binds to Staph A during the immunoprécipitation
procedure.

Surprisingly, after Endo F treatment one broad band, between
approximately 32-34Kd, of HRP is observed within the cells and one
narrow band of approximately 34Kd in the medium. The broad band
present in the cells is thought to represent two unresolved bands of
approximately 32 and 34Kd. Both intracellular forms are present
after a 15 minute pulse, suggesting that acquisition of this
modification occurs either co-translationally or immediately
afterwards.
The lower HRP form, absent from secreted HRP
suggests that either a long residence time in the ER ensures its
addition before secretion, or that this modification is a prerequisite
for secretion.

130
6.7.
a)

Kinetics of HRP secretion
'Total' HRP

The rate of secretion of immunoprecipitable HRP was
determined from the Endo F experiment (figure 31) by quantification
of the HRP bands by excision of gel slices followed by scintillation
counting.
The results were expressed as percentage maximal
presence in either the cells or medium (figure 32).
The t i / z
secretion was therefore determined as the time taken for 50% of the
secretion competent HRP to be detectable in the medium and
calculated to be 125 minutes (post 15 minute pulse).
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32 . Secretion of 'to tal' HRP from COS cells.

400

Cells were

transfected with pSR.assHRP (figure 28) and analysed after two days by a 15 minute
pulse with 35s-methionine, followed by a chase for various times (0-360 minutes).
HRP was then immunoprecipitated from both the cells and medium.

The

immunoprecipitates were then treated with Endo F, to reduce all forms to the
polypeptide backbone, to increase accuracy of detection.

The samples were then

electrophoresed by PAGE, detected by autoradiography (figure 31 ) bands excised and
quantified by scintillation counting.

The results are expressed as percentage of

maximum HRP detected in either the cells or medium.

To enable more accurate

determination of t i / 2 secretion, the medium HRP value at 120 minutes has been ignored
(see dotted line).

The calculated t i / 2 secretion of 'total' immunoprecipitable HRP,

from this graph is 125 minutes (post 15 minute pulse).
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b)

HRP activity
As active HRP is the probe for the exocytic pathway it was

necessary to determine the kinetics of secretion for active HRP. The
kinetics for activity were determined by inhibiting protein
synthesis (lOOpg/ml cycioheximide) and 'chasing out' HRP already
present along the biosynthetic pathway. The results showed that all
the HRP activity could be chased into the medium over a period of
five hours and the t i / z secretion was determined to be 75 minutes
(figure 33).
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Figure

33. Secretion of active HRP from COS cells.

Cells were

transfected with pSR.assHRP (figure 28) and analysed after 2 days by inhibition of
protein synthesis (100|ig/m l cycioheximide).

The HRP originally present within the

cell was then followed as it was secreted into the medium, by following both cell loss and
medium gain of HRP activity. HRP activity is expressed as the percentage of total HRP
activity present within the cells at time=Ohrs. The t i / 2 of secretion, as determined by
the appearance of 50% of total HRP in the medium, has been calculated to be 75 minutes.
The graph was plotted from an average obtained from triplicate samples, the extreme
values were plotted to illustrate the percentage error.

The discrepancy In t i / z secretion of 'total' (125 minutes)
versus active (75 minutes) HRP could be explained by the difference
in experimental methods. In the 'total' HRP experiment incorporation
of 35s-methionine as the protein is synthesised produces detectable
HRP which has just started its Journey through the cell (15 minutes
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into the secretory pathway by the end of the pulse). In the active
HRP experiment, newly synthesised HRP represents the tail end of
detectable HRP. The difference between the two values (46 minutes)
plus 15 minutes, may represent the tim e required for newly
synthesised HRP to reach secretion competence, assuming secretion
rates are the same.
Another possibility for the differences is that active HRP is
secreted more rapidly, as 'total' HRP may contain inactive, misfolded
HRP that could be held up along the pathway. Comparison of the
secretion rates of active and 'to tal' secretable HRP (figure 34 )
revealed that both were secreted with the same kinetics, with the
exception of the initial lag of 46 minutes (discussed above). The
linear rate of secretion for active and 'total' secretion competent
HRP were determined to be 0.36 and 0.4% per minute, respectively.
This suggests that both the 'total' secretable and active HRP are the
same populations.
6 .8 .

HRP degradation

It appears th at approximately 45% 'to tal' HRP is degraded
between 3 0 0 -3 6 0 minutes from both the cells and medium (figure
32), a similar result (approximately 46% ) has been found previously
from the medium (results not shown).
A t the same time point,
active HRP may be preferentially endocytosed but not degraded
(figure 3 3 ). Although this result is not statistically significant, it
is possible that the 'total' HRP being degraded (figure 32) may be
similarly endocytosed and then subsequently diverted to lysosomes
where degradation occurs.
This mechanism would require preferential endocytosis and
degradation of inactive HRP.

This could occur via the sticking of

inactive HRP (as no active HRP has been observed at the PM of COS
cells

by EM)

to

the

PM,

possibly as a result of insolubility.

Significant endocytosis of secreted HRP is otherwise unlikely to
occur due to its dilution in the medium (see general discussion). Of
course, if inactive HRP became associated with the cell membrane,
it could be removed from the system by the washing steps prior to
analysis. The intracellular HRP th at appears to be degraded may
represent a portion of 'total' HRP that does not become competent
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for secretion.

This apparent degradation specifically between 300-

3 6 0 minutes is very unusual and all possible explanations seem
unlikely.
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3 4 . Relative secretion of 'to ta l'

300

400

and active

HRP.

This

graph represents the rates of secretion of HRP (results from figures 32 and 33) into
the medium. The final value for active HRP has been adjusted to 100% as secretion is
the only parameter being studied (participation of endocytosis and degradation are
ignored). It can be seen that the curves for both 'total' and active HRP are identical with
the exception of an initial lag for 'total' HRP (4 6 + 1 5 [pulse] minutes), probably
reflecting the time required for acquisition of secretion competence.

The calculated

initial rates of secretion for 'total' (a) and active (b) HRP are 0.4% and 0.36% per
minute respectively.

6 .9 .

A non-secretable pool of HRP
It can be seen (figure 34) that after 3 0 0 minutes, no further

secretion of HRP is occurring despite the fact that 40% 'total' HRP is
still present within the cells. Comparison of these results to those
presented in the Endo H experiment (figure 2 9 ) suggests that this
non-secreted pool of HRP does not remain [permanently in the cells
and becomes either com petent
intracellularly, or both.

for

secretion

or

is degraded

When analysed at steady-state, following overnight labelling
(table 8), a distribution similar to that found after the 3 0 0 minutes
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chase (figure 34) is present, namely that approximately 50% 'total'
HRP remains intracellular, suggesting the presence of an
intracellular pool of HRP th at is incapable of secretion or exhibits
very reduced kinetics.
6 .1 0 .

Specific activity of HRP
Although it was evident that both 'total' secretion competent

and active HRP are being secreted with the same kinetics, it was
still possible that not all HRP being synthesised is active or that the
secreted HRP is less active.

The calculation of the absolute specific

activity for both native HRP and secreted HRP would address the
question regarding the secretion of non-active HRP.
Due to the high level of serum proteins in the medium,
accurate determination of the secreted HRP protein concentration
would be impossible. However, the calculation of specific activity
may be determined by enzyme-linked immunoSorbant assay (ELISA).
The limit of detection of native HRP by this method is approximately
lOOpg (results not shown). This amount of HRP activity has been
estimated within eight HRP-expressing COS cells at steady-state.
However, secreted HRP could not be detected by this ELISA method
(results not shown). This failure to detect secreted HRP by ELISA
could be due to a much higher specific activity of secretable HRP
(compared to the native enzyme) or more likely, a lower affinity to
the antibody being used.
As an alternative to
index

may

be

employed,

absolute specific activity,
to

provide

intracellular and secreted forms of HRP.
specific

activities

relative

to

each

a comparison

a relative
between

A comparison of their
o th e r

is

possible

as

morphological results have shown th at intracellular HRP becomes
active within the ER (figure 4 0 ) and does not therefore normally
exist as a mixture of inactive and active intracellular forms.
Determination of the relative specific activities of intracellular and
secreted HRP required a purging of the system of HRP before
labelling by pre-incubation with 1 OO^ig/ml cycioheximide for 30 0
minutes

(d eterm in ed

from

the

cyciohexim ide

pulse-chase

experiment in figure 3 3 ) to remove unlabelled HRP from within the
cell, prior to labelling overnight.

The next day HRP activity was
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analysed relative to the amount of total HRP present, either within
the cells or the medium. The results revealed that under these
steady-state conditions, the relative specific activity of secreted
HRP was approximately 8-fold higher than intracellular HRP.

It is

unlikely th at the specific activity of secreted HRP could increase
with time, as the secretion competent portion of 'total' HRP exhibits
identical kinetics to active HRP (figure 34 ), unless large quantities
of inactive secreted HRP is endocytosed and preferentially targetted
for degradation.
A more likely explanation is th a t the intracellular pool of
inactive HRP is being d eg ra d e d /se crete d slower than its
accumulation. This effect may be greatly enhanced if HRP synthesis
is reduced or absent (this is a transient expression system) during
the time course of the experiment. Calculation of the amount of
active HRP present within the cells at steady-state can be made
from the cycloheximide-chase experiment (fig H6) at tim e=0, at
which time the cell is full of active HRP.
A t this stage, 0.83
absorbance units were present in a 35mm (surface area = 962mm2)
dish. As 60mm dishes (surface area = 2827m m 2) were used for the
relative specific activity experiment, the expected amount of
intracellular HRP activity was 2 .4 4 absorbance units. In fact, 2.5
absorbance units were observed, indicating th a t the rate of
synthesis and secretion of HRP was unaffected by time.
The
decrease in relative specific activity of intracellular HRP was
therefore most likely to be due to the intracellular accumulation of
inactive HRP and not a reduced amount of intracellular HRP activity.

6 .1 1 .

Intracellular accumulation

of

inactive

HRP

If intracellular accumulation of inactive HRP was countered by
degradation and only active HRP could be secreted, a steady-state
reduction of 40% would be expected for intracellular HRP (60%
intracellular active HRP
and 100% extracellular active HRP),
yielding a relative specific activity (mediumicells) of 1:1.67.
the observed ratio of 1:8 represents a 4.8-fold
intracellular accumulation versus loss.

Thus

higher rate of
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Relative

'total' HRP

Specific
C.P.M.
Medium
Cells

%HRP

O D 450

Activity

52.4
47.6

21.6
2.5

7.9
1.0

10937
9938

Table 8.
Relative specific a c tiv itie s o f intracellular and
se c re te d HRP. HRP transfected COS cells ( 6 cm dishes) were purged of
intracellular HRP by a 5 hour pre-incubation in the presence of lO O p g /m l
cycioheximide. The cells were then labelled overnight with 35s-methionine, 'total' HRP
immunoprecipitated, electrophoresed by PAGE, bands identified by autoradiography,
excised and quantified using a scintillation counter.

HRP activity was determined (in

triplicate) and expressed as total activity present in the system (Absorbance units at
450nm ).

The relative specific activity was determined by the ratio of 'total'

HRP/activity and intracellular value normalised to 1.

The results of the Endo H experiment (figure 29 ) suggest that a
pulse of HRP may be completely secreted from COS cells after an
overnight chase. Thus secretion does continue, but comparison to
s te a d y -s ta te analysis (tab le 8 ) reveals th a t secretion and
degradation are insufficient to prevent steady and significant
intracellular accumulation.
Interestingly, the secretion of the ZOOKd protein (possibly
fibronectin) present after immunoprécipitation is unaffected in the
relative specific activity experiment (results not shown) or in the
pulse-chase experiments (figure 30 and 3 1 ), which is suggestive
evidence of a limiting factor that is not required by all proteins and
that HRP is not blocking general secretion
6 .1 2 .

The addition of haeme to HRP

It is possible that haeme production is limiting, with apoHRP molecules accumulating in the absence of haeme. Indeed, when
a

similarly

constructed

HRP

gene

was

expressed

in

E.

coli

insignificant levels of haeme incorporation occurred (Smith 19 9 0 ).
The Endo F results (Figure 31) suggest that approximately 50% of the
intracellular HRP lacks the haeme prosthetic group, therefore.
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presumably 50% of the different HRP forms observed in figure 30 are
apoproteins and exist therefore^ in the compartment where haemeaddition occurs, i.e. the ER. The observed secretion rate of these
intracellular forms of HRP would therefore be equivalent to the rate
of haeme synthesis and transport from the mitochondria. As the
haeme-addition mechanism appears saturated in these transfected
cells, it would be interesting to determine the effects of HRP
transfection on endogenous haeme protein secretion.
To investigate whether haeme addition to apo-HRP is the ratelimiting factor, COS cells were transfected by electroporation with
pSRa.ss.HRP (figure 28 ) and allowed to settle onto plastic dishes for
6 hours. Haemin (Sigma H2250; dissolved in 0.2M NazCOg/NaHCOs
[pH lO .7] and the pH adjusted to 7.4 with HCI) was then added to
normal growth medium at a concentration of lO ^g/m l (determined as
the maximum concentration at which no visual discolouration of the
medium was evident) and incubation of the cells continued for a
further 36 hours.

HRP Activity (O D 4 5 0 )
Haeme
+

-

Table

1

2

4

3

5

6

7

8

mean

0.148 0.162 0.160 0.165 0.180 0.165 0.181 0.177 0.167
0.105 0.090 0.100 0.094 0.117 0.116 0.104 0.102 0.103

9.

of haeme.

HRP activity in COS ceils in the

presence/absence

cos cells (S X lOcm dishes) were transfected (electroporation) with

pSRa.ss.HRP (figure 28), plated for

6

hours (16 X 3.5cm dishes), prior to the addition

(where appropriate) of lOpg/m l haeme (Haemin, Sigma H 2250).

