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The int-2 gene encodes a member of the FGF family and was discovered as a proto
oncogene transcriptionally activated in tumours induced by Mouse Mammary Tumour
Virus. Int-2 transcription is rarely detected in adult mouse tissues apart from low levels
in brain and testis, but in situ hybridisation has revealed widespread expression during
embryogenesis.
The predicted int-2 gene product has a molecular mass of 27 kD and a hydrophobic
sequence at the N-terminus which acts as a signal peptide for vectorial synthesis into
the endoplasmic reticulum. The products have proved difficult to detect in natural
sources known to contain int-2 RNA such as mammary tumours and embryo-derived
cell lines. Consequently the protein has been characterised by expression of cloned
cDNAs in COS-1 cells using an SV40-based plasmid vector, in insect cells infected
with recombinant baculoviruses and by translation of synthetic sense RNA in cell-free
systems supplemented with canine pancreatic microsomes. These studies identified
four major int-2 products ranging in size from 27.5 kD to 31.5 kD which arise by posttranslational modification of a 28.5 kD primary translation product. Although int-2
proteins are targeted to the secretory pathway, they have only been detected at very low
levels in the medium and the associated extracellular matrix of transfected COS-1 cells.
Cell-free translation systems programmed with synthetic int-2 RNA identified an
additional N-terminally extended product which initiates from an in-frame CUG codon
located upstream of the first AUG. Immunofluorescent staining of transfected COS-1
cells showed that a substantial proportion of this extended product localised in the cell
nucleus, while a truncated int-2 protein lacking both the N-terminal extension and the
signal peptide was exclusively nuclear. These observations suggested that the signals
required for nuclear localisation of int-2 were encoded in the body of the molecule, but
only functioned when entry into the secretory pathway was compromised. Two
nuclear targeting sequences were identified by mutagenesis. Fusion of these motifs to
the cytosolic protein pyruvate kinase did not result in effective nuclear localisation.
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However chimaeras containing int-2 and hst, an exclusively secreted member of the
FGF-family, identified a targeting signal sequence with superficial resemblance to the
bipartite nuclear localisation sequence of Xenopus nucleoplasmin.
Initiation at alternative codons changes the sub-cellular fate of the protein and in
principle provides a means imparting distinct functions upon the different int-2
products. Although a biological activity has yet to be assigned to the nuclear forms, the
secreted protein is transforming in a NIH3T3 focus assay. The efficiency of focus
formation was augmented by mutations which prevented initiation at the CUG codon or
at an upstream AUG in the +1 reading frame, resulting in elevated levels of secreted int2. Thus transformation was shown to require a high level of int-2 synthesis and
secretion. In agreement with these findings, mutations which reduce the efficiency of
secretion reduce the focus forming ability of NIH3T3 cells transfected with int-2
cDNAs, substantiating the notion that transformation is effected through an autocrine
loop mechanism that involves a cell surface receptor.
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CHAPTER 1
GENERAL INTRODUCTION
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1.1

Polypeptide growth factors

The ability to grow and replicate is fundamental to all forms of life. For unicellular
organisms, proliferative capacity is invariably determined by the availability of nutrients
in the extracellular surroundings. Although complex mechanisms exist to coordinate
responses to these cues, most protists are nevertheless endowed with a limited
differendative repertoire and primed to exploit transitory niches in the immediate
environment. In contrast, the growth of normal cells in a multicellular animal or plant
is carefully integrated to meet the needs of the organism as a whole. The resultant loss
of cell autonomy has facilitated diversification of increasingly specialised lineages but
also necessitated the introduction of mechanisms to ensure strict regulation of individual
cell growth and differentiation. There are examples, particularly at the very earliest
stages in embryogenesis, where cell function is determined by intrinsic factors such as
the distribution of maternally derived gene products. However in almost all subsequent
events throughout development and adulthood, the survival, proliferation and
differentiation of cells is regulated by a balance of stimulatory and inhibitory signals
derived from the external environment. These may take the form of interactions with
insoluble components of the extracellular matrix, direct contacts with other cells via
integral receptor molecules or intercellular communication through gap junctions and
plasmadesmata. However secreted soluble factors also play a central role in the
regulation of cell function. These signalling molecules have been loosely classified
according to the distance over which they act and include a variety of endocrine
hormones which are transported systemically between different cells. A second group,
the polypeptide growth factors generally act over much smaller distances and modulate
cells in the more immediate environment Particular attention has now focused on this
family of proteins since it is clear that they perform a critical role in regulating normal
development and abnormal growth.
Many of the prototypic polypeptide growth factors were isolated and characterised
according to their proliferative activities using cultured cell systems or in vivo assays.
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For example, platelet derived growth factor (PDGF) was isolated as the principal
mitogen present in whole blood serum (Ross et al. 1974) and epidermal growth factor
(EGF) was purified from mouse submaxillary glands as a potent inducer of eyelid
opening and incisor eruption (reviewed in Carpenter and Cohen 1979). Acidic and
basic fibroblast growth factors (FGFs) were identified as fibroblast mitogens in brain
and pituitary extracts (Gospodarowicz 1974) and the transforming growth factors
(TGFs) were purified by their ability to induce moiphological transformation of normal
fibroblastic cell lines (De Larco and Todaro 1978; Roberts et al. 1980). More recently
the introduction of recombinant DNA techniques has made it possible to study less
abundant regulatory molecules and as a result, the number of known growth factor-like
proteins has expanded considerably.
The biological effects of polypeptide growth factors are initiated by high-affinity
binding to receptors on the surface of target cells. These molecules determine the
sensitivity of cells to different growth factors although the subsequent biological
response may vary considerably between different cell types and is often dependent on
a variety of simultaneous extracellular cues. Growth factor receptors are invariably
tyrosine kinases and their activation results in second messenger cascades which
culminate in altered patterns of gene transcription in the nucleus.

In general,

polypeptide growth factors function only as extracellular signalling molecules since
receptor-ligand complexes are ultimately internalised and degraded in lysosomes
(reviewed in James and Bradshaw 1984).

1.2 Growth factors and cancer
One of the most illuminating areas of growth factor research derived from the
investigation of cell transformation and neoplasia, that is the means by which cells
continue to proliferate independently of the regulatory milieu in which they normally
exist. Since cancer is clearly a disease in which the rules governing cell growth and
differentiation are broken, an understanding of the molecular events which constitute
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neoplastic transformation may provide a handle on mechanisms which regulate normal
cell function. In this respect the discovery of oncogenes has greatly facilitated the
elucidation of signalling pathways through which extracellular molecules regulate cell
function (reviewed in Bishop 1991). These pathways appear to be subverted at critical
points in the cytoplasm and nucleus; however it was the isolation of oncogenes
encoding growth factors and their cognate receptors which originally served to
formalise the view of tumourigenesis as a corruption of normal growth control.

1.3 The transforming growth factors and the autocrine
hypothesis
It has long been recognised that the growth factor requirements of malignant cells in
culture are greatly reduced in comparison to their normal counterparts (Holley 1975).
The concept of autocrine stimulation in which cells proliferate in response to their own
growth factors was initially prompted by the demonstration of a transforming activity
secreted by rodent cells infected with murine sarcoma viruses (De Larco andTodaro
1978; Roberts et al. 1980). The ability to promote anchorage-independent growth of
normal fibroblasts was used to purify two unrelated proteins from the conditioned
medium, named transforming growth factors TGF-a and TGF-p. Subsequent
investigation revealed that transformation required the concerted action of both
molecules and was potentiated by the addition of PDGF (Anzano et al. 1983; Assoian et
al. 1984). The combinatorial effects of these proteins underpins a recurring theme in
the biology of growth factors, namely the ability of unrelated molecules to act
synergistically in the modulation of cellular functions.
TGF-a was found to bind and activate the receptor for epidermal growth factor (De
Larco and Todaro 1980; Reynolds et al. 1981) suggesting structural homology between
the two ligands. This was confirmed by analysis of the complete primary sequence of
mature TGF-a which revealed 42% identity with EGF at the amino acid level (Derynck
et al. 1984). Since both proteins bind to the same cell surface receptor with almost
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identical affinity (Massague 1983) and show equivalent activity in a number of
biological assays (Marquardt et al. 1984; Smith et al. 1985b), it has been suggested that
TGF-a and EGF may be functionally redundant However specificity may be achieved
by regulated expression and alternative secretion pathways. In this respect, the EGFdependent decrease in mammary tumourigenesis observed after removal of the mouse
submaxillary gland suggests an endocrine mode of action (Kurachi et al. 1985) whilst
the involvement of TGF-a in cell transformation is consistent with autocrine or
paracrine effects. Structural domains that superficially resemble EGF and TGF-a have
been found in a range of proteins, two of which are clearly involved in the control of
cell growth; vaccinia virus growth factor (Stroobant et al. 1985) and amphiregulin
(Plowman et al. 1990).
Analysis of TGF-p has defined another important property of many polypeptide growth
factors, in this case their capacity to exert diverse effects which depend on the target cell
type and the concerted action of other growth regulatory molecules. Thus TGF-P is a
broad spectrum mitogen for stromal cells but inhibits the growth of most epithelial cell
types (reviewed in Spom and Roberts 1988); it stimulates the growth of certain
fibroblasts in the presence of PDGF but inhibits their growth when combined with
EGF (Roberts et al. 1985). TGF-P also modulates a variety of cellular activities which
are often unrelated to proliferation. These include regulation of cell adhesion by
combined effects upon secretion of extracellular matrix proteins and the synthesis of
specific protease-inhibitors (Ignotz and Massague 1986; Laiho et al. 1986). TGF-P
also exerts profound effects upon the differentiation of many different cell types
(reviewed in Massague 1990) and also regulates cell functions as diverse as adrenal
steroidogenesis and immunoglobulin secretion (Hotta and Baird 1986; Kehrl et al.
1986).
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1.4 Retroviruses and cancer
The links between growth factors and cancer have been greatly enhanced by the
discovery and analysis of retroviruses. This family of small viruses contain a diploid
RNA genome of approximately 8-9 kb and replicate via a DNA intermediate which
integrates essentially at random into the chromosomal DNA of the host (provirus). In
this respect viral infection involves an obligatory mutagenic event which is heritable and
therefore potentially oncogenic. The RNA tumour viruses were originally classified
according to the ultrastructural properties of virus particles under the electron
microscope (reviewed in Teich 1984). However the family has also been resolved into
two different groups based on alternative mechanisms of oncogenesis. The acutelytransforming retroviruses induce neoplasia rapidly and with high efficiency as a
function of transduced cellular proto-oncogenes which are activated either by structural
alteration or deregulated expression. In contrast, tumour induction by the non-acutely
transforming retroviruses is a consequence of rare stochastic interactions between the
provirus and adjacent cellular genes; as a result there is often a prolonged latent period
of several months between infection and the onset of neoplasia. Nevertheless both
classes of retrovirus have provided insights into the relationship between growth
factors and tumourigenesis.

1.5 Transduction of growth factors by retroviruses
The role of growth factors in neoplastic disease was most explicitly revealed by
analysis of the simian sarcoma virus (SSV) oncogene product (Gelmann et al. 1981;
Robbins et al. 1981; Devare et al. 1983) This protein is structurally and functionally
equivalent to PDGF and it’s expression in SSV-infected cells has become the paradigm
for direct autocrine stimulation of cellular proliferation (Doolittle et al. 1983; Robbins et
al. 1983; Waterfield et al. 1983). Consistent with this model, only cells that express
PDGF receptors can be transformed by

v - j ij

19

(Leal et al. 1985). PDGF is a secreted

disulphide-bonded dimer of about 30 kD which is stored in the a-granules of platelets
and released during activation at sites of tissue damage; it is a broad spectrum mitogen
for connective-tissue cells and may normally function in tissue repair processes
(reviewed in Deuel 1987). The protein exists either as homo- or heterodimers
composed of two related polypeptides (A and B) which are encoded by different genes
and exhibit 56% homology at the amino acid level (Johnsson et al. 1984; Betsholtz et
al. 1986a). The v-sis oncogene encodes a fusion between the SSV retroviral envelope
protein and an N-tenninally truncated derivative of the PDGF B chainJosephs et al.
1984). Chimaeric molecules are targeted to the endoplasmic reticulum by the envelope
protein signal peptide which is necessary for transformation (Hannink and Donoghue
1984) although subsequent proteolytic events yield mature forms of p28v_sis which are
indistinguishable from PDGF B (Robbins et al. 1985; Yeh et al. 1987). Whilst it is
clear that entry into the secretory pathway is a strict requirement for transformation,
efforts to localise the site of productive interaction between p28v*sis and the PDGF
receptor have generated contradictory results. The original autocrine hypothesis
postulated secretion of growth factors and subsequent activation of their cognate
receptors at the cell surface; nevertheless the existence of a common transport
mechanism which delivers these molecules to the external environment may facilitate
receptor activation within the cell (reviewed in Farquhar 1985). This possibility was
initially suggested to account for the absence of mitogenic activity in the medium
conditioned by certain SSV-transformed cell lines (Robbins et al. 1985) and the weak
anti-proliferative effects of antibodies raised against PDGF (Huang et al. 1984).
However additional support came from a series of elegant experiments in which the
synthesis and processing of PDGF receptors was analysed in v-sis transformed NRK
fibroblasts; these studies identified predominantly short-lived, immature forms of the
receptor which were constitutively phosphorylated on tyrosine residues and failed to
reach the cell surface (Keating and Williams 1988). Furthermore, addition of an ERretention signal to p28v'sis did not inhibit transformation of N1H3T3 cells (Bejcek et al.
1989). In contrast, incubation with monensin which impairs secretion and suramin
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which dissociates receptor-bound growth factors, caused phenotypic reversion of SS Vtransformed fibroblasts (Betsholtz et al. 1986b; Hannink and Donoghue 1988) and
implicated externalised forms of p28v*sis in autocrine receptor activation. More rigorous
investigation into the effects of suramin upon the state of receptor phosphorylation in
SSV-transformed cells has resolved these contradictory findings and also provided a
model which may have general relevance to the mechanism of growth factor signal
transduction (Fleming et al. 1989). In this analysis the anti-proliferative effects of
suramin were found to correlate with specific inhibition of tyrosine phosphorylation on
cell surface PDGF receptors whilst internal processing intermediates were unaffected.
Despite the potential for intracellular interaction between v-sis proteins and their
receptors, they may therefore require cell surface localisation in order to couple with
plasma membrane-associated components of the mitogenic signalling pathway.
Analysis of transformation by v-sis has provided further insights into the mechanisms
which normally govern growth factor action. In particular the transforming capacity of
the cellular PDGF B gene (Clarke et al. 1984; Gazit et al. 1984) demonstrates that
inappropriate execution of otherwise normal cellular functions may be sufficient to
effect autocrine stimulation and might explain why growth factors are not usually
expressed in cell types which are programmed to respond to their action. In addition
the synthesis of PDGF illustrates an alternative strategy for restricting autocrine
stimulation, in this case by integrating growth factor production with cell
differentiation.

Thus platelet-forming megakaryocytes represent terminally

differentiated cells which are rich in PDGF but incapable of proliferation (reviewed in
Paulus and Aster 1983).

1.6 Transduction growth factor receptors by
retroviruses
In some instances, the oncogenic sequences found in acutely-transforming retroviruses
derive from cellular genes that encode growth factor receptors. The first example,
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discovered shortly after the relationship was established between v-sis and PDGF,
emerged from sequence analysis of the EGF receptor protein. These studies revealed
that the v-erbB oncogene of avian erythroblastosis virus (AEV) encodes a truncated
from of the EGF receptor which lacks the extracellular ligand-binding domain and also
a smaller C-terminal region containing the major autophosphorylation site (Downward
et al. 1984). The v-erbB protein may therefore function as a constitutively active
receptor which provides mitogenic stimulation in the absence of EGF. This model was
supported by the observed increases in levels of phosphotyrosine in AEV-transformed
cells (Gilmore et al. 1985; Kris et al. 1985) and the enhanced transforming potential of
N- and C-terminally truncated EGF receptors in vitro (Khazaie et al. 1988). However
the mechanism of transformation by v-erbB is clearly distinct from the p28v'sis autocrine
pathway since erythroblasts, which represent the cellular targets for AEV infection and
transformation do not express EGF receptors. Nevertheless infection of bone marrow
cells with retrovirus-based expression vectors encoding the proto-oncogene c-erbB
receptor results in EGF-dependent transformation (Khazaie et al. 1988); the retroviral
oncoprotein may therefore provide ligand-independent activation of signalling pathways
which are normally effected by alternative growth factor receptors during the
differentiation of erythroid progenitor cells.
Other examples of transduced oncogenes which derive from receptors include the
receptor for mast cell growth factor by the Hardy-Zuckerman-4 strain of feline sarcoma
virus (Williams et al. 1990). In this case the c-kit oncogene shows extensive structural
deletions and point mutations (Besmer et al. 1986; Yarden et al. 1987). In contrast, the
v-fms oncogene of the McDonough strain of feline sarcoma virus encodes a mutant
receptor for macrophage colony-stimulating factor (CSF-1) in which a 40 amino acid
deletion from the C-terminus represents the only divergence from the c-fins gene (Sherr
et al. 1985; Coussens et al. 1986). The v-sea (Hayman et al. 1985) and v-ros
(Neckameyer and Wang 1985) oncogenes encode growth factor receptor-like proteins
although their respective ligands have not yet been identified. The family of
transmembrane receptors also includes a number of oncogenes identified by their ability
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to transform NIH3T3 cells in culture. These include trk and m et which encode
receptors for nerve growth factor and hepatocyte growth factor respectively (Cooper et
al. 1984; Martin-Zanca et al. 1986; Bottaro et al. 1991; Klein et al. 1991). The neu
oncogene encodes a receptor tyrosine kinase which resembles the EGF receptor and is
activated by a single point mutation in the transmembrane domain (Bargmann et al.
1986a; Bargmann et al. 1986b). Amplification of the neu gene in human breast cancers
correlates with more aggressive tumours and a worse prognosis (Slamon et al. 1987).

1.7 Growth factor oncogenes at retroviral integration
sites
The non-acutely transforming retroviruses do not harbour transduced oncogenes but are
none the less capable of inducing tumours in animals. These typically develop several
months after the initial viral infection and invariably represent clonal outgrowths
derived from a single infected cell. Consistent with the characteristics of tumourinduction by slowly-transforming retroviruses is the model of insertional mutagenesis
in which a provirus may deregulate the expression of adjacent cellular genes. (Hayward
et al. 1981; Neel et al. 1981; Payne et al. 1981) Although the vast majority of such
proviral integrations will be phenotypically silent, tumours may represent the outcome
of insertions which confer a selective growth advantage through the perturbed
expression of cellular proto-oncogenes. The hypothesis predicts the existence of
common proviral integration sites in independent tumours and a means of isolating
these candidate proto-oncogenes by transposon tagging. Historically, the first
demonstration of insertional mutagenesis re-isolated the c-myc oncogene, this time as a
frequent target for the avian leukosis virus (ALV) in chicken Bursal lymphomas
(Hayward et al. 1981). The vast majority of tumours cany proviral insertions in the
first exon or intron of the c-myc gene which result in a 20-100 fold elevation of mRNA
levels. Subsequently a range of previously identified and novel genes have been
isolated from tumours and established cell lines by virtue of their proximity to retroviral
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proviruses (reviewed in Peters 1990). In some cases, this correlates with deregulated
expression of known growth factors such as IL-2, IL-3 or CSF-1 which are secreted at
high level from two leukemic cell lines and a monocytic-macrophage tumour
respectively (Chen et al. 1985; Ymer et al. 1985; Baumbach et al. 1987). However in
these examples, novel proviruses were only detected in a single cell line or tumour and
the causal connection between integration, insertional mutagenesis and tumourigenesis
therefore remains speculative. In contrast, a number of novel growth factor proto
oncogenes have been isolated as common targets for proviral integration in independent
tumours, in other words by exploiting the predicted mechanistic features of insertional
mutagenesis. In this respect the mouse mammary tumour virus (MMTV) has proved
notable access to a range of cellular genes whose protein products bear the hallmarks of
extracellular signalling molecules.

1.8 Mouse Mammary Tumour Virus
Mouse mammary tumour virus (MMTV) is a B-type retrovirus identified as the major
causative agent of mammary carcinomas in several inbred strains of mice (reviewed in
Moore et al. 1979). The virus is most commonly transmitted via the milk of viraemic
females and replicates almost exclusively in the alveolar epithelial cells of the mammary
gland (reviewed in Dickson 1987). At least 90% of female mice develop tumours
within 4-9 months of exposure to milk-borne MMTV and after several pregnancies; in
most strains these tumours grow continuously but in BR6 mice they are are initially
pregnancy dependent and usually progress to hormonal-independence after several
cycles of growth and regression (Lee 1968). In contrast to the acutely transforming
retroviruses, tumour induction by MMTV is not directed by a transduced cellular
oncogene and appears to be a relatively infrequent consequence of infection; in most
multiparous females, over 80% of the mammary epithelium may become productively
infected yet remains phenotypically normal (St George et al. 1979). When tumours do
eventually arise, they are invariably clonal for novel proviral integration sites and thus
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constitute proliferations derived from a single infected cell (Cohen et al. 1979).
Proviral DNA has been mapped to five different common integration sites in MMTVinduced tumours and hypeiplasias (Nusse and Varmus 1982; Peters et al. 1983; Gray et
al. 1986; Gallahan and Callahan 1987; Roelink et al. 1990). Although the incidence of
disruption at each locus varies between strains of mouse and virus, the most frequently
encountered and most extensively characterised loci have been named int-1 and int-2
(for integration site). The 30 kb DNA surrounding int-1 on chromosome 15 is
interrupted in 80% MMTV-induced tumours in the C3H mouse strain (Nusse et al.
1984) and the flanking sequences surrounding int-2 on chromosome 7 are disrupted in
70% of mammary tumours in BR6 mice (Peters et al. 1984; Peters et al. 1986; Peters et
al. 1989b). Although int-1 and int-2 are unrelated by nucleotide sequence and reside on
different chromosomes, the configuration of proviruses from independent tumours
suggests that both genes are activated by a similar mechanism. Proviruses are
distributed either side of an undisturbed region of DNA (the protein coding region)
which is transcribed in viral-induced tumours but not in the normal mammary gland.
With very few exceptions, die transcriptional orientation of integrated proviruses points
away from this region and reflects a mechanism of enhancer activation in which LTR
sequences stimulate the inappropriate use of adjacent cellular promoters. Both int-1 and
int-2 have transforming activity when re-introduced into culture cells and transgenic
mice, thus vindicating the analysis of common integration sites as a means of isolating
novel proto-oncogenes (Brown et al. 1986; Tsukamoto et al. 1988; Muller et al. 1990;
Goldfarb et al. 1991). Furthermore the int-1 and int-2 gene products bear the hallmarks
of extracellular signalling molecules, consistent with an autocrine mechanism for their
contribution to mammary tumourigenesis.
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1.9 Int-1
Normal int-1 expression is restricted to the post meiodc spermatocytes of the adult
testes and the developing central nervous system of midgestation embiyos (Jakobovits
et al. 1986; Shackleford and Varmus 1987; Wilkinson et al. 1987). Ectopic expression
in Xenopus embryos causes duplication of notochordal tissue and bifurcation of the
neural tube, suggesting a role in patterning events during early vertebrate development
(McMahon and Moon 1989). This has been further demonstrated by the targeted
disruption of the int-1 gene in embryonic stem (ES) cells and the development of mouse
lines which are heterozygous for the null allele. Although these mice are normal and
fertile, homozygous mutant foetuses lack almost all of the midbrain and die shortly after
birth (McMahon and Bradley 1990; Thomas and Capecchi 1990). Whilst mammalian
int-1 proteins have not been detected in vivo, a number of eukaryotic over-expression
systems have been used to investigate the biochemical and biological properties of the
predicted protein (Brown et al. 1987; Papkoff et al. 1987). Int-1 polypeptides with
molecular weights of 36-42 kD representing processing intermediates in the secretory
pathway yield mature 44 kD glycoproteins which adhere to the cell surface or
extracellular matrix but are not secreted at detectable levels in the culture medium
(Papkoff 1989; Bradley and Brown 1990). The Drosophila homolog of int-1 is
identical to wingless, a segment polarity gene which is not cell-autonomous since
wingless cells in a wild-type environment do not display the mutant phenotype (Morata
and Lawrence 1977; Rijsewijk et al. 1987). Immunolocalisation in Drosophila
embryos indicates that wingless proteins are associated with the plasma membrane and
extracellular matrix adjacent to producer cells (van den Heuvel et al. 1989). In
summary these findings indicate that int-1 might normally function as an extracellular
factor which modulates cell-cell interactions during development and presumably acts
through cell surface receptors.
The isolation of nine homologous cDNAs has prompted the renaming of int-1 related
genes as Wnt (wingless-type) genes (Nusse et al. 1991). This gene family includes
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Wnt-2, a gene which maps close to the human cystic fibrosis locus; Wnt-3, another
target for proviral activation in MMTV-induced tumours and 7 additional cDNAs
isolated by sequence homology to int-1 (Wainwright et al. 1988; Gavin et al. 1990;
Roelink et al. 1990; Roelink and Nusse 1991). They are all expressed during mouse
embryogenesis but in addition some also show regulated expression in the normal
mammary gland during pregnancy and lactation. It has been suggested that the
abnormal consequences of Wnt-1 and Wnt-3 expression in MMTV-induced tumours
might therefore arise through the mimicry of a related protein which has a legitimate
role in normal mammary gland development

1.10

Int-2

The int-2 gene was identified as a frequent target for proviral activation in MMTVinduced carcinomas in BR6 mice (Peters et al. 1983; Dickson et al. 1984).
Approximately 70% of these tumours contain novel proviral insertions within a region
of 50 kb on chromosome 7 (Peters et al. 1984; Peters et al. 1986; Peters et al. 1989b).
The majority of integrants fall into two discrete clusters which are transcriptionally
orientated away from a central uninterrupted domain of 5-6 kb; molecular probes from
this region indicate that expression of int-2 RNA is invariably coupled to proviral
integration into adjacent DNA. By these criteria, namely the combined incidence of
tumourigenesis, proviral integration and transcriptional activation, the int-2 gene
constitutes a candidate proto-oncogene whose inappropriate expression may contribute
to mammary neoplasia. As judged by blot hybridisation, int-2 RNA is undetectable in
normal adult mouse tissues with the possible exception of brain and testes. However
the gene is expressed at modest levels throughout embryonic development

Embryonic expression of int-2

Int-2 transcripts were initially identified by Northern blot analysis of RNA prepared
from differentiated teratocarcinoma cells and 7.5 day mouse embryos (Jakobovits et al.
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1986). Analysis of post-implantation embryos by in situ hybridization revealed that int2 is expressed first in the parietal endoderm and then at a number of tightly restricted
sites during subsequent development At gastrulation, int-2 RNA accumulates in cells
that have detached from the epiblast and are migrating through the primitive streak, but
then declines during condensation of the presumptive somites. In addition, int-2 is
expressed in the neuroepithelial cells of the hindbrain adjacent to the otocyst and in the
endoderm of the pharyngeal pouches (Wilkinson et al. 1988). During later stages of
embryogenesis, int-2 transcripts have been detected in the Purkinje cells of the
cerebellum, the mesenchyme of the developing tooth bud, during moiphogenesis of the
inner ear and in regions of the developing retina (Wilkinson et al. 1989). The diversity
of cell types which express int-2 RNA is consistent with multiple roles during
development and may include functions such as mitogenesis, chemotaxis or induction
of differentiation.