The cells were

incubated for a further 36 hours, after which the medium was collected and assayed for
HRP activity. Mock-transfected cells ( + /- haeme) were used as negative controls. The
HRP activity was measured after 2 minutes at room temperature (stopped with 1M
H2 SO4 ). The values represent HRP activity above that detected for mock-transfected
cells, which exhibited no response to the addition of haeme. The mean values have been
plotted in figure 35.
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The addition of haemin to the medium of transfected cells
resulted in a 1.6-fold increase ^in secreted HRP activity (table 9).
This is consistent with the conversion of the inactive, intracellular
HRP into active and secreted HRP (figure 35). It has been shown that
between 40 -48 % 'total' HRP is inactive and non-secretable (figure
34 & table 8 respectively). On the other hand, active HRP is secreted
efficiently (figure 3 3 ).
If we assume th a t all secreted HRP is
active, then 60% 'total' HRP in the system would be active. The
addition of haemin (1.6 -fo ld increase) therefore results in the
conversion of 60% to 100% total HRP in the system that is active
(figure 35).
This is very strong evidence for the ability for exogenously
added haemin to rescue all previously inactive, intracellular HRP to
produce secreted active HRP. By extrapolation, it is also therefore
likely th at inactive HRP cannot be secreted from these cells and
such th at all HRP secreted into the medium is active.
However,
another explanation of these results might be that haeme increases
HRP expression.
Elimination of this possibility will require the
addition of haeme in the presence of cycioheximide (inhibition of
protein synthesis).
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Figure
35.
The e ffe c t of haeme on HRP a c tiv ity and
secretio n . Percentage inactive intracellular (C) and active medium (M) HRP
present after 6 hours (1) and overnight (2).

Percentage active medium HRP (3)

present in the absence (M) or presence (M+H) of 10pg/ml haemin. The values in (1)
and (2) are measures of total immunoprecipitable HRP (results from figure 34 and
table 8 respectively), and it is assumed that intracellular HRP is predominantly
inactive and medium (secreted) HRP is active.

The values in (3) represent HRP

activity in the medium (secreted), with activity in the presence of haemin (M+H) being
expressed as 100% (maximum active HRP) and activity in the absence of haemin as a
relative value.

6 .1 3 .

Comparison of secreted HRP to native HRP

The HRP secreted from COS cells exhibits a very different size
(32-69KD) from HRP found endogenously in the horseradish (44KD).
It was therefore considered that other characteristics might also be
very different, especially as glycosylation appears to be important
for HRP stability/secretion (Ravi 1986, Hu 1989) but not activity
(Smith 1990). It is important that the optimal reaction conditions
for secreted HRP are determined as it may differ from that of native
enzyme.
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a) Determination of pH optima
The optimal pH range for both COS cell secreted HRP and HRP
purified from the horseradish (Sigma P 6782) was determined for 0 phenylenediamine in 50mM Tris.CI between pH2-9 (figure 36).

The

pH activity ranges for both native and secreted HRP were almost
identical, with an^ptim um at pH2.5, suggestive of the presence of
acidic amino acids around the active site (it should be borne in mind
that the 50mM Tris.CI solution was not buffered, and that the final
reaction pH was not determined). Therefore, these results suggests
that the HRP active site has not been altered from the wild-type
enzyme found in the horseradish, by the construction of this probe.
These results cannot, however, be considered as an accurate pH
range of HRP when 0-phenylenediamine is the substrate.
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36.

The

from COS cells.

pH optima of

native

HRP and HRP secreted

Native HRP (lOOpg protein, Sigma P6782) and secreted HRP

were assayed in 50mM Tris.CI at the appropriate pH using 0-phenylenediamine as the
substrate. The reaction was performed at room temperature for 10 minutes in the dark.
The reaction was stopped by the addition of H2 SO4 and absorbance read at 450nm. No
COS cell endogenous peroxidases were detected at any pH and were used as negative
controls for secreted HRP at each pH. Similarly, a native HRP control was used in which
no enzyme was present
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b)

Michaeiis

co n stan t

(Km )

d eterm in ation

To further characterise the HRP being secreted from the COS
cells, its Km value was calculated and compared to that of native
enzyme.
The Km value is a measure of the concentration of
substrate at which the reaction rate is half its maximal value (when
half its active sites are filled). In general terms, lower Km values
represent tighter substrate binding.

Plots of initial enzyme activity

rates were calculated for OPD concentrations ([$ ]) ranging from 323 mM at room temperature, in 50mM Tris.CI (pH 2 .5 ) (results not
shown).
From these plots the initial velocities of reaction (Vo)
were calculated and used to plot a Lineweaver-Burk curve (plots the
reciprocals of Vo and [S]) producing more reliable Km values than
obtained by simply plotting Vo against [S].

1 /Vo Secreted
1 /Vo Native

400 -1

300 -

200

I

I

I

-

I

1 /S

F ig ure
37.
L in ew e ave r-B u rk p lo t o f n a tiv e
and COS
secreted HRP. initial velocities of reaction were calculated and used to generate
the straight line graph of Lineweaver-Burk, by plotting 1/V o against 1/[S ]. By fitting
a computer-generated, best line curve extrapolated until 1 /V o = 0 , the l/V ^ a x
(intercept on 1 /V o axis) and the -Km (intercept on 1 /[S ] axis) can be used to
determine the values V^ax and Km. The V^ax values for both native and secreted HRP is
7.14 X 10 “3 absorbance units per second. The Km values for the native and secreted
HRP were S.GmM and 10.4mM 0-Phenylenediamine respectively.

The results obtained from the Lineweaver-Burk plot (figure
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3 7 ) indicated th at both native and secreted HRP follow MichaelisMenten kinetics (as expected fo r enzymes containing only one active
site, or several independent active sites) and have the same maximal
rate
The
(Km
5.6

(Vmax) of reaction (7 .1 4 x 10-3 absorbance units per second).
calculated Km values, however, suggest that the secreted HRP
= 10.4 mM) has a Km value of nearly double the native HRP (Km =
mM).
Similar values have been obtained by plotting [S ]/V o

against [S] (Hanes-Woolf plot) (results not shown). The secreted
HRP may not bind its substrate as tightly as native HRP, therefore
requiring a higher concentration of substrate. This requirement for
a higher substrate concentration does not preclude its usefulness as
a biological probe as the substrate is readily available.
6 .1 4 .

Discussion

Biochemical analysis identified heavy glycosylated forms of
HRP (70Kd) far in excess of the native glycosylation observed in the
horseradish (4 4 K d ).
'Overglycosylation' may affect transport
kinetics by interfering with protein folding.
Preliminary analysis
supported this possibility; full Endo H resistance was not observed
within three hours.
However, the internally positioned highmannose oligosaccharides may be inaccessible to the Golgi
processing enzymes and therefore, Endo H sensitivity of HRP is not
conclusive evidence of a pre-Golgi localisation.
Horseradish peroxidase exists (in COS cells) in approximately
10 different molecular weight forms (32, 34, 37, 39, 43, 47, 51, 56
59 and 69Kd).

The expected molecular weight of the polypeptide

backbone is predicted to be approximately 34Kd.
this stage, what this extra 32Kd band meant.

It was not clear at

All other forms of HRP

(8 forms between 37-69Kd) represent N-linked glycosylation at 1 to
8 of the sites present in HRP. As the 32Kd apoprotein does not
represent 40% of total intracellular HRP forms (figure 3 0 ), it is
hypothesised th a t all intracellular forms (< 6 0K d ) have an equal
likelihood of acquiring the haeme prosthetic group and consequently
of retention in the cell. As haeme addition is an early ER event, all
these intracellular forms of HRP are within the ER. Further support
for ER-localisation was observed for HRP forms greater than 59Kd
that can be efficiently secreted, as well as small amounts of 54Kd
HRP. These 54 and 59Kd forms have been shown to possess endo Hsensitive oligosaccharides and may represent pre-Golgi forms of
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HRP. The 65-69K d HRP forms cannot be detected intracellularly
suggesting a rapid release from the cell, downstream of the ER
block.
These results are highly suggestive of a 'bottle-neck' in
secretion of HRP, with rapid secretion occurring downstream of this
block.

However, it is possible that the apparent 54 and 59Kd endo H

-sensitive forms are not the same as those being secreted. Pulsechase experiments were performed to identify the presence of any
bottle-neck.

All the HRP forms that were not efficiently secreted

appeared to be synthesised and secreted with similar kinetics, with
all forms being present after only 15 minutes and remaining in the
cells a fte r 6 hours.
It therefore appears th a t progressive
glycosylation as the protein traverses the ER and Golgi does not
occur.
Thus the protein may be retained within a single
com partm ent such th at no further processing occurs until its
release, after which rapid processing and secretion occurs.
To identify the presence of other protein modifications
removal of all N-linked oligosaccharides was performed (Endo F).
These results revealed an intracellular-specific HRP form, absent
from the secreted forms, migrating at 32Kd (previously described as
the smallest intracellular form).
This modification was acquired
co-translationally, or very shortly afterwards, and so could not
therefore represent 0-linked glycosylation (performed in the TGN).
It is possible that this modification might represent the addition of
the

haeme prosthetic group,

reported

to

be a co-translational

process. The presence of this modification in all secreted HRP is
indicative of its requirement for secretion competence. Secretion
of a cross-reacting protein, possibly fibronectin (contains Staph A
binding sites), is unaffected by this bottle-neck, which is consistent
with only haeme addition being rate-limiting.
The kinetics of secretion for 'to tal' and active HRP were
determined to be 140 and 75 minutes respectively. The difference
between the two values (65 minutes) identifies the time taken for
newly synthesised HRP to become secreted, assuming 'total' and
active HRP traffic at the same rate (post-lag). Indeed, after the
initial lag exhibited by the 'total' HRP, the kinetics of secretion for
both 'to ta l' and active HRP were indistinguishable, but there
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appeared to be a secretion incompetent pool of HRP equivalent to
40% 'total' HRP after 6 hours. Active HRP was completely and
efficiently secreted over the same time period, therefore the
retained HRP is inactive.
A fte r overnight incubation, the
intracellular pool was found to be 48% of the 'total' HRP produced.
This identified a second major problem alluded to earlier, that the
non-secretable HRP is not being efficiently removed from the cells
by either secretion or degradation.
Final

clarification

th a t

this

rate-lim iting

step

represents

haeme addition was observed by the incubation of cells in the
presence of exogenously added haeme, where total HRP activity
increased 1.6-fold.
On the assumption th at all secreted HRP is
active, then in the absence of exogenously added haeme, only
approximately 60% HRP synthesised is active.
The addition of
haeme, resulted in a 1.6-fold increase in active HRP secreted, by
extrapolation this th ere fo re represents
1 0 0 % a c tiv ity of
synthesised HRP. Thus, not only is all the HRP synthesised in an
active form, but it is secreted into the medium, rather than
accumulating intracellularly.
There is however, another possibility; haeme may be
regulating translation from mRNA rather than merely the posttranslational incorporation of the haeme prosthetic group itself.
Dependency of mRNA for protein translation on the presence of a
haeme pool has been observed for Haemoglobin in erythrocytes
(Clemens 19 76 , Dabney 1 9 7 7 ) and Catalase in S accharom yces
cerevisiae (Hamilton 1982). Thus, the increased detection of active
secreted HRP may also result from increased expression.
These secretory problems of HRP may result from the high
level expression being produced and do not preclude the usefulness
of HRP as a probe, as detection will be achieved by HRP activity,
which is easily detectable and efficiently secreted.

This secreted

HRP displays a similar pH range and Km value as native HRP.
Thus, HRP appears to be a successful biochemical probe for the
exocytic pathway of animal cells, with activity being efficiently and
co m p letely

secreted ,

so

th a t

experiments may be carried out.

biochem ical

co-localisation

Final confirmation of its utility as
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a versatile probe requires the identification of detectable activity
within the cell types of interest, by EM and therefore allowing the
prospect of morphological co-localisation experiments. This probe
may now be utilised for the analysis of the polarity pathways of
epithelial cells such as CaCoZ and MDCK cell lines. In addition, the
interaction of the exocytic and endocytic pathways may be analysed
in H.Ep.2 cells.
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Chapter seven

The expression of HRP in other cell lines
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7 .1 .

A bstract

HRP expressed stably in both MDCK and H.Ep.2 cells could be
detected as a 35-40Kd protein, in contrast to the more extensively
glycosylated HRP molecules expressed in COS cells (32-69K d). High
level HRP expression could also be detected in both cell extracts and
medium from CaCo2 cells.
Surprisingly, it was not possible to produce high expression
(o f HRP) stable cell lines in any of the above cell types.

All

potential high expressing cell lines became traumatised, observed
morphologically and biochemically. This traumatisation was always
followed by cell death. Analysis of a traumatised H.Ep.2 cell line
revealed the presence of 2 highly expressed non-HRP proteins of 46
and 49Kd.
These proteins were never detected by transient
expression in COS cells or in wild-type H.Ep.2 control cells and may
be heat-shock proteins synthesised in response to stress caused by
the accumulation of intracellular inactive HRP, as observed in COS
cells.
A fter several subsequent passages, another protein was
expressed, migrating as a 75Kd protein (which may represent BiP).
The later induction of this protein, regardless of its identity, is
strong biochemical evidence that cells were undergoing stress, as a
result of prolonged HRP expression.
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7 .2 .

be

introduction
The production of stable cell lines is generally considered to
the most desirable method for studying the biological

consequences of expression.
Once a stable cell line has been
obtained, it can be well characterised for the wild-type phenotype
such as morphology, polarity and physiological functioning.

All

subsequent experiments may be carried out on cells expressing
constant high levels of transfected protein. Under these conditions
results from several different experiments may be combined more
reliably.
In addition to

these generally applicable

reasons for the

production of stable cell lines, studies on polarised epithelial cells
require
polarisation on filte rs
prior to
exp erim en tation .
Polarisation may take between three (MDCK cells) to twenty-one
(CaCo2 cells) days, which is generally thought to preclude the
transient expression of proteins from DNA transfection procedures
which do not produce high level expression beyond a few days.
However, there are certain advantages to transient expression,
as some proteins may have cytotoxic effects on a cell. In such cases
transient expression may allow a study of its biology prior to the
accumulation of such cytotoxic effects. Another potential advantage
is the expression of high levels of exogenous protein only after
epithelial polarity has been established.
In this way, the
development of
exogenous effects.

polarity would

be completely

uninfluenced

by

It may be possible to transfect cells which have

already polarised on filters by viral infection, or by the optimisation
of existing transfection techniques.
If transfection of already
polarised cells proves to be impossible or impractical then it may be
possible to transfect MDCK cells by standard techniques prior to
their being plated onto filters.
The cell types to be studied were chosen for their suitability
to answer specific questions by their expression of HRP. The first
is that of polarity and this was addressed in both MDCK and CaCoZ
cells, which handle Ap protein targetting in different ways (see
general Introduction).

The second question regards the interaction

of the exocytic pathways to the Ap or Bl surfaces, with those of the
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Ap or Bl recycling endocytic pathways. The endocytic routes of
H.Ep.2 cells have been well characterised in our laboratory, and as
such offers a good cell model for the detection of these pathways.
7 .3 .

The production of stable cell lines
The cells were transfected using pSRassHRP (figure 28) by

either lipofection (CaCo2 and H.Ep.2

cells) or by electroporation

(MDCK cells). Transfectants were selected using G4 1 8 by limiting
dilution in 96-well dishes.
a.

CaCo2 cells
Several hundred G4 i8-resistant colonies were obtained from

HRP-transfected CaCo2 cells of which 65 survived long enough to be
screened for secreted HRP.
Of these, 13 showed high level
production of secreted HRP at levels comparable to those observed
in COS cells. One cell line was selected and analysed by EM (results
discussed later).
Before further analysis of this cell line could be carried out,
the cells appeared very sick, gradually losing adherence to the
plastic (cells rounding up). Upon subsequent trypsinisation all the
cells were unable to re-adhere to the plastic and divide. These same
events were evident with all HRP-expressing CaCo2 cell lines.
Despite several subsequent attempts, all cell lines expressing HRP
died within 4-8 passages, always subsequent to trypsinisation, with
each cell line dying at a characteristic and even predictable passage
number.
b.

MDCK cells

A similar failure to produce stable cell lines was observed for
MDCK cells, with the exception that cell death was slower and was
often concomitant with a gradual reduction in HRP expression levels.
It is possible th a t these cells have down-regulated their HRP
expression, but is more likely to be as a result of selection against
HRP expression as these cell lines may not be clonal.

The HRP

detected in the highest expressing cell line appeared to be mostly
restricted to the cells, very little being detectable in the medium by
activity or immunoprécipitation (results not shown). A very small
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amount of HRP was detected by immunoprécipitation in the medium
after 6 hours in a pulse-chase experiment. The HRP exhibited a
molecular weight range of approximately 35-40K d.
This cell line
was presumably in the process of being out-grown by non-HRP
producing (but G4 1 8 resistant) cells.

c.

H.Ep.2

cells

The production of H.Ep.2

cell lines expressing HRP revealed

that these were also unstable, resulting in trauma and cell death
after approximately 5 passages.
However, the three cell lines
produced exhibited less severe cytotoxicity, possibly as a reflection
of their lower HRP expression levels (compared to those obtained in
COS, CaCo2 and MDCK cells). As these cells could be passaged at 1:5
to 1:15, sufficient cell numbers could be generated for preliminary
analysis prior to their inevitable death.
The rate of HRP secretion could therefore be determined for
both HRP activity and 'total' immunoprecipitable HRP. The rate of
secretion of HRP activity was determined (experiment performed by
Clare Putter) by examining the rate of loss from cells following
cycloheximide treatm ent (figure 38). Although the rate of loss did
not plateau within 3 0 0 minutes, the t i / 2 secretion was calculated
to be 140 minutes, assuming that all the HRP activity could be
secreted. In fact, analysis of the secretion kinetics of HRP activity
following its accumulation within the TGN by a 20°C block revealed
that secretion from the TGN occurs with a t i / 2 of only 20 minutes,
and that all HRP activity appears to be secreted (results not shown).
The t i / 2 secretion of 'to tal' HRP was not quantified, but visual
approximation

of

immunoprécipitation

results

indicates

a t i /2

secretion of between 1 0 5 -1 3 5 minutes (figure 39), similar to that
found in COS cells (12 5 minutes, figure 32).
The intracellular accumulation of inactive HRP may be the
cause of the cytotoxicity of the HRP.
However, the rate of
accumulation (if any) of inactive HRP within H.Ep.2 cells has not
been established. A suggestion that accumulation is occurring was
provided by the addition of haeme to the medium for two days, which
resulted in a 2 .5 -3 fold increase in intracellular HRP activity
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(experiment performed by Clare Putter), suggesting th at up to
approximately 70% of intracellular HRP in this H.Ep.2 cell line is
inactive, although no direct evidence exists for its accumulation
within these cells.

The possibility that haeme may stimulate HRP

expression in these cells has not been excluded as the experiment
was not performed in the absence of protein synthesis.
A potential indicator of the cell trauma observed for all cell
types was found in the appearance of high levels of non-HRP bands
appearing in the H.Ep.2 immunoprécipitation experiments. Results
from early passage H.Ep.2 cells identified the presence of two bands
found in the medium, migrating at approximately 46 and 49Kd (figure
39 ), in addition to, and at higher levels than HRP (35-40K d). It is
possible, although unlikely, that these bands represent more heavily
glycosylated forms of HRP.
Western blot analysis would identify
whether these bands co-precipitate, as a complex, with HRP during
immunoprécipitation or are themselves HRP forms. This experiment
has not been performed.
Interestingly, immunoprécipitation of HRP a fte r several
further passages, just prior to trauma and death, revealed an
additional protein migrating at approximately 75Kd (figure 39). All
three bands are released into the medium very slowly and then
suddenly as a concerted release after 3 0 0 minutes.
This may
represent cell lysis due to cell death, as the cells did not survive
after trypsinisation.
It is possible that these additional proteins
may be heat-shock proteins induced by the cell trauma th at is
occurring. How these proteins become suddenly released from these
cells is not clear. All three proteins appear to be specific to this
HRP expressing cell line (although other HRP expressing H.Ep.2 cell
lines have not been analysed) and absent from wild-type H.Ep.2
control cells (figure 39).

The appearance of the 75Kd protein is

strong biochemical evidence of cell trauma, particularly if the
protein is BiP, an ER resident protein responsible for the retention
of incorrectly folded proteins within the ER.
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Figure 38. Secretion of HRP activity from H.Ep.2
cell line was produced by lipofection of pSRa.ss.HRP.

cells. This

Cycloheximide (50pg/ml) was

added at time =0 and cells chased for up to 300 minutes in the continued presence of
cycloheximide.

HRP activity is expressed as the percentage of original HRP present

within the cells. The results were obtained in triplicate and average values plotted. The
t i / 2 secretion was determined to be 140 minutes.

Experiment performed by Clare

Putter.

69Kd

46Kd

30Kd

Figure

39.

Pulse-chase of HRP in H.Ep.2

cells.

Cells (3.5cm

dishes) were pulse-labelled with 35s-methionine (15 minutes) and chased for up to

6

hours in the presence of cold methionine and HRP immunoprecipitated using 5pi rabbit
polyclonal anti-HRP antibody (Sigma P7899) preabsorbed with unlabelled wild-type
cells.
hours.

Wild-type H.Ep.2

cells were used as a control, immunoprecipitated after

6
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7 .4 .
The development of transient expression
for MDCK cells.

procedures

It is clear that the production of high level HRP expressing cell
lines will not be possible due to cytotoxicity.
It was therefore
necessary to develop transient expression protocols capable of
producing high expression levels in a large proportion of cells. This
could be achieved by two different strategies, either by producing
stably transfected cell lines with the cDNA under the control of an
inducible promoter, or by using transient transfection or infection.
The use of inducible expression requires the addition of inducers to
switch on cDNA expression. In such systems, other endogenous
expression may be either induced or inhibited by the same compound
producing unknown consequences. In addition, the lengthy procedure
of producing and screening stable cell lines would still be required,
a particular disadvantage when studying the slow growing CaCo2
cells.
As an alternative, transient transfection would eliminate the
requirement to produce stable cell lines, the addition of exogenous
'inducer' drugs, the potential for the generation of unusual
phenotypes by clonal cell lines, and would permit the analysis of
constructs in several different cell types more conveniently,
therefore this approach was adopted. Transient expression typically
lasts for only a few days. Therefore, any transfection protocol for
CaCo2 cells must operate on already polarised cells due to the long
time required for polarisation. The situation is less restricted for
MDCK cells which polarise within 2-3 days and H.Ep.2 cells which do
not polarise.
a.

SFV

I)
SFV
cells

infection

and

transfection

of

polarised

epithelial

A recently developed expression system, based on Semliki
Forest virus (SFV) (Liljestrom 1 9 9 1 ) may satisfy these
requirements and is capable of infecting cultured cells of amphibian,
avian, insect, mammalian and reptilian

origin.

The virus exists as

an RNA form, capable of functioning directly as a mRNA (it is 5'
capped and S' polyadenylated). Therefore, expression can be achieved
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either by direct transfection of RNA or by infection with the
recombinant virus.

The optimisation of these methods as performed

on polarised MDCK cells due to their ease in handling as well as their
lack of human TFR and p-galactosidase activity (see below).
Preliminary experiments on MDCK cells, using wild-type SFV
or recombinant virus containing the cDNA for transferrin receptor,
revealed that infection efficiency was optimal at pH6.8 from the Bl
surface, with no infection evident from the Ap surface. The relative
efficiency of infection for polarised cells on filters was at least
10-fold less efficient than the infection of non-polarised BHK cells,
as determined by immunofluorescence (results not shown).

This

reduced infection efficiency was most likely to be due to non
specific adherance of the virions to the filter.
Maximal infection of approximately 70% of polarised MDCK
cells was achieved using 100 plaque-forming units per cell of wildtype SFV after 5 hours infection (which is insufficient time for a
second round of infection by wild-type SFV).

The use of higher virus

concentrations is expected to increase the percentage infection.
Unfortunately, further recombinant viral stocks cannot be produced
until the helper construct (the recombinant RNA transcripts are able
to replicate, but cannot package into recombinant virions without
the structural proteins encoded on the helper plasmid) becomes
commercially available and therefore these experiments are still
pending.

Attempts to transfect the virus by lipofection at the Ap

surface of polarised MDCK cells have proved unsuccessful, with less
than 0.01% of the cells becoming infected, as determined by
immunofluorescence (results not shown).
One possible disadvantage of the SFV expression system is
that cytopathic effects of the virus may interrupt the polarity of the
cells.

To determine whether this would be a problem, recombinant

virus containing either the cDNA for TFR or its tailless mutant was
used to infect polarised MDCK cells and expression examined by
immunofluorescence after 5 hours.
Although low infection
efficiencies were observed, examination of vertical optical sections
obtained by confocal microscopy revealed the expected Bl
localisation of TFR and Ap localisation of its tailless mutant (figure
40a and 40b, respectively).

Therefore, no disruption of MDCK
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polarity is evident 5 hours post-infection.

a)

b)

Figure 40. Immunofluorescence of TFR in polarised MDCK
cells. Confocal microscopy of transferrin receptor localisation in permeabilised
MDCK cells.

Polarised MDCK cells (3 days on filters) were infected (1 hr) with

recombinant SFV expressing either; a) wild-type receptor on the Bl surface, or b)
tailless receptor on the Ap surface, and infection allowed to continue for 5hr. Horizontal
optical sections through the cells were used to generate a vertical image of the polarised
monolyer.

ii)

SFV transfection of MDCK cells

An alternative to the infection of cells with recombinant virus
is the direct transfection of its RNA. Although it is possible to
transfect BHK cells with 100% efficiency by the electroporation of
recombinant viral RNA, this method is not suitable for polarising
epithelial cells as expression will shut down host synthesis well
before polarity can be established. Transfection must therefore be
carried out on already polarised cells.
Preliminary experiments
using lipofection of RNA at the apical surface of MDCK cells were
unsuccessful, as the lipofectin reagent remained associated with
the apical membrane causing 'autofluorescence' when analysed by
immunofluorescence. Attempts to removed the lipofectin reagent
from the cell surface by 'back-exchange' using BSA (van Meer 1987,
1988) appear to have been successful (results not shown).

1 56
iii)

Adaptation of pSFVl

for the expression of HRP

The production of in vitro transcribed RNA from the pSFVl
recombinant plasmid requires prior linearisation at the unique Spel
site. Unfortunately, the DMA encoding HRP contains an internal Spel
site, thus necessitating partial digestion.
This may be very
inefficient as undigested plasmid could produce large amounts of
RNA concatomers.
RNA transcribed from plasmid molecules
linearised within the HRP gene would be unable to release bound,
translating ribosomes, resulting in a depletion of ribosomes
available in the system for full-length HRP.

trl

BAS

Bgll 1

ACTAG
TGATC
Figure 41.

BatBI

Stui

Avril

Seal

ATCTTCGAAGGCCTAGGAGTA
TAGAAGCTTCCGGATCCTCAT

pSFVI.BAS.

Spel

CTAGT
GATCA

This plasmid is an adaption of pSFVI (Liljestrom

1991) and contains a choice of three linearisation sites; BstBI (B), Avrl 1 (A) and Spe
1 (S) and is therefore named pSFVI.BAS.

Like the parental pSFVI plasmid, RNA

transcripts of this plasmid are able to replicate, but cannot package into recombinant
virions without the presence of helper transcripts.

It was therefore decided to engineer the plasmid to include
alternative linearisation sites th at were absent from HRP.
Restriction analysis of both the cloning vector (pSFVl) and HRP
revealed two suitable (absent) restriction sites; BstBI and A v r il.
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Two oligonucleotides, encoding both strands of DNA were
synthesised, annealed and ligated into the Spel site (which had its
5' overhangs filled in with 'Klenow') of the pSFVI plasmid, to
produce pSFVI.BAS in which the original Spel site was regenerated
(figure 41 ).
b.

Transient transfection of DNA into MDCK cells
Previous attem pts to transfect pSRa.ss.HRP into epithelial

cells

by lipofection

detectable

or electroporation

HRP activity.

The

most

have

failed

to

likely explanation

produce
is that

transient expression is related to gene dosage.
Transient
transfections with pSRa.ss.HRP in COS cells, which are transformed
with the SV40 large T antigen, allow high level HRP expression, due
to the replication of the vector (Gluzman 1 9 8 1 ). If however, the
SV40 large T antigen were to be co-transfected with the
pSRa.ss.HRP into epithelial cells, replication and therefore
increased expression may result with minimal effects of cellular
transformation by the T antigen. The pRSV plasmid vector encoding
the SV40 large T antigen has been obtained (a kind gift from S.Moss,
UCL) and preliminary experiments have been performed. It appears
th at, although transient expression levels can be increased
approximately two-fold by the co-expression of the SV40 large T
antigen, this level is still far inferior to the expression level
obtained by pGWI.pgal. Future transient expression analyses of HRP
constructs will be based on this pGWI.pgal vector. However, it is
first necessary to determine methods of transfection suitable for
the transient expression in polarising epithelial cells.