Structure of the int-2 gene

In embryos and MMTV-induced mammary tumours, multiple species of int-2 RNA
have been detected, ranging in size from 1.4 - 3.2 kb (Jakobovits et al. 1986; Peters et
al. 1986; Wilkinson et al. 1988; Dickson et al. 1990). However the restricted
availability of embryonic tissue has limited analysis of int-2 transcription in utero;
furthermore mammary tumours may contain anomalous species of RNA which are not
representative of the normal pattern of expression (Dickson et al. 1990). Therefore the
structure of the int-2 gene has been examined in tissue culture, using embryonal
carcinoma (EC) cell lines which provide a model for early differentiation events in the
peri-implantation embryo. EC cells are derived either by ectopic grafting of embryos or
from spontaneous germ cell tumours (reviewed in Balinsky 1981).

In the

undifferentiated state they resemble the stem cells of the Inner Cell Mass (ICM) but can
be induced to differentiate in culture into visceral or parietal endoderm-like cells by
exposure to agents such as retinoic acid and cyclic AMP. Since the parietal endoderm
represents the first site of int-2 expression around the time of embryo implantation, EC
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cells provide an amenable source of RNA with which to delineate the pattern of int-2
transcription during early development. Using a combination of techniques including
Northern blot analysis, RNase protection, primer extension and cDNA sequencing, six
distinct transcripts have been detected in differentiated EC cells. These derive from
three different promoter regions termed PI, P2 and P3 and terminate at either of two
polyadenylation sites (Moore et al. 1986; Mansour and Martin 1988; Smith et al. 1988).
Promoters PI and P2 constitute a cluster of initiation sites which extend over 50 and
150 base pairs respectively whilst P3 transcripts initiate at a single nucleotide. As
shown in Fig. 1.10-1, int-2 RNAs comprise 3 or 4 exons and the alternative first exons
have been designated 1, la and lb. The complexity of int-2 transcription may reflect a
strategy for regulating expression in different cell types and at multiple stages during
development. In this respect it may be significant that different embryonal carcinoma
cell lines express alternative subsets of int-2 RNA; for example P3 is dominant in F9
and PSA-1-derived endodermal cells whilst P2 is most active in PCC4 cells (Mansour
andMartin 1988; Smith et al. 1988; Grinberg et al. 1991). However despite the
structural variation between different classes of RNA, all contain the same open reading
frame which is capable of encoding a 245 amino acid protein. In no instance has
MMTV proviral insertion been found to disrupt the coding potential of this region,
suggesting that tumourigenesis involves a function of the normal product.

The predicted int-2 protein

The major int-2 open reading frame encodes a translation product of approximately 27
kD which is rich in basic residues and has a predicted pi of about 12. Two additional
features are noteworthy, both of which suggest that the protein may normally function
as a secretory molecule. First, the amino terminus has a short stretch of hydrophobic
amino acids which might serve as a signal for transmembrane synthesis (Watson 1984)
and second, the primary sequence contains a potential asparagine-linked glycosylation
site centred around residue 66 (see Figure 1.10-2). However the most compelling
reason to suppose that int-2 might function as an extracellular signalling molecule
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Figure 1.10-1 Exon structure of the mouse int-2 gene
and RNA transcripts
A.
Exon 3

Exon 2
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A. The structure of the int-2 gene is shown with the position of the promoters (PI, P2
and P3), the splice donor and acceptor points (dashed lines) and the alternative first
exons (1, la or lb). The major int-2 open reading frame which initiates at an ATG in
exons 1/lb , is depicted by the shaded region and the alternative transcriptional
termination sites in exon 3 as the sequences A l and A2.
B. Structure of the major int-2 transcripts in mouse EC cells. Initiation of transcription
at P I, P2 or P3 and termination at either A l or A2 gives rise to six distinct classes of
RNA, whose approximate sizes are indicated on the right
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materialised when the predicted sequence was compared with the fibroblast growth
factors (FGFs).

Figure 1.10-2

Predicted amino acid sequence of int-2
50

MGLIWLLLLSLLEPSWPTTGPGTRLRRDAGGRGGVYEHLGGAPRRRKLYC
*

100

ATKYHLQLHPSGRVNGSLENSAYSILEITAVEVGVVAIKGLFSGRYLAMN
150

KRGRLYASDHYNAECEFVERIHELGYNTYASRLYRTG SS GPGAQRQPGAQ
200

RP WYVSVNGKGRPRRGFKTRRTQKSSLFLP RVLGHKDHEMVRLLQS SQPR
245

APGEGSQPRQRRQKKQSPGDHGKMETLSTRATPSTQLHTGGLAVA

The sequence of the primary translation product of mouse int-2 is
presented in single letter amino acid code. The shaded region
represents the hydrophobic core of a putative signal peptide and the
consensus for N-linked glycosylation is indicated with an asterisk.
The boxed regions share sequence homology with acidic and basic
FGF.

Acidic and basic FGF are broad-spectrum mitogens which exert diverse effects in a
range of cell types by binding to specific receptor molecules on the surface of target
cells. The predicted mouse int-2 protein shares 44% sequence identity with human
basic FGF and 37% with human acidic FGF across a core region of 134 amino acids
(Dickson and Peters 1987). Since the synthesis, structure and biological functions of
the fibroblast growth factors have been well characterised, they provide an important
experimental and conceptual model for understanding the properties of int-2 .
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1.11 Acidic and basic FGF
The discovery of the fibroblast growth factors can be traced back to observations made
as early as 1939 that crude homogenates of bovine brain were mitogenic for cultured
fibroblasts (Trowell and Willmer 1939). A similar activity was also found in pituitary
extracts (Armelin 1973; Gospodarowicz 1974) and subsequently purified from both
tissues by salt fractionation, ion exchange and gel filtration chromatography
(Gospodarowicz 1975; Gospodarowicz et al. 1978a). On further analysis, FGF was
shown to stimulate a broad variety of mesodermal cell types including primary
fibroblasts, chondrocytes, myoblasts and vascular smooth muscle cells
(Gospodarowicz et al. 1978b) and to function as a survival agent for vascular
endothelial cells (Gospodarowicz et al. 1976). During this period a number of different
endothelial cell mitogens were isolated from sources such as macrophages, retina and
hypothalamus although their relationship with FGF remained elusive. This question
was to some extent clarified when it emerged that the growth factor activity identified in
brain and pituitary extracts comprised two distinct polypeptides which could be
separated by isoelectric focussing. One of these had a pi of 5-6 and the other was a
basic molecule with a pi around 10 ((Thomas et al. 1980; Lemmon and Bradshaw
1983). In 1983, Shing and his colleagues demonstrated that an endothelial cell growth
factor from a rat chondrosarcoma could be purified by heparin-affmity chromatography
giving a single-step purification of 10,000 fold (Shing et al. 1983). Soon thereafter
many endothelial cell growth factors were purified by heparin-affinity chromatography
and grouped into two distinct families based on pi, elution profiles from heparin
columns, immunological cross reactivity and protein sequence analysis. The anionic
polypeptides, typified by acidic FGF, eluted from immobilised heparin near 1.0 M
NaCl, had isoelectric points of 5-7 and were found primarily in neural tissue. In
contrast the group of cationic growth factors typified by basic FGF were more
ubiquitous and had been purified from most mesodermal tissues. They eluted from
heparin-sepharose with 1.5 M NaCl and had isoelectric points of 8-10. It has now
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been shown that all of the heparin-binding endothelial cell mitogens are in fact identical
to acidic or basic FGF (reviewed in Gospodarowicz et al. 1987).
Amino acid sequence analysis of bovine aFGF and bFGF (Esch et al. 1985; GimenezGallego et al. 1985) demonstrated that the two proteins share 53% identity. By 1986
full length cDNAs had also been isolated (Abraham et al. 1986; Jaye et al. 1986) but
revealed inconsistencies between the 5' coding region and N-terminal amino acid
sequence. It was subsequently shown that the nascent proteins are synthesised with
extensions of 9 (bFGF) or 15 (aFGF) amino acids and that, depending on the tissue
source, further truncated by 15 and 6 residues respectively (Gospodarowicz et al.
1987). However it remains to be shown whether such proteolytic processing reflects
modifications that occur in vivo or arise as artefacts during purification.

Secretion of FGFs

It is generally accepted that most secreted proteins are targeted to the endoplasmic
reticulum (ER) by an N-terminal signal peptide and then transported through the Golgi
apparatus to the cell surface. However cDNA sequence analysis of acidic or basic FGF
revealed that neither encode a typical signal peptide although both proteins are known to
function by binding to high affinity receptors on the surface of target cells. A number
of alternative mechanisms have therefore been proposed to account for their release,
based on studies of other secreted proteins which also lack signal peptides. For
example, secretion of the mating pheromone a-factor from Saccharomyces cerevisiae is
dependent on the STE6 gene which encodes a membrane spanning transport ATPase
and is homologous to the mammalian multidrug resistance P-glycoprotein (Kuchler et
al. 1989). In this case the STE6 protein may function as a transporter of proteins by a
route independent of the classical secretoiy pathway. Alternatively the cytokine IL-lp
is not translocated across the ER but is sequestered into protease-resistant intracellular
vesicles which might directly fuse with the plasma membrane (Rubartelli et al. 1990).
Acidic and basic FGF may utilise secretory pathways similar to those suggested for ILlp or yeast a-factor, but the precise mechanism of release remains ill-defined.
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Interaction between the FGFs and heparin was originally exploited as a rapid means of
protein purification but may also reflect an important characteristic of growth factor
function. For example heparin protects acidic and basic FGF against extremes of
temperature and pH (Gospodarowicz and Cheng 1986) and enhances the mitogenic
properties of aFGF for endothelial cells (Thornton et al. 1983). It has been suggested
that heparin may induce a conformational change which masks sites that are susceptible
to proteolysis and at least for aFGF, increase the affinity for cell-surface receptors
(Schreiber et al. 1985). The association with heparin-like molecules on the cell surface
and in the extracellular matrix constitutes an important source of extracellular acidic and
basic FGF.

The ECM secreted by cultured corneal endothelial cells contains

biologically active bFGF and will support the proliferation of endothelial cells in the
absence of added growth factors (Gospodarowicz et al. 1980; Vlodavsky et al. 1987)
and a similar accumulation of acidic FGF has been reported in the extracellular matrix
of neonatal rat myocytes (Weiner and Swain 1989). Since basic FGF can be displaced
from the ECM with heparin and treatment with hydrolytic enzymes (Presta et al. 1989),
the incorporation of FGFs into underlying matrix may provide a reservoir of growth
factor whose release can be regulated.

Biological activities

The fibroblast growth factors exert a range of biological effects which extends far
beyond the activity exploited in their original isolation, namely the ability to stimulate
cultured Balbc3T3 cells. In terms of proliferative action, they are broad spectrum
mitogens for mesoderm- and neuroectoderm-derived cells (reviewed in Burgess and
Maciag 1989) but in some circumstances function as potent inhibitors of cell growth
(Schweigerer et al. 1987). In addition to their effects on proliferation, the FGFs are
endowed with an extensive repertoire of biological activities which includes the
regulation of differentiation, secretion and cell migration. In most of these cases the
effect is independent of mitogenic stimulation as illustrated by the induction of neurite
outgrowth in PCI2 cells or the secretion of prolactin from pituitary cell lines (Togari et
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al. 1983; Baird et al. 1986). In contrast bFGF functions co-operatively with PDGF to
inhibit the premature differentiation of 02-A astrocyte progenitor cells in culture by
maintaining their continual proliferation and preventing withdrawl from the cell cycle
(Bogler et al. 1990). However direct evidence that FGFs can specify cell fate has come
from studies of mesoderm induction in amphibians. For technical reasons, including
their large size and accessibility, amphibian embryos have long been used by
experimentalists to explore patterning events in early embryogenesis. The formation of
mesoderm, also known as primary embryonic induction, occurs during the blastula
stage and constitutes the first known instructive interaction in which the developmental
fate of a pluripotent group of cells is determined by an inducing tissue (reviewed in
Whitman and Melton 1989). In this case mesoderm is induced from the animal
hemisphere under the influence of cells in the vegetal pole. When cultured in isolation,
ectodermal tissue from the animal pole differentiates into simple epidermis but will
produce mesodermal cell types such as notochord, blood and muscle when combined
with endodermal tissue from the vegetal pole. Mesoderm induction is mediated by
soluble factors rather than by direct cell-cell contact since the separation of vegetal and
animal tissues with nucleopore filters has no diminishing effect (Grunz and Tacke
1986). The elongation of animal cap explants in vitro and availability of diagnostic
molecular markers for mesodermal cell types has offered a simple and rapid means of
isolating mesoderm inducing factors (MIFs). These include acidic and basic FGF
which appear to synergise with certain TGFp- related proteins in the induction of
muscle actin transcription in isolated animal caps (Kimelman and Kirschner 1987; Slack
et al. 1987). Furthermore, basic FGF transcripts have been found in the Xenopus
oocyte and early embryo and FGF-like polypeptides have been isolated from embryos
at levels that are consistent with a role in mesoderm induction (Kimelman et al. 1988;
Slack and Isaacs 1989).
Both aFGF and bFGF are potent angiogenic factors when tested in the rabbit cornea or
chick chorioalantoic membrane (reviewed in Gospodarowicz et al. 1987). They may
therefore play a central role in the wound healing process since all known cell types
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involved in wound repair, including capillary endothelial cells, vascular smooth muscle
and fibroblasts are known to proliferate in response to acidic and basic FGF. However
persistent angiogenesis is likely to play an important role in a variety of pathological
conditions such as the growth of solid tumours which may exploit FGF-like molecules
as autocrine mitogens or inducers of neovascularisation. Although basic FGF has been
purified as an angiogenic factor from tumours and tumour-derived cell lines there is
little evidence to suggest that inappropriate expression is a critical carcinogenic event in
vivo. Nevertheless, a number of reports have demonstrated that the over-expression of
acidic or basic FGF can transform rodent fibroblasts in vitro (Jaye et al. 1988; Neufeld
et al. 1988; Rogelj et al. 1988; Sasada et al. 1988). In all cases only very low levels of
biologically active FGF were found in the growth medium, even when an
immunoglobulin-derived signal sequence was fused to the N-teiminus of bFGF (Rogelj
et al. 1988). Incubation with suramin and protamine sulphate, agents which are known
to interfere non-specifically with receptor-ligand interactions, caused phenotypic
reversion of transformed cells (Neufeld et al. 1988; Moscatelli and Quarto 1989) and in
at least one case, anti-FGF antibodies neutralised the growth of colonies in soft agar
(Sasada et al. 1988). It has therefore been suggested that transformation by the
fibroblast growth factors is mediated by receptor interactions on the cell surface;
although transforming potential is enhanced by the appendage of heterologous signal
sequences, over expression itself may direct sufficient levels of extracellular FGF to
effect transformation.

FG F receptors

Both high and low-affinity binding sites for aFGF and bFGF exist on the surface of all
cell types which are known to respond to these growth factors. The so-called low
affinity binding sites (typically K<i=2 nM, 106 binding sites/cell) are likely to represent
cell-associated heparin-like molecules since FGF can be removed by incubation with
heparin, heparinase or heparan sulphate (Moscetelli 1987). A membrane-bound
heparan sulphate proteoglycan (HSPG) which has the binding characteristics of a low-
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affinity receptor has recently been cloned from a BHK cDNA library (Kiefer et al.
1990) and is almost certainly equivalent to the murine syndecan protein (Saunders et al.
1989). Both molecules contain attachment sites for glycosaminoglycan side chains and
their hydrophobic cytoplasmic domains, which are absolutely conserved and thought to
interact with the actin cytoskeleton. Cooperative interaction between the low- and highaffinity receptors may mediate the biological responses of cells to FGF since mutant
CHO cells expressing high affinity FGF receptors but deficient in the metabolism of
glycosaminoglycans will bind bFGF only if provided with soluble heparin or heparan
sulphate (Yayon et al. 1991).
Cross-linking studies with radiolabelled ligands originally identified high affinity FGF
receptors with apparent molecular weights of between 110-150 kD on the surface of
target cells (Neufeld and Gospodarowicz 1985; Friesel et al. 1986). These proteins
bind acidic and basic FGF with dissociation constants of 45-200 pM and respond by
autophosphorylation on tyrosine residues (Neufeld and Gospodarowicz 1986;
Coughlin et al. 1988). Four different receptor genes, named FGFR-1 to FGFR-4 have
now been isolated from a variety of vertebrate species and constitute a distinct family of
tyrosine kinase linked growth factor receptors. The first of these was cloned from a
chick cDNA library and encodes a protein with a single membrane-spanning region, 3
extracellular immunoglobulin (Ig)-like disulphide loops and an interrupted kinase
domain (Lee et al. 1989). It shares structural similarity with the receptors for PDGF
and CSF-1 but is distinguished by a short motif of acidic residues located between the
first and second immunoglobulin-like domains and an unusually long cytoplasmic
juxtamembrane region. The equivalent human gene, also known as fig was isolated
previously as a novel tyrosine kinase with homology to the \-fms oncogene but had no
defined function (Ruta et al. 1988). The nucleotide sequence of cDNAs derived from
various sources indicates that the FGFR-1 gene encodes multiple products by
alternative RNA splicing events (Johnson et al. 1990; Reid et al. 1990; Hou et al.
1991). The predicted receptors contain two or three immunoglobulin-like disulphide
loops in the extracellular region combined with alternative kinase domains and either of
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two juxtamembrane motifs. Variants have also been described which lack the entire
transmembrane region or the N-terminal signal peptide and may therefore function
either as secreted or intracellular proteins respectively. In terms of ligand specificity, it
is clear that the number of Ig-like domains (2 or 3) has no significant effect upon the
binding affinity of different receptors for acidic and basic FGF (Dionne et al. 1990;
Johnson et al. 1990; Saffan et al. 1990). The second member of the fibroblast growth
factor receptor gene family, FGFR-2 was first obtained by phosphotyrosine antibody
screening of a Xgtl 1 mouse cDNA library and named bek, for fcacterially expressed
kinase (Kombluth et al. 1988). The human gene also encodes multiple receptor
isoforms containing 2 or 3 Ig-like domains although like FGFR-1, this appears to have
little effect upon the ability to respond to acidic and basic FGF (Dionne et al. 1990;
Hattori et al. 1990; Houssaint et al. 1990). However an unusual murine variant has
been cloned which contains two Ig-like domains but lacks the short motif of acidic
residues found in all other FGFR-related genes; this receptor binds acidic FGF and a
related protein called keratinocyte growth factor (see below) but not basic FGF (Miki et
al. 1991). The FGFR-3 gene has been cloned from chicken and human cDNA and
encodes a polypeptide which responds to acidic and basic FGF (Pasquale 1990;
Keegan et al. 1991) whilst the FGFR-4 gene product contains a shortened acidic motif
and binds aFGF but not bFGF (Partanen et al. 1990; Partanen et al. 1991).
The functional basis of diversity between different members of the FGFR family and
between individual receptor isoforms encoded by each gene remains to be established.
Structural variability in the extracellular region clearly has the potential to determine
ligand specificity whilst alternative cytoplasmic sequences may affect interactions with
intracellular effector molecules. The repertoire of available functions may be further
amplified by formation of ligand-inducible receptor heterodimers.
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1.12 The fibroblast growth factor family
Since the identification of sequence homology between int-2 and the fibroblast growth
factors, the family has expanded to include a total of 7 related proteins (reviewed in
Goldfarb 1990). They share a common genomic structure with a central highly
conserved exon of 104 nucleotides and encode proteins that share 33-69% homology
across a core region of 120 residues (see Figure 1.12). They have all been implicated
in the regulation of cellular proliferation in normal and neoplastic settings and in
common with int-2, acidic and basic FGF, they are able to transform established rodent
fibroblasts.

However, in contrast to acidic and basic FGF, these proteins are

synthesised with N-terminal signal sequences that direct entry into the secretory
pathway.

HST

The hst gene (also known as hst-1 and kFGF) was originally isolated as a dominant
transforming gene on NIH3T3 cells using DNA from a human stomach cancer and
similarly cloned from the DNA of a human Kaposi sarcoma (Sakamoto et al. 1986;
Taira et al. 1987; Delli Bovi and Basilico 1987a; Delli Bovi et al. 1987b). It has been
isolated from a wide variety of tumour-derived tissues and is probably activated by
rearrangement during gene transfer since the DNA prepared from normal tissues also
contains hst as a dominant oncogene (Sakamoto et al. 1988). The gene encodes a 206
amino acid protein with 43% homology to bFGF and 38% to aFGF. A signal peptide
of 30-31 amino acids directs entry into the endoplasmic reticulum and the mature,
glycosylated protein is efficiently secreted into the culture medium of transfected cells
(Delli Bovi et al. 1988). Hst stimulates DNA synthesis and plasminogen activator
production in capillary endothelial cells and will induce the morphological
transformation of NIH3T3 fibroblasts (Delli Bovi et al. 1988). It is stabilised by
heparin and elutes from heparin-sepharose at a salt concentration of 1.0-1.2 M NaCl
(Miyagawa et al. 1988). In BR 6 mice, the hst gene is a target for transcriptional
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Figure 1.12 The human FGF family
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The published sequences for 7 members of the FGF family are aligned to maximise
homology (Abraham et al. 1986; Jaye et al. 1986; Taira et al. 1987; Zhan et al. 1988;
Brookes et al. 1989b; Finch et al. 1989; Coulier et al. 1991). Residues that are
identical in all proteins are identified by shading. Potential N-linked glycosylation sites
are shown as * and the boxed section corresponds to the domain encoded by the 104
nucleotide exon that is characteristic of all FGFs.
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activation by mouse mammary tumour virus and in approximately 10% MMTV-induced
tumours, the integration of proviral DNA either upstream or downstream of the gene
correlates with the synthesis of mRNA (Peters et al. 1989a). Expression has been
otherwise undetectable in normal adult tissues and at several stages of embryonic
‘development (Hebert et al. 1990). However undifferentiated F9 teratocarcinoma cells
and blastocyst-derived embryonic stem cells contain hst RNA transcripts and this may
reflect a functional role in the pre-implantation embryo. The differentiation of F9 cells
and another teratocarcinoma cell line PSA-1 is accompanied by a dramatic
transcriptional repression and the decline of mRNA levels (Velcich et al. 1989; Hebert
et al. 1990). The mesoderm-inducing properties of hst in isolated Xenopus animal pole
explants may also reflect a biological function in mammalian embryogenesis (Patemo et
al. 1989).

KGF

Keratinocyte growth factor was initially isolated from the conditioned medium of a
human embryonic lung fibroblast line as a potent mitogen for BALB/MK epidermal
keratinocytes (Rubin et al. 1989). The cDNA for KGF encodes a 194 amino acid
polypeptide which shares 44% identity with mouse int-2 and 39% identity to human
bFGF across the central homology regions (Finch et al. 1989). KGF binds heparin but
with lower affinity than acidic and basic FGF, eluting at a salt concentration 0.6 M
NaCl. Expression in the adult is restricted to the stromal cells of tissues which contain
a substantial epithelial component such as the skin, kidney and organs of the gastro
intestinal tract. In contrast to acidic and basic FGF, KGF has a very distinctive target
cell specificity, exhibiting potent mitogenic activity on a variety of epithelial cell types
but not on fibroblasts or endothelial cells (Rubin et al. 1989). KGF is therefore
endowed with many of the characteristics expected of a polypeptide which mediates the
regulation of epithelial proliferation by mesenchymal tissue. The target-cell specificity
of KGF reflects the expression of high-affinity receptors in epithelial cells but not in
fibroblasts. Whilst low-affinity, heparin-like binding sites for KGF exist on the
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surface of both BALB/MK cells and NIH3T3 fibroblasts, high-affinity interactions (Kd
25 pM) are restricted to the BALB/MK cells (Bottaro et al. 1990). An autocrine
transforming loop which exploits this difference has been used to isolate a cDNA for
the KGF receptor (Miki et al. 1991). The amino acid sequence predicts a polypeptide
that is identical to the human FGFR-2 receptor in the tyrosine kinase domain (Dionne et
al. 1990) but is structurally different in the extracellular region, encoding only two
immunoglobulin-like domains and lacking a sequence of acidic residues that
characterise the other members of this gene family.