Experiments

were performed on MDCK cells due to their much faster growth rate.
i)

Lipofection

of MDCK cells on filte rs

Lipofections were carried out on MDCK cells on 12-well filters
using Lipofectin reagent (Gibco, UK). The method was adapted from
that used for the generation of stable cell lines, except the volume
was restricted to 200|il, as the cells cover a much smaller surface
area when cultured on filters at the densities required for
polarisation.
The DNAilipofectin complex was applied to the Ap
chamber of polarised MDCK cells, which had been pre-washed to
remove all traces of serum.

After 5 hours, the Ap chamber was
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topped up with normal growth medium and the cells cultured for a
further 2-3 days before analysis. Prior to analysis, the cells were
'back-exchanged' using 1% BSA in growth medium for several hours
to eliminate autofluorescence.
The lipofection procedure was optimised for DNA (pGW I.pgal
which produces cytoplasmically synthesised protein) and lipofectin
concentrations, the presence of SV40 large T antigen and length of
tim e cells were on filters prior to transfection.
Highest
efficiencies were observed with lOpg DNA (higher concentrations
appeared inhibitory) plus lO^ig T antigen (producing a 4 to 8 fold
increase)

encoding

DNA

and

O.Sm g/m l

lipofectin

(maximum

concentration possible due to DNA precipitation at higher
concentrations) on MDCK cells that had been plated onto filters the
previous day (shortest period attempted).

the

Using these optimised conditions, approximately 10-20% of
cells were transfected (as detected by p -g a la c to s id a s e

activity), with expression appearing within clusters of cells. The
major disadvantage of this approach to transfection was the cost.
Otherwise, this method appeared simple, efficient and reliable.
ii)

Electroporation

of MDCK cells

In an attem pt to reduce the cost of transfection and increase
the efficiencies still further, the method of electroporation was
considered. This method would not be applicable for CaCo2 cells
which would require 2-3 weeks to polarise post-transfection.
However, the method may be useful for the transfection of non
polarised H.Ep.2

cells or MDCK cells which polarise within 2-3 days.

Optimisation of electroporation conditions was carried out
using pGWI.pgal as for the lipofections. Maximum expression was
obtained using 250^F, 380V and infinity ohms with 10|ig pGWI.pgal
and lO^g pRSV.T.ag.

The presence of the SV40 large T antigen

increased the number of detectable expressing cells by over 3 fold.
These optimised conditions resulted in approximately 50% cell
death.
When the surviving cells were plated onto filters and
screened for p-galactosidase activity after 2-3 days, approximately
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3 0 -5 0 % of cells (based on surface area) were positive.
When
pSRassHRP or pSRassp-gal were co-transfected with pRSV.T.ag, no
detectable transient expression could be observed. Therefore, if
this technique is to be employed, then the ssHRP will need to be
cloned downstream of the CMV promoter in the pGWl vector.
As expression may occur prior to cell polarisation, it was
important to determine whether cells expressing high levels of
exogenous protein were still capable of efficient polarisation.
Therefore, co-localisation of p-galactosidase and CD44 (an
endogenous Bl protein of MDCK cells) within the same cells was
performed.
In cells expressing p-galactosidase, CD44 remained
localised to the Bl surface (results not shown), therefore high
expression of exogenous proteins does not appear to disrupt
epithelial polarity.

7 .5 .

Discussion
The expression level obtained using pSRassHRP in the stable

cell lines is sufficient for the quantitative detection of HRP
activity, which could be detected both in the cells and in the
medium. However, problems were encountered in the survival of cell
lines with high HRP expression, resulting in cell death or loss of HRP
expression within a few passages.
It is interesting that the secretion kinetics of 'total HRP' in
the H.Ep.2
cell line suggest th at accumulation of HRP is not
occurring. In addition, 'total' and active HRP are secreted with very
similar,

if not

identical,

kinetics.

It is possible th a t

inactive

intracellular HRP is being degraded more efficiently than observed
in COS cells under transient conditions.

Intracellular accumulation

of inactive HRP could not be detected due to high background after
immunoprécipitation (figure 39 ).
The detection in H.Ep.2

cells of two other bands at early

passages and the later emergence of the 75Kd band may suggest the
presence of other proteins complexing with HRP. Interestingly, the
emergence of the 75Kd band coincides with the escalation of trauma,
just preceding cell death.

It is possible that this protein is the ER-
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chaperone protein, BIP, involved in the retention of misfolded
proteins within the ER (Ng 1992). BiP synthesis has been shown to
increase under conditions of trauma such as; glucose starvation
(Pouyssegur 1 9 7 7 ), inhibition of N-linked glycosylation and
modification (Pouyssegur 1 9 7 7 ), disruption of intracellular calcium
stores (Drummond 19 87 ), infection by enveloped viruses (Stoeckle
1 9 8 8 ), expression of folding mutants (Kozutsumi 1 9 8 8 ) and the
increased expression of secretory proteins (Darner 1989, Wiest
1990).
The near-native glycosylation of HRP in MDCK (and probably
H.Ep.2) cells suggests th a t overglycosylation is not causing
misfolding, secretion incompetence and induction/interaction with
heat-shock proteins. Thus it is possible th at the three additional
non-HRP proteins are heat-shock related proteins produced in
response to the inactive, misfolded, intracellular HRP observed in
COS cells. It is also possible, although very unlikely, that as HRP
binds two molecules of Ca2+, depletion of intracellular calcium
stores could be occurring. These proteins may serve to target the
misfolded HRP for degradation.
Three possible scenarios may explain the cell death observed
in cell lines expressing HRP: Firstly, the accumulation of HRP within
the ER causes a generalised 'blockage' e ffe c t in the secretory
pathway. A suggestion that this could be occurring was observed
from the pulse chase experiment in H.Ep.2 cells (figure 39) where
the cross-reacting protein, possibly fibronectin, was secreted
inefficiently.
However, a 'blockage' hypothesis could not be
supported by the detection of intracellularly accumulating HRP.
Also,

no generalised

blockage

was

observed

in the

transient

expression of HRP in COS cells (figure 31 ), where efficient secretion
of the presumed fibronectin was observed.
Secondly, saturation of the haeme addition pathway may have
profound effects specifically on endogenous haeme proteins, which
are forced to compete for the limited resource. It can be imagined
that high expression of HRP could result in over-competition, with
subsequent loss of essential endogenous haeme protein expression.
It

is

not

known

cytoplasmically

if

com petition

expressed

proteins

for

haeme

such

as

can
the

occur

with

cytochromes
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(m itochondrial ele ctro n -tran sp o rt chain com ponents), or if
competition would be restricted to the lumen of the ER where HRP is
synthesised.
A third explanation, which is independent of the accumulation
of inactive HRP, concerns HRP reaction products, which are likely to
be toxic to the cells.
Accumulation of such toxic products,
generated by endogenous substrates, may result in eventual cell
death. However, no obvious HRP activity can be detected (LM or
soluble cell extract) in the absence of exogenous substrates. Also,
active HRP is e ffic ie n tly secreted,
any reaction product
accumulating must therefore be separated from this enzyme. This
scenario suggests that the accumulation of inactive HRP is unrelated
to the observed toxic effects and seems less likely.
Preliminary experiments to assess the feasibility of rescuing
the H.Ep.2 cell lines by the addition of haeme to the growth medium
have been unsuccessful; the presence of excess haeme itself appears
to be toxic to the cells.The haeme concentration needs to be
titrated for this H.Ep.2
cell line, to determine the level of
exogenously added haeme th at may balance the cellular shortfall
without exceeding it.
It may be possible to circumvent these
problems by the production of stable cell lines expressing HRP under
the control of an inducible promoter.
An alternative strategy would be the adoption of a transient
expression system. As polarised epithelial cells require between 3
days (MDCK) and 3 weeks (CaCo2) to fully differentiate on filters, an
expression system capable of transfecting already polarised cells or
a system capable of producing transient expression for long periods
of time was required.
capable

of

long-lasting

As transient expression systems are not
high

expression,

systems

capable

of

transfecting already polarised epithelial cells, were concentrated
on, principally that of the SFV or lipofection.
The results with SFV have identified th at recombinant virus is
capable of infecting MDCK cells. In fact, infection may be achieved
on

polarised

cells

on

filters,

by

infection

at

the

Bl surface.

However, the efficiency of infection is at least 10-fold lower than
that observed for BHK cells on coverslips. This reduced efficiency is
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most likely to be due to the adhesion of virions non-specifically to
the filter, although it is also ^possible th at MDCK cells are less
readily infected. Unfortunately, further characterisation of the SFV
system has not been possible, as the helper virus neccessary for the
packaging of recombinant virus is not yet commercially available.
One alternative to SFV infection is the lipofection of polarised
cells on filters.

This method, when optimised, yielded transfection

efficiencies of 10-20% .
Although, this method appeared to be
satisfactory in terms of efficiency, the cost of such a technique
under these

optimised conditions would

be prohibitively large,

therefore a cheaper alternative was sought.
The method of electroporation was then tested and found to be
very efficient in the presence of the co-expression of the SV40
large T antigen (when the CMV promoter present in pGWI was used)
yielding 3 0 -5 0 % transfection efficiency.
The resulting transient
expression of high levels of b-galactosidase activity in MDCK cells
prior to polarisation was shown to have no obvious effects on the
establishment of polarity, as determined by the Bl localisation of
endogenous CD44. Therefore it has been shown that the use of
transient expression in MDCK cells is possible, although it has not
been shown in CaCoZ cells.
Other tranfection methods such as
calcium phosphate precipitation (Chen 1 9 8 7 ) and DEAE-dextran
(Sompayac 1981) may also be suitable for the transfection of these
cell types.
It should now be possible to proceed with the
characterisation of HRP as a probe for the exocytic pathway,
w ithout

the

long-term cytotoxic effects

associated

with

expression in stable cell lines of CaCoZ, MDCK and H.Ep.2

cells.

HRP
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Chapter eight

Morphological examination of HRP
expression
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8 .1 .

A b stract

The final criterion for the validity of HRP as an enzymatic
probe for the secretory pathway is w hether the HRP activity
expressed

in d ifferent

cell

types

is visible

by EM.

Electron

microscopical analysis of HRP activity expressed either transiently
in COS cells or stably in CaCoZ cells revealed easily detectable
reaction product within membrane-bound compartments.
Curiously, many of the compartments containing HRP reaction
product in both cell types are reminiscent of endosomal structures.
To determine whether these compartments exist as part of the
secretory pathway or represent an artifact of the re-endocytosis of
secreted HRP, it was necessary to analyse HRP secretion in H.Ep.2
cells.
In these cells, the endosomes, as defined by the TFR recycling
pathway, were filled with a gold-conjugated antibody to TFR. EM
analysis revealed th at very little co-localisation of gold particles
was seen with HRP reaction product. Quantification of these results
by the subfractionation of gold-containing endosomes, identified a
maximum of 20% total HRP activity, that could traffic through the
endosome on route to the cell surface. In contrast, between 60 and
80% newly synthesised TFR was transported to the endosomes, and
alkaline phosphatase was completely absent.
Therefore, HRP is
secreted predominantly by a pathway that does not interact with the
endosomes, even though such a pathway does exist.
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8 .2 .

Introduction

In previous chapters it has been shown that HRP activity is
efficiently secreted when transiently or stably expressed in animal
cells. No intracellular accumulation is evident indicating that HRP
may be utilised as a specific exocytic marker. However, its utility
as such a marker would be greatly enhanced if its intracellular
location could be sensitively detected directly by its activity.
To this end, it would be an enormous advantage if the
intracellular HRP activity could be detected by EM. In this way it is
hoped that the sensitivity of detection of an exocytic marker may be
increased over the usual immunoperoxidase methodology.
It is
therefore imperitive to determine if the HRP expression levels
obtainable in the various cell types are sufficient for EM analysis.
If this is so, the compartments involved in exocytosis may be
identified and their interaction with other intracellular trafficking
pathways be sensitively detected.
In polarised epithelial cells, proteins may be specifically
delivered to either the Ap or Bl surface. Proteins destined for either
PM domain have been co-localised within the TGN, suggesting that
this represents the earliest possible sorting compartment. In MDCK
cells, proteins are packaged into distinct vesicles for direct
transport to the appropriate surface (Le Bivic 1990a, Wessels 1990,
Casanova 1991, Wandinger-Ness 19 9 0 ).
However, in CaCo2 cells,
some proteins are first transported to the Bl surface from which
they reach the Ap surface by transcytosis (M atter 1990b, Le Bivic
1990b). Furthermore, hepatocytes transport all proteins to their Bl
domain from which sorting appears to occur (Bartles 1987, Hubbard
1 9 8 9 ).

Thus the site of sorting, at least in polarised epithelial

cells, appears to be cell-specific and not restricted to the TGN. An
alternative sorting location used by some cells may be the
endosome, a compartment already identified as being involved in the
sorting of endocytosed recycling proteins from those destined for
degradation in the lysosome.
The first evidence that an interaction existed between the
endocytic compartment and the TGN was discovered by the injection
of I25|-human asialotransferrin into rat.

Subsequent analysis of
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T25|-protein in the blood revealed th at partial sialylation (a TGNspecific modification) had occurred (Regoeczi 1 9 8 2 ).
In addition,
125|-transferrin and asialotransferrin could be shown to reach the
TGN after 1-2 hours (Fishman 1987).
Further characterisation of this interaction in cultured
erythroleukaemia cells (K 562) was performed using cell surface TFR
which had been desialylated by neuraminidase (Snider 1 9 8 5 ).
TFR was found to be resialylated with kinetics ( t i / z =
th at were
minutes).

The

2-3 hours)

much slower than receptor recycling ( t i / z = 1 0 -2 0
This endosomal delivery of TFR to the TGN is very

inefficient and may not represent any physiological significance, but
merely low level mistargetting.
Thus, if any significant convergence of the endocytic and
exocytic pathways does occur, it is likely to be in some post-TGN
com partm ent, possibly the early endosome.
Therefore, co
localisation experiments were performed using VSV G protein,
detected by immunoperoxidase, as an exocytic marker and the
recycling TFR, conjugated to ferritin, as an endocytic marker
(Hedman 1987). Rare co-localisation (0 .3 -1 .2 % ) could be detected
within labelled vesicular structures by EM and approximately 5%
within TGN elements. When the experiment was repeated using fluid
phase HRP as the endocytic marker, no co-localisation was observed
in human erythroleukaemia cells (Griffiths 1 9 8 6 ), even though TFR
resialylation could occur in these cells (Snider 1 9 8 5 ). It therefore
appears that although inefficient transport from the endosome to
the TGN can occur, transport in the opposite direction cannot be
detected, at least for VSV G protein.
So it appears that exocytosing molecules may not traffic to
the cell surface via the early endosome, as defined by the
transferrin recycling pathway. However, the discovery of a fungal
metabolite, brefeldin A (BFA), revealed an intriguing interaction
between the TGN and the early endosome. In the presence of BFA, the
Golgi and the TGN develop tubulovesicular processes that fuse with
the ER and early endosome, respectively.

This fused TGN-early

endosome compartment exists as a fully functional endosomal
compartment, distinguishable only by its altered morphology. Fluid
phase lucifer yellow could access this TGN-early endosome
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com partm ent

within

5

minutes

(Wood

1991)

and

transferrin

recycling was
not significantly altered, either kinetically or
biochemically,
with pH-dependant release
of 55pe occurring
(Lippincott-Schwartz 19 9 1 ).
Interestingly, a TGN-specific marker, TGN 38 (Luzio 1 9 9 0 )
present in the BFA-specific TGN-early endosome compartment could
be detected recycling between this com partm ent and the PM
(Lippincott-Schwartz

1 9 9 1 ).

These results

can most readily be

explained by
the coalescence of a pre-existing recycling
compartment between the TGN and the early endosome, which
overlaps with the PM endocytic recycling pathway.
In an attem pt to increase the sensitivity of detection of any
convergence of the endocytic and exocytic pathways, Stoorvogel e t
al (Stoorvogel 19 88 ) took advantage of the ability of HRP to densityshift compartments that contain it (Courtoy 1 9 8 4 ).
Surprisingly,
using this technique, only 10 minutes endocytosis of transferrinHRP was required for maximal co-localisation with secretory a i antitrypsin (40% ). It is not clear where this mixing occurs, whether
endosomes or TGN, but EM analysis after 30 minutes showed co
localisation of transferrin-HRP and secretory albumin within the
TGN (although no TGN-specific markers were used to confirm its
identity).
These kinetics of co-localisation are not consistent with the
inefficient delivery of transferrin to the TGN ( t i / 2 =
previously reported (Snider 1 9 8 5 , Fishman 1 9 8 7 ).

2-3 hours)
Therefore,

meeting either occurs earlier, within the endosomes, contrary to
previous results obtained (Griffiths 1 9 8 6 , Hedman 1 9 8 7 ) or
represents the capability of HRP to density-shift a compartment
containing very few HRP molecules.

However, as secretion was

occurring during these experiments, it is possible that endocytosis
of secreted ai-antitrypsin could be occurring.
Another explanation for the apparent discrepancy in the
results is that some, but not all, proteins reach the cell surface via
the endosome.
It is possible th at the VSV G protein studied
previously (Griffiths 1986, Hedman 1 9 8 7 ) does not traffic via the
endosome, whilst other molecules such as a i - a n t i t r y p s i n
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(Stoorvogel 1 9 8 8 ) may do so. In this respect, it may be relevant
that VSV G protein is excluded: from coated pits formed from the
TGN (Griffiths 1985).
To resolve this discrepancy, it was decided to study the
transport pathway between the TGN and the cell surface of three
different proteins in H.Ep.2 cells. The endocytic pathways in these
cells have been well characterised in our laboratory (Putter 1989,
Hopkins 1990). The three proteins to be studied are: Firstly, HRP as
a sensitively detectable bulk flow marker.
Secondly, alkaline
phosphatase, a GPI-anchored protein, which exhibits Ap localisation
in polarised epithelial cells and cannot interact with clathrincoated pits at the PM. Thirdly, TFR, a protein which exhibits Bl
localisation in polarised epithelial cells and is capable of efficient
entry into the endosomes from the PM via clathrin-coated pits.
8 .3 .

Morphological analysis of COS cells

Having shown in previous chapters that HRP activity is present
within the secretory pathway of COS and H.Ep.2
cells, it was
endeavoured to visualise the HRP activity using the well established
methodology of EM peroxidase cytochemistry (Graham 1966).
Morphological analysis of transient HRP expression in COS
cells revealed that high levels of HRP activity could be detected
within membrane-bound structures.
These results confirm the
utility of HRP as an enzymatic probe for the exocytic pathway of
animal cells, both biochemically (as seen in previous chapters) and
cytochemically.

Although the HRP-containing compartments have

not been identified, the majority of HRP activity appears to reside
within endosom al-like structures resembling m ulti-vesicular
bodies, as well as other vesicular and pleiomophic structures of
unknown origin.
The putative presence of HRP in the endosomal compartment
would be very interesting if this results from an interaction during
secretion.

However, the analysis was performed on COS cells at

s te a d y -s ta te ,

so

endosomal

structures

could

result

from

endocytosis of secreted HRP. This would be surprising considering
the dilution effect of secreted HRP into the medium. This dilution
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effect may not exist if secreted HRP adheres to the PM, therefore
offering the possibility of endocytosis without dilution. This seems
unlikely as no HRP activity can be detected on the PM by EM.
However, the steady-state distribution of HRP activity after 2-3
days expression reveals up to 35% cell-associated activity, despite
the efficient secretion of HRP activity ( t i/z = 75 minutes) in these
cells. It is therefore possible that not all intracellularly observed
HRP activity represents the secretory pathway.

I ;
o

V

Figure 42. Electron micrograph of HRP reaction product in
COS cells.
cos cells, 3-day post-transfection, were fixed in 3%
paraformaldehyde, rinsed and incubated in the presence of substrate (50mM Tris.CI
[pH6 ] containing 0.15% diaminobenzidine, 0.02% H2 O2 and O.IM imidazole) for Ihour
at 37°C, in the dark. Cells were then processed for EM. Bar = 0.5pm.

8.4.

Morphological analysis of CaCoZ cells

Electron microscopical analysis of HRP activity in a stable
cell line of CaCo2 cells transfected with HRP revealed high levels of
HRP activity throughout the secretory pathway, with typical Golgi
(figure 43) and ER (figure 44) staining. In addition, heavy staining is
observed in structures resembling endosomes (figure 45). It is not
clear whether these endosomal structures are components of the
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true secretory pathway or result from subsequent endocytosis of
secreted HRP. As HRP activity has been observed on the PM,
endocytosis of secreted HRP may occur at significant levels. In
summary, stably transfected cells can synthesise sufficient HRP
required for its localisation within the secretory pathway by
mophological as well as biochemical analyses.

\

' '

'

Figure 43. Electron micrograph of HRP reaction product in
CaCoZ cells. I. CaCoZ were fixed, processed for HRP detection and EM as
described in the methods. Heavy staining is present within Golgi stacks (arrows). Bar
= 0.5 pm.

It is not clear whether the HRP is transported via the
endosomes in COS and CaCoZ cells. To answer this question it was
necessary to produce H.Ep.2 cell lines stably expressing HRP. H.Ep.2
cells were considered the most suitable cell lines to answer the
question of the convergence of the endocytic and exocytic pathways
as their endocytic pathway has been well characterised in our
laboratory and it may be purified from other intracellular
compartments (Putter 1989).
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Figure 44. Electron micrograph of HRP reaction product in
CaCoZ cells. II. CaCoZ ceils were fixed, processed for HRP detection and EM as
described in the methods.

Heavy staining is observed within tubular structures

(arrows) characteristic of the ER.
vesicular-like structure (asterisk).

Some staining is also present within a multiBar = 1pm.
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Figure 45. Electron micrograph of HRP reaction product in
CaCoZ cells. III. CaCoZ were fixed, processed for HRP detection and EM as
described in the methods.

Heavy staining is observed in large endosomal-like

compartments (arrows). Bar = 0.5 pm.

8.5.

Morphological analysis of H.Ep.2

cells

In H.Ep.2 cells transfected with HRP, it should be possible to
follow the transport of newly synthesised HRP from the TGN to the
cell surface and determine if this transport, thought to represent
bulk flow to the cell surface, interacts with the early endosomes as
identified by the TFR recycling pathway. This pathway includes the
Multi vesicular bodies in which HRP has been observed in COS and
CaCo2 cells.
Cells were incubated at 20°C for 4 hours, to block all newly
synthesised HRP at the TGN. During this incubation all post-TGN HRP
would be secreted from these cells. In addition, the TFR recycling
pathway which is unaffected by incubation at 20°C, was filled during
the last hour at 20°C with an antibody (coupled to colloidal gold
particles) to the TFR.
This antibody (B 3/25) has been used
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previously to map the TFR endocytic pathway in epidermoid
carcinoma A431 cells (Hopkins 1983). The 20°C-blocked cells were
then warmed to 37°C, in the presence of 50pg/ml cycloheximide, to
permit exoctosis and the distribution of the TFR and HRP activity
observed at various time points prior to reaching the cell surface, by
EM. The gold particles and HRP could be visualised in separate
vesicles and at no time point could significant co-localisation be
observed (figures 46,47 and 48).

■4' .
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Figure 46.
Electron micrograph of HRP reaction product in
H.Ep.2 cells at 20°C. H.Ep. 2 cells were incubated at 2 0 °C for 4 hours.
During the last hour, the recycling endosomes were labelled by incubation with antibody
(B3/25) to TFR, which had been conjugated to colloidal gold. The cells were then fixed,
processed for HRP detection and EM, as described in the methods. A multi-vesicular
body containing gold particles is labelled with an asterisk. HRP activity appears to be
restricted to the vacinity of the TGN and does not co-localise with the recycling endosome
(gold particles). Bar = 0.5 pm.

At 20°C HRP activity appears to be restricted to the vicinity of
the TGN within tubular and vesicular structures (figure 46). The
recycling TFR is present within vesicular structures of varying size
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and concentration of gold particles, as well as in multivesicular
bodies. After 5 minutes at 379C, HRP activity can be observed in
similar structures to those present at 20°C, except that its
distribution is more vesicular (figure 47). These vesicles probably
represent post-TGN vesicles destined for the cell surface and do not
contain any gold particles. After 15 minutes at 37°C most HRP
activity appears within vesicular structures and does not colocalise with the gold particles (figure 48). However, some co
localisation could be seen at this time point and may be indicative
of either a low level of bulk flow of HRP through the endosome or
re-endocytosis of secreted HRP, which is secreted from the 20°C
block with a t i / 2 of 20 minutes.

...r" ' \

Figure 47.
Electron micrograph of HRP reaction product in
H.Ep.2 cells 5 minutes post 20^0 block. H.Ep.2 cells were incubated
at 20°C for 4 hours. During the last hour, the recycling endosomes were labelled by
incubation with antibody (B3/25) to TFR, which had been conjugated to colloidal gold.
The cells were then warmed to 37°C for 5 minutes, rapidly fixed on ice and processed
for HRP detection and EM, as described in the methods. The distribution of HRP activity
appears to have shifted to vesicular structures, although tubular staining is still
evident. No co-localisation with the recycling endosome (gold particles) can be seen.
Bar = 0.5 pm.
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Figure 48.
Electron micrograph of HRP activity in H.Ep.2
cells 1 5 minutes post 20«C block. H.Ep.2 cells were incubated at 20°C
for 4 hours. During the last hour, the recycling endosomes were labelled by incubation
with antibody (B3/25) to TFR, which had been conjugated to colloidal gold. The cells
were then warmed to 37°C for 15 minutes, rapidly fixed on ice and processed for HRP
detection and EM, as described in the methods.

HRP activity appears exclusively in

vesicular structures, the majority of which does not significantly co-localise with the
recycling endosome (gold particles). Some co-localisation does occur at this time point
in a large vesicular structure (arrow) and possibly within a multi-vesicular body
(astreisk). This micrograph was selected to show the maximum co-localisation of HRP
activity with the gold particles at this time point, which may result from re-endocytosis
of secreted HRP. Bar = 0.5 pm.

8 .6 .
cells

Biochemical

analysis

of

HRP distribution

in H.Ep.2

To quantify the interaction of newly synthesised proteins with
the early endosome, the above experiment was repeated, but rather
than processing for EM, the TFR-gold containing endosomes were
purified by subfractionation based on the density-shift caused by
the presence of colloidal gold particles (Putter 1989). The purified
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early endosome fraction consists principally of multi-vesicular
bodies, TFR that has passed through these structures and are present
within the recycling endosomes are not present in this fraction.
By this analysis, 1 5-20% of newly synthesised TFR could be
detected within this endosomal fraction after 10 minutes at 37oC,
at which time little (less than 5%) TFR has reached the cell surface.
At the same time however, less than 5% HRP activity was present
within the same fraction.
It should be pointed out that approximately 50% TFR had not
reached the TGN at this time point, as determined by Endo H
sensitivity.
In addition, at steady-state when 70% TFR is
internalised, only 35% TFR may be detected in the endosomal
fraction. Therefore, this subfractionation procedure is only 50%
efficient. Taking these factors into consideration, it is possible
that of all the molecules present within the TGN prior to being
warmed to 37°C, between 60 and 80% of TFR and approximately 20%
HRP (by extrapolation from TFR results) was transported to the
early endosome after 10 minutes at 37°C. However, the EM results
suggest that this extrapolation may not be valid, as this level of co
localisation was not observed and it is possible that only 5% HRP is
actually present in the early endosome.
In contrast, alkaline
phosphatase, a GPI-anchored protein, was completely absent from
the endosomal fraction after 10 minutes at 37°C.
8.7.

Discussion

It has been shown in previous chapters that HRP is secreted
from COS and H.Ep.2 cells with a half-time of 75 and 140 minutes
respectively. In both cell types all the HRP activity can be chased
out of the cell by preventing new protein synthesis, indicating that
there
is no intracellular accumulation
in non-exocytic
compartments.
It has now been shown that the level of intracellular HRP
activity present in COS, CaCo2 and H.Ep.2 cells is readily detectable
by EM analysis. The ability to block HRP secretion by incubation at
2 0 °C and the observation of HRP activity within 'classical'
membrane-bound organelles such as the ER and Golgi, are conclusive
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evidence th at the HRP activity expressed from this pSRassHRP
construct (figure 28) resides within the exocytic pathway, for which
it is a sensitive and specific probe.
One of the first questions to be asked of such a probe is; does
this probe traffic through other compartments en route to the cell
surface, in particular the endosomal compartment? Analysis of this
interaction revealed that up to 20% of newly synthesised HRP may
traverse the endocytic pathway on the way to the cell surface.