FGF-5
The FGF-5 gene was identified by transfection of tumour-derived DNA into NIH3T3
fibroblasts and selection for transformed cells in a defined growth medium (Zhan et al.
1987; Zhan et al. 1988). The 267 amino acid polypeptide is 43% identical with bFGF
across the two major homology regions and encodes an N-terminal signal peptide
which directs entry into the secretory pathway. FGF-5 shares functional similarities
with other members of the FGF-family; the protein is mitogenic for fibroblasts and
endothelial cells and elutes from heparin affinity resins at approximately 1.0-1.5 M
NaCl. Adult expression is widespread throughout the central nervous system (Haub et
al. 1990) and low levels of mRNA have been detected in mouse embryos at all stages
of development However the differentiation of PSA-1 teratocarcinoma cells into stage
1 embryoid bodies is marked by a dramatic 15-fold increase in levels of FGF-5 mRNA
(Hebert et al. 1990). This induction reflects novel gene expression in the inner core
cells of the embryoid bodies rather than the newly formed endodermal lineages and is
coincident with the first appearance of mesodermal cell types. FGF-5 may therefore
function at multiple sites during embryogenesis but play a particularly important role in
the induction of mesoderm during peri-implantation.

42

FGF-6
The sixth member of the FGF gene family was isolated by screening a mouse cosmid
library at low stringency with a human hst probe (Maries et al. 1989). The human
homolog encodes a 194 amino acid protein which contains a putative signal sequence
and shares 70% identity with hst over the central homology region (Coulier et al.
1991). As with hst, the growth medium conditioned by FGF-6 -transformed NIH3T3
cells stimulates DNA synthesis in quiescent fibroblasts. The FGF-6 gene is expressed
from day 10.5 onwards in the developing mouse embryo with a maximum at day 15.5
and declining mRNA levels that persist after birth. Adult expression is restricted to the
testis, cardiac and skeletal muscle (de Lapeyriere et al. 1990).
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1.13 Aims of the project
The int-2 gene is strongly implicated in MMTV-induced tumourigenesis and may
normally function at multiple sites during vertebrate embryonic development. To gain
better insight into the role of int-2 in both settings, it is clearly important to identify the
gene product and to characterise physical and biological properties as predicted from the
DNA sequence. In this respect, structural homology with members of the FGF-gene
family provides an important conceptual framework in which to investigate the
properties of the int-2 protein. However, sources known to contain int-2 RNA
including MMTV-induced tumours, early stage mouse embryos and differentiated
teratocarcinoma cell lines were not found to express detectable levels of the protein.
The initial aim of this work was therefore to develop expression systems for the int-2
gene product using cDNAs in heterologous eukaryotic cells and in cell-free translation
systems. Once established, these systems could be used to investigate the properties of
the protein.
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CHAPTER 2
MATERIALS AND METHODS
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MATERIALS
2.1

Chemicals and Solvents

All chemicals used were of analytical grade and were obtained from either FSA
Laboratory Supplies, Loughborough, England or Sigma Chemicals Ltd., Poole,
England except for the following:
James Burroough (FAD) Ltd., England
Biorad
FMC Bioproducts, USA
BDH
Beecham Research Laboratories, England
Biorad

Absolute alcohol
Acrylamide
Agarose
Ammonium persulphate
Ampicillin
p-mercaptoethanol
Bis-acrylamide
Bromophenol blue
Caesium chloride
CsTFA
Glycogen (molecular biology grade)
Liquid scintillant

Biorad
BDH
BDH
Pharmacia
Boehringer Mannheim, Lewes, England
Packard Instruments, Groningen,
Netherlands
FMC Bioproducts, USA
BDH

Low melting-point agarose
Polyethylene glycol 6000
Protein A-sepharose
Protein G-sepharose
RNA cap structure analog

Pharmacia
Pharmacia
New England Biolabs, USA
Serva, Feinbiochemica GmbH & Co.,
Germany

SDS
TEMED

Biorad
BRL
BDH

Urea (ultrapure)
Xylene cyanol
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2.2

Radiochemicals

[a- 35S]dATP
EXPRE35S35S
77 % L-p 5S]methionine
18 % L-p 5S]cysteine
L-[4,5-3H]leucine
L-P 5S]methionine
[14C] methylated protein

1000 Ci/mmol, 10 mCi/ml

Amersham International

1000 Ci/mmol, lOmCi/ml

NEN Research Products

120-190 Ci/mmol, 5 mCi/ml Amersham International
Amersham International
1000 Ci/mmol, 15 mCi/ml

molecular weight markers
125I-labelled Protein A

5 mCi/ml
30mCi/mg

Amersham International
Amersham International

[a- 32P]UTP

3000 Ci/mmol, 10 mCi/ml

Amersham International

2.3

Miscellaneous

Canine pancreatic microsomes
Citifluor
c7dGTP
Films
Polaroid type 57
X-OMAT
RX
Filtration units (0.2 Jim and 0.45 pm)

Promega
City University, London
Boehringer Mannheim

Fluorochrome-labelled antibodies
Geneticin (G418)

DAKOPATTS, Denmark
GIB CO

Membranes
Nitrocellulose
PVDF

Schleicher & Schuell, Germany
Millipore Corp., USA

Biodyne
Microcapillary loading tips

Pall Biosupport Division, USA
MplTI-Technology Inc., USA

Polaroid
Kodak
Fuji
Nalge Company, USA

Oligonucleotide-directed

PMSF

Amersham International
Synthesised by I. Goldsmith,
ICRF
Boehringer Mannheim

Rabbit reticulocyte lysate

Promega

mutagenesis kit
Oligonucleotides
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Sequenase sequencing kit

2.4

United States Biochemical
Corporation

Enzymes

Restriction enzymes were normally purchased from New England Biolabs, USA
Calf intestinal alkaline phosphatase
DNase I (RNase-free)
DNA polymerase I large (Klenow) fragment
Endoglycosidase F
RNase A
RNasin ribonuclease inhibitor
SP6 RNA polymerase
Taq DNA polymerase
T4 DNA ligase
T4 DNA polymerase
T4 Polynucleotide kinase
T7 RNA polymerase

Boehringer Mannheim
Promega
Boehringer Mannheim
Boehringer Mannheim
Boehringer Mannheim
Promega
Promega
Boehringer Mannheim
Boehringer Mannheim
Boehringer Mannheim
Pharmacia
Promega

2.5 Buffers
All solutions were prepared using deionised water and stored at room temperature
unless otherwise stated
BLOCK solution
CAP buffer (5x)

Church buffer

20 mM Tris-HQ pH 7.4,150 mM NaCl,
3% (w/v) BSA
2.5 mM ATP, 2.5 mM UTP, 2.5 mM CTP, 0.25
mM GTP, 2.5 mM 7 mG(5') ppp(5’)G-Na salt
Stored in aliquots at -20°C
200 mM Na2HP0 4 -NaH2P 04 pH 7.2,1 mM
EDTA, 1% (w/v) BSA, 7% (w/v) SDS,
15% (v/v) formamide

Church wash buffer

40 mM Na2HP0 4 -NaH2P04 pH 7.2,1 mM
EDTA, 1% (w/v) SDS
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CIP buffer (lOx)
Coomassie brilliant blue stain
Destain
Denhardt's buffer (lOx)

100 mM Tris-HCl pH 7.6,
10 mM ZnQj, 10 mM MgCb
40% (v/v) methanol, 15% (v/v) glacial acetic
acid, 0.5% (w/v) Coomassie Brilliant Blue R250
40% (v/v) methanol, 15% (v/v) glacial acetic acid
0.2% (w/v) BSA, 0.2% (w/v) Ficoll type 400,
0 .2 % (wAr) polyvinylpyrrolidone

DNA gel loading buffer (6x)

0.25% (w/v) bromophenol blue, 0.25% (w/v)

DTT/spermidine mix (lOx)
END buffer (lOx)

xylene cyanol, 15% Ficoll type 400
500 mM DTT, 50 mM spermidine
500 mM K2HPO4-KH2PO4 pH 7.0,200 mM
EDTA, 5% (v/v) Nonidet P-40,1% (w/v) SDS,
10% (v/v) p-mercaptoethanol

Formaldehyde-gel running
buffer (5x)
HBS (2x)
Transfer buffer
Kinase buffer (lOx)
Ligation buffer (lOx)

NET buffer

NET wash buffer
Nick-translation buffer (lOx)

0.1 M MOPS pH 7.0,40 mM NaOAc,
5 mM EDTA pH 8.0
40 mM HEPES, 140 mM NaCl, 10 mM KC1.
pH adjusted to 7.05 with NaOH
25 mM Tris base, 192 mM glycine,
20% (v/v) methanol, 0.1 (w/v) SDS
500 mM Tris-HCl pH 7.5,100 mM MgCl2,
Im M EDTA pH 7.5
500 mM Tris-HCl pH 7.4,100 mM MgCl2,
100 mM DTT, 10 mM spermidine, 10 mM ATP,
1 mg/ml BSA. Stored in aliquots at -20°C
50 mM Tris-HCl pH 7.5,150 mM NaCl,
1% (v/v) Nonidet P-40,1 mM EDTA pH 8.0,
0.25% (w/v) gelatin, 0.02% (w/v) sodium azide
As above but with 0.1% rather than 1% (v/v)
Nonidet P-40
500 mM Tris-HCl pH 7.2,100 mM MgS04,
1 mM DTT, 500 |Xg/ml BSA. Stored in aliquots

NTE(lOx)

at-20°C
100 mM Tris-HCl pH 8.0,10 mM EDTA
pH 8.0,1 M NaCl

PCR buffer (lOx)

500 mM KC1,100 mM Tris-HCl pH 8.4,
15 mM MgCb, 1 mg/ml gelatin

49

Protease inhibitors (lx)

1 TlU/ml aprotinin, 100 p.g/ml bacitracin, 5 JiM
leupeptin, 0.5 |iM pepstatin A, 1 mM PMSF

PBSA

140 mM NaCl, 2.5 mM KC1,10 mM Na2HP04,
1.5 mMKH 2P 0 4 . pH adjusted to 7.2
Redistilled phenol, equilibrated with TE pH 8.0
and mixed with an equal volume of chloroform

Phenol/chloroform
Ponceau red stain
Restriction enzyme buffers
lOx low salt
lOx medium salt

lOx high salt

RIPA buffer

RNA gel-loading buffer
SDS-PAGE buffer
SDS-sample buffer

0.2% (w/v) Ponceau S, 2% (w/v) TCA
100 mM Tris-HCl pH 7.5,100 mM MgCl2,
70 mM p-mercaptoethanol. Stored at -20°C
100 mM Tris-HCl pH 7.5,100 mM MgCl2,
500 mM NaCl, 70 mM P-mercaptoethanol.
Stored at -20°C
100 mM Tris-HCl pH 7.5,100 mM MgCl2,
1 M NaCl, 70 mM P-mercaptoethanol
Stored at -20°C
50 mM Tris-HCl pH 8.0,150 mM NaCl,
0.1% (w/v) SDS, 1% (v/v) Nonidet P-40,
0.5% (w/v) sodium deoxycholate,
1 TIU/ml aprotinin, 1 mM PMSF
50% (v/v) glycerol, 10 mM Na2H P0 4-NaH2P 0 4
pH 7.0,0.4% (w/v) bromophenol blue
25 mM Tris base, 192 mM glycine,
0.1% (w/v) SDS
100 mM Tris-HCl pH 6 .8 ,2% (w/v) SDS,
10% (w/v) glycerol, 5% (v/v)
p-mercaptoethanol, 0 .001 % (w/v)
bromophenol blue

SSC (20x)
STET buffer

3 M NaCl, 0.3 M sodium citrate
8 % (w/v) sucrose, 0.1% (v/v) Triton X-100,
50 mM EDTA, 50 mM Tris-HCl pH 8.0

T4 DNA polymerase buffer (lOx)

330 mM Tris-acetate pH 8.0,660 mM KOAc,
100 mM Mg(OAch, 5 mM DTT, lmg/ml BSA.

TBE (lOx)

Stored in aliquots at -20°C
1.3 M Tris base, 440 mM boric acid,
25 mM EDTA pH 8.8

TBS

20 mM Tris-HCl pH 7.4,150 mM NaCl
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TE (lOx)
Tfbl

pH adjusted to 5.8 with 0.2 M acetic acid, filter
sterilised and stored at +4°C
20 mM MOPS, 75 MgCl2, 10 mM RbCl,
15% (v/v) glycerol. pH adjusted to 6.5 with
KOH, filter sterilised and stored at +4°C

Tfb 2

TMS (5x)

2.6

100 mM Tris pH 8.0,10 mM EDTA pH 8.0
30 mM KOAc, 100 mM RbCl, 10 mM CaCl2,
50 mM MnCl2.4H20 , 15% (v/v) glycerol.

200 mM Tris-Hcl pH 7.5,30 mM MgCl2,
10 mM spermidine, 50 mM NaCl

Bacterial media and agar

Hagar
H-top agar
L-broth
L-agar
Minimal medium agar

1% (w/v) bacto tryptone, 0.8% (w/v) NaCl,
1.5% (w/v) bacto agar
1% (w/v) bacto tryptone, 0.8% (w/v) NaCl,
0 .8 % (w/v) bacto agar
1.0% (w/v) bacto tryptone, 0.5% (w/v) yeast extract,
0.5% (w/v) NaCl, 0.1% (w/v) glucose
As for L-broth but also containing 1.5% (w/v) bacto agar
42 mM Na2HP04, 22 mM KH2P 0 4, 18 mM NUjCl,
8 mM NaCl, 1 mM MgS04, 1 mM thiamine HC1,
100 pM CaCl2, 0.2% (w/v) sucrose,

*F medium

1.5% (w/v) bacto agar
2% (w/v) bacto tryptone, 0.5% (w/v) yeast extract,

'F agar

0.5% (w/v) MgS04. pH adjusted to 7.6 with KOH
As for 'F medium but also containing
1.5% (w/v) bacto agar

2 x TY medium

1.6 % (w/v) bacto tryptone, 1% (w/v) yeast extract,

2 x TY agar

0.5% (w/v) NaCl
As for 2 x TY but also containing 1.5% (w/v) bacto agar
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METHODS
2.7

Bacterial transformation

Bacterial strains

Escherichia coli DH5 (genotype) cells were used to propagate and amplify plasmid
DNAs. All plasmids described contain the ^-lactamase gene which allows selection of
bacterial transformants on L-agar containing 50-100 |ig/ml ampicillin. Preparation of
single-stranded DNA for M l3 di-doexy sequencing and oligonucleotide-directed
mutagenesis was carried out using E.coli TGI (genotype) cells. This bacterial strain
was propagated on minimal medium agar in order to maintain selection of the F factorplasmid which encodes the sex pili required for phage infection. All bacterial cultures
were stored under liquid nitrogen in L-broth containing 50% (v/v) glycerol.

Preparation of competent bacteria

This method is based on that described in Hanahan (1983). Bacteria were streaked out
on

agar and incubated at 37°C until colonies reached approximately 2 mm in

diameter. A single colony was picked into 5 ml o f'F broth and grown with vigorous
shaking at 37°C until the OD550 reached 0.3, approximately 4 hours later. The culture
was then diluted 1/25 into fresh, prewarmed

broth and grown under the same

conditions until the OD550 reached exactly 0.48. The cells were chilled on ice for 5
minutes and recovered by centrifugation at 4000 x g at 4°C for 10 minutes. The pellet
was resuspended by gentle pipetting in 2/5 volumes of prechilled Tfb 1 buffer and
incubated on ice for 5 minutes. After centrifugation at 4000 x g for 10 minutes, the
cells were gently resuspended in ice-cold Tfb 2 (1/25 original volume) and snap frozen
in 250 pi aliquots on cardice using pre-chilled pipettes. Competent cells were stored at
-70°C.
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Transformation of competent bacteria

Competent cells were thawed on ice. A minimum of 25 pi of cell suspension was
added to each 10 pi aliquot of DNA sample and incubated for 30 minutes on ice. The
cells were heat shocked at 42°C for 90 seconds and incubated at 37°C in 250 pi L-broth
for a further 40 minutes. After a brief spin in a bench-top centrifuge, the cells were
spread on to pre-dried L-agar plates containing 50 pg/ml ampicillin which were then
inverted and incubated at 37°C overnight

2.8

Preparation of plasmid DNA

Preparation of miniprep DNA

This method was based on that of Del Sal et al. (1988) and produced between 5-20 pg
of DNA depending on the plasmid vector. It was used for diagnostic restriction
enzyme digestion and direct plasmid sequencing in the screening of bacterial
transformants. 1.5 ml of a bacterial overnight culture was spun for 10 seconds in a
bench-top centrifuge and the medium aspirated to leave the cell pellet. The pellet was
resuspended in 200 pi of STET buffer by vortexing and incubated for 5 minutes at
room temperature after addition of 4 pi of a 50 mg/ml solution of lysozyme in 10 mM
Tris pH 8.0. The suspension was boiled for 40 seconds in a water bath and
immediately centrifuged for 10 minutes at room temperature. The pellet was removed
with a wooden toothpick and the plasmid DNA precipitated from the supernatant by
addition of 8 pi of 5% (w/v) CTAB. After recovery by centrifugation for a further 10
minutes, the plasmid DNA was redissolved in 300 pi of 1.2 M NaCl and reprecipitated
by the addition of 660 pi absolute ethanol. The pellet was washed in 70% ethanol,
dried and resuspended in 35 pi TE containing 50 pg/ml RNase. Typically 5 pi of this
sample was used for restriction digest analysis and 10 pi for direct plasmid sequencing.

Large scale preparation of plasmid DNA

This method usually yielded between 0.5-3.0 mg of supercoiled plasmid DNA and was

53

used to prepare DNA for sub-cloning, transfection or as a template for the synthesis of
complementary RNA in vitro. Bacterial cells from a 400 ml overnight L-broth culture
containing 100 Jig/ml ampicillin were harvested by centrifugation at 7000 x g in a
Sorvall GS3 rotor. The pellet was resuspended in 20 ml of Solution 1 (50 mM
Glucose, 25 mM Tris-HCl pH 8.0,10 mM EDTA) containing 5 mg/ml lysozyme and
allowed to stand at room temperature for 10 minutes. 40 ml of freshly prepared
Solution 2 (0.2 M NaOH, 1% (w/v) SDS) was then added and the mixture left on ice
for 5 minutes followed by 20 ml of 5 M potassium acetate pH 4.8 and a further 15
minutes on ice. The debris was removed by centrifugation at 7000 x g for 10 minutes
at 4°C and the supernatant filtered through medical gauze. Plasmid DNA was
precipitated by addition of 0.6 volumes of propan-2 -ol and recovered by centrifugation.
The dried pellet was redissolved in 10 ml of 10 x TE containing 25 |ig/ml ethidium
bromide, added to 10 g of caesium chloride and loaded into a polyallomer Quick-seal
tube. After spinning for at least 18 hours at 64,000 rpm in a Beckman ultracentrifuge,
the supercoiled plasmid DNA was removed through the side of the tube with a 19guage hypodermic needle and syringe. This solution was made up to 4 ml with TE and
extracted several times with an equal volume of water-saturated butan-l-ol until the
aqueous phase was free from ethidium bromide as judged using a long wavelength UV
lamp. The DNA was precipitated by addition of 10 ml of absolute alcohol and
recovered by centrifugation at 12,000 x g for 10 minutes. The pellet was dissolved in
TE, reprecipitated under ethanol and finally redissolved in 0.5 ml TE. The nucleic acid
concentration was determined by absorbance readings at 260 and 280 nm wavelengths
and the volume adjusted to a final DNA concentration of 1 mg/ml.

2.9

Restriction endonuclease digestion of

plasmid DNA
Restriction enzyme digests were performed at 37°C in low, medium or high salt buffers
according to the supplier’s instructions. The conditions for Sma I were 10 mM Tris-
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HC1 pH 8.0, 6 mM MgCl2, 7 mM f3-mercaptoethanol, 20 mM KC1 at room
temperature. Typically 1-2 |ig of plasmid DNA was digested for 1 hour using a 3-5
fold excess of enzyme at a final glycerol concentration that did not exceed 5% (v/v).
When digesting with two enzymes that required different cutting buffers, the DNA was
restricted first in the lower salt buffer and the salt concentration adjusted with 1 M NaCl
before digesting with the second enzyme. A number of plasmid constructs were
generated using partial restriction digests. In this case 30 pg of DNA was incubated
with 30 units of restriction enzyme and aliquots removed over a range of time points
fiom 1 minute to 1 hour and added to DNA loading buffer on dry ice. The restriction
fragments were then analysed by agarose gel electrophoresis as described below.

2.10

Agarose gel electrophoresis of DNA

Gels were prepared by dissolving agarose at 0.8-1.2% (w/v) in TBE buffer in a
microwave oven. The solution was allowed to cool to approximately 50°C before
pouring into a gel mould containing a well former. DNA samples were prepared by
addition of loading buffer to 1/5 final volume and introduced into the wells of the gel
submerged in TBE buffer containing approximately 0.5 |ig/ml ethidium bromide.
Electrophoresis was carried out at 7.5 V/cm during the day or at 1.5 V/cm overnight
until the desired DNA fragments were sufficiendy separated. These were visualised by
illumination over a long wave UV light box and photographed with Polaroid type 57
film. Fragments were identified by comparing their mobility relative to restriction
fragments of known size derived from bacteriophage lambda DNA digested with Hind
III and Eco RI.

2.11

Isolation of DNA fragments from agarose gels

Restriction fragments were purified from agarose gels by electroelution. A slice of
agarose containing the DNA fragment of interest was cut out from the gel, placed inside

55

a short length of dialysis tubing containing 500 pi of 10 x TE and sealed at either end
with plastic clips. This was returned to the electrophoresis tank and the DNA eluted at
100 V for 1 hour. The current was then reversed for 20 seconds, the gel slice
discarded and the remaining solution extracted with an equal volume of
phenol/chloroform. The DNA was precipitated by addition of 1/10 volume 3 M sodium
acetate pH 5.4 and 2.5 volumes of absolute ethanol at -20°C and pelleted by spinning in
a bench-top microfuge for 10 minutes. The DNA was washed with 70% ethanol, dried
in a vacuum desiccator and then dissolved in TE buffer.

2.12

Polymerase chain reaction

The addition of 7-deaza-2’-deoxyguanosine (c7dGTP) was found to greatly enhance
the efficiency and fidelity of amplification, particularly when the target DNA
contained base compressions, hairpin-loop structures or a high G+C content
(McConlogue et al. 1988). Standard amplification reactions were assembled in a
small Ependorf tube as follows:
59 pi deionised water
10.0 pi 10 xPCR buffer
16.0 pi dNTPs (1.2 mM each of dATP, dCTP, dTTP
300 pM dGTP, 900 pM c7dGTP
10.0 pi primers (20 pM each)
4.0 pi DMSO
0.5 pi plasmid DNA template (100 ng)
0.5 pi Taq polymerase (2.5 units)

The solution was overlayed with a drop of mineral oil and amplifications performed
using a Techne Dri-Block™ thermal cycler. This was programmed to denature the
template DNA at 94°C for 2 minutes, followed by a primer annealing step (55°C for
3 minutes) and a 5 minute incubation at 72°C to allow extension by the Taq
polymerase. After 30 complete cycles, the final DNA products were analysed by
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agarose gel electrophoresis and recovered by electroelution.

2.13

DNA ligations

Preparation of vector DNA

In order to prevent self-ligation of vector DNA, the terminal 5f phosphate groups were
removed using calf intestinal alkaline phosphatase (CIP). Typically 1-2 |ig plasmid
DNA was digested with the appropriate restriction endonuclease and then extracted in
phenol/chloroform. After ethanol precipitation and washing in 70% ethanol, the DNA
was recovered by centrifugation in a microfiige and the dried pellet redissolved in CIP
buffer. 20 units of calf intestinal alkaline phosphatase were added and the solution
incubated at 37°C for 30 minutes. The plasmid DNA was then heated to 75°C for 10
minutes in 5 mM EDTA to inactivate the CIP enzyme, extracted with
phenol/chloroform, ethanol precipitated and after a 70% ethanol wash, resuspended in
TE at a final concentration of 5 ng/jil.

Conversion of 5' overhanging ends to blunt ends

5' overhanging termini were blunted using the Klenow fragment of DNA polymerase I.
Typically 0.1-1 jig restricted DNA was incubated for 30 minutes at room temperature in
a final volume of 100 |il nick-translation buffer containing each dNTP at 250 fiM and 5
units of Klenow enzyme. The DNA was then extracted with phenol/chloroform,
ethanol precipitated and washed with 70% ethanol.