It is

possible that HRP identified within the endosomal compartment does
not reach the cell surface, but is recycled to the TGN where direct
transport to the cell surface subsequently occurs.
The presence of HRP activity is expected to reflect the amount
of bulk flow through a particular compartment. If this is so, then at
least 80% of bulk flow through H.Ep.2 cells is likely to occur via a
non-endosomal route.
However, it is possible th at HRP could
traverse a late, non-TFR containing endosome.
In this respect it
would be interesting to compare the co-localisation of HRP with the
EGF receptor destined for the lysosome (Carpenter 1 9 7 6 ), or the
mannose-6-phosphate receptor reported to occupy a late endosomal
com partm ent (Griffiths 1 9 8 8 ).
It is also possible th at HRP
traverses the multi-vesicular bodies rapidly, if this is so, HRP may
be present within the recycling TFR-containing vesicles that do not
form a significant proportion of the endosomal preparation.
However, this is unlikely as TFR transport to the surface is faster
than that of HRP.
If 80%

HRP activity

is reaching the

cell surface without

interaction with the endosomes, could it instead be using the
pathway taken by GPI-anchored proteins?

Higher HRP expression

levels will be required for co-localisation of HRP with alkaline
phosphatase by DAB density-shift. However, if this does prove to be
the case in H.Ep.2 cells, it cannot explain the situation observed in
polarised epithelial cells, as the resultant bulk flow would
therefore occur predominantly to the Ap surface. This does not
appear to be the case, especially in hepatocytes in which the
converse

appears

to

be

true

(Bartles

1987,

Hubbard

1 9 8 9 ).

Therefore, a third pathway may exist to the cell surface, at least in
polarised epithelial cells, which reaches the surface (Bl in polarised
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cells) without endosomal interaction.
If the bulk flow in H.Ep.2

cells is not via the endosomes, then

there must be specific targetting to the endosomes for molecules
such as TFR which traffic through the endosome on route to the
surface. It is possible that this route through the endosome may be
related to the receptor's interaction with the clathrin-coated pits
involved in endocytosis from the PM.
This connection is very
interesting, especially as clathrin-coated pits are also formed on
the TGN membrane.

However, the specificity of these two types of

coated pits appears to be different, due to the presence of different
classes of adaptors; HAI on the TGN (Ahle 1 9 8 8 ) and HAH on the PM
(Robinson 1987). The mannose-6-phosphate receptor interacts with
both classes of adaptors, but utilises different signals (Glickman
19 8 9 ). In addition, different signals appear to function in the pIgR
(Casanova 1 9 9 1 ) and the low density lipoprotein receptor (Johnson
1992, Matter 19 9 2 ) for the targetting to the cell surface (Bl) and
the endocytosis from the PM.
Despite these differences a correlation does exist, as
mannose-6-phosphate receptor is also capable of entering the
endosome from the TGN, at least in the presence of brefeldin A
(Wood 1 9 9 1 ) and has been identified within clathrin-coated pits on
the TGN membrane (Gueze 1984), whereas VSV G protein is excluded
(Griffiths 19 85 ). Interestingly, the addition of a tyrosine residue to
the cytoplasmic tail of the Influenza HA protein results in the
conversion of an Ap, non-endocytosing protein to one that is both 81targetted and capable of endocytosis (Lazorovits 1 9 8 8 , Brewer
19 91 ). It is possible, therefore, that the signals for Bl targetting,
endocytic targetting from the TGN and endocytosis from the PM are
very similar and occasionally identical.
It will be interesting to
determine whether other endocytosing molecules also traverse the
endosome on route to the cell surface.
To identify the compartment involved in the bulk flow transport
of HRP to the surface, it will be necessary to perform density-shift
experiments

using

DAB reaction

product.

Unfortunately,

DAB

density-shift was not successful, presumably due to the low levels
of HRP present.
These
expression levels of HRP.

experiments

therefore

await

higher
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General

discussion

The comparison of d ifferent vectors for the high level
expression of cDNAs in polarised epithelial cells has identified pSRa
(Takebe 1 9 8 8 ) as a suitable expression vector when transfected into
CaCo2 and H.Ep.2

cells by lipofection, or into MDCK and COS cells by

electroporation.
Therefore, this plasmid was
utilised for the
expression and identification of, enzymatic probes that could enter
and function within the exocytic pathways of these cell lines. The
ideal enzymatic probe would be a small monomeric molecule which
may be specifically detected and localised, directly by its activity
in EM and in vitro analysis.

For optimal EM analysis it would be

preferred th at the enzyme activity exhibited
fixatives and th a t its substrate be freely
membranes.

resistance to EM
diffusible through

The ideal
enzym atic probe could be
exem plified by
microperoxidase, which can be produced as a small bioactive peptide
by digestion of cytochrome c with either trypsin or pepsin
(simionescu 19 75 ). The pSRa vector has been used to produce high
levels of a lysozyme-microperoxidase fusion protein in CaCo2 stable
cell lines and transiently in COS cells. However, despite the high
level of expression, no peroxidase activity could be detected. This
failure to produce peroxidase activity is most likely due to the
inability of the microperoxidase to bind its haeme prosthetic group,
which is essential for its peroxidase activity. This lack of haemebinding may result from the haeme linkages that are present within
its parent molecule, cytochrom e c, but absent from the
microperoxidase.
was

no

longer

possibilities

As no peroxidase activity was produce, this probe
considered as

an enzym atic probe,

may exist for its future

use

by the

although
provision of

additional haeme-binding sites.
The detection of high level expression, in COS cells, of active
p-galactosidase in both the cells and the medium have indicated that
this protein may represent a good candidate for use as an enzymatic
probe for the exocytic pathway of animal cells. Furthermore, the
production of fusion proteins retaining p-galactosidase activity
(Silhavy

1976,

Sarthy

1979)

have illustrated

its

potential for
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targetting to different cellular locations.
However, the major
disadvantages of its use as a: reporter molecule lie in its large
homotetrameric structure (4 x 1 1 6Kd), sensitivity to EM fixatives and
the inability of its substrate to freely diffuse through membranes,
therefore permitting only partial fixation and also requiring the
permeabilisation of cells. In addition, endogenous p-galactosidase
activity can be detected in CaCoZ cells.
Horseradish peroxidase offers several advantages over the use
of p -galacto sid ase, it is a small m onom eric protein of
approximately 35Kd when unglycosylated, increasing up to 40Kd in
MDCK and H.Ep.2 cells, or 69Kd in COS cells, when fully glycosylated.
It is also superior to p-galactosidase as it is resistant to complete
EM fixation and its substrate is freely diffusible through
membranes, avoiding the need for permeabilisation of cells. The
detection of HRP activity is also very sensitive, with the enzyme
being more readily detected by its activity than the presence of the
protein biochemically, using the antibodies currently available.
Horseradish peroxidase could be expressed at very high levels
in COS cells as detected by its activity in LM, EM and in vitro
analysis, as well as by im m unoprécipitation with anti-HRP
antibodies.
It is present intracellularly as a protein with an
apparent molecular weight range between 32 and 59Kd and is
secreted as forms between 51 and 69Kd. The detection of unique
HRP forms in the medium from COS cells suggests that they are
secreted rapidly upon formation.
Analysis
of
th e
se cretio n
kin etics
of
HRP,
by
immunoprécipitation from pulse-chase experiments, revealed the
t i /2

of secretion is 125 minutes from COS cells.

A similar result

was observed in a H.Ep.2 stable cell line which exhibits a t i / z of
secretion of between 105 and 135 minutes. The secretion rate of
HRP could not be determined in the other stable cell lines due to the
appearance of cell trauma (as observed by rounding up of cells)
which was followed by cell death. This problem was encountered
with all HRP-expressing cell lines obtained to date.

was

The initial biochemical identification of cell trauma and death
suggested by
the appearance of a large intracellular
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accumulation of HRP in COS cells. A comparison to the secretion
kinetics of HRP activity in both COS and H.Ep.2 cells revealed a t i / z
of secretion of approximately 75 and 140 minutes respectively, with
no intracellular accumulation. Therefore, intracellular accumulation
of HRP is restricted to inactive forms, which has the effect of
reducing the potential active expression level.
However, the
suitability of HRP as an enzymatic probe for the exocytic pathway of
animal cells is unaffected by the intracellular accumulation of
inactive HRP.
This accumulation may be responsible for, or an
indicator of, the failure to produce stable cell lines.
The first identification of the cause of the cell trauma was
suggested from endo p-N- acetylglucosaminidase F treatm en t
(removes all N-linked glycosylation) of intracellular and secreted
HRP revealed th a t an additional lower molecular w eight
intracellular form was present. This suggests the presence of an
immature intracellular form.
This modification was considered to
be unlikely to represent 0-linked glycosylation as the appearance of
mature HRP was very fast, possibly co-translationally.
Another
possible modification that may be inhibited in these cells is haeme
addition, which is expected to occur co-translationally.
The addition of exogenous haeme to the medium of COS cells
resulted in a 1.6-fold increase in the level of HRP activity secreted
into the medium, which was consistent with the conversion of
intracellular inactive HRP into secreted active HRP. The addition of
haeme

to

H.Ep.2

cells

intracellular HRP activity,

resulted

in a

suggesting

2 .5 -3 -fo ld

th a t

increase

in

a larger intracellular

inactive HRP pool is present in these cells, as expected from the
longer time of HRP expression when compared to the transient
expression in COS cells.
These results identify the rate-limiting
step in the secretion of HRP from COS, H.Ep.2 and probably from
CaCo2 and MDCK cells too, as the addition of haeme.
A clue to the mechanism of the intracellular accumulation of
the HRP apoprotein was suggested in the H.Ep.2 cell line, in which
two other non-HRP proteins migrating at about 46Kd, were being co
precipitated by anti-HRP antibodies.

As these proteins were not

present in wild-type cells they may represent heat-shock proteins
produced in response to the stress of synthesising high levels of
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HRP. Surprisingly, analysis of these cells just prior to the onset of
major cell trauma and death, an additional protein could be co
precipitated. This protein migrates at approximately 75Kd and may
represent BiP, an ER resident protein that binds to misfolded protein
molecules, preventing their transport from the Golgi. It is possible
that this occurs
as the
cytosolic haemepool approaches complete
depletion and it will be interesting to determine the phenotype of
endogenous haeme proteins in HRP expressing cells.
The most likely

explanation

for

the

observed

cell death

resulting from the depletion of haeme stores is due to failure of
essential endogenous haeme proteins to obtain their haeme
prosthetic group.
Although it is possible that it results from a
generalised 'blockage' of the secretory pathway. Conflicting results
appear for this scenario; in COS cells the secretion of fibronectin is
unaffected, but in H.Ep.2 cells which are about to die, fibronectin
secretion appears to be blocked. It should be noted however, that
there is no evidence that these two proteins are identical or that
either is fibronectin.
It may be possible to 'rescue' cell lines by their
supplementation with exogenously added haeme, however, it is
known that catalase in yeast cells (Hamilton 19 82 ) and TFR (Ward
1 9 8 4 ) and haemoglobin (van Huystee 1 9 8 0 ) in animal cells are
regulated by haeme and it is not known how many other endogenous
haeme-proteins are also similarly regulated in animal cells. Other
reported functions of haeme include the generalised translational
control in reticulocytes, erythroid differentiation and enhancement
of mouse 3T3 cells differentiation into adipocytes (Granick 19 78 ).
The perturbation of such regulatory roles by the provision of surplus
exogenously added haeme may have profound effects on animal cells,
similar to that observed when the haeme pool is depleted.

In fact,

preliminary experiments suggest that excess haeme is toxic to cells.
Therefore, if exogenously added haeme is to rescue the H.Ep.2

cell

line, a balance must be found between the prevention of intracellular
accumulation of HRP and the excess presence of haeme.
To avoid the cytotoxicity of HRP, transient expression systems
have been established which are capable of transfecting already
polarised MDCK cells on filters by lipofection, or by transfecting
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non-polarised cells prior to their polarisation on filters, by
electroporation.
Both methods appear to be successful for the
transfection of MDCK cells. One other transient expression system,
based on SFV infection has also provided some promising results by
infection at the Bl surface. However, this methodology has not been
completely optimised because the

helper construct is not yet

commercially available.
Transient expression by lipofection and SFV infection offer an
additional advantage over the production of stable cell lines. In both
cases expression need not commence until polarisation has occurred.
In addition, if SFV infection efficiencies can be increased to
approximately 100% (currently 70% ) host synthesis will become
undetectable due to shut down by the virus (most probably as a
result of com petition).
Under such conditions all protein co
localisation with newly synthesised HRP would represent candidates
for trafficking machinery, as all cargo proteins should be absent. A
particularly attractive feature of HRP is its ability to produce an
electron-dense reaction product capable of increasing the density of
the compartment in which it exists (Courtoy 19 84 ). Therefore, the
use of density shift methodology on SFV-infected cells after host
synthesis has been shut down, may permit the identification of
unique components necessary for trafficking.
The main objective of this research, i.e. the production of a
sensitive probe for the exocytic pathway of animal cells, has been
realised by the expression of HRP at levels that are detectable by
both EM and biochemical analysis with HRP detectable by EM in COS,
CaCoZ and H.Ep.2 cells.
Preliminary studies on the morphology of the exocytic pathway
of COS cells

have

suggested

a possible

interaction

with

the

endocytic compartment, as identified by the presence of HRP
staining in structures resembling multi-vesicular bodies. Although
it is possible that HRP present within the endocytic compartment
could have resulted from endocytosis of secreted HRP, this seems
unlikely due to the dilution effect of secretion into the medium.
This dilution effect has been calculated assuming the volume of the
exocytic pathway of COS cells is equivalent to the volume of the ER,
Golgi and endosomes in BHK cells which was estimated to be
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approximately

128pm 3 (Griffiths 1 9 8 9 ).

Therefore, the exocytic

pathway volume of HRP-expressing cells in a 6cm dish (1 2 8 x
1 .5 x 1 0 5 ) is 1.9x10^ ^m 3 and as these cells are incubated in
approximately 6 ml ( 6 x 1 Qi 2 ^im3), the dilution effect of secreted HRP
is approximately 1 in 3x1 Q5.