Conversion of 3' overhanging ends to blunt ends

y protruding termini were removed with T4 DNA polymerase. Typically 0.1-1 fig
restricted DNA was incubated for 15 minutes at 14°C in a final volume of 100 fil T4
DNA polymerase buffer containing each dNTP at 250 p.M and 10 units of T4 DNA
polymerase enzyme. The DNA was then extracted with phenol/chloroform, ethanol
precipitated and washed with 70% ethanol.
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Oligonucleotide kinasing and annealing

A number of experiments involved the cloning of annealed oligonucleotides to
introduce mutations into the int-2 coding region. These oligonucleotides were
synthesised by I. Goldsmith (ICRF) with hydroxyl groups at both termini. In order to
ensure efficient ligation, the 5' ends were kinased prior to annealing. 10 ng of each
oligonucleotide was mixed in a final volume of 10 pi kinase buffer containing 1 x
DTT/spermidine mix, 5 units of T4 polynucleotide kinase enzyme and incubated at
37°C for 30 minutes. The oligonucleotides were then annealed by adding 10 pi of 10 x
NTE buffer, 80 pi distilled water and heating to 80°C for 3 minutes followed by slow
cooling to room temperature.

Ligation of DNA fragments

Ligations were routinely carried out with 10 ng vector DNA and an equimolar ratio of
insert DNA derived either as a gel-purified restriction fragment, PCR-product or a pair
of annealed oligonucleotides. Ligations were performed in a final volume of 20 pi
ligation buffer with 5-10 units of T4 DNA ligase enzyme and incubated either for 2
hours at room temperature or overnight at 14°C.

2.14

Sequencing of plasmid DNA

Double-stranded DNA to be sequenced was first denatured in order to allow annealing
of an oligonucleotide primer. This was performed by incubating 2-3 pg of plasmid
DNA in 20 pi of 0.2 M NaOH, 1 mM EDTA for 5 minutes at room temperature. The
DNA was ethanol precipitated and recovered by centrifugation in a bench-top microfuge
for 10 minutes. After washing in 70% ethanol, the pellet was dissolved in 10 pi of 1 x
Sequenase™ reaction buffer (see below) and annealed to 7.5 ng of the sequencing
primer by heating in a water bath at 80°C for 3 minutes followed by gradual cooling to
room temperature.
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Sequencing reactions

Sequencing reactions were performed using a Sequenase™ kit (United States
Biochemical Corp.) as recommended by the manufacturer.

This method is a

modification of the original dideoxy chain termination protocol described by Sanger et
al. (1977) but replaces the Klenow fragment with a modified DNA polymerase from the
T7 bacteriophage. This kit was used in conjunction with [a- 35S]dATP (1000 Ci/mmol)
supplied by Amersham International.

Electrophoresis

The products of the sequencing reactions were analysed by electrophoresis on
denaturing polyacrylamide gels. 18.4 g of electrophoretic grade urea was dissolved in
a final volume of 40 ml TBE containing 6 ml acrylamide stock solution (38%
acrylamide, 2% bis-acrylamide) and degassed in a vacuum desiccator. After addition of
70 p.125% APS and 70 |il TEMED, the gel was poured between two glass plates 20 x
40 cm separated by 0.1 mm thick spacers and a 44 slot well-former. The gel was
allowed to polymerise for 3 hours at room temperature and pre-run for 30 minutes at
2.5 kV in TBE buffer. The samples were loaded using microcapillary loading tips and
electrophoresed under the same conditions until the bromophenol blue dye from the
loading buffer ran off the bottom of the gel. The glass plates were separated and the gel
fixed for 15 minutes in 10% (v/v) methanol, 10% (v/v) acetic acid and transferred to a
sheet of Whatmann 3MM paper. The gel was vacuum-dried at 80°C for 30 minutes and
the radiolabelled products visualised by autoradiography.

2.15

M13 single-stranded sequencing of DNA

Preparation of single-stranded DNA

The DNA to be sequenced was cloned into the double stranded replicative form of the
bacteriophage M13 vectors M l3 m pl 8 and mpl9 using standard techniques described
above. The ligation mix was transformed into competent E. coli TGI cells using a
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modified version of the standard plating procedure as follows. Immediately after heat
shocking, the cells were mixed with 3 ml molten H-top agar at 45°C containing 20 pi
100 mM IPTG, 25 pi 2% (w/v) X-gal and 200 |il fresh bacterial culture and the whole
mixture poured on to H-plates. After overnight incubation at 37°C, recombinant
plaques were identified by colour selection. Since the polylinker in M13 vectors is
contained within the (J-galactosidase gene, recombinant plaques are clear whilst those
produced by wild-type vectors are blue coloured. An overnight culture of TGI cells
was diluted 1/100 into fresh 2 x TY broth and 1.5 ml aliquots were dispensed into
sterile 5 ml Falcon tubes. Each tube was inoculated with a different recombinant virus
using a platinum wire and incubated at 36°C for 5 hours with vigorous shaking (400
rpm). The cultures were then transferred to 1.5 ml Eppendorf tubes and the bacteria
pelleted in a bench-top microfuge for 5 minutes. The supernatants were removed to a
fresh tube containing 200 pi of 2.5 M NaCl, 20% (w/v) PEG 6000 and thoroughly
mixed by inversion. The phage particles were harvested by spinning in a microfuge for
20 minutes and the supernatant removed by aspiration. To ensure that no PEG
remained, the tubes were respun for 2 minutes and any remaining liquid removed. The
viral pellet was resuspended in 100 pi of TE and extracted with an equal volume of
phenol/chloroform. The DNA was precipitated from the aqueous phase with ethanol,
washed with 70% ethanol and resuspended in 50 pi distilled water. 8 pi purified single
stranded M13 DNA was routinely used for sequencing. This was annealed to 7.5 ng
oligonucleotide primer by incubation at 80°C for 3 minutes followed by gradual cooling
to room temperature. Sequencing reactions were performed using the Sequenase™ kit
(USB) as described above.

2.16

Oligonucleotide-directed in vitro m utagenesis

Specific nucleotide substitutions were introduced into the int-2 coding region using an
Amersham oligonucleotide-directed mutagenesis kit which is based on the method of
Nakamaye and Eckstein (1986). Reactions were performed as recommended by the
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manufacturer. A small restriction fragment containing the sequence to be altered was
cloned into one of the M13-based vectors and used to prepare single stranded template
DNA. An annealed complementary oligonucleotide containing the desired nucleotide
substitutions was used to prime the synthesis of a second strand with Klenow enzyme
and the heteroduplex was recircularised with T4 DNA ligase. Incorporation of the
thionucleotide triphosphate dCTPaS during synthesis of the (-) strand imparted
protection from certain endonucleases such as Nci I which preferentially cleave the (+)
strand containing dCTP. After nicking with Nci /, the parental DNA was excised using
Exonuclease HI and then resynthesised with DNA polymerase I and T4 DNA ligase to
generate replicative form DNA. This was transformed into competent TGI cells and
the desired recombinants identified by seqencing of phage DNA.

2.17

Mammalian cell culture methods

Growth and maintenance of cells

Cells were routinely grown as monolayer cultures on 90 mm Nunc tissue culture dishes
at 37°C in a humidified atmosphere supplemented with 10% CO2. COS-1 cells were
maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% (v/v)
foetal calf serum. NIH3T3 and DMI.3 mouse fibroblasts (provided by Dr. M.
Goldfarb, Columbia University, USA) were cultured in DMEM with 10% (v/v) donor
calf serum (DCS). The CHO-K1 line (provided by Dr. I. Kerr, ICRF) was maintained
in Glasgow modified Eagle's medium (GMEM-S) containing:
10% (v/v) dialysed foetal calf serum

0.25% (w/v) sodium bicarbonate (GIBCO)
100 pM non-essential amino acids (GIBCO)
500 pM glutamate and asparagine
1 mM sodium pyruvate (GIBCO)
30 pM adenosine, guanosine, cytidine and uridine
10 pM thymidine
50 units/ml penicillin-streptomycin (GIBCO)
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GMEM-S was routinely made up in 500 ml batches and filter-sterilised prior to use. F9
cells were grown in DMEM containing 10% (v/v) FCS on dishes previously coated
with a 0.3% (w/v) solution of gelatin in PBSA
On reaching confluence, cell cultures were subcultured between 1/5 and 1/20. The
growth medium was removed by aspiration and the monolayer washed with 10 ml
PBSA followed by 8 ml of prewarmed 1:4 trypsin/versene mix (0.25% trypsin in Tris
saline/0.5 mM EDTA in PBSA). The cells were incubated at 37°C with a further 2 ml
of fresh prewarmed trypsin/versene mix and agitated occasionally until the monolayer
began to detach from the tissue culture dish. The trypsin was inactivated by addition of
10 ml prewarmed complete medium and the cells seeded onto fresh plates.

Storage and recovery of cells

Sub-confluent populations of cells were trypsinised from dishes as described above and
recovered by centrifugation at 1000 x g for 5 minutes in an MSE bench-top centrifuge.
The pellet was resuspended in pre-chilled FCS containing 10% (v/v) DMSO at an
approximate concentration of 2 x 106 cells/ml and 0.5 ml aliquots loaded into 2.5 ml
Nunc freezing vials. These were wrapped in tissue and polystyrene to prevent rapid
freezing and placed at -70°C overnight before transfer to liquid nitrogen for long term
storage. Cells were recovered from liquid nitrogen by rapid thawing at 37°C. After the
dropwise addition of complete growth medium, the cells were allowed to attach to the
tissue culture dish and the medium replaced shortly afterwards.

2.18

DNA transfection of mammalian cells

DNA was introduced into NIH3T3 and CHO-K1 cells by calcium phosphate
precipitation (Graham and van der Eb 1973) and into COS-1 cells by electroporation
(Neumann et al. 1982).
Calcium phosphate precipitation

Typically 106 cells per 90mm tissue culture dish were grown overnight and 7 ml fresh
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medium added 3 hours prior to the addition of DNA. To prepare sufficient precipitate
for each dish, the following solutions were mixed together
Solution A

440 pi 2 x HBPS pH 7.05*
40 pi DNA in TE
♦Prepared by addition of 10 pi 70 mM NaH2P04 and
10 pi 70 mM Na2HPC>4 to each 1 ml of 2 x HBS

Solution B

immediately prior to use.
400 pi CC mix

Solution B was added at an approximate rate of 1 drop per second to solution A, whilst
air was continuously passed through the liquid to aid mixing. The calcium phosphate
precipitate was left to form at room temperature for 30 minutes and then applied directly
to the dish of cells. After 6-8 hours incubation, the medium was aspirated and the
monolayer washed several times with 10 ml of prewarmed serum-free medium until the
precipitate was effectively removed. The cells were then incubated overnight in
complete medium and sub-cultured the following day according to the specific
requirements of each experiment.

Electroporation

COS-1 cells were trypsinised and recovered by centrifugation at 1000 x g for 5
minutes. The pellet was resuspended in PBSA at 10M0 6 cells/ml and dispensed as 0.8
ml aliquots into electroporation cuvettes (Biorad) containing 20 pg plasmid DNA. The
cuvettes were placed on ice for 10 minutes and then electroporated in a Biorad Gene
Pulser (4.5 kV, 960 pF) giving time constant values of between 3.5-4.5 seconds. The
cells were kept on ice for a further 10 minutes and then plated out in complete medium.

2.19

Delayed focus assay

This protocol was originally described by Goldfarb et al. (1991). NIH3T3 fibroblasts
growing in log phase were seeded at a density of 106 cells per 9 cm dish. Test
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plasmids were introduced as a calcium phosphate precipitate together with 30 Jig human
placental DNA and 1 |xg pSV2neo. The following day, each dish was split 1/3 and 1/30
and cultured for 1 week in DMEM+10% (v/v) DCS containing 1 mg/ml geneticin
(G418) with a change of medium every 3 days. The serum content was then dropped
to 3% (v/v) and after a further 9 day's growth the 1/3 plates were scored under a phase
contrast microscope for the presence of small morphologically-distinct foci. The
transforming activity of each plasmid construct was expressed in relation to the total
number of G418-resistant colonies growing on the parallel 1/30 plate.

2.20 Growth of NIH3T3 cells in soft agar
NIH3T3 and DMI.3 cells growing in log phase were tiypsinised and resuspended in
complete culture medium at a density of 100 cells/ml. An autoclaved solution of bacto
agar in deionised water was diluted in DMEM+10% (v/v) DCS to give a concentration
of 0.2% (w/v) agar and cooled to 37°C. 1 ml of the cell suspension was combined with
5 ml agar solution in Falcon (2051) tubes and the contents mixed by gentle inversion.
The agar was allowed to gel at 4°C for 15 minutes and the tubes then maintained with
loosened caps for 7-10 days in a cell culture incubator. Colonies were visualised
against a dark background by illuminating the tubes from below.

2.21

Mitogenicity assays

Log-phase C57MG cells were seeded into 24-well dishes (Falcon 3047) at 5 x 104 cells
per well and made quiescent by incubation for 3 days in DMEM supplemented with
0.1% (v/v) FCS. 500 |xl conditioned medium from COS-1 cells or cell-free translation
products diluted in DMEM was added to each well and after 16 hours, DNA synthesis
was assessed by incorporation of 3H-thymidine into TCA-insoluble material as follows.
The medium was replaced with DMEM containing 3H-thymidine (10 M-Ci/ml) for 3
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hours and the monolayer then washed twice with PBSA and fixed for 20 minutes at 4°C
in 5% (w/v) TCA. The cells were washed once in 5% (w/v) TCA, once with methanol
and lysed in 500 |il lysis buffer (1 M NaOH, 1% (w/v) SDS, 2% (w/v) Na2C(>3). The
3H-thymidine content was measured by liquid scintillation counting.

2.22

Isolation of mammalian cell lines

This method was used to isolate distinct colonies derived from a single parental cell
after transfection and growth in selective medium. Stainless steel cloning rings were
placed in a thin layer of silicone grease and sterilised by baking at 180°C for 1 hour.
These were pressed on to the tissue culture dish around individual colonies so that the
grease formed a leak-proof seal. The cells were then trypsinised from within these
rings and transferred to 24-well tissue culture plates.

2.23 Isolation of RNA from cultured cells
To minimise contamination with RNases, glassware was baked at 180°C for 2 hours
and all solutions made with DEPC-treated water. Cells grown to confluence in 14 cm
tissue culture dishes were scraped into 2.5 ml of GTC (6 M guanidinium thiocyanate, 5
mM sodium citrate, 100 mM P-mercaptoethanol, 0.5% (v/v) Sarcosyl). The viscosity
of the lysate was reduced by repeated passage through 19- and 23-guage needles and
then loaded onto a 2.5 ml cushion of CsTFA made up in 100 mM EDTA pH 7.0 at
1.51+/- 0.01 g/ml. After spinning overnight at 35,000 rpm in an SW50 rotor, the
supernatant was aspirated and the remaining pellet dissolved in 1 ml water. The RNA
was precipitated by addition of NaOAc to 300 mM and 2.5 ml absolute alcohol,
recovered by centrifugation and redissolved in water at a concentration of 2 pg/ml.
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2.24

Agarose gel electrophoresis of RNA

RNA was fractionated by electrophoresis through a 0.8% agarose gel containing
formaldehyde. 0.8 g of agarose was dissolved in 62 ml water by boiling in a
microwave oven and after cooling to 60°C, added to 20 ml of 5 x formaldehyde gelrunning buffer and 18 ml formaldehyde (37% solution in water). The gel was cast in a
tank that had been previously rinsed in a solution of 3% (v/v) hydrogen peroxide and
sterile water in order to inactivate any contaminating RNases. 9 pg (4.5 pi) total RNA
was denatured by addition of 2.0 pi 5 x formaldehyde gel-running buffer, 3.5 p.1
formaldehyde and 10.0 pi formamide. Each sample was incubated at 65°C for 15
minutes and then chilled on ice. After addition of 2.0 pi RNA gel-loading buffer, the
sample was loaded into the agarose gel and electrophoresed overnight at 3 V/cm in 1 x
formaldehyde-gel running buffer. At the end of the run, the gel was stained with
ethidium bromide (0.5 pg/ml in 100 mM NH4OAC) and the ribosomal RNA bands used
to estimate the distance of migration and the relative amounts of RNA loaded in each
lane.

2.25

Northern blotting

Synthesis of radiolabelled riboprobes

Plasmid DNA was linearised and then purified by phenol/chloroform extraction and
ethanol precipitation. The transcription reaction was set up in a final volume of 20 pi as
follows:
4.0 pi 5 x TMS buffer
2.0 pi 100 mM DTT
0.5 pi RNasin ribonuclease inhibitor (40 units/pl)
4.0 fxl 2.5 mM each of ATP, CTP, GTP
2.4 pi lOOpMUTP
1.0 pi (0.2-1.0 pg) linearised plasmid DNA
5.0 pi [a-32P]UTP (3000 Ci/mmol, 10 mCi/ml)
15-20 units SP6 or T7 RNA polymerase
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After 60 minutes incubation at 37°C, the template was digested with 2 units of RNasefree DNase and the reaction volume made up to 100 ill with DEPC-treated water. The
RNA was extracted with an equal volume of phenol/chloroform and precipitated by
addition of 20 pg tRNA carrier together with 20 pi 10 M NH4CI and 300 pi absolute
alcohol. The pellet was dissolved in DEPC-treated water, precipitated twice more and
the specific activity measured by liquid scintillation counting.

Hybridisation

RNA was transferred onto Biodyne™ nylon membranes by capillary elution in the
presence of 20 x SSC as described in Sambrook et al. (1989). After transfer, the RNA
was immobilised by UV cross-linking and prehybridised in a heat-sealable plastic bag
using Church buffer at 65°C for 1 hour (Church and Gilbert 1984). The blot was then
hybridised with anti-sense 32P-labelled RNA (107 cpm/ml) overnight and washed in
Church wash buffer at 65°C. Specific RNA-RNA duplexes were visualised by
autoradiography.

2.26

Fractionation of COS-1 ceils

Transfected COS-1 cells were fractionated using a modified version of the method
described in Fleischer and Kervina (1974). All procedures were performed at 4°C
using pre-chilled glassware and ice-cold solutions. Approximately 5 x 107 cells were
collected using a rubber policeman and recovered by low-speed centrifugation. The
pellet was washed twice in PBSA and the cells lysed in hypotonic buffer containing 2
mM NaHC0 3 , 1 mM MgCl2, 1 mM EGTA and 1 x protease inhibitors using a Dounce
homogeniser (tight-fitting barrel, 8 strokes). The homogenate was centrifuged at 800 x
g for 10 minutes to obtain a crude nuclear pellet and post-nuclear supernatant. The
latter was separated into the soluble cytosolic fraction

and mixed

mitochondrial/microsomal pellet by centrifugation at 130,000 x g for 1 hour. To
remove any loosely adsorbed proteins the pellet was washed in HS buffer (10 mM
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HEPES pH 7.4,0.25 M sucrose, 3 mM MgCl2, 1 mM EGTA, 1 x protease inhibitors)
containing 150 mM KC1 and collected by repeat centrifugation. The crude nuclear
fraction was further purified by washing twice in HS buffer and three times in TESM
buffer (10 mM Tris-HCl pH 7.5,1 mM EGTA, 0.25 M sucrose, 2 mM MgCl2). The
final pellet was resuspended in 40% (w/w) sucrose in 10 mM Tris-HCl pH 7.5,1 mM
MgCl2 and centrifuged at 80,000 x g for 1 hour through a cushion of 61.5% (w/w)
sucrose. The purified nuclear pellet was washed twice in TESM containing 2% (w/v)
CHAPS to remove the nuclear envelope and any associated membranes.

2.27

Indirect immunofluorescence

Cells were grown on glass coverslips coated with 0.5 mg/ml poly-lysine in PBSA.
The culture medium was aspirated and the monolayer washed three times in PBSA - all
subsequent washes were performed in this manner unless stated otherwise. The cells
were fixed for 15 minutes with 4% (w/v) paraformaldehyde in PBSA, washed and then
quenched in PBSA containing 50 mM ammonium chloride for a further 15 minutes.
Cell membranes were permeablised using a 0.2% (v/v) solution of Triton X-100 in
PBSA for 4 minutes. Coverslips were washed again and then incubated for 5 minutes
in PBSA containing 1% (w/v) BSA. Both antibody binding reactions were performed
on the surface of parafilm in a humid environment. The coverslips were incubated for
1 hour cell side down in 50 |il puddles of antibody diluted in PBSA with 1% (w/v)
BSA, washed and then incubated for a further 30 minutes in the same solution
containing a diluted second antibody conjugated to rhodamine or flourescein. After a
final wash, the coverslips were dipped in distilled water, drained and mounted in
Citiflour. They were examined using a Zeiss Axiophot fluorescence microscope and
photographed on Ilford HP5 or Kodak Ectachrome 400 film.
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2.28

Insect cell culture techniques

All methods used for growing insect cells and recombinant baculovirus construction
were obtained from Summers and Smith (1987).

Growth and maintenance of insect cells

Spodoptera frugiperda (Sf9) cells were routinely grown in 75 cm2 Falcon tissue culture
flasks at 27°C without additional C0 2 * Cells were grown in Grace’s Insect T.C.
Medium (GIBCO) supplemented with 10% (v/v) FCS and subcultured 2-3 times per
week by gently pipetting culture fluid across the monolayer and diluting the suspension
between 1/3 and 1/20 in fresh medium. Insect cells were stored and recovered from
frozen stocks as described for mammalian cells.

Infection of insect cells with baculoviruses

Insect cells growing in log phase were counted using a hemocytometer and seeded to
give approximately 50% confluence in fresh growth medium at 27°C. 1 hour later,
after the cells had attached to the plastic substrate, the supernatant was aspirated and
replaced with 1/10 final volume of medium containing virus at a multiplicity of between
10-20 pfu/cell. The cells were incubated for a further hour and fresh medium then
added to give approximately 2 ml/cm2.

Purification of high molecular weight baculoviral DNA

Relatively pure viral DNA was obtained from extracellular virus (ECV) particles
separated from infected cell culture medium by centrifugation. Approximately 5 x 108
cells were infected with wild-type AcMNPV and the medium (150-200 ml) harvested
48 hours later by low-speed centrifugation. ECV particles were obtained by spinning
the supernatant for 30 minutes at 100,000 x g. The resultant viral pellet was gently
resuspended in 0.1 x TE buffer and loaded onto a linear 25-56% (w/w) sucrose
gradient made up in 0.1 x TE. After centrifugation at 100,000 x g for 90 minutes, the
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opaque viral band (visualised by illumination from below) was removed, diluted and
the ECV particles recovered by a second spin. The final pellet was resuspended in 4.5
ml of TE containing 200 mM NaCl, 200 pg proteinase K and incubated 1-2 hours at
50°C. 0.5 ml of 10% (v/v) Sarcosyl was then added and the digestion allowed to
continue for a further 2 hours.

The solution was gently extracted with

phenol/chloroform three times and the viral DNA precipitated by addition of 10 ml
absolute alcohol at -20°C. After centrifugation, the final DNA pellet was dried under
vacuum and redissolved in 500 pi of TE.

Cotransfection of wild-type viral DNA with recombinant transfer vectors

In this method, the calcium phosphate precipitate is formed in situ using phosphate ions
in the culture medium. 2 x 106 insect cells were seeded into a 25 cm2 tissue culture
flask and grown overnight at 27°C. The supernatant was aspirated and replaced with
0.75 ml fresh medium. 0.75 ml of transfection buffer (25 mM HEPES pH 7.1, 140
mM NaCl, 125 mM CaCl2) containing 1 pg wild-type AcMNPV DNA and 2 pg
transfer vector DNA was then added dropwise to the cell monolayer and the calcium
phosphate precipitate left undisturbed for 6 hours at 27°C. The culture medium was
then replaced and the transfected cells incubated for a further 4-6 days until signs of
infection such as the appearance of intranuclear polyhedra were obvious.

Plaque assays

Plaque assays were routinely used to determine virus titre and to isolate occlusionnegative baculoviruses in the medium following cotransfection of cells with wild-type
viral DNA and recombinant transfer vectors.
Sf9 cells growing in log phase were seeded in Nunc 60 mm tissue culture dishes at a
density of 2 x 106 cells per plate and grown overnight at 27°C. The supernatant was
aspirated from the cells and replaced with 1 ml of virus inoculum, diluted between 10-2
and 10'7 in complete medium. A 1.5% (w/v) low melting point agarose overlay was
prepared by combining equal volumes of 3% (w/v) agarose with 2 x Grace's complete
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medium + 20% (v/v) FCS and cooled to 37°C. After incubation at 27°C for 1 hour, the
growth medium was aspirated from the infected cells and replaced with a 4 ml agarose
overlay. This was allowed to spread evenly across each plate and left to solidify at
room temperature. The cells were then incubated at 27°C for 4-6 days in a humidified
atmosphere and examined under a phase-contrast microscope for the appearance of
plaques in the monolayer.

Plaque hybridisation

When it proved difficult to identify occlusion-negative plaques by visual inspection
alone, recombinant baculoviruses containing int-2 sequences were identified by plaque
hybridisation using radiolabelled nucleic acid probes. Plaque assays were performed as
described above and after 4-6 days, the plates were dried overnight in an unhumidified
atmosphere. The agarose was marked for orientation, loosened at the edges with a
spatula and gently lifted off into a petri dish for storage at 4°C A piece of nitrocellulose
was positioned on top of the remaining monolayer, secured to the culture dish with a
drop of solution A (50 mM Tris-HCl pH 7.4,150 mM NaCl) and pressed down with a
rubber bung. The membrane was placed face-up for 1 minute on a sheet of Whatman
3MM paper soaked in solution B (0.5 M NaOH, 150 mM NaCl) and then transferred to
a sheet of 3MM soaked in solution C (1.0 M Tris-HCl pH 7.4, 1.5 M NaCl) for 3
minutes. Finally the nitrocellulose was gently washed in solution D (300 mM NaCl, 30
mM sodium citrate) and baked at 80°C for 2 hours in a vacuum oven. Membranes were
pre-hybridised in 50% (v/v) formamide, 2 x Denhardt's buffer, 3 x SSC, 20 M-g/ml
denatured salmon sperm DNA, 50 p.g/ml yeast RNA at 50°C for 30 minutes.
Hybridisation was performed overnight under the same conditions using radiolabelled
RNA probes prepared as described in section 2.25 and diluted to approximately 106
cpm/ml. Membranes were washed in 1 x SSC, 0.1% (w/v) SDS at 65°C, covered in
Saran Wrap and exposed to X-ray film at -70°C with an intensifying screens.
Recombinant plaques containing int-2 sequences were aligned with the original agarose
overlay and recovered for further rounds of purification.
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Sub-cellular fractionation of infected insect cells

This was performed as described for transfected COS-1 cells in section 2.26 although
purified insect cell nuclei were obtained by centrifugation of the crude nuclear fraction
through a cushion of 53% (w/w) sucrose rather than one of 61.5%.

2.29 Transcription and translation in vitro
Synthesis of complementary RNA

DNA templates were subcloned into one of the pGem plasmid vectors (Promega) which
contain promoters derived from both the SP6 and T7 bacteriophages. Plasmids were
linearised by digestion with a restriction enzyme that cleaved at a unique site 3' to the
coding region and then extracted in phenol/chloroform, ethanol precipitated and
resuspended in DEPC-treated distilled water at a concentration of 0.5 p g /p l.
Complementary RNA was transcribed in a final volume of 100 pi containing:
20 pi 5 x TMS buffer
10 pi 100 mM DTT
4 pi RNasin ribonuclease inhibitor (40 units/pl)
20 pi 5 x CAP buffer
10 pi linearised plasmid DNA
50 units SP6 or T7 RNA polymerase

The reaction was incubated at 37°C for 1 hour and the DNA template was then digested
with 5 units of RNase-free DNase at 37°C for 15 minutes. The RNA was extracted
with an equal volume of phenol/chloroform and precipitated by addition of 100 pi 5 M
ammonium acetate pH 5.4 and 500 pi ethanol. The RNA pellet was recovered by
centrifugation, washed in 70% ethanol and redissolved in 20 pi DEPC-treated water.

Translation of cRNA in rabbit reticulocyte lysates

Complementary RNA was translated in nuclease-treated rabbit reticulocyte lysates
supplied by Promega and recombinant proteins usually labelled with 35S-labelled
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methionine. Translation reactions were assembled according to the supplier's
instructions in a final volume of 25 )il containing:
17.5 pi reticulocyte lysate
2 pi 35S-methionine (1000 Ci/mmol, 15 mCi/ml)
1 pi amino acid mix (without methionine)

1 pi RNasin ribonuclease inhibitor (40 units/pl)
2.5 pi DEPC-treated distilled water
lplcR N A

Reactions were incubated at 30°C for 1 hour. To investigate the co-translational
processing of proteins in vitro, 2 pi of canine pancreatic microsomes (Promega) was
included in the translation mixture.

2.30

Immunoprecipitations

Int-2 proteins were immunoprecipitated from reticulocyte lysates programmed with
cRNA and transfected COS-1 cell extracts using serum obtained from rabbits injected
with immunogenic peptides and a mouse monoclonal antibody respectively.

In vitro translated proteins

5 pi of lysate containing 35S-labelled proteins was diluted with 200 pi NET buffer and
incubated with 10 pi rabbit antiserum for 1 hour at 4°C. The solution was pipetted onto
50 pi of preswollen Protein A-sepharose beads and incubated for 1 hour on a rocking
platform at 4°C. Immune complexes were collected by spinning in a bench-top
centrifuge for 20 seconds and washed twice in 500 pi NET wash buffer and then once
with 500 pi 10 mM Tris-HCl pH 7.5,0.1% (v/v) NP40. The final protein A-antigenantibody complexes were boiled for 2 minutes in 20 pi SDS-sample buffer and
fractionated by SDS-PAGE (see below).
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COS-7 cell extracts
Electroporated COS-1 cells were grown in 14 cm tissue culture dishes and radiolabelled
for 3 hours in DMEM (without methionine, cysteine or leucine) supplemented with 5%
dialysed FCS, 100 pCi/ml EXPRE35S35S (77% 35S-methionine, 18% 35S-cysteine)
and 500 pCi/ml 3H-leucine. The medium was removed and the tissue culture dish
placed on an a flat aluminium tray on a bed of crushed ice. The cell monolayer was
washed twice with ice-cold PBSA, incubated for 15 minutes in 1 ml RIPA buffer
containing 1 TTU/ml aprotinin and 1 mM PMSF and scraped to one side of the dish
with a rubber policeman. The lysate was transferred to a chilled microfuge tube, spun
for 10 minutes and the supernatant incubated with 5 jal ascitic fluid (containing the
monoclonal antibody 9E10) for 2 hours on ice. The solution was pipetted onto 50 pi
preswollen Protein G-sepharose beads and incubated for a further 2 hours on a rocking
platform at 4°C. Immune complexes were collected and washed as described for the in
vitro translation products.

2.31 SDS polyacrylamide gel electrophoresis of
proteins
Proteins were analysed on discontinuous polyacrylamide gels as originally described by
Laemmli (1970). Vertical slab gels were poured and run using either a Hoefer SE600
apparatus or the Atto Corp. AE-6220 dual slab chamber. Gels were prepared from two
solutions forming the resolving and stacking gels respectively. The running gel
routinely contained 12.5% (w/v) acrylamide (30% acrylamide, 0.8% bis-acrylamide
stock), 375 mM Tris-HCl pH 8.8 and 0.1% (w/v) SDS. The solution was degassed in
a vacuum desiccator for 5 minutes before adding APS and TEMED to 0.1% (w/v) and
0.05% (v/v) respectively. The gel was poured between two glass plates separated by
0.75 mm spacers with sufficient space left for the stacking gel (length of the well
formers plus 1 cm and then overlayed with water saturated isobutanol. After
polymerisation was complete (approximately 30 minutes), the isobutanol was removed
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and the gel rinsed several times with distilled water. The stacking gel solution
containing 6 % (w/v) acrylamide, 150 mM Tris-HCl pH 6 .8 , 0.6% (w/v) SDS, 0.1%
(w/v) APS and 0.05% (v/v) TEMED was poured onto the surface of the resolving gel
and allowed to polymerise around a well former. Protein samples were denatured by
boiling for 2 minutes in SDS-sample buffer and loaded into the preformed wells using
microcapillary loading tips. Gels were run at a fixed current of 30 mA in SDS-PAGE
buffer until the bromophenol blue marker reached the bottom of the gel. Depending on
the protein extracts under investigation, the gel was either fixed in 10 % (v/v) acetic
acid, 30% (v/v) methanol for autoradiography or used to set up a Western blot as
described below.

2.32

Western blotting

Proteins were transferred from SDS-polyacrylamide gels to nitrocellulose membranes
as described by Towbin et al. (1979) using a Millipore semi-dry electroblot apparatus.
Six pieces of 3MM paper and a sheet of nitrocellulose filter were cut to the exact size of
the protein gel and wetted in transfer buffer. After electrophoresis, the polyacrylamide
gel was briefly rinsed in transfer buffer and then placed flat onto 3 sheets of 3MM
paper layered on the bottom cathode. The nitrocellulose membrane was aligned directly
on top of the gel, followed by a further 3 pieces of 3MM paper and the upper electrode
screwed into place. Transfer was carried out at a constant current of 2.5 mA per cm2
for 1 hour at room temperature. In order to check the degree of transfer, nitrocellulose
membranes were then rinsed in distilled water and proteins visualised by staining with a
solution of 2% (w/v) Ponceau S in 0.2% (w/v) TCA. After destaining by gentle
agitation in TBS, the filters were incubated in BLOCK solution at room temperature for
1 hour in order to reduce the background of non-specific antibody binding sites on the

nitrocellulose. All subsequent manipulation were performed at 4°C. Membranes were
placed in heat-sealable plastic bags with 0.1 ml/cm2 BLOCK solution containing 1/500
diluted anti-serum and incubated overnight on a high-angle rocking platform. They
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were then washed 4 times in 150 ml TBS containing 0.1% Tween 20 (TBS-Tween)
and incubated for 2 hours with 125I-labelled Protein A diluted 1/1000 in BLOCK
solution. After thorough washing in TBS-Tween, the membranes were air-dried and
exposed to X-ray film at -70°C in the presence of intensifier screens.

2.33

N-terminal sequence analysis of proteins

All current N-terminal sequencing methods are based on the the procedure described by
Edman and Begg (1967) in which the amino-terminal residue of a protein is
sequentially cleaved without disrupting any of the remaining peptide bonds. The
degradation is based on a coupling reaction between the N-terminal amino group and
phenylisothiocyanate followed by cleavage under mildly acidic conditions. A cyclic
form of the terminal amino acid is liberated and separated from the shortened protein by
extraction in hydrophobic solvents. After conversion to a more stable product by
treatment with dilute acid, the amino acid derivative is usually identified either by TLC
or HPLC. A variety of strategies have been developed to permit the isolation of
liberated amino acid derivatives whilst leaving the remainder of the protein behind in the
reaction chamber (reviewed in Findlay and Geisow 1989).
1. Gas-phase sequencing. The protein or peptide is physically entrapped in a glass
microfibre filter together with a polycationic carrier such as polybrene and the reactants
supplied in the vapour-phase.
2. Solid-phase sequencing. The sample is retained in the reaction chamber by covalent
attachment to an insoluble matrix such as chemically modified polystyrene or
derivatised glass. Recently, polyvinylidene difluoride (PVDF) membranes have
emerged as the preferred supports for electroblotting and direct sequence analysis
(Pappin et al. 1990). Blotted proteins are overlayed with a solution of 1,4-phenylene
di-isothiocyanate (DITC), followed by a basic solution containing triethylamine. As the
polymer dries onto the surface both polymer and remaining protein amino groups are
crosslinked by DITC. The protein is therefore immobilised to the membrane surface by
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entrapment in a thin polymer coating which is itself transparent to the degradation
chemistry.
Amino-terminal sequence analysis of int-2 proteins was performed by Dr. D. Pappin
and Dr. R. Brown at the ICRF. Since the quantities of protein available did not permit
the identification of each residue by conventional HPLC, proteins were synthesised in
the presence of specific radiolabelled amino acids and subjected to repeated N-terminal
degradation using gas-phase or solid-phase automated sequencing. The activity of each
fraction was determined by liquid scintillation counting and the amino-terminus
identified by aligning the peaks of radioactivity with the positions of the same amino
acid deduced from the DNA sequence.
To label proteins synthesised in rabbit reticulocyte lysates, translation reactions were
supplemented with 0.6 mCi/ml 35S-methionine (1000 Ci/mmol) and 1 mCi/ml 3Hleucine (120-190 Ci/mmol). Proteins expressed in transfected COS-1 cells were
radiolabelled and immunoprecipitated as described in section 2.30. In both cases,
polypeptides were resolved by standard SDS-PAGE although the gels were left to
polymerise overnight in order to fully quench polymer free-radicals and the running
buffer contained 0.02% (v/v) thioglycolic acid as a scavenger. Unless otherwise
stated, proteins were electroblotted on to Immobilon-P membranes (Millipore) and
analysed by solid-phase sequencing as described above.
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CHAPTER 3
ANALYSIS OF THE PREDICTED

INT-2 PROTEIN
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3.1

Introduction

The predicted amino acid sequence of the mouse int-2 protein was deduced from cDNA
clones derived from mammary tumour RNA. Based on the coding potential of these
sequences, the longest open reading frame identified was 735 nucleotides, beginning at
an ATG in exon 1/lb and terminating at an opal stop codon in exon 3 (see Fig. 3.1-1).
The predicted translation product of 245 amino acids contains a high proportion of
arginine and lysine residues, a single potential asparagine-linked glycosylation site and
a short hydrophobic amino-terminus (see Fig. 3.1-2).
To investigate the biochemical and biological properties of the int-2 gene product, a
variety of polyclonal sera and monoclonal antibodies have been raised using bacterial
fusion proteins and synthetic peptides as immunogens (Dixon 1989). Although these
reagents specifically recognised int-2 proteins expressed in bacteria, none yielded
convincing results either by immunoblotting or immunohistochemistry with eukaryotic
cells known to contain int-2 RNA such as differentiated EC cell lines and int-2
expressing mammary tumours. These negative results may reflect low abundance of
int-2 mRNA in these cells, a low affinity of the antibodies or post-translational
processing events which mask epitopes on native int-2 proteins. In order to resolve
this problem, int-2 proteins have been studied using high level expression systems
containing cloned cDNAs and by translation of synthetic int-2 RNA in cell-free
extracts. This chapter describes the detection and preliminary characterisation of int-2
proteins synthesised in rabbit reticulocyte lysates programmed with in vitro transcribed
RNA and the expression of analogous products in transfected COS-1 cells using an
SV40-based plasmid vector.

3.2 Translation of int-2 cRNA in vitro
A number of cell-free systems have been developed for the translation of RNA isolated
from cells or generated by transcription of cloned DNA in vitro. By far the most
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Figure 3.1-1

S tructure of the m ouse int-2 gene

Schematic representation of the int-2 gene with exons marked as boxes and the
predicted open reading frame indicated as the shaded region which initiates at an ATG
in exon 1/lb and terminates at a TGA stop codon in exon 3. The position of the cap
sites for the three promotors (PI, P2 and P3) are marked by arrows and the alternative
polyadenylation sites by the sequence AAA.

Figure 3.1-2

Predicted amino acid sequence of int-2

The translated sequence of the major open reading frame in mouse int-2 is presented in
single letter amino acid code. The single potential site for N-linked glycosylation is
indicated with an asterisk and the shaded line at the amino terminus represents the
hydrophobic core of a putative signal peptide. Synthetic peptides used to generate
antisera are shown as bold lines underneath the sequence.

Figure 3.1-1

Figure 3.1-2
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widely used translation systems have been prepared from lysates of wheat germ
embryos or rabbit reticulocytes (Schweet et al. 1958; Roberts and Paterson 1973). In
1976, Pelham and Jackson described a method for selectively removing endogenous
mRNA in reticulocyte lysates by digestion with a calcium-dependent nuclease which
was subsequently inactivated with EGTA (Pelham and Jackson 1976). Although the
wheat germ system has a lower background level of translation, it is less sensitive to
exogenous RNA than nuclease-treated reticulocyte lysates and is more prone to generate
incomplete translation products. Consequently reticulocyte lysates have emerged as the
preferred system for cell-free translation of eukaryotic RNAs and were used to
investigate the synthesis of int-2 proteins.

Construction of T7fiSal3.2

The int-2 cDNA used for the construction of T7pSal3.2 was obtained from a eukaryotic
expression plasmid pKC3.2 (see Fig. 3.2-1 A) made by Mark Dixon, ICRF (Dixon et
al. 1989). This cDNA is modified in the region of the AUG initiation codon to improve
the efficiency of translation as follows (see Fig. 3.2-1 B); the normal int-2 nucleotide
sequence surrounding the initiator ATG is sub-optimal for translation and also preceded
by an alternative ATG in the +1 reading frame (Kosak 1987; Dixon et al. 1989).
Translational initiation at the upstream AUG would specify a pentapeptide that overlaps
the predicted amino terminus of int-2 and might adversely affect initiation at the int-2
start codon. Two synthetic oligonucleotides were therefore used to reconstruct the 5'
region and to alter the sequences surrounding the predicted int-2 AUG codon. These
changes removed the upstream ATG and changed the nucleotides immediately 5' of the
int-2 ATG to the consensus described by Kosak as optimal for translational initiation
i.e. ACCATGG (Kosak 1987). The altered sequences also introduced new restriction
sites for Sac /, Bgl II and Nco I to facilitate manipulation of int-2 in future cloning
procedures. The expression vector pKC3.2 therefore encodes transcripts which
contain the predicted int-2 coding region but without any upstream int-2 leader
sequences. Western blot analysis of extracts prepared from transfected COS-1 cells

81

Figure 3.2-1

S tructure of the expression vector pKC3.2

A. Schematic depiction of pKC3.2 showing int-2 sequences cloned into the Sac I and
Xba I polylinker sites of pKC3. The int-2 coding region is represented as a shaded box
and the SV40 transcriptional control sequences marked individually.
B. The nucleotide and amino acid sequences surrounding the proposed int-2 initiation
codon, showing the alterations made to improve translation. The sequences of the
wild-type gene and pKC3.2 are aligned, with base changes identified by * and the
amino acids encoded by each reading frame indicated. The altered sequences in
pKC3.2 do not retain the upstream ATG and introduce new restriction sites for the
enzymes Sac I, Bgl II and Nco /.
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indicated that RNA from pKC3.2 is translated 6-8 times more efficiently than
transcripts encoded by the unmodified int-2 sequences (Dixon et al. 1989).
The int-2 coding region was transferred from pKC3.2 as an Nco I-Eco RJ restriction
fragment into the vector T7pSal (Norman et al. 1988). See Fig. 3.2-2A. The T7pSal
vector incorporates the human P-globin untranslated leader sequence which potentiates
efficient translation in rabbit reticulocyte lysates (data not shown). Using purified T7
RNA polymerase, int-2 cRNA was transcribed from linearised GempSal3.2 and
translated in a rabbit reticulocyte lysate containing 35S-methionine. The translation
products were fractionated by SDS-PAGE and the radiolabelled proteins visualised by
autoradiography. As shown in Fig. 3.2-2B, the major int-2 translation product has an
apparent molecular mass of 28.5 kD as predicted. However additional proteins were
also detected, the most predominant of which migrated as a 34 kD species. In order to
establish the identity of these protein products, translation reactions were
immunoprecipitated with a polyclonal serum raised against the C-terminal peptide (see
Fig. 3.1-2). In addition to the 28.5 kD product, the larger proteins were also
specifically recognised by this antiserum, demonstrating that they contain the Cterminal epitope (see Fig. 3.2-2, panel C). The higher molecular weight forms of int-2
therefore reflect amino acid extension at either terminus of the predicted sequence or
covalent modification of the primary translation product
To establish whether p34 was extended at the carboxy-terminus, two complementary
oligonucleotides were used to introduce an in-frame stop codon at the Acc I restriction
site in T7pSal3.2 causing a truncation of 17 amino acids at the carboxy-terminus (Fig.
3.2-3A). The major translation product now migrated with an apparent molecular
weight of 27.5 kD in SDS-PAGE. The larger forms of int-2 were proportionally
decreased in size, suggesting that they shared a common carboxy-terminus (see Fig.
3.2-3B).
To examine the amino-terminal sequence of p28.5 and p34, cRNA encoded by
T7pSal3.2 was translated in the presence of 35S-methionine and 3H-leucine. The lysate
was fractionated by SDS-PAGE and electroblotted onto a PVDF membrane. The
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Figure 3.2-2

T ranslation of cloned int-2 seq u en ces
in vitro

A. Schematic diagram of the plasmid vector T7pSal3.2 which contains int-2 coding
sequences (shaded box) appended to the p-globin untranslated leader.
Plasmid DNA was linearised with Eco RI and transcribed using purified T7 phage
RNA polymerase. Synthetic RNA was used to programme protein synthesis in rabbit
reticulocyte lysates containing 35S-methionine; the translation products were
fractionated by SDS-PAGE (12.5% aciylamide) and visualised by autoradiography.
B. This panel shows the background of proteins synthesised in the absence of added
RNA or following addition of int-2 cRNA transcribed from T7pSal3.2. The estimated
size (in kilodaltons) of the major int-2 translation products was calculated relative to
14C-labelled protein standards (lane M) whose molecular weights are indicated on the
left.
C. The translation products encoded by T7pSal3.2-derived cRNA were added directly
to SDS-sample buffer (lane 1) or immunoprecipitated with antibodies raised against the
C-terminal peptide of int-2 as described in Materials and Methods, section 2.30 (lane
3). To control for non-specific protein interactions, a parallel immunoprecipitation was
performed using serum which had been preincubated with 10 fig/ml of peptide
immunogen (lane 2).
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Figure 3.2-3

T ranslation of truncated int-2 p ro tein s
in vitro

A. Complementary oligonucleotides containing an in-frame stop codon were annealed
together and ligated into the Acc I site of T7pSal3.2, generating a truncation of 17
codons at the 3' end of the int-2 open reading frame.
B. Synthetic RNA transcribed from T7pSal3.2 and T7pSal3.2stop was used to
programme protein synthesis in rabbit reticulocyte lysates in the presence of 35Smethionine. After fractionation by 12.5% SDS-PAGE, the radiolabelled products were
visualised by autoradiography. The figures on the left indicate the position and size (in
kilodaltons) of 14C-labelled protein standards run in lane M.
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labelled proteins p28.5 and p34 were cut out, covalently linked to the membrane
support and subjected to repeated N-terminal degradation in an automated sequencer as
described in M aterials and Methods, section 2.33. Fractions were added to liquid
scintillant and counted with energy windows set to distinguish 35S- from 3H-derived
emissions.

Figure 3.2-4 Amino terminal se q u en ce analysis of p28.5
and p34

Sense strand RNA transcribed from T 7pS al3.2 was used to
program m e the synthesis o f proteins in a reticulocyte lysate
supplemented with 0.6 mCi/ml 35S-methionine (1000 Ci/mmol) and
1 mCi/ml 3H-leucine (120-190 Ci/mmol). The translation products
were fractionated by 12.5% SDS-PAGE, transferred to a PVDF
membrane and subjected to repeated N-terminal degradation in an
automated sequencer as described in Materials and Methods, section
2.33). The level of tritium-derived radioactivity in each fraction was
determined by liquid scintillation counting. The primary amino acid
sequence of int-2 is shown in single letter code aligned with the
radiosequencing profile o f p28.5.
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As shown in Fig. 3.2-4, alignment of the predicted protein sequence of int-2 with the
3H-leucine peaks derived from the sequencing of p28.5 indicates that the initiator
methionine has been removed; this was not entirely unexpected since reticulocyte
lysates contain a methionine aminopeptidase activity (Jackson and Hunter 1970).
However, it was clear that p34 and the primary translation product display an identical
microsequence profile and therefore share a common amino-terminus. From these
studies it was established that the larger int-2 proteins did not represent terminally
extended forms of p28.5 but probably arose by covalent modification of the primary
translation product. Although reticulocyte lysates will support a variety of posttranslational modifications including phosphorylation, isoprenylation and myristylation,
it is unlikely that any of these modifications would account for the molecular weight
difference separating p28.5 and p34.
Other members of the FGF-family including hst, FGF-5 and bFGF also yield
multimeric products when translated in vitro (data not shown). In contrast the aFGF
protein is notable in that it resolves as a single 16 kD protein species by SDS-PAGE.
The predicted isoelectric points of int-2, bFGF, hst and FGF-5 are 12.19, 10.65,
10.83 and 11.59 respectively whilst aFGF has a predicted pi of only 6.6; the
generation of additional proteins in reticulocyte lysates may therefore reflect a property
of very basic FGF-like proteins synthesised in cell-free systems. A resolution to this
question came from the chance observation that incubation of the int-2 translation
products with RNase A dramatically reduced the formation of multimeric products (data
not shown). This suggests that the larger forms of int-2 arise through interaction with
RNA molecules in the reticulocyte lysate. However it is unlikely that such interactions
reflect a genuine biological property associated with int-2 proteins in vivo since the
larger polypeptides were not detected in lysates prepared from COS-1 cells transfected
with int-2 cDNAs (see section 3.5).
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3.3

P ost-translational m odification of int-2 proteins

in vitro
In eukaryotic cells, the obligatory interdependence of translation and translocation
ensures correct targeting of secretory proteins to the endoplasmic reticulum and also
allows nascent polypeptides to traverse a lipid bilayer during synthesis rather than as
full-length proteins. Enzymes resident in the lumen of the endoplasmic reticulum
perform a number of processing events which include signal peptide cleavage, core
glycosylation and disulphide bond formation.

Cell-free systems can also be

supplemented with cellular components that mediate translocation and post-translational
modification of secretory proteins (Blobel and Dobberstein 1975). The canine exocrine
pancreas contains aft abundance of rough endoplasmic reticulum and low levels of
ribonuclease activity. Canine pancreatic microsomes are functionally equivalent to the
endoplasmic reticulum and can be used to study the cleavage of potential signal peptides
and the addition N-linked oligosaccharides to proteins synthesised in vitro. In order to
investigate the role of these processing events in the biogenesis of int-2 proteins,
translations of cRNA encoded by T7pSal3.2 were performed in the presence of canine
pancreatic microsomes (see Fig. 3.3). In addition to the 28.5 kD primary translation
product, two additional proteins were detected which migrated with apparent molecular
weights of 30.5 and 31.5 kD although a smaller 27.5 kD protein was visible after much
longer exposure times. This multiplicity of proteins implied that that the int-2 primary
translation product was subject to post-translational modifications, consistent with the
predicted features of a short signal peptide and a single N-linked glycosylation site.
The addition of N-linked oligosaccharides was confirmed by incubating the translation
products with Endoglycosidase F which resulted in loss of the 30.5 and 31.5 kD
products (Fig 3.3, lane 4).