It would therefore, not be possible to

detect the resulting very low level of HRP endocytosis, unless the
HRP is concentrated by adhering to the PM. No such HRP activity has
been detected on the PM surface of COS cells.
However, the steady-state detection of HRP activity in COS
cells after 3 days' expression reveals th at as much as 35% HRP
activity remains cell-associated.
If, after 2 days' expression, all
intracellular HRP is chased out from the cells by inhibiting protein
synthesis for 5 hours and the steady-state distribution is analysed
afte r overnight growth, we can observe less than 10% cell
associated HRP activity, suggesting th a t during three days
expression, significant endocytosis must be occurring.
No
morphological examination was carried out after such treatment and
it is therefore not possible to say whether exocytosis truly occurs
via the endosomes or not.
Examination of the morphology of HRP activity within CaCo2
cells also reveals endocytic structures. In the case of CaCo2 cells,
a reasonable amount of endocytosis of HRP is predicted by the
appearance of HRP activity on the PM. It is still possible that HRP
may traffic out of CaCo2 and COS cells via the endocytic
compartment, particularly as so many endocytic structures are
evident in both cell types, and no concentration of HRP activity is
observed at the PM of COS cells.
To determine whether the exocytosis of HRP occurs via the
endosomes, HRP secretion in H.Ep.2 cells was studied. These cells
have been well characterised for endocytosis of marker proteins
(Putter 1989). HRP was accumulated within the TGN by a 20°C block.
A fter warming to 37^C, HRP transport from the TGN to the surface
was observed. At no time point could HRP be co-localised with TFR,
as determined with anti-TFR conjugated to gold.

These results

suggest that HRP does not traverse the endocytic pathway during
secretion.
However, biochemical analysis of subfractionated
endosome suggest that up to 10% HRP activity can be detected

186
within purified endosomes (as defined by TFR recycling pathway),
which includes thejmulti-vesicular bodies, 10 minutes after release
from the TGN. It is likely that HRP is identifying bulk flow through
the exocytic compartment. It is therefore possible th at COS and
CaCoZ cells exhibit different bulk flow rates via the endosomes, but
it seems more likely th a t the HRP observed within endosomal
structures is resulting from endocytosis of secreted molecules.
One of the many questions to which the use of HRP as a
reporter molecule may be useful is that of the mechanism of the
polarised delivery of proteins in epithelial cells.
Analysis of the
sorting machinery responsible for the specific targetting of either
Ap or Bl vesicles requires their purification as distinct vesicle
populations.

Although Ap and Bl vesicles exhibit different buoyant

densities, these are insufficient to produce pure populations
(Wandinger-Ness 1990). Therefore, methods have been developed to
purify distinct transport vesicles by immuno-isolation using
specific antibodies to
the cytoplasm ic
tails
of
unique
transmembrane components by which the vesicles are then purified
onto a solid support such as protein A sepharose beads. The use of
such methodologies have proven successful in the purification of
transport vesicles in BHK (de Curtis 19 89 ) and MDCK cells (Bennett
1988), as well as hepatocytes in vivo (Bartles 1987, SztuI 1991).
Distinct vesicles, destined for either the Ap or Bl surfaces of
MDCK cells have been purified as they emerge from the TGN, as
defined by preblocking transport at 20°C, in mechanically perforated
cells (Bennett 1988, Wandinger-Ness 1990, Kurzchalia 1992).

These

results have shown that in MDCK cells, Ap and Bl destined vesicles
are distinct and contain some unique proteins that may represent
components of the sorting machinery (Wandinger-Ness 19 90 ). One
such component of Ap vesicles, VIP21 (vesicular integral-membrane
protein of 21 Kd) forms a complex with HA (Kurzchalia 1992).
It is clear that the analysis of purified transport vesicles may
provide information on the sorting machinery in polarised cells.
However, the major disadvantage of immuno-isolation methods is
th a t

only

TGN-derived

vesicles

are

purified

due

to

their

concentration at 2 0 °C and later (as well as earlier) events in
exocytosis may not identified. Although these protocols may be
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adequate for the analysis of sorting events in MDCK cells, which
appears to sort proteins directly from the TGN, they may not be
suitable in CaCo2 cells or hepatocytes where indirect transport via
the Bl domain occurs.
The density-shifting of HRP-containing vesicles, based on the
dense reaction product produced using diaminobenzidine as the
substrate (Courtoy 19 84 ), from cells expressing HRP in the exocytic
pathway, may offer an alternative means of vesicle purification. In
this way, it may be possible to density-shift the entire exocytic
pathway leading to either the Ap or Bl surface and therefore
determine the interactions with other organelles such as the Ap and
Bl endosomes, by co-localisation. These experiments may also be
performed for EM and the results visualised.
The usefulness of HRP as a sensitive probe for the exocytic
pathways of polarised epithelial cells has been established and
described in previous chapters. In order that this probe may now be
utilised for the elucidation of the pathways leading to the polarised
delivery of proteins in epithelial cells, HRP must first be directed
specifically to either the Bl or Ap domain.
Polarised targetting of the HRP probe requires the addition of
targetting signals from other proteins.
One class of molecules
which exhibit specific Ap targetting are those attached to the
membrane via a glycosylphosphatidylinositol (GPI) anchor.
The
mouse T-lymphocyte surface antigen, T h y l, exemplifies this class
of molecule.

It is synthesised as a 162 residue protein, of which 31

residues are cleaved from its carboxy-terminus after translocation
in the ER and replaced by a GPI moiety (Tse 1985). To date, all GPIanchored

proteins, whether

native

or recombinant,

have

been

exclusively localised to the Ap surface of polarised epithelial cells.
Therefore, fusion of the carboxy-terminus of T h y l, containing its
signal for cleavage and the addition of the GPI anchor, to the
carboxy-terminus of HRP, should result in specific targetting of HRP
to the Ap surface via the GPI transport pathway.
Specific

Bl targetting

in epithelial cells is achieved by a

multitude of endogenous and exogenous membrane proteins.
In
several cases, such as the transferrin receptor, the region
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responsible for targetting has been localised to the cytoplasmic tail
(Hunziker 1 9 9 1 ), removal of_ which results in the loss of Bl
targetting and subsequent Ap localisation.
Fusion of the
am ino-term inal cytoplasm ic
tail and
transmembrane domain of transferrin receptor to the aminoterminus of HRP should procure specific Bl targetting of HRP in
polarised

epithelial

cells.

Conversely,

fusion

of

the

its

transmembrane region alone, to the amino-terminus of HRP would be
expected to result in Ap targetting if the observed Ap localisation of
the tailless receptor occurs by default and not as a result of
redundant Ap signals. Apical targetting via a GPI anchor may result
as a consequence of lipid sorting, whilst apically targ etted
transferrin receptor may result from a default protein sorting
pathw ay, thus
compartments.

these

molecules

may

tra ffic

via

distin ct

Preliminary analyses have identified that TFR and its tailless
mutant are transported to the Bl and Ap surfaces of MDCK cells
respectively (figure 40 ). Thyl has also been specifically localised
to the Ap surface of CaCoZ cells (results not shown). Therefore, it
can be seen th at all three epithelial polarity markers are valid
candidates for the production of fusion proteins capable of diverting
HRP to the appropriate cell surface.
In order that fusion proteins to HRP could be produced, it is
necessary to identify regions of HRP that may be essential for its
activity. A predictive structural model of HRP has been constructed
by comparison to a stereo picture of cytochrome c peroxidase and
analysis of the secondary structure of HRP by the method of Chou &
Fasman (Chou 1 9 7 4 ).

The critical features are the presence of

disulphide bonds present proximal to both the amino- and carboxytermini of HRP. These disulphide bonds are likely to be essential for
the correct folding and therefore, activity of HRP. Attem pts to
produce an active fusion protein with Thyl at the carboxy-terminus
of HRP, with the last 17 amino acids which contains the disulphide
bond missing, resulted in no detectable
protein by immunoprécipitation.
the

HRP activity or fusion

A similar result was evident with

addition of only nine amino acids to

the

truncated

HRP,
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suggesting that active fusion proteins require the disulphide bridge
present eight amino acids from the carboxy-terminus of HRP. A
similar disulphide bridge is formed on the eleventh amino acid at the
amino-terminus, suggesting that the HRP cannot be truncated beyond
this point when producing amino-terminal fusions. Work to generate
these chimaeric proteins is currently in progress.
91-11

13
;io i

13
Figure

4 9 . Predictive

9

1 8 ()

structural

model

of

HRP.

This model

illustrating the 309 residues of HRP has been constructed from a stereo picture of
cytochrome c peroxidase.

Helices are indicated as green cylindrical projections,

p-

pleated sheets (p 1-3) as blue arrows, carbohydrate addition sites as pink forks with
positions numbered and the three disulphide bridges (-ss-) with positions numbered.
The 2 domains have been pulled apart to identify the haeme prosthetic group. Figure
adapted from Welinder 1985.

In summary, HRP represents a sensitive enzymatic probe that
is detectable by LM, EM and in vitro analysis. Methods of transient
expression have been established in MDCK cells and it is hoped that
HRP may now be fully analysed in different cell types expressing
high levels of active HRP without any cytotoxicity. In addition, a
'second generation' of HRP probes are currently being produced,
which consists of chimaeric proteins capable of being directed
specifically to either the Ap or Bl surfaces of epithelial cells.
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Appendix one: The coding sequence of ss .p -g a la c to s id a s e
1
ATG G CT
mat ala
61
CTT C AA
leu glu
121
TTC GAG
phe gl u
181
CGT GA G
arg as p
241
GCC AG C
ala ser
301
CTG AA T
leu asn
361
CTG GA G
leu glu
421
GGT TAC
gly tyr
481
GTT CCC
val pro
541
CTA CAG
leu gin
601
TGC AAC
cys asn
661
AGC G CA
ser ala
721
GGC ACT
gly ser
781
TTG CTG
leu leu
841
GAT TTC
asp phe
901
CTA CGG
leu arg
961
TTC GGC
phe gly
1021
AAC GTC
asn val
108]
GAA CTG
glu leu
114]
GAG GTC
glu val
120]
GTT AAC
val asn

31
A CA G GC T CC CGG ACG TCC CTG C TC CTG GC T
thr g ly ser arg thr ser leu leu leu ala
91
G AG G G C A C T GCC TTC C C A A CC A TT C CC T TA
glu g l y ser ala phe pro thr ile pro leu
151
CTC C C G GGT ACC A TG G C A TGC A T C GAT AGA
leu p r o g ly thr met ala cys ile as p arg
211
TGC G A A A A C CCT G GC G GT A CC C A A C TT AAT
t rp g lu asn pro gly gly thr gin leu asn
271
TGG C G T A A T AGC G A A G A G GC C C GC ACC G AT
t r p arg as n ser glu glu ala ar g thr as p
331
CGC G A A T GG CGC TTG G C C TG G T TT C C G G C A
gly glu tr p arg leu ala trp p he pro ala
391
TGC G A T CTT CCT G AG GCC GA T ACT G TC GTC
cys asp leu pro a Lu ala asp thr val val
451
G AT G C G C CC ATC TAC A CC AAC G TA ACC TAT
asp ala pro lie Cyr thr asn val thr tyr
511
ACG G A G AAT CCG ACG GGT TGT TAC TCG CTC
thr glu asn pro thr g ly cys tyr ser leu
571
GAA GGC C AG ACG CGA ATT ATT TTT GAT GGC
glu g ly gin thr arg ile ile phe asp gly
631
GGC C GC T GG GTC G GT TAC GGC C A G G AC AGT
gly arg trp val gly tyr gly gin asp ser
691
TTT T T A C G C GCC GGA G A A AAC C GC CTC GCG
phe leu arg ala gly glu asn arg leu ala
751
TAT C T G G AA GAT C AG G A T ATG TGG C GG ATG
tyr leu glu asp gin asp met trp arg met
811
C AT A A A CCG ACT A CA C A A ATC AGC GAT TTC
his lys pro thr thr gin ile ser asp phe
871
AGC C G C GCT GTA C TG G A G GCT G A A GTT CAG
ser arg ala val lau glu ala glu val gin
931
G TA A CA GTT TCT T TA TGG CAG G G T G A A ACG
val thr val ser leu t r p gin gly glu thr
991
GGT G A A ATT ATC GAT G AG CGT G G T GGT TAT
gly glu lie ile asp glu arg g ly gly tyr
105]
G AA A AC C CG AAA C TC TGG AGC G CC G AA ATC
glu asn p ro lys leu t rp ser ala glu ile
111]
CAC A CC G CC G AC G G C ACG CTG A TT G AA GCA
his thr ala asp gly thr leu ile glu ala
117]
G GG A TT G A A AAT G G T C T G CTG C T G CTG AAC
gly lie glu asn g ly leu leu leu leu asn
123]
CGT C AC GAG C AT C AT C C T CTG C AT GGT CAG
arg his glu his his p ro leu his gly gin

TTT GGC C TG C T C TGC CTG CCC TGG
phe gl y leu le u cys leu pro t rp
TCC TCG G G A A C A A AG C TT CTA G AA
ser ser g l y t hr lys leu leu glu
TCT CGA C C C G T C G T T TTA C AA C GT
ser arg p ro val val leu gin arg
CGC CTT G C A G C A C AT C CC CCT TTC
arg leu al a a la his p ro pro phe
CGC CCT T CC C A A C AG TTG C GC AG C
arg pro ser g in gin leu arg ser
C C A GAA G C G G T G C C G G AA AGC TG G
pro glu ala va l p r o glu ser t rp
GTC CC C T CA A AC T GG CAG ATG CAC
val pro ser asn t r p gin met his
CCC AT T ACG G TC AAT CCG CCG TTG
pro ile thr val asn pro pro leu
ACA TTT AAT G TT G AT GAA AGC TGG
thr phe asn val asp glu xer trp
GTT AAC TCG GCG TTT CAT CTG TGG
val asn ser ala phe his leu trp
CGT TTG CCG TCT G AA TTT GAC CTG
arg leu p ro ser glu phe asp leu
GTG ATG GTG C T G C GT TGG AGT GAC
val met val leu arg trp ser asp
AGC GG C A TT T T C CGT GAC GTC TCG
ser gly ile phe arg asp val set
CAT GTT G CC A CT C GC TTT AAT GAT
his val ala thr arg phe asn asp
ATG TGC G GC GA G TTG CGT GAC TAC
met cys gly glu leu arg asp tyr
CAG GTC G CC A GC G G C ACC GCG CCT
gin val ala ser g ly thr ala pro
GCC GAT C GC G T C A CA CT A CGT CTG
ala asp arg val thr leu arg leu
CCG AAT C TC T AT C G T GCG GTG GTT
pro asn leu tyr arg ala val val
G AA GCC TGC GA T C TC GGT TTC CGC
glu ala cys a s p leu gly phe arg
G GC AAG C CG T TG C TG ATT C GA GGC
gly lys pro leu leu ile arg gly
G TC ATG GAT G A G C AG ACG ATG GTG
val met asp glu gin thr met val