Point mutagenesis of the int-2 N-linked glycosylation site

The sensitivity of int-2 glycoproteins to treatment with endoglycosidase F indicates that

88

Fiaure 3.3
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Posttranslational modification of int-2 proteins in
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Sense strand RNA was transcribed from T7pSal3.2 and T7pSal3.2Q and used to
programme the synthesis of proteins in rabbit reticulocyte lysates in the absence or
presence of dog pancreatic microsomes (DPM). Endoglycosidase F digestion of Nlinked oligosaccharides was performed by incubating 10 p.1 of lysate in 200 p.1 of END
buffer containing 2 units of purified Endoglycosidase F enzyme at 37°C for 30 minutes.
Equivalent amounts of each reaction were then fractionated by 12.5% SDS-PAGE and
the 35S-labelled proteins visualised by autoradiography.
The figures on the right indicate the sizes of int-2 proteins (in kilodaltons) calculated
relative to 14C-labelled protein standards run in lane M. Lane 1, background translation
products in the absence of added RNA; lanes 2-4, proteins encoded by T7(3Sal3.2 in
the absence (lane 2) or presence (lane 3) of dog pancreatic microsomes and with DPM
followed by digestion with Endoglycosidase F (lane 4). Lane 5 shows the translation
products encoded by T7pSal3.2Q in the presence of DPM.

the oligosaccharide units are attached to asparagine residues by N-glycosidic bonds.
The int-2 amino acid sequence contains a single N-linked glycosylation motif, AsnGly-Ser centred around amino acid 66 (see Fig. 3.1-2). To confirm carbohydrate
addition at this site, oligonucleotide-directed mutagenesis was undertaken to introduce
nucleotide substitutions at codon 65 that would replace the asparagine residue with
glutamine. Although both amino acids contain a terminal amide group, glutamine
residues are not recognised as sites for oligosaccharide addition in the endoplasmic
reticulum. To construct this mutant, a Bgl II-Kpn I restriction fragment from pKC3.2
which includes the N-linked glycosylation motif, was cloned into the M13 m pl9 vector
and used to prepare positive strand DNA. A complementary 20mer oligonucleotide
containing two base changes across codon 65 was used to prime the synthesis of
replicative form DNA in vitro. After transformation into bacteria, recombinant phage
were screened for the desired nucleotide substitutions by dideoxy-sequencing and
replicative form DNA isolated from infected bacterial cultures. The Asn-Gln mutation
was introduced into T7pSal3.2 as a Stria I-Kpn I fragment to give the plasmid vector
T7pSal3.2Q (see Appendix Fig. A l.l). Only the two unglycosylated species p28.5
and p27.5 were observed with RNA derived from this construct (see Fig. 3.3, lane 5).
This pattern is identical to the profile of int-2 proteins seen after treatment with
Endoglycosidase F and demonstrates that asparagine-65 is the only site for N-linked
oligosaccharide addition in the int-2 molecule.

3.4 The int-2 signal sequence
The addition of N-linked oligosaccharides at Asn-65 was shown to account for the
sensitivity of int-2 proteins to Endoglycosidase F. However, to explain the existence
of two glycoproteins and two unglycosylated products, it was suggested that the int-2
primary translation product contains a signal sequence which is inefficiently cleaved in
the lumen of the endoplasmic reticulum.
Secretory proteins are usually synthesised with an amino terminal extension of 15-30
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residues which directs insertion into the endoplasmic membrane and is removed by
luminal endoproteolytic cleavage during polypeptide elongation. Although signal
peptides display limited sequence homology, they can be divided into three structurally
distinct regions which include a basic N-terminal region, a central hydrophobic core
and a more polar C-terminal region (von Heijne 1985). In eukaryotes, the signal
peptide cleavage site is usually positioned 5-6 residues downstream from the C-terminal
boundary of the hydrophobic region and can often be defined according to the amino
acid composition and organization of the polar region. Based on an analysis of known
signal sequences, it has been suggested that cleavage sites are determined primarily by
the character of amino acids at positions -3 and -1, the so called (-3,-1) rule (von Heijne
1983). This dictates that the residue in position -1 must be small i.e. Ala, Ser, Gly,
Cys, Thr or Gin, that the amino acid at -3 cannot be aromatic, charged or large and
polar and that proline residues must be absent from positions -3 to +1.
Although the predicted int-2 protein signal peptide contains a short stretch of
hydrophobic amino acids between residues 3 and 12, basic residues are absent from the
N-terminus (see Fig 3.1-2). Furthermore the presumptive polar region is ill-defined
and it has not been possible to satisfactorily predict a signal peptide cleavage site which
fulfils the constraints imposed by the (-3,-1) rule. However a probability weightmatrix recently constructed to predict signal peptide cleavage sites (von Heijne 1986)
has been used to analyse the N-terminus of the int-2 protein (courtesy of Anthony
Brown, UCSF). The most likely cleavage site was identified by summing the weights
for each position and gave a maximum probability score of 10.68 between residues 17
and 18 (data not shown).
To validate this analysis and confirm the predicted signal peptide cleavage site, the
amino terminus of p27.5 was determined by radiosequencing. cRNA encoded by
T7|3Sal3.2Q was used to programme the synthesis of int-2 proteins in a reticulocyte
lysate supplemented with canine pancreatic microsomes, 35S-methionine and 3Hleucine. After fractionation by SDS-PAGE, the 27.5 kD protein was identified by
autoradiography and subjected to sequential Edman degradation in an automated protein
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Figure 3.4 Identification of the signal peptide cleavage site
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Sense strand cRNA was transcribed from T7pSal3.2Q and translated
in a reticulocyte lysate containing 0.6 mCi/ml 35S-methionine (1000
Ci/mmol), 1 mCi/ml 3H-leucine (120-190 Ci/mmol) and supplemented
with canine microsomes. The translation products were fractionated
by SDS-PAGE in a 12.5% gel and visualised by autoradiography.
The 27.5 kD protein was eluted from the gel by vigorous shaking in a
solution of containing 1% (w/v) SDS, 0.1% (w/v) BSA and
precipitated with 4 volumes of acetone. The insoluble material was
dissolved in trifluoroacetic acid and subjected to repeated N-terminal
degradation in an Applied Biosystems 470 sequenator. Fractions
were counted for tritium and the activity of each cycle is shown
aligned with the amino terminal sequence of int-2 in single letter code.

sequencer.

The radioactive content of each fraction, as determined by liquid

scintillation counting showed peaks of tritium-derived activity in cycles 8 and 22 (see
Fig. 3.4). Alignment with the leucine residues present in the N-terminal region of int-2
is consistent with the signal peptide cleavage site located between residues 17 and 18,
in agreement with the computer prediction. A complete validation of these data would
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probably require radiosequencing of the N-terminus using an additional labelled amino
acid such as alanine or proline.

3.5

Expression of int-2 proteins in COS-1 cells

Given the difficulty in detecting native forms of int-2 in embryonal carcinoma cells and
MMTV-induced tumours, a number of eukaryotic vectors were constructed by Mark
Dixon and Robert Moore (ICRF) to express elevated levels of int-2 in a variety of
mammalian culture cells. These expression vectors exploited the SV40 early promoter
to provide efficient initiation of transcription in conjunction with elements that direct
efficient RNA termination and polyadenylation of heterologous transcripts. The highest
levels of int-2 protein were obtained using plasmid vectors which incorporate the SV40
origin of replication and undergo episomal replication when transiently transfected into
COS-1 cells (Dixon 1989).
COS cells were derived from the established CV-1 African green monkey cell line by
transformation with an origin-defective SV40 genome (Gluzman 1981). These cells
contain the early region of viral transcription and express the large T and small t
antigens. SV40 large T is a 93 kD nuclear phosphoprotein which is required for lytic
infection of simian cells, binds to the SV40 origin of replication and promotes the
initiation of DNA synthesis. This results in the replication of the viral genome prior to
assembly of mature infectious particles. Since large T binding sites overlap the early
promoter, viral replication is also coupled to the repression of early gene transcription
and the switch to synthesis of the late structural proteins. However plasmid vectors
which contain the SV40 origin may also undergo undergo extra-chromosomal
replication under the influence of large T, accumulating > 10s copies per cell when
introduced into COS-1 cells (Mellon et al. 1981).
The vectors pKC3 and pKC4 (Douglas Hanahan, Cold Spring Harbor) were used to
express a variety of int-2 cDNA constructs in COS-1 cells. Both vectors are derived
from the parental plasmid pKO-neo (van Doren et al. 1984) and contain the SV40
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origin of replication and early promoter upstream of a restriction enzyme polylinker.
This is followed by the small t intron and SV40 sequences mediating termination of
transcription and polyadenylation.
The pKC3.2 plasmid (see Fig 3.2-1) and parental vector pKC3 were introduced into
COS-1 cells by electroporation and total-cell lysates prepared 60 hours later. After
fractionation by SDS-PAGE, the cellular proteins were transferred onto a nitrocellulose
membrane by electroblotdng and probed with an antiserum raised against the C-terminal
peptide of int-2 (Dixon et al. 1989). As shown in Fig. 3.5-1 A, three major int-2
proteins were detected in the pKC3.2 transfected COS-1 cells which migrated with
apparent molecular weights of 28.5, 30.5 and 31.5 kD, similar to the polypeptides
detected in reticulocyte lysates supplemented with canine microsomes. To investigate
the nature of these proteins, COS-1 cells transfected with pKC3.2 were grown in the
presence of increasing concentrations of tunicamycin which blocks the addition of Nacetylglucosamine to dolichol phosphate, the first step in the formation of core
oligosaccharide. The inhibitor was added to the culture medium of transfected COS-1
cells 8 hours prior to the preparation of cell lysates, 60 hours after electroporation. Int2 proteins were again detected by immunoblotting with the C-terminal peptide
antiserum (see Fig. 3.5-1B). In the presence of tunicamycin, the abundance of the
larger 30.5 and 31.5 kD proteins was dramatically decreased suggesting that they
represent N-glycosylated products. The predominant species in treated cells was now
p28.5 although a 27.5 kD product was also readily detectable. The persistence of
residual int-2 glycosylation at very high concentrations of tunicamycin probably reflects
a small pool of activated core oligosaccharide which already existed prior to inhibitor
addition. To substantiate the identity of the predicted int-2 glycoproteins, the Asn to
Gin substitution at codon 65 was transferred from T7pSal3.2Q to pKC3.2 as a Sma /Kpn I restriction fragment to give the expression vector pKC3.2Q. COS-1 cells were
electroporated with pKC3.2Q plasmid DNA and 60 hours later analysed by
immunoblotting with the C-terminal peptide antiserum. As shown in Fig 3.5-1C, the
major int-2 proteins resolved as two species, p27.5 and p28.5 identical to those
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Figure 3.5-1 Expression of int-2 proteins in transfected
COS-1 cells
Cell lysates were prepared 60 hours after electroporation with pKC3, pKC3.2 and
pKC3.2Q plasmid DNAs as indicated. Total cellular proteins were fractionated by
12.5% SDS-PAGE, electroblotted onto nitrocellulose membranes and int-2 proteins
detected with the C-terminal antiserum followed by 125I-Protein A. The sizes of the
major int-2 products (in kilodaltons) are indicated on the right of each panel.
A. COS-1 cells transfected with pKC3 and pKC3.2 DNAs. Lane M contains r e 
labelled protein standards whose sizes are shown on the left
B. Effects of tunicamycin on the synthesis of int-2 proteins. COS-1 cells were
transfected with pKC3.2 and treated with increasing doses of tunicamycin for 8 hours
prior to the preparation of cell lysates.
C. Effects of mutating the N-linked glycosyation site. COS-1 cells were electroporated
with pKC3.2 and pKC3.2Q and int-2 proteins detected as described above.
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detected after translation of T7pSal3.2Q encoded RNA in a reticulocyte lysate
supplemented with canine pancreatic microsomes (see Fig. 3.3, lane 5).
These experiments suggest that int-2 is modified by analogous processing events in the
endoplasmic reticulum of transfected COS-1 cells and in cell-free translates containing
canine microsomes. Thus N-linked oligosaccharides are added to the same asparagine
residue in both systems and the size of the unglycosylated, cleaved forms of int-2
suggests that the specificity of signal peptide cleavage site is also conserved. However,
to formally establish this point, the amino terminus of p27.5 expressed in COS-1 cells
was analysed by radiosequencing. In contrast to the programmed translation of specific
proteins in reticulocyte lysates, recombinant genes are expressed in COS-1 cells against
a background of endogenous cellular protein synthesis. To isolate individual
radiolabelled polypeptides, cell extracts were immunoprecipitated and the int-2 proteins
resolved by SDS-PAGE. Unfortunately the antisera raised against the carboxy-teiminal
peptide which were used to detect int-2 proteins by immunoblotting, were not suitable
for immunoprecipitation from COS-1 cell extracts since specific immune complexes
were contaminated with unrelated cellular proteins that comigrated with int-2 in one
dimensional SDS-PAGE. Therefore as an alternative strategy, a 10 amino acid epitope
derived from the human c-myc protein was used to replace the int-2 carboxy-terminus;
this peptide forms a linear epitope recognised by the high affinity monoclonal antibody
9E10 (Evan et al. 1985) which was found to immunoprecipitate int-2 as a fusion
protein from transfected COS-1 cells. The carboxy-terminus of int-2 was substituted
with the c-myc peptide epitope by cloning two complementaiy oligonucleotides into the
Acc I and Eco RI restriction sites in the construct T7pSal3.2. The epitope tag was then
transferred to pKC3.2Q as a Kpn I-Eco RI fragment (see Appendix Fig. A 1.2). COS1 cells transfected with pKC3.2Qmyc were grown in the presence of 35S-methionine,
35S-cysteine and 3H-leucine for 3 hours before lysis in RIPA buffer. The cell extracts
were immunoprecipitated with ascites fluid prepared from the 9E10 hybridoma and
fractionated by SDS-PAGE. After transfer onto a PVDF membrane, the 27.5 kD int-2
glycoprotein was sequenced as described in section 2.33. Alignment of the 3H-derived
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peaks (cycles 8 and 22) with the leucine residues in the int-2 amino terminus indicates
that the signal peptide is cleaved between Pro-17 and Thr-18 (see Fig. 3.5-2). These
data establish that the int-2 signal peptide cleavage site is identical in canine pancreatic
microsomes and transfected COS-1 cells.

Figure 3.5-2 identification of the signal peptide cleavage
site in COS-1 cells
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60 hours after electroporation with pKC3.2Qmyc, the culture medium
was supplemented with 100 pCi/ml 35S-labelled methionine and
cysteine (1000 Ci/mmol) and 250 pCi/ml 3H-leucine (120-190
Ci/mmol). The cells were incubated for a further 3 hours and then
lysed in RIPA buffer. Int-2 fusion proteins were immunoprecipitated
with ascites fluid prepared from the 9E10 hybridoma, fractionated by
SDS-PAGE and electroblotted onto a PVDF membrane. The 27.5 kD
int-2 protein was visualised by autoradiography and amino terminal
sequence obtained as described in Materials and Methods, section
2.33. The 3H-derived radioactivity indicated for each successive cycle
has been aligned with the N-terminal region of int-2 shown in single
letter amino acid code.
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3.6

M utagenesis of the int-2 signal seq u en ce

The accumulation of int-2 processing intermediates in transfected COS-1 cells reflects
inefficient signal peptide cleavage and N-linked glycosylation of the primary translation
product However in comparison, the hst gene product is synthesised as a single fully
processed 22 kD polypeptide in transfected COS-1 cells (data not shown). Although
hst and int-2 share 42% sequence identity across the central FGF-homology region, the
hst protein encodes an unrelated 29 amino acid signal peptide and contains an N-linked
glycosylation site situated only three residues from the mature amino terminus. To
investigate the basis of inefficient int-2 post-translational processing, the signal peptide
was substituted with a heterologous sequence derived from a mouse immunoglobulin
heavy-chain gene (Early et al. 1980). This functions efficiently in it's normal context

Figure 3.6-1 Amino acid changes introduced into the
signal peptide

Int-2

Met Gly Leu lie Trp Leu Leu Leu Leu S e r Leu Leu Glu P ro S e r T rp Pro Thr T hr Gly Pro

Ig13

Met Lys Leu Trp Leu A sn Trp Val P h e Leu Leu Thr Leu Leu His Gly lie Asn C y ^ T h r T hr Gly Pro

Amino acid substitutions were introduced into pKC3.2 in a three-step
cloning procedure (see Appendix Fig. A1.3). The parental plasmid
vector Gem4321 was first constructed by transferring the N-terminal
143 residues of int-2 from pKC3.2 to pGem4 as a Sac I restriction
fragment. The int-2 signal sequence was manipulated by ligating
complementary oligonucleotides between the Nco I and Apa I
restriction sites of Gem4321 and the int-2 sequences transferred back
into pKC3.2 as a Sac I fragment to give Igl3.
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Figure 3.6-2 Substitution of the int-2 signal peptide
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COS-1 cells were electroporated with plasmid DNAs as indicated and lysed in SDS-sample
buffer 60 hours later. Extracts were fractionated by 12.5% SDS-PAGE, electroblotted
onto a nitrocellulose membrane and probed with antiserum raised against the C-terminal
peptide, followed by 125I-Protein A. The sizes o f the major int-2 products (in kilodaltons)
are indicated on the right of the panel.

and in contrast to int-2, contains a well defined polar region that conforms ideally to the
(-3,-1) rule (von Heijne 1983); the cysteine residue at -1 is small, the isoleucine at -3 is
neither aromatic, charged or large and polar and furthermore proline residues are absent
from positions -3 to +1 (see Fig 3.6-1). COS-1 cells were transiently transfected with
Igl3 plasmid DNA and int-2 proteins detected by immunoblotdng with the C-terminal
peptide antiserum (see Fig. 3.6-2). Although cells transfected with Igl3 synthesised
small amounts of the unglycosylated-cleaved form of int-2, the fully processed 30.5 kD
species was predominant; furthermore the absence of detectable primary translation
product (28.5 kD) indicates that the immunoglobulin signal peptide is more efficiently
removed than the equivalent int-2 sequence. These experiments indicate that the
efficiency of int-2 signal peptide cleavage in COS-1 cells is at least in part determined
by the primary sequence of the amino terminus.

3.7 Secretion of int-2 proteins from COS-1 cells
Previous experiments demonstrated that int-2 is targeted to the endoplasmic reticulum
during synthesis and modified by luminal proteins which catalyse signal peptide
cleavage and N-linked glycosylation. Support for this sub-cellular localisation came
from immunofluorescence studies using COS-1 cells transfected with pKC3.2 DNA.
60 hours after electroporation, the cell monolayer was washed in PBSA, fixed with
paraformaldehyde and permeabilised with PBSA containing 0.2% (v/v) Triton X-100.
After incubation with affinity-purified antibodies raised against the C-terminal peptide
(David MacAllan, ICRF) and a rhodamine-conjugated swine anti-rabbit serum, int-2
proteins were visualised under a fluorescence Zeiss Axiophot microscope (see Fig. 3.71). Transfected cells show a distinctive reticular staining characteristic of the
endoplasmic reticulum and strong asymmetric perinuclear fluorescence which indicates
localisation in the Golgi complex. The staining pattern is typical of secretory proteins
and very similar to the fluorescence profile of the hst gene product which is efficiently
secreted by transiently transfected COS-1 cells (Delli Bovi et al. 1988).
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Figure 3.7-1 Localisation of int-2 proteins by indirect
immunofluorescence

COS-1 cells were electroporated with pKC3.2 plasmid DNA and grown on glass
coverslips for 60 hours. The sub-cellular distribution of int-2 proteins was determined
by indirect immunofluorescence as described in Materials and Methods, section 2.27.
Panel A shows a typical pattern of fluorescence obtained using affinity purfified
antibodies raised against the C-terminal peptide. Panel B shows the results of an
equivalent procedure using serum which had been preincubated with 10 Jig/ml of
peptide 8.

In view of the structural similarities between int-2 and other members of the FGF
family known to be efficiently exported from mammalian culture cells, attempts were
made to detect int-2 proteins in the medium of transfected COS-1 cells. The growth
medium was concentrated either by ultrafiltration or acetone precipitation and analysed
by immunoblotting with a range of antisera raised against synthetic peptides from
different regions of the protein. However it was not possible to demonstrate
extracellular forms of int-2 by direct analysis of the culture medium (data not shown).
Since the lack of immunological signal could simply reflect a lack of sensitivity, the
conditioned medium was tested for it's ability to stimulate DNA synthesis in quiescent
cells, under conditions where other FGF-related growth factors such as hst and FGF-5
are clearly mitogenic (Delli Bovi et al. 1988; Zhan et al. 1988). Given the links
between int-2 and mammary tumourigenesis, C57MG mammary epithelial cells (Vaidya
et al. 1978) were chosen as the recipient cell line and rendered quiescent by incubation
in 0.1% serum for 72 hours. COS-1 cells were grown in identical culture medium with
or without added heparin and the conditioned medium collected between 24 and 72
hours after transfection. The medium was added directly to the quiescent C57MG cells
and 18 hours later, DNA synthesis measured by 3H-thymidine incorporation into TCA
insoluble material (see Materials and Methods, section 2.21). Although the conditioned
medium from COS-1 cells transfected with hst induced an 11-fold increase of 3Hthymidine incorporation over background, no significant mitogenic activity was
secreted by cells transfected with pKC3.2 or Igl3 (Fig. 3.7-2). However, these data
did not formally prove that int-2 is not secreted by COS-1 cells since it remained to be
established whether the int-2 protein was able to stimulate DNA synthesis when added
directly to quiescent C57MG cells. Mitogenesis was therefore uncoupled from
secretion by assessing the ability of int-2 translated in vitro to stimulate 3H-thymidine
incorporation.
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3.8

Mitogenic properties of proteins translated in vitro

To compare int-2 with other members of the FGF-gene family, the mitogenic properties
of hst and acidic FGF were also tested in this assay. The coding sequence for mouse
hst was isolated using the polymerase chain reaction (Brookes et al. 1989a) and
transferred into the pGem4 vector in an orientation that permitted transcription of
positive sense RNA from the T7 bacteriophage promoter (Rosalind Smith, ICRF). The
cDNA encoding human acidic FGF (Jaye et al. 1986) was subcloned into pGem4 by
Frances Fuller-Pace (ICRF). Rabbit reticulocyte lysates programmed with synthetic
RNA prepared from T7pSal3.2, pGemhst and pGemaFGF were tested for their ability
to induce DNA synthesis in quiescent C57MG cells. In contrast to the hst and aFGF
lysates which elicited 9.5- and 5-fold stimulations of 3H-thymidine incorporation
respectively, the lysate programmed by int-2 RNA gave no appreciable induction
compared to the control containing no exogenous RNA (see Fig. 3.8).
At least one other member of the FGF-gene family encodes a protein which is also nonmitogenic for quiescent C57MG cells when translated in vitro (Dickson et al. 1991);
keratinocyte growth factor (KGF) was originally purified as a growth factor for human
keratinocytes but it's mitogenic activity is specific to cells which express a high-affinity
115 kD high-affinity receptor (Rubin et al. 1989; Bottaro et al. 1990). Given the
extremely restricted pattern of int-2 expression in the developing embryo, the complete
failure of int-2 to induce DNA synthesis in C57MG cells may therefore reflect an
absence of suitable cell surface receptors. Alternatively int-2 protein synthesised in a
reticulocyte lysate may not be correctly folded, modified or sufficiently concentrated to
trigger DNA synthesis.
In summary it was not possible to identify a biological activity that could be attributed
to int-2 proteins in the conditioned medium of transfected COS-1 cells or in reticulocyte
lysates programmed with int-2 cRNA.
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Figure 3.7-2 Mitogenic properties of conditioned
medium from transfected COS-1 cells
COS-1 cells were electroporated with plasmid DNAs as indicated and after 24 hours the
culture medium was replaced with E4 containing 0.1% FCS +/- heparin (50 |ig/ml).
After a further 48 hours, the conditioned medium was collected and added to quiescent
C57MG mammary epithelial cells. The mitogenic properties of each sample was
assessed by incorporation of 3H-thymidine into TCA insoluble material as described in
Materials and Methods, section 2.21.

Figure 3.8

Mitogenic properties of FGFs translated
in vitro

Mitogenicity assays were performed using reticulocyte lysates programmed with
synthetic RNA transcribed from T7pSal3.2, pGemhst and pGemaFGF. 10 |il aliquots
of the translation products were diluted in E4 to 500 jal and tested for their ability to
stimulate DNA synthesis in quiescent C57MG cells (see Materials and Methods, section
2.21). 3H-thymidine incorporation was also measured for parallel cultures treated with
E4 alone, the reticulocyte lysate without added RNA and medium containing 10% (v/v)
FCS.
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3.9

A ssociation of int-2 with the extracellular matrix

Analysis of int-2 proteins expressed in COS-1 cells by immunofluorescence revealed
specific extracellular staining beyond the periphery of, and often distinctly isolated from
any cells containing intracellular int-2 proteins (data not shown). This ghost-like
pattern of fluorescence clearly suggested the presence of int-2 products since it was not
observed in mock-transfected cells and could be competed by pre-incubation of the
affinity-purified antisera with peptide immunogen. Since acidic and basic FGF are
intimately associated with the extracellular matrix in culture cells (reviewed in
Klagsbrun 1990), experiments were designed to establish whether this fluorescence
pattern reflected the sequestration of int-2 proteins in the extracellular matrix. COS-1
cells were electroporated with control plasmid pKC3 and the int-2 cDNA expression
vectors pKC3.2 and Igl3. 60 hours later, the cultures were washed with PBSA and
then exposed to PBSA containing 0.5% (v/v) Triton X-100. This procedure removes
the cell layer and leaves the extracellular matrix (ECM) material firmly attached to the
tissue culture dish (Gospodarowicz et al. 1980). The removal of cells was monitored
using phase-contrast microscopy. After further washing with PBSA, the ECM was
dissolved in SDS-sample buffer. The lysates were fractionated by SDS-PAGE and int2 proteins detected by immunoblotting with the C-terminal peptide antiserum (see Fig.
3.9A). Although the amount of matrix-bound material was small compared with the
intracellular pool, it was clear that int-2 proteins with apparent molecular weights of 3134 kD were associated with the tissue culture dish after removal of the cell monolayer.
Approximately 10% of the cellular int-2 proteins synthesised by the expression vector
pKC3.2 were detected in the extracellular matrix preparation at 60 hours post
transfection. These levels were marginally increased in COS-1 cells transfected with
Igl3 plasmid DNA indicating that fully processed int-2 might be exported more
efficiently than the immature forms.

To determine the integrity of the ECM

preparations, a similar fractionation procedure was performed using COS-1 cells which
had been transfected with cDNA encoding the human CD2 antigen. This protein is a
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Figure 3.9

A ssociation of int-2 with the extracellular
matrix

Transfected COS-1 cells and F9 embryonal carcinoma cells were washed with PBSA
and the cell monolayers removed from the culture dish using PBSA containing 0.5%
(v/v) Triton-XlOO. After extensive washing, the remaining material was dissolved in
SDS-sample buffer and fractionated by SDS-PAGE in 12.5% acrylamide gels.
Separated proteins were electroblotted onto nitrocellulose membranes and probed with
antibodies raised against the C-terminal peptide of int-2 (panels A and C) or an antiCD2 serum (panel B) followed by incubation with 125I-Protein A.
A. COS-1 cells were electroporated with plasmid DNA as indicated. A total cell lysate
prepared in SDS-sample buffer using cells transfected with pKC3.2 is compared to the
ECM-associated proteins encoded by pKC3, pKC3.2 and Igl3. The position and sizes
(in kilodaltons) of 14C-labelled protein standards run in lane M are indicated on the left
B. COS-1 cells transfected with the expression vector pJQ-CD2 and fractionated into
cell-associated proteins (recovered in the 0.5% (v/v) Triton-XlOO wash) and ECMderived products. The sizes of the major recombinant proteins are indicated on the left.
C. Analysis of the extracellular matrix secreted by F9 embryonal carcinoma cells
grown on tissue culture plastic coated with gelatin. To induce differentiation, cells
were cultured for 4 days in medium containing lfr6 M retinoic acid, 10*4 M cAMP and
10-4 M 3-isobutyl- 1-methyl-xanthine. The cell monolayers were removed as described
above and the ECM-associated proteins analysed by immunoblotting. A parallel
immunoblot was also performed using a differentiated F9 cell extract incubated with
antiserum which had been blocked with 10 |ig/ml immunogenic peptide (lane +P). The
estimated size of int-2 proteins is indicated in kilodaltons on the right of the panel.
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component of the T-cell receptor complex found in human lymphocytes and is retained
on the cell surface by a single transmembrane domain. The expression vector pJQCD2 (Clipstone and Crumpton 1988) was transfected into COS-1 cells and after 60
hours, intracellular and extracellular protein lysates were prepared as described above
and analysed by immunoblotting with a polyclonal anti-CD2 serum (Brown et al.
1988). Whilst the 45-55 kD CD2 proteins were clearly identified in the intracellular
lysate, equivalent products were not detected in the extracellular matrix preparation,
even after long exposure times (see Fig. 3.9B).
Although it remains to be conclusively established that int-2 proteins are components of
the extracellular matrix, two observations indicate that this localisation does not reflect
cell lysis during removal of the cell monolayer. Firstly the extracellular int-2 proteins
are larger than their intracellular counterparts suggesting that additional posttranslational modifications occur during passage through the secretory pathway or in
the extracellular environment. Secondly, it was not possible to detect the plasma
membrane protein CD2 by similar analysis of extracellular matrix preparations.

Analysis of the ECM secreted by differentiated F9 cells

Although differentiated F9 embryonal carcinoma cells express low levels of int-2
mRNA, it has not been possible to detect intracellular int-2 proteins by immunoblotting
or immunofluorescence using the most sensitive antisera. However by analogy to
acidic and basic FGF, it was reasoned that int-2 proteins might accumulate in the
basement membrane secreted by differentiated F9 cells. Depending on the specific
culture conditions, differentiated F9 cells resemble either the visceral or parietal
endodermal lineages of the post-implantation embryo (Hogan et al. 1981); when grown
on gelatin-coated tissue culture plastic and exposed to retinoic acid and cyclic AMP they
express molecular markers that characterise the parietal endoderm. In the embryo these
cells synthesise a thick basement membrane containing large amounts of laminin,
entactin, type IV procollagen and heparan sulphate proteoglycan, collectively known as
Reichert's membrane (Smith and Strickland 1981). Although the extracellular matrix
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secreted by differentiated F9 cells has not been fully characterised, it is presumably
very similar to the basement membrane secreted by the parietal endoderm. To
investigate whether differentiated F9 cells synthesise detectable levels of int-2 proteins
associated with the extracellular matrix, undifferentiated F9 cultures were treated with
retinoic acid and cyclic AMP for 4 days. The cell monolayer was then removed with
0.5% (v/v) Triton X-100 and the remaining material dissolved in sample buffer.
Lysates were similarly prepared from undifferentiated F9 cells and analysed by SDSPAGE and immunoblotting. Int-2 proteins with molecular weights of 34-38 kD were
detected in the matrix prepared from differentiated cells but were absent from extracts
derived from undifferentiated cells (see Fig. 3.9C); these polypeptides were not
recognised by antiserum that had been preincubated with peptide immunogen indicating
that they represent specific antibody interactions with int-2-like proteins. The detection
of int-2 in the ECM of differentiated F9 cells may reflect the ability of matrix molecules
to stabilise the biological properties of certain growth factors, including some members
of the FGF-family. Differentiated F9 cells may therefore provide a constitutive source
of int-2 polypeptides which accumulate as stable components of the extracellular
matrix. Nevertheless these data provided the first demonstration of authentic proteins
encoded by the endogenous int-2 gene, rather than by amplified cDNA templates in
transiently transfected COS-1 cells.

3.10 Transformation of NIH3T3 cells by int-2
Int-2 was originally isolated as a proto-oncogene and encodes a protein which is
structurally related to a number of known oncogene products. These include the other
members of the FGF-family of growth factors, all of which transform NIH3T3 cells
albeit with varying efficiencies. Hst and FGF-5 were originally identified by their
transforming properties and FGF-6, KGF, acidic FGF and basic FGF also induce the
formation of morphologically distinct foci when over-expressed in rodent fibroblasts
(Jaye et al. 1986; Sakamoto et al. 1986; Neufeld et al. 1988; Sasada et al. 1988; Zhan et
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al. 1988; Maries et al. 1989; Miki et al. 1991) In comparison, int-2 appears to have
weak transforming activity since over-expression alone is not sufficient to transform
NIH3T3 cells using a standard focus assay. However by modifying the experimental
procedure to enrich for cells that have been transfected with foreign DNA, it has been
possible to show that over-expression of int-2 induces the formation of very small
moiphologically distinct foci against a background of normal NIH3T3 cells (Goldfarb
et al. 1991). This delayed focus assay was performed by transfecting plasmid DNA
together with a dominant selectable marker such as pSV^neo and pre-selecting the cells
in the presence of G418. The requirement for pre-selection presumably reflects the
relationship between plasmid copy number and the formation of transformed colonies;
in contrast to potent oncogenes such as hst and activated ras which transform NIH3T3
cells at single copy dosage, weaker oncogenes such as int-2 may require the integration
of multiple copies of plasmid DNA in order to attain the required threshold of
expression. To date, transformation of NIH3T3 cells is the only experimental system
in which int-2 cDNAs display a convincing biological activity. To investigate the
importance of secretion in this assay, mutant forms of int-2 were constructed which
were impaired either for entry into the endoplasmic reticulum or for subsequent delivery
to more distal secretory compartments. In the first of these, the signal sequence was
removed resulting in a truncated protein which was not expected to gain access to the
endoplasmic reticulum. The second int-2 mutant contained an endoplasmic retention
signal encoded by the amino acid sequence Ser-Glu-Lys-Asp-Glu-Leu (SEKDEL),
which is found at the C-terminus of the immunoglobulin heavy chain binding protein
(Munro and Pelham 1986). The last four amino acids of this sequence have been
identified at the C-terminus of many mammalian proteins resident in the lumen of the
endoplasmic reticulum (Munro and Pelham 1987) and were expected to impair access
of chimaeric int-2 proteins to the downstream compartments of the secretory pathway.
A similar experimental approach has been used to investigate the sub-cellular site of
productive interaction between the v-sis oncogene product and the PDGF receptor
(Bejcek et al. 1989).

109

To construct the signal peptide deletion, GempSal3.2 plasmid DNA was digested with
Nco I and Sma I restriction endonucleases, blunted with Klenow enzyme and religated.
This procedure removed the entire signal peptide and positioned the initiator methionine
4 residues downstream from the cleavage site. The truncated coding region was
subcloned into pKC3.2 to generate the intermediate plasmid vector pKC-NSP (see
Appendix Fig. A1.4). The endoplasmic reticulum retention signal was engineered into
int-2 by ligating a pair of complementary oligonucleotides between the Acc I and Eco
RI restriction sites of GempSal3.2. This resulted in addition of the SEKDEL motif,
followed by an in-frame stop codon to the C-terminus of int-2. The mutant carboxyterminus was then transferred to pKC3.2 as a Kpn I-Eco RI fragment, yielding the
intermediate expression vector pKC3.2KDEL (see Appendix Fig. A 1.5). The int-2
coding regions contained within pKC-NSP and pKC3.2KDEL were cloned into the
pDO-BS retrovirus expression vector (Morgenstem and Land 1990) as described in
Appendix Fig. 1.6 to give pDoNSP and pDoKDEL respectively.
To examine the relationship between the efficiency of signal peptide cleavage and
transforming activity, a series of amino acid substitutions designed to abrogate cleavage
were introduced into the polar region of the int-2 signal peptide. Mutations were
chosen that were incompatible with the (-3,-1) rule (von Heijne 1983); proline residues
were introduced at -2, +1 and +2 with an arginine at -3 and glutamic acid at -1 (see
Appendix Fig. 1.3). In transfected COS-1 cells, the major int-2 proteins encoded by
this cDNA (named REP4) were clearly full length as determined by immunoblot
analysis (data not shown). The gene fusion between int-2 and an immunoglobulin
signal sequence (Igl3) described in section 3.6 was also tested. The int-2 coding
sequences derived from REP4 and Igl3 were cloned into pDO-BS as described in
Appendix Fig. A 1.6. The resulting constructs, pDoIgl3 and pDoREP4 were expected
to encode either fully processed int-2 products or their full-length equivalents
respectively.
In addition to the retroviral sequences controlling expression of foreign genes, the
pDO-BS vector also contains a copy of the neomycin gene; all cells that take up and

110

express the input DNA should therefore acquire resistance to G418. For the purposes
of this experiment, cells were transfected with increasing concentrations of int-2
plasmid DNA together with a fixed amount of pSVjneo. This allowed a more
quantitative measure to be made of the transforming activity of each int-2 construct
since the total number of G418 resistant colonies remained constant, despite variation in
the amount of int-2 plasmid DNA added to each precipitate.

Table 3.10 Transformation of NIH3T3 cells by various
int-2 constructs
Num ber of foci per 5000 G418-resistant colonies

DNA construct

20 ng

100 ng

500 ng

pDO-BS

5

6

9

pDo3.2

49

64

135

pDoIgl3

34

93

244

pDoREP4

39

77

102

pDoNSP

7

11

ND

pDoKDEL

5

6

21

NIH3T3 cells were transfected with 20,100 or 500 ng of each pDOBS-based vector combined with 1 pg pSV2neo and 30 pg of human
placental DNA as carrier. After 1 week’s growth in the presence of
G418 and a further 9 days culture in normal medium containing 3%
(v/v) donor calf serum, the number of morphologically distinct foci
were counted and the transforming activity of each int-2 cDNA
expressed in relation to the total number of G418-resistant colonies
present on a parallel dish.
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In comparison with the unaltered int-2 coding region (pDo3.2), provision of a
heterologous immunoglobulin signal sequence resulted in slightly enhanced levels of
focus formation whilst abrogation of the cleavage site caused a marginal reduction in
transforming efficiency. However deletion of the signal peptide or appendage of an
endoplasmic reticulum retention signal effectively abolished the focus forming ability of
transfected NIH3T3 cells. These data imply that transformation is effected through an
autocrine loop completed either at the cell surface or in an intracellular secretory
compartment downstream from the endoplasmic reticulum. To distinguish between
these possibilities, a cell line expressing constitudvely high levels of int-2 was used to
investigate the role of extracellular proteins in maintaining the transformed phenotype.
The DMI.3 cell line was derived by transfection of NIH3T3 fibroblasts with int-2
cDNA in a retrovirus vector (similar to pDo3.2) followed by selection in soft agar and
then in a defined medium (Goldfarb et al. 1991). In contrast to transiently transfected
COS-1 cells, int-2 proteins are efficiently secreted from these cells and the majority of
recombinant polypeptides accumulate either at the cell surface or in the conditioned
medium (Kiefer et al. in press). Initially attempts were made to modulate the growth
of DMI.3 cells in soft agar using antibodies raised against int-2 peptides 6 and 8 (see
Fig. 3.2-1). However incubation with high concentrations of antisera had little effect
upon the number or size of colonies formed (data not shown). These negative results
may reflect the low affinity of andgen-antibody interactions or alternatively indicate that
the regions of int-2 from which peptides 6 and 8 derive are not critical for receptor
binding. Recently it has been shown that heparin and soluble heparan sulphate
efficiently displace int-2 proteins from the surface of DMI.3 cells into the conditioned
medium (Kiefer et al. in press). To investigate whether this effect also relates to the
growth properties of this cell line, soft agar assays were performed in the presence of
heparin. As shown in Figure 3.10, this resulted in a dramatic reduction in the cloning
efficiency of DMI.3 cells. The correlation between cell surface displacement of int-2
proteins and the inhibition of cell growth in soft agar suggests that soluble heparin-like
molecules may reduce the local concentration of int-2 below the threshold required for
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Figure 3.10 Effect of heparin on the growth of DMI.3 cells in
soft agar

NIH3T3
-heparin

DMI.3
-heparin

DMI.3

DMI.3

+ 5 0 jig/ml
heparin

+ 1 0 0 jig/ml
heparin

N I H 3 T 3 an d D M I 1.3 cells w e re seeded (15 c e lls /m l) in m e d i u m c o n ta in in g 0 .1 7 % a g a r +/h e p a rin as d e s c r i b e d in M a te r ia ls an d M e t h o d s , s e c tio n 2 . 2 0 a n d g ro w n fo r 9 d a y s in
F a l c o n 2 0 51 tu b e s .

C o l o n i e s w e re th e n v i s u a l i s e d a g a i n s t a d a r k b a c k g r o u n d by

illu m in atin g the tubes fro m below .

receptor activation. It is unlikely that heparin-binding merely inactivates int-2 by
conformational restriction since the biological activities of other FGF-like proteins are
either stabilised or augmented by association with heparin (Klagsbrun 1990). Although
it is not possible to rule out a direct inhibitory effect of heparin which is independent of
int-2, these data suggest that transformation of DMI.3 cells involves an autocrine loop
which is completed by productive int-2-receptor interactions at the cell surface. A
similar mode of transformation has been reported for a gene fusion between basic FGF
and a heterologous signal peptide and more recently for hst (Yayon and Klagsbrun
1990; Talarico and Basilico 1991).

3.11

Conclusions

Given the difficulty in detecting authentic int-2 proteins in mammary tumours and
embryonal carcinoma cells, experiments described in this chapter sought to characterise
the predicted int-2 product by over-expression of cloned cDNAs in transfected COS-1
cells and by translation of synthetic cRNAs in reticulocyte lysates supplemented with
canine microsomes. These studies established that the 28.5 kD primary translation
product contains a 17 amino acid signal peptide and a single site for N-linked
glycosylation. Int-2 proteins were targeted to the secretory pathway but not detected in
the conditioned medium, although extracellular matrix preparations from transfected
COS-1 cells and differentiated F9 cells contained low levels of int-2. To investigate the
relationship between transformation and secretion, mutant cDNAs were constructed
which encoded proteins impaired for secretion. These were tested in a delayed focus
assay, the results of which established that efficient transformation is dependent on the
delivery of int-2 proteins to a secretory compartment downstream from the endoplasmic
reticulum. Further studies using an established cell line expressing high levels of int-2
suggested that transformation involves a public autocrine loop.
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CHAPTER 4
EXPRESSION OF INT-2 USING
RECOMBINANT BACULOVIRUSES
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4.1

Introduction

A source of purified int-2 protein would greatly facilitate further investigation into the
properties and function of this protein. By analogy to the fibroblast growth factor
family, activities such as the induction of DNA synthesis, receptor interactions and
second messenger production could be used to fully assess biological properties of int2. The goal of such experiments would be to define assays which distinguish
individual members of the FGF-gene family and ultimately to gain insight into the
function of int-2 during embiyogenesis and MMTV-induced tumourigenesis.
A number of plasmid vectors have been developed in the Viral Carcinogenesis and
Molecular Oncology laboratories at the ICRF to over-express int-2 in Escherichia coli.
These exploited various inducible bacteriophage promoters and were designed to
express int-2 either as a full-length protein or as fusion products with ^-galactosidase.
However in all cases, recombinant int-2 was only soluble in highly chaotrophic agents
such as urea and guanidine hydrochloride and precipitated out of solution during
subsequent dialysis steps. These results may reflect the aggregation of incorrectly
folded int-2 proteins in bacteria or the absence of post-translational modifications which
are normally performed in mammalian cells. Alternative expression systems were
therefore sought that exploited eukaryotic rather than prokaryotic cells and might
provide a source of soluble, biologically active int-2.

4.2

Eukaryotic viral expression vectors

An important consideration in the design of expression systems is the production of
recombinant proteins which are immunologically, antigenically and functionally
identical or very similar to their authentic counterparts. The biological properties of
eukaryotic proteins are frequently determined by a variety of complex processing steps
which include post-translational modifications (e.g. phosphorylation, glycosylation,
proteolysis, acylation, ADP-ribosylation, sulphation), folding events (e.g. disulphide
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bond formation) and quartemary interactions (e.g. oligomerisation or complex
formation). Since many of these modification pathways are absent in prokaryotes,
recombinant eukaryotic expression systems have been increasingly used to express
cloned genes. Eukaryotic viruses are endowed with a number of characteristics which
make them attractive as over-expression systems. These include the use of efficient
transcriptional promoter and enhancer elements and the attainment of a relatively high
genome copy number during viral replication. In addition, high virus titres can be used
to obtain efficient gene transfer and in the case of the retroviruses, the life-cycle itself
provides for the integration and stable expression of foreign genes.

Bovine Papillomavirus (BPV)

Bovine papillomavirus type 1 induces epithelial and mesenchymal tumours in vivo and
transforms bovine and rodent cells in vitro. A key feature of infection is that the viral
genome is maintained episomally at 20-300 copies per cell and is therefore a suitable
vehicle for the expression of foreign genes. A 5.4 kb Hind III-Bam HI fragment
containing the replication origin and transcriptional control signals encodes functions
necessary for both cell transformation and stable plasmid maintenance. The inclusion
of this fragment in BPV-based vectors allows selection and maintenance of transfected
cells according to their transformed phenotype (reviewed in Campo 1985).

Vaccinia

Although Vaccinia was originally exploited as a live vaccine in protecting against
smallpox, this virus has been used as a recombinant immunogen against a variety of
other mammalian diseases and as an expression system for foreign genes. Since the
180 kb genome is too large to manipulate directly, foreign genes have been engineered
into the viral genome by homologous recombination into the thymidine kinase locus.
This gene is not essential for viral replication and allows selection of tk" recombinants
by secondary infection in the presence of 5-bromodeoxyuridine. The transient
expression of recombinant proteins reaches a peak at around 20 hours post infection but
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is coupled to cell lysis (reviewed in Mackett et al. 1985).

Retroviruses

Retroviral genomes are relatively small and therefore readily amenable to direct genetic
manipulation in vitro. Since infection is often not cytotoxic, these vectors also offer an
extremely useful means of generating cell lines that stably express recombinant
proteins. Viruses can be grown to high titres and when used to infect susceptible cells,
this ensures a high frequency of stable transformation. The simplest retroviral vectors
retain all cw-acting sequences including the packaging site y , the 5' and 3' LTRs and
the primer binding sites, but the gag, pol and env sequences are replaced by the foreign
gene. Transfection into a packaging cell line encoding all the trans-acting functions (but
deleted of the \jr sequence) results in the production of infectious but replication
incompetent recombinant retroviral particles. Although the interaction of viral envelope
proteins with cell surface receptors frequently restricts the host range of a retrovirus,
the tropism of retroviral vectors can be extended beyond normal limits by packaging in
a virion particle which bears envelope proteins from a different retrovirus.
Although retroviral vectors offer an extremely versatile means of gene transfer, levels
of recombinant gene expression are restricted by low copy number and frequently
influenced by the chromosome environment into which the provirus integrates
(reviewed in Brown and Scott 1985).

Baculoviruses

More recently, alternative vectors based on an insect baculovirus have been developed
which incorporate many of the desired characteristics of eukaryotic expression systems.
A wide variety of proteins have been over-produced in insect tissue culture cells and
shown to be correctly processed, yielding high levels of biologically active
polypeptides (reviewed in Luckow and Summers 1988). Given the advantages of
recombinant baculoviruses over the viral expression vectors described above, attempts
were made to exploit this system as a potential source of int-2.
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4.3 The biology of Baculoviruses
Baculoviruses are rod-shaped pathogenic viruses which infect a wide range of
Lepidopteran species and were originally studied as potential biological insecticides
(reviewed in Miller 1988). In the natural environment, these viruses are extremely
stable and are able to persist as infectious particles in association with a protective viralencoded proteinaceous matrix which forms large intranuclear occlusions in infected
cells. These viral occlusions, also known as polyhedra, are an important part of the
natural virus life-cycle since they facilitate efficient horizontal transmission between
hosts. Larvae usually become infected by feeding on plant material that has been
contaminated by occluded virus particles; the polyhedra dissolve in the alkaline
environment of the gut releasing virions which invade and replicate in the midgut
epithelial cells and thereafter enter the systemic circulation.
Of the 450-500 known baculoviruses, the most intensively studied has been the
Autographa californica nuclear polyhedrosis virus (AcMNPV) which was originally
isolated from the alfalfa looper moth. The genome of AcMNPV consists of a doublestranded circular 128 kb DNA molecule which replicates within the nuclei of infected
cells with a biphasic life cycle. The first phase (10-24 hours post infection) is
characterised by the budding of extracellular virus particles from the plasma membrane
and is followed by a second phase in which occlusions containing multiple enveloped
capsids accumulate in the nucleus. The major component of these occlusions is
polyhedrin, a 29 kD viral-encoded gene product which accumulates to extremely high
levels, routinely accounting for 25% total protein in an infected insect. In cultured cell
lines derived from the army worm Spodoptera frugiperda (Sf9), polyhedrin
accumulates to even higher levels and may constitute up to 75% of the total cellular
protein. Additional features of the baculovirus life cycle make it an attractive system to
manipulate in the over-expression of eukaryotic genes. Firstly the polyhedrin gene is
driven by very powerful regulatory elements which may be used to maximise the
transcription of foreign genes. Secondly, the polyhedrin gene is not essential for viral
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replication or production of infectious extracellular virus in cultured cells; deletion or
insertional inactivation results in the production of occlusion negative (Occ) viruses
which form plaques that are morphologically distinct from those produced by wild-type
occlusion positive (Occ+) viruses. Cloning strategies in which foreign genes substitute
the polyhedrin gene should therefore generate recombinant baculoviruses which can be
readily screened by plaque assay. Finally, Spodoptera frugiperda cells can be grown
and infected in suspension culture which greatly facilitates large scale production of
recombinant proteins.
Protein modification and processing in insect ceils

Baculovirus vectors have been used to express an extremely wide variety of foreign
genes derived from viruses, plants, prokaryotes and a broad spectrum of animal
species. In general, recombinant proteins are processed and targeted correctly in
infected insect cells and in most respects it is clear that post-translational modifications,
complex formation and folding interactions are conserved between insect cells and
higher eukaryotes.

However, it has been demonstrated that the N-linked

oligosaccharides of certain mosquito cell lines are deficient in sialic acid, galactose and
fiicose and that the conversion of core oligosaccharides from high-mannose to complex
derivatives by terminal glycosylation may not take place in these cells (Hsieh and
Robbins 1984). It remains to be established whether such differences extend to other
insect species and influence the biological properties of mammalian glycoproteins
expressed in these cells types.

Recombinant virus construction

Owing to the large size of baculovirus genomes, most recombinant virus construction
relies on homologous recombination during infection to replace the viral polyhedrin
gene with a cloned foreign gene. The polyhedrin gene has been inserted into bacterial
plasmids with varying amounts of 5' and 3' flanking sequence to facilitate homologous
recombination and engineered to accept DNA restriction fragments adjacent to the
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polyhedrin promoter. After cloning foreign sequences into a chosen transfer vector and
subsequent co-transfection with wild-type AcMNPV DNA, plaques expressing
recombinant baculoviruses are selected on the basis of their morphology. Recombinant
viruses account for between 0.1-1% of plaques. A variety of transfer vectors have
been designed to express either mature non-fused proteins or proteins in which the Nterminal amino acids are encoded by the polyhedrin gene (reviewed in Luckow
andSummers 1988). Transcription and translation studies comparing various transfer
vectors have indicated that the untranslated leader of the polyhedrin gene and sequences
immediately downstream from the initiator codon are most critical in determining the
level of recombinant gene expression (Matsuura et al. 1987; Luckow and Summers
1989).