225
1261
CAG GAT
gin asp
1321
A A C CAT
asn his
1381

1291
A TC CTG C T G ATG AAG CAG AAC AAC TTT- AAC
ile leu leu met lys gin asn asn p he asn
1351
C CG C TG T GG TAC A C G CGG TGC G A C C G C TAC
pro leu t r p tyr thr arg cys a s p arg tyr
1411

A AT AT T
asn lie
1441
C CG G CG
p ro ala
1501
A T C ATC
lie lie
1561
T GG ATC
t r p lie
1621
A CG GCC
t hr ala
1681
G CT GTG
ala val
1741
A TC CTT
lie leu
1801
C AG GCG
gin ala
1861
TCG CTG
ser leu
1921
GAT ACG
asp thr
1981
CAT CCA
his pro
2041
C AA ACC
gi n thr
2101
TGG A TG
crp met
2161
C CA C AA
pro gin
2221
C TC TGG
leu trp
2281
A TC ACG
ile thr
2341
T CC CAC
ser his
2401
A A G CGT
lys arg
246 1
A A A C AA
lys gin
2521
G GC GTA
g ly val
2581
G G C CAT
g l y his

G A A A C C C A C GGC A TG G TG CCA A T G A A T CGT
glu t hr his gly met val pro m et asn arg
1471
A T G A G C GAA CGC G T A A C G CGA A T G G T G CAG
met ser glu arg val thr arg met v a l gin
1531
TGG T C G C T G GGG A AT G A A TCA G G C C A C GG C
trp ser leu gly asn glu ser g l y his gly
1591
A A A TCT G TC G AT C C T TC C CGC CC G G T G CAG
lys ser val asp p r o ser arg pr o val gin
1651
A C C G AT A T T A TT TGC CCG ATG T A C G C G CGC
thr a sp ile ile cys p ro met tyr a la arg
1711
C CG A A A TGG TCC A TC A A A AAA T GG C T T TCG
p ro lys t rp ser ile lys lys t r p leu ser
1771
TCC G A A TAC GCC C AC G CG ATG G GT A A C AGT
cys gl u tyr ala his ala met g ly asn ser
1831
TT T C GT C AG TAT C CC C GT TTA C A G G G C GGC
phe arg gin tyr pro arg leu gi n g l y gly
1891
A TT AA A TAT GAT GAA AAC GGC AAC C C G TGG
ile lys tyr asp glu asn gly asn p ro trp
1951
CCG A AC G AT CGC CAG TT C TGT ATG A AC GGT
pro asn a sp arg gin phe cys met asn gly
2011
G CG C TG A CG GAA GCA A AA CAC C A G C A G CAG
ala leu thr glu ala lys his gi n gin gin
2071
AT C G A A G TG ACC AGC G AA TAC C T G TTC CGT
ile glu val thr ser glu tyr leu p he arg
2131
GTG G CG C TG GAT GGT A AG CCG C TG G C A AGC
val al a leu asp g ly lys pro leu ala ser
2191
G GT A A A C AG TTG A TT G AA CTG C C T G A A CTA
gl y lys gin leu ile glu leu p ro gl u leu
2251
CTC A C A G T A CGC G T A GT G CAA. C CG .AAC GCG
leu thr val arg val val gin p ro asn ala
2311
CC C TGG C AG CAG TGG CGT CTG G CG G A A AAC
pro t r p gin gin t rp arg leu ala g lu asn
2371
G CC A TC C C G CAT C TG A CC ACC A G C G A A ATG
ala ile p ro his leu thr thr ser gl u met
2431
TG G C A A T TT AAC CGC C A G TCA G G C T TT CTT
t rp gin p he asn arg gin ser g l y phe leu
2491
C TG C T G A C G CCG CTG C GC GAT C A G T TC ACC
leu leu thr pro leu arg asp gin p he thr
2551
AGG G A A G C G ACC C GC A T T GAC C C T A AC GCC
arg glu ala thr arg ile asp p ro asn ala
2611
TAC C A G G C C GAA GCA G CG TTG TTG C AG TGC
tyr gin ala glu ala ala leu leu gin cys

G C C GTG C GC T GT TCG CAT TA T CCG
ala val a rg cys ser his tyr pr o
G G C CTG T AT G T G GTG GAT G A A CCC
g ly leu tyr val val asp glu ala
C T G ACC G A T G A T C C G CGC TGG CTA
leu thr a sp a s p p r o arg trp leu
C G C GAT C G T A AT C AC CCG AGT G TG
ar g as p arg asn his pro ser val
G C T A AT C A C G AC G C G CTG TAT CGC
a la asn his asp ala leu tyr arg
TA T G A A G G C GG C G G A GCC GA C ACC
t yr glu g ly g l y g ly ala asp thr
G T G GAT G A A G A C C AG CCC TTC CCG
va l asp glu a sp gin pro phe pro
C T A C CT G G A G AG A CG CGC CC G CTG
leu pro gly glu thr arg pro leu
C TT G GC G GT TTC G C T AAA TAC TGG
leu gl y gly ph e ala lys tyr t rp
TTC GTC TGG GAC TGG GTG GAT C AG
phe val t r p asp t r p val asp gin
TC G GCT TAC GG C GGT GAT TTT GGC
ser ala tyr gly gly asp phe gly
CTG GTC TTT GCC G AC CGC ACG CCG
leu val phe ala asp arg thr pro
TTT TTC C A G TTC C GT TTA TCC GGG
phe phe gin phe arg leu ser gly
C AT AGC G AT AA C G AG CTC CTG C A C
his ser a sp asn glu leu leu his
GGT G A A G TG C CT C TG GAT GT C GCT
gly gl u val pro leu asp val ala
CCG C AG C CG GAG A GC GCC GGG C AA
pro gin pro glu ser ala gly gin
ACC G CA T GG TC A G A A GCC G GG C AC
thr ala t rp ser glu ala gly his
CTC AG T G TG ACG CTC CCC G CC G CG
leu ser val thr leu pro ala ala
G A T TTT T GC ATC G A G CTG GGT A AT
asp phe cys ile glu leu g ly asn
TCA CAG A TG TGG ATT GGC G AT A AA
ser gin met t rp ile gly asp lys
CGT G CA C CG C T G G AT AAC GAC ATG
arg ala pro leu asp asn a sp met
TGG GTC G AA C G C TGG AAT G CG G CG
t rp val glu arg t r p asn ala ala
ACG GCA G AT ACA C T T GCT GAT GCG
thr ala asp thr leu ala asp ala
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2641
GTC G T G ATT A CG
val val ile t hr
2701
AAA A C C T AC C GG
lys th r tyr arg
2761
A GC G A T A C A C CG
ser a s p thr p ro
2821
C GG G T A AA C T GG
arg val asn t r p
2881
TG T TTT G AC CGC
cys p he as p arg
2941
G AA AAC
glu asn
3001
G AC T TC
asp p he
3061
C AT C T G
his leu
3121
GG T G GC
g ly gly
3181
TAC C A T
tyr his
324 1
ACC
thr

2 67.1
A CC GCT C AC G CG TGG CAG C AT CAG G GG
t hr ala his ala trp gin his gin gly
2731
A T T GAT G G T A G T GGT CAA A TG GCG A TT
ile asp gl y ser gly gin met ala iJe
2791
C A T C CG G C G C GG ATT GGC C T G AAC TGC
his pro a la arg ile gly leu asn cys
2851
C T C GGA T T A G GG CCG CAA G A A AAC TAT
leu gly leu g ly pro gin glu asn tyr
2911
T GG G AT C T G C CA TTG TCA G A C ATG TAT
t r p asp leu p ro leu ser a sp met tyr

2971
G G T C T G C G C TGC G G G A C G C GC GAA T TG AAT
g ly leu a rg cys gly thr arg glu leu asn
3031
C AG T T C A A C A TC A G C C G C TAC AGT C A A CAG
gin phe asn ile ser arg tyr ser gin gin
3091
C TG C A C G C G G AA G A A G GC ACA TGG C TG AAT
leu his ala glu g] u gly thr trp leu asn
3151
GAC G AC T CC TGG A G C C CG TCA GTA TCG GCG
a sp a s p ser trp ser pro ser val ser ala
3211
TAC C A G TTG GTC TGG TGT CAA AAA TAA TAA
tyr gin leu val trp cys gin lys O CH OCH

A A A ACC T TA TTT ATC AGC C GG
lys thr leu phe ile ser arg
A C C G T T GAT G TT GAA GTG G CC
t hr val a sp val glu val ala
C A G C TG G CG CAG GTA G CA GAG
g in leu ala gin val ala glu
C C C G A C CGC C TT AC T G CC G CC
p r o as p arg leu thr ala ala
A C C C CG TA C G TC TTC CCG AG C
thr pro tyr val phe pro ser

TAT G G C C C A C AC C AG TGG CGC GGC
tyr g l y pro his gin trp arg gly
C A A C T G ATG G A A ACC AGC CAT C G C
gin leu met glu thr ser his arg
A TC G A C GGT TTC C AT ATG GGG ATT
ile a s p gly phe his met gly ile
G AA T TC C AG CTG A GC GCC GG T CCC
glu phe gin leu ser ala gly arg
T AA C C G GGC AGG GGG GAT CCG TCG
OCH p ro gl y arg gly asp pro ser
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Appendix tw o: The coding sequence of ss.HRP

1
A TG GC T
met ala
61
CTT CAA
leu gin
121
A CT TT C
th r ph e
181
GAG C TG
glu leu.
241
TTT G T A
phe val
301
A AA GAC
lys asp
361
GCT G CA
ala ala
421
G CC C AG
ala gin
481
GAC TCC
asp ser
541
C TA CCA
leu pro
601
GCT C TT
ala leu
661
TAC AAC
tyr asn
721
C TC CGC
leu arg
781
ACG C CA
thr pro
841
C A A TCT
gin ser
901
AGC TTT
ser phe
961
G G A AAT
gly asn
1021
A AC TCG
asn ser

31
ACA G G C T CC C GG ACG TCC CTG CTC C TG
thr g ly ser arg th r ser leu leu leu
91
GAG G G C A G T G CC T TC C CA ACC ATT C C C
glu gly ser ala p he pro thr ile pro
151
TAC G AT A A C A GC TGT C CA A AC GTC TCG
tyr a sp asn ser cys p ro asn val ser
211
C GG TCC G AT C C A C G T A T T G C A GCT AGC
arg ser a sp p r o arg ile ala ala ser
271
AAC G G A TGT G A C G C G TCC ATC CTC C TG
asn gly cys a sp ala ser ile leu leu
331
G CA TTC G G G A AC G C G AAT TCG GCC C GG
ala phe g ly asn ala asn ser ala arg
391
GTC GAG TCG GCC TGC C CG A G A ACT G TT
val glu ser ala cys pro arg thr val
451
C AA TCG G T C ACC C TA G CC GGC GGG CCC
gin ser val thr leu ala gly gly pro
511
CTA C A G G C T TTC C T A G AT CTA GCT AAT
leu gin ala phe leu asp leu ala asn
571
CAA CTT AAG GAT TCA TTT CGT AAC GTA
gin leu lys asp ser phe arg asn val
631
TCT G G T G GC C AC ACT TTT G G A AAG AAC
ser g ly gly his thr phe gly lys asn
691
TTT T C A AAC A CT G GA C T A CCG GAT CCC
phe ser asn thr g l y leu pro asp pro
751
GGA C T A T GC C CT T TA AAC GGA AAC CT A
gly leu cys pro leu asn gly asn leu
811
ACA A T C TTC GAC A AC A AG TAC TAT G TA
thr ile phe asp asn lys tyr tyr val
871
GAT C A G G AG CTC TTC T CA TCA CCG AAT
asp gin glu leu phe ser ser pro asn
931
GCG A A C T C A A CA C A A A CT TTC TTC AAT
ala asn ser thr gin thr phe phe asn
991
ATC A C G C C A CTC ACG G GT ACC CAA GGT
ile thr p ro leu thr g ly thr gin gly
AAC T CA T AA TGA TAG C TT
asn ser OCH C PA A MB leu

GCT TTT G GC C T G C T C TGC C TG CCC TGG
ala phe gly leu leu cys leu pro t rp
TTA T CC T CG G G A A C A A A G C TA ACG CCG
leu ser ser g l y t h r lys leu thr pro
AAT A TT G TT C G C G A T ACC AT C GTG AAT
asn ile val a r g a s p th r ile val asn
ATC C T T C GT C T A C A T TTT CAT GAC TGC
ile leu arg leu his phe his asp cys
GAC A A T A CA A C A A G C TTC CGA ACT GAG
asp asn thr t hr ser phe arg thr glu
GGC TTT CCA G T C A T C G AT CGC ATG AAG
gly phe pro val ile asp arg met lys
TCG TGT G CA G A C C T G C TG ACC ATC GCA
ser cys ala a s p leu leu thr ile ala
TCA TGG C G A G T A C C A T TA G GA CGT CGT
ser t r p arg val pro leu gly arg arg
GCA AAT C TA C CG GCG C CA TTT TTC ACT
ala asn leu pro ala pro phe phe thr
GGC CTG AAC C G C
gly leu asn arg

TCG AGT GAT CTA GTA
ser ser asp leu val

CAG TGC C G A T TC A T C A TG GA C CGA TTG
gin cys arg p he ile met asp arg leu
ACG CTC A AT A C G AC C TAC C TA CAG ACA
thr leu asn thr thr tyr leu gin thr
AGC G C G CTA G T C GA C TTT GAC CTA CGT
ser ala leu val a sp phe asp leu arg
AAT CTA GAG G A A C A A AAA GGA CTT ATT
asn leu glu g lu gin lys gly leu ile
GCA ACA GAC A C G ATC C C A CTA GTG CGT
ala thr asp t hr ile pro leu val arg
GCA TTC G TA G A G G CC ATG GAT CGA ATG
ala phe val gl u ala met asp arg met
CAG ATC AG G TTG AAC TGC CGA GTC GTA
gin ile arg leu asn cys arg val val