4.4 Construction of a recombinant baculovirus
expressing int-2 proteins
The experiments described in Chapter 3 established that int-2 protein synthesis is
targeted to the endoplasmic reticulum by a short signal peptide which is proteolytically
removed during membrane translocation. Enzymes resident in the endoplasmic
reticulum are also responsible for the addition of N-linked oligosaccharides to int-2 core
polypeptides. To ensure that int-2 expressed in insect cells should be correctly targeted
during synthesis, it was necessary to construct a baculovirus vector that would overexpress recombinant int-2 as a mature, non-fused protein. The transfer vector pAcC4
was therefore chosen since the polyhedrin initiation codon is embedded in a recognition
site for the restriction endonuclease Nco I and is 5' to a small polylinker containing
unique sites for a number of other common restriction enzymes (see Figure 4.4). Int-2
transcripts would be expected to contain the entire polyhedrin untranslated leader and
also utilise the polyhedrin gene sequences controlling RNA termination and
polyadenylation. The plasmid pAcC4 was derived from the transfer vector pAc436
(Summers and Smith 1987) by Frank McCormick (Cetus Corp.) and contains
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Figure 4.4 Construction of the transfer vector pC43.2

5' polyhedrin flanking sequ en ces

3* polyhedrin tanking seq u en ces

polyhedrin promoter

polyhedrin untranslated leader

polyhedrin C-terminal
coding seq u en ces

2

The transfer vector pAcC4 contains approximately 7 kb of viral DNA sequence
surrounding the AcMNPV polyhedrin gene. The promoter region and complete
polyhedrin untranslated leader are located directly adjacent to a polylinker into which
foreign genes can be cloned. Downstream sequences include 25 codons derived from
the C-terminus of the polyhedrin coding region and sequences required for termination
of transcription and polyadenylation.
pKC3.2 plasmid DNA was digested with Nco I and Eco RI. The 958 base pair
fragment containing the int-2 coding region was purified by agarose gel electrophoresis
and ligated into complementary restriction sites in pAcC4, yielding the transfer vector
pC43.2.
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approximately 7 kb of viral DNA flanking the polyhedrin gene. The int-2 coding
region was subcloned into pAcC4 as a 958 base pair Nco I-Eco RI restriction fragment
from pKC3.2 yielding the final transfer vector pC43.2.
Wild type virus particles (inoculum provided by Dr. M. D. Summers, Texas A&M
University) were isolated from the growth medium of infected Sf9 cells by high speed
centrifugation and purified by sucrose gradient sedimentation. High molecular weight
viral DNA was prepared by proteinase K digestion followed by phenol/chloroform
extraction and ethanol precipitation as described in Materials and Methods, section
2.28. Wild type viral DNA was mixed with plasmid pC43.2 DNA and added to
cultured Sf9 cells as a co-precipitate with calcium phosphate. Four days later, when
signs of infection were clearly visible, the growth medium was harvested and infectious
viral particles titred by plaque assay. Although it proved difficult to discriminate
between wild-type plaques and occlusion negative plaques by microscopic morphology
alone, recombinant baculovirus plaques were successfully identified by hybridization
with radiolabelled int-2 DNA probes (see Materials and Methods, section 2.28). From
an original pool of 18 int-2 positive plaques, 4 independent recombinant baculoviruses
named 19a, 17bb, 1lb and 17ah were plaque purified and grown to high titres of
around 108 plaque forming units (pfu)/ml by repeated cycles of infection.

4.5 Int-2 proteins expressed by recombinant
baculoviruses
In order to compare levels of recombinant protein synthesis by each of the 4 viral
isolates, cultures of Sf9 cells were infected at a multiplicity of 15 pfu/cell and whole cell
extracts prepared 48 hours later. Proteins were fractionated by SDS-PAGE and int-2
products identified by immunoblotting with the MD1.3 antiserum raised against peptide
4 or the R3P3 antisera raised against peptide 3 (see Fig. 3.1-2 and Fig. 4.5). Both
polyclonal antibodies detected multiple proteins with apparent molecular weights of 2732 kD that were specific to lysates prepared from insect cells infected with int-2
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Figure 4.5 Expression of int-2 proteins in baculovirusinfected insect cells
Monolayer cultures containing 106 Spodoptera frugiperda cells were infected at a
multiplicity of 15 pfu/cell with wild-type AcMNPV or one of the four int-2 recombinant
baculovirus isolates; 19a, 17bb, l ib and 17ah. 48 hours later the cells were harvested
by low-speed centrifugation, washed in PBSA and lysed in SDS-sample buffer.
Proteins were fractionated by 12.5% SDS-PAGE and transferred onto nitrocellulose
membranes. To detect int-2 proteins, the blots were probed either with MD1.3 (lanes
1-6) or the R3P3 antisera (lanes 7-12) and then incubated with 125I-Protein A. The
sizes of the various products was calculated relative to 14C-labelled standards (lane M)
whose sizes are indicated in kilodaltons on the left. Lanes 1 and 7, mock infection;
lanes 2 and 8, wild-type AcMNPV; lanes 3 and 9, 19a; lanes 4 and 10, 17bb; lanes 5
and 11, lib ; lanes 6 and 12, 17ah.

Figure 4.6 Time course of int-2 protein synthesis
following infection with recombinant baculovirus
Sf9 cells were infected with the recombinant 17bb baculovirus and harvested at 12-24
hour intervals later. For each time point, cell extracts were fractionated by 12.5% SDSPAGE and int-2 products detected by immunoblotting with the R3P3 anti serum
followed by 125I-Protein A. Numbers to the left of the figure indicate the sizes and
relative positions of 14C-labelled protein markers run in lane M.
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recombinant baculoviruses. However extracts derived from the recombinants 17bb and
19a contained up to 10-fold higher levels of these proteins than equivalent extracts
obtained after infections with either the 1 lb or 17ah isolates. Such variations in the
level of recombinant gene expression probably reflect different DNA rearrangements
during homologous recombination which may alter regulatory sequences controlling
int-2 protein synthesis. For all subsequent experiments, the 17bb recombinant
baculovirus clone was used to express int-2 proteins in infected Sf9 cells.

4.6 Time course of int-2 protein synthesis
Although the baculovirus life cycle is usually complete after approximately 24 hours in
cultured insect cells, maximum levels of recombinant gene expression are often
achieved by subsequent re-infections, reflecting the increased number of DNA
templates available for recombinant gene transcription at later times. In order to
establish the conditions required for maximum int-2 protein synthesis, Sf9 cells were
harvested at 12-24 hour intervals after infection with the 17bb recombinant baculovirus.
Extracts were fractionated by SDS-PAGE and int-2 proteins identified by
immunoblotting with the R3P3 antiserum. As shown in Figure 4.6, int-2 polypeptides
were undetectable up to 36 hours after infection but rose rapidly to maximum levels
between 48-60 hours post infection.

4.7

Post-translational modification of int-2 proteins

Int-2 proteins with molecular weights of 27.5,28.5,30.5 and 31.5 kD were detected in
17bb-infected insect cells by immunoblotting with a range of antisera including R3P2,
MD7.3, MD8.3 and 93/2 raised against peptides 2 ,6 ,7 and 8 respectively (see Figures
3.1-2 and 4.7). To investigate whether the synthesis of multiple int-2 products reflects
post-translational modifications similar to those initially described in transfected COS-1
cells, tunicamycin was used to block N-linked glycosylation of core polypeptides.
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Figure 4.7
proteins

Post-translational modification of int-2

A. Detection of proteins with antisera raised against different int-2 synthetic peptides.
Sf9 cells were infected with wild-type AcMNPV (lanes 1) or the 17bb recombinant
baculovirus (lanes 2). After fractionated on 12.5% SDS-PAGE, the proteins were
transferred onto nitrocellulose and replica blots probed with R3P2 (peptide 2), MD 7.3
(peptide 6) or MD 8.3 (peptide 7). After incubation with 125I-Protein A, int-2 proteins
were visualised by autoradiography. The numbers on the right indicate the sizes (in
kilodaltons) of the major int-2 products, calculated relative to 14C-labelled protein
standards.
B. Effect of tunicamycin upon the post-translational modification of int-2 proteins.
Monolayer cultures of Sf9 cells were infected with the 17bb baculovirus and after 36
hours, the growth medium was supplemented with tunicamycin to a final concentration
of 1 |ig/ml. 12 hours later, cell lysates were prepared in SDS-sample buffer and
fractionated by 12.5% SDS-PAGE. Int-2 poteins were detected by imunoblotting with
antiserum 93/2 followed by 125I-Protein A and visualised by autoradiography. The
lanes marked - and + denote lysates prepared from cells grown in the absence or
presence of tunicamycin respectively. The numbers on the right indicate the sizes (in
kilodaltons) of the major int-2 products, calculated relative to 14C-labelled protein
standards.
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Insect cells were infected with the 17bb baculovirus and cultured in the presence of
tunicamycin for the final 12 hours prior to the preparation of protein extracts. Lysates
were fractionated by SDS-PAGE and int-2 polypeptides analysed by immunoblotting
with the C-terminal peptide antiserum. In untreated cell extracts, the most predominant
int-2 protein migrated with an apparent molecular weight of 28.5 kD and probably
represents the unmodified primary translation product. The two larger proteins p30.5
and p31.5 were less abundant than in transfected COS-1 cells but were sensitive to
tunicamycin. In lysates prepared from cells treated with the inhibitor, p30.5 and p31.5
were absent but a smaller 27.5 kD product appeared (see Figure 4.7B). The profile of
int-2 proteins was qualitatively very similar in baculovirus-infected insect cells and
transfected COS-1 cells (compare with Fig. 3.5-1 panel B), suggesting that equivalent
post-translational modifications, including N-linked glycosylation (p30.5 and p31.5)
and signal peptide cleavage (p27.5 and p30.5) occur in both expression systems.
However, processing of int-2 was less efficient in insect cells than COS-1 cells as
judged by the dominance of the 28.5 kD primary translation product over other forms
in both untreated and tunicamycin-treated cell extracts.

This may reflect the

phylogenetic distance separating mammals and insects; however it is more likely that
the accumulation of immature int-2 products was caused by a general inhibition of
cellular metabolism during the later stages of viral infection.

4.8

Sub-cellular fate of int-2 proteins

As an initial step to assess purification procedures, infected Sf9 cells were
homogenised in non-ionic detergent buffers and separated by low speed centrifugation
into crude nuclei and soluble products. A significant proportion of the int-2 proteins
were detected in the crude nuclear pellet. To establish whether this reflected insoluble
int-2 products released during cell lysis or proteins that associated with the nuclear
compartment during infection, a detergent-free cell fractionation protocol was used to
prepare nuclear extracts that would be essentially free of whole cells or membranes.
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Since the most critical step in this fractionation procedure was found to be the
separation of nuclei from whole cells, an study was first set up to establish the density
of sucrose required to isolate nuclei from non-lysed cells by centrifugation. Insect cell
nuclei were radiolabelled by overnight growth in the presence of 10 pCi/ml 3Hthymidine. The following day, the cells were infected with recombinant baculovirus
and recovered 48 hours later by low speed centrifugation. The pellet was resuspended
in 2 mM sodium carbonate buffer, gently disrupted in a Dounce homogeniser and the
crude nuclear pellet layered onto a 5 ml discontinuous gradient, ranging from 25-67%
(w/w) sucrose. After centrifugation for 1 hour at 100,000 x g, 0.25 ml fractions were
collected and divided either for liquid scintillation counting or sucrose density
measurement. A similar sedimentation analysis was performed on unfractionated
radiolabelled insect cells. The peak of radioactive label found in the homogenised cell
extract at sucrose concentrations of 55-60% (w/w) was probably derived from isolated
nuclei whilst the label found at sucrose concentrations of 48-50% (w/w) was coincident
with the main unhomogenised peak and represented whole cells. Using these data it
was established that a 53% (w/w) solution of sucrose would serve to separate nuclei
from whole cells.
3 x 107 insect cells were infected at a multiplicity of 20 pfu/cell with either the 17bb
viral isolate or an unrelated occlusion-negative virus obtained from Dr. I. Gloger
(ICRF). 48 hours later, the cells were washed twice in PBSA and fractionated as
described in Materials and Methods, section 2.28. Final proteins were dissolved in
equivalent volumes of sample buffer, resolved by SDS-PAGE and analysed by
immunoblotting using the C-terminal peptide antiserum. As shown in Figure 4.8A, int2 proteins were undetectable in the soluble cytosolic fraction but distributed between the
nuclear and membranous fractions derived from infected insect cells. The primary
translation product p28.5 was found almost exclusively in the nuclear compartment and
the two glycoproteins p30.5 and p31.5 localised mainly in the membrane fraction. The
asymmetrical distribution of int-2 products itself suggests that nuclear localisation is
unlikely to reflect cross-contamination of sub-cellular fractions. Although these data
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Figure 4.8

Sub-cellular fate of recombinant proteins

A. Fractionation of insect cells expressing int-2 proteins. 3 x 107 Sf9 cells were
infected at a multiplicity 20 pfu/cell either with the 17bb virus or a control occlusionnegative recombinant baculovirus. After 48 hours, the cell pellets were harvested by
low-speed centrifugation, washed in PBSA and fractionated into nuclear, membranous
and cytosolic components according to the procedure described in Materials and
Methods, section 2.28. Proteins from each sub-cellular compartment were dissolved in
equivalent volumes of SDS-sample buffer and fractionated by 12.5% SDS-PAGE.
After transfer to nitrocellulose, int-2 products were detected using the 93/2 antiserum
followed by 125I-Protein A. The position of 14C-labelled Carbonic anhydrase (30 kD)
is indicated on the left of the panel.
B. Sub-cellular localisation of CD2 proteins expressed in insect cells. 3 x 107 Sf9
cells were infected with a recombinant baculovirus encoding human CD2 proteins and
fractionated according to the protocol described above. Nuclear, membranous and
cytosolic proteins were resolved by 12.5% SDS-PAGE and CD2 antigens detected by
immunoblotting with rabbit serum raised against a C-terminal peptide (Brown et al.
1988). The figures on the left indiate the position and size in kD of 14C-labelled protein
standards. The distribution of CD2 proteins indicates that the fractionation procedure
was working effectively and that nuclear proteins were not significantly contaminated
by membrane-derived proteins.
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demonstrated a clear association between int-2 proteins and the nuclei of baculovirusinfected insect cells, it remained unclear whether this sub-cellular distribution reflected a
specific property of int-2 products or was an artefact associated with over-expression.
To address this question, Sf9 cells were infected with a recombinant baculovirus
expressing the human CD2 protein (constructed by M. Brown, ICRF) and fractionated
as described above. In mammalian T-lymphocytes, CD2 is an integral plasma
membrane protein which is synthesised by the rough endoplasmic reticulum and
transported to the cell surface via the secretory pathway. CD2 polypeptides were
detected by immunoblotting with a polyclonal antiserum raised against a synthetic
peptide derived from the carboxy-terminus (Brown et al. 1988). In contrast to int-2,
CD2 proteins were found exclusively as membranous components of the cell
homogenate (see Fig. 4.8B). These results indicate that nuclear localisation is specific
to int-2 and not a consequence of over-expression. However the inability to detect
antigens in the cytosolic fraction suggests that int-2 is either insoluble or complexed
with membrane-associated proteins in infected insect cells.

4.9 Construction of a second baculovirus expression
vector
The levels of int-2 proteins obtained with pAcC4-derived recombinant baculoviruses
were relatively low in comparison with other mammalian gene products expressed
using similar transfer vectors. It was not possible to visualise recombinant int-2
proteins either by Coomassie-blue staining or by metabolic labelling of infected cells;
expression levels were estimated at only 3-5 higher than in transiently transfected COS1 cells (data not shown). In general, the highest levels of protein expressed using
recombinant baculoviruses have been obtained with vectors that are designed to encode
fusion products in which the polyhedrin amino-terminus is joined to the foreign coding
region. Distinctly lower levels of mature foreign proteins are produced where genes
have been inserted upstream of the polyhedrin AUG start codon or in vectors that have
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deletions extending into the 5' untranslated leader sequence. These results suggest that
the entire untranslated leader and possibly sequences downstream of the polyhedrin
AUG start codon may be required for maximal expression of recombinant proteins in
infected cells. A number of transfer vectors have therefore been designed which retain
the polyhedrin untranslated leader and N-terminal coding region but direct the initiation
of protein synthesis to a new AUG codon downstream of the polyhedrin AUG. One
such vector p36C was derived from pAc360 (Smith et al. 1983) by converting the
polyhedrin ATG to ATC (Page 1989). It contains a unique Bam HI cloning site at +33
and therefore includes the first 11 amino acids of the polyhedrin coding sequence as an
extended untranslated leader.
To increase the level of expression of int-2 products, a construct was made using a
p36C-based baculovirus vector. To generate suitable restriction sites for transferring
the int-2 coding region into p36C, novel Bgl II sites (which yield Bam ///-compatible
cohesive ends) were introduced into the 5' and 3' untranslated sequences of int-2. This
was accomplished by exploiting a natural Bgl II polylinker site in pAcC5 and a second
Bgl II restriction site introduced using two complementary oligonucleotides. The int-2
coding region was then cloned into the unique Bam HI site in p36C as a 971 base pair
Bgl II restriction fragment to give the plasmid construct p36C3.2 (see Appendix Fig.
A1.7).
Wild type AcMNPV DNA and p36C3.2 plasmid DNA were introduced into cultured
insect cells as a co-precipitate with calcium phosphate. After four days, the culture
medium was harvested and infectious viral particles isolated by plaque assay. Three
recombinant occlusion negative plaques, named SI A, SIB and SIC were identified by
eye and after two rounds of purification, used to prepare high titre viral stocks. Fresh
insect cell cultures were infected at a multiplicity of 20 pfu/cell with each of these
baculoviruses and lysed in SDS-sample buffer 48 hours later. Cellular proteins were
fractionated by SDS-PAGE and analysed by immunoblotting with the C-terminal
peptide antiserum (see Figure 4.9). Int-2 proteins were detected in extracts prepared
from cells infected with two of the p36C-derived baculovirus vectors SI A and SIC but
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Figure 4.9 Expression of int-2 proteins using recombinant
p36C-derived baculovirus vectors

M

mock 17bb S1A S1B S1C

69 —

46 —

Monolayer cultures o f Sf9 cells were infected either with the 17bb baculovirus or one of the
3 recom binant vectors derived from p36C3.2 (designated SI A, S IB and S IC ). 48 hours
later cell extracts were fractionated by 12.5% S D S -PA G E and int-2 proteins detected by
immunoblotting with the 93/2 antiserum. Figures on the left of the panel indicate the size
(in kilodaltons) and position of 14C-labelled protein standards run in lane M.

at levels that were not significantly different to those observed with the 17bb
baculovirus. It remains unclear why the level of int-2 expression obtained using either
pAcC4 or p36C was lower than expected, given the widespread use of these transfer
vectors to over-express other mammalian proteins in insect cells. For example the hst
protein is structurally related to int-2 and has been purified to homogeneity from the
conditioned medium of silkworm cells infected with a recombinant baculovirus
(Miyagawa et al. 1988). Alternatively int-2 might contain hitherto unidentified poison
sequences which promote rapid turnover of the protein or it’s mRNA.

4.10

Conclusions

To provide a source of int-2 which might resemble native proteins synthesised in vivo,
baculovirus vectors were constructed and used to over-express recombinant proteins in
cultured insect cells. The primary translation product was modified by N-linked
glycosylation and signal peptide cleavage, yielding analogous proteins to those detected
in transfected COS-1 cells. Cell fractionation experiments revealed that int-2 proteins
were not present as soluble components of cell homogenates and that most of the
unmodified 28.5 kD product localised to the nucleus. The level of int-2 expression was
not sufficiently high to warrant using the baculovirus system as a source of protein for
further purification. However the identification of proteins in the nucleus of infected
insect cells prompted a reappraisal of int-2 localisation in transfected COS-1 cells.
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CHAPTER 5
IDENTIFICATION OF A SECOND
INT-2 TRANSLATION PRODUCT
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5.1

Introduction

Analysis of the predicted int-2 protein in transiently transfected COS-1 cells and in cellfree translation systems supplemented with canine microsomes established that the
primary translation product contains a signal peptide which directs vectorial synthesis
into the endoplasmic reticulum. The open reading frame utilised in these experiments
was selected on the basis of translational initiation from the first available in-frame
AUG codon. In order to enhance the initiation of protein synthesis, all int-2 leader
sequences were removed and nucleotides directly upstream of the AUG optimised for
translational initiation according to the consensus described by Kosak (1987).
However, transcription of int-2 in differentiated EC cell lines and in most MMTVinduced mammary tumours starts at three discrete promoter regions PI, P2 and P3
(Mansour and Martin 1988; Smith et al. 1988), resulting in classes of RNA which
contain additional sequences 5' to the predicted AUG initiation codon (see Fig. 5.1).
Int-2 transcripts from PI include 369 nucleotides of upstream sequence from exons la
and lb; those from P2 contain 454 nucleotides of leader sequence encoded by exon 1
and transcripts initiating at P3 are extended by an additional 97 nucleotides derived
from exon lb.

5.2 Identification of an N-terminaliy extended int-2
protein
To investigate the effect of upstream sequences on the efficiency of translation from the
predicted AUG codon, plasmid vectors were constructed by Mark Dixon (ICRF) that
contain the int-2 coding region preceded by different lengths of 5' leader sequence
(Dixon 1989). These cDNAs were inserted into pGem-based plasmid vectors to allow
the synthesis of sense RNA for translation in rabbit reticulocyte lysates. The plasmid
vector pGem3.2 was derived from pKC3.2 whilst pGem4.1 encodes cRNA that
resembles transcripts derived from the P2 promoter and includes 432 nucleotides of
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Figure 5.1 Exon structure of int-2 mRNAs in
embryonic carcinoma cell lines
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Initiation of transcription at promoters PI, P2 or P3 and termination at either A l or A2
gives rise to six distinct classes of RNA whose approximate lengths are indicated on the
right The major int-2 open reading frame is represented by shading and the length of
nucleotide sequences upstream of the predicted AUG initiation codon is also shown.
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int-2 leader sequence (see Fig. 5.2-1 A). Sense strand cRNA was transcribed from
pGem3.2 and pGem4.1 and used to programme the synthesis of int-2 proteins in rabbit
reticulocyte lysates in the absence of canine microsomes. The products were
fractionated by SDS-PAGE and the 35S-labelled proteins visualised by autoradiography
(Fig. 5.2-IB). cRNA synthesised from both plasmids yielded the expected primary
translation product p28.5, although at approximately four-fold greater levels in the
lysate programmed with cRNA derived from pGem3.2. However the proteins encoded
by the two cDNAs were also qualitatively different in that an additional translation
product with an apparent molecular weight of 31 kD was observed in lysates
programmed with cRNA from pGem4.1. Since the RNAs encoded by pGem3.2 and
pGem4.1 differ only in the sequences preceding the AUG initiation codon, one
possible explanation for the larger 31 kD protein is that it represents initiation of protein
synthesis at an alternative codon in the 5' leader sequence. However with the exception
of the AUG situated 8 nucleotides upstream of the int-2 translational start site and in the
+1 reading frame, additional AUGs are not found in the longer cDNA of pGem4.1.
The extended sequences were therefore examined for the presence of non-AUG triplets
which might function as translational start signals. Initially this search was restricted to
the codons ACG and CUG since these had previously been shown to serve as initiation
sites for protein synthesis in eukaryotic cells. Translation of the 67kD human c-myc
polypeptide begins at a CUG (Hann et al. 1988) whilst the Sendai virus C protein and
one of the adeno-associated virus capsid proteins both initiate at an ACG (Becerra et al.
1985; Curran and Kolakofsky 1988). As shown in Figure 5.2-2, an in-frame CUG
codon was noted 87 nucleotides upstream of the predicted int-2 AUG start codon;
initiation of translation at this CUG would yield proteins extended by 29 amino acids at
the amino terminus and might account for the additional 31 kD product encoded by
pGem4.1.
To investigate whether int-2 protein synthesis initiates at alternative codons, mutant
cDNAs were constructed by Mark Dixon in which the CTG and/or ATG were altered
by oligonucleotide-directed mutagenesis to TTG and/or ATC respectively (Dixon
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Figure 5.2-1

Translation of cloned int-2 se q u e n c e s in
vitro

Sense strand RNA transcribed from two cDNA constructs (designated pGem4.1 and
pGem3.2) that differed in the lengths of 5' int-2 sequences preceding the presumed
AUG initiation codon were compared in their ability to direct the synthesis of int-2
proteins in rabbit reticulocyte lysates.
A. The extended cDNA contained in pGem4.1 includes 432 base pairs of 5f sequence
up to the Sma I site (nucleotide 1342) in exon 1. In contrast pGem3.2 contains only 17
base pairs of upstream sequence and has been altered to optimise translational initiation
at the AUG (see Fig. 3.2-IB). pGem3.2 was constructed by transferring a Bgl II-Eco
R I fragment from pKC3.2 into the Bam HI-Eco RI sites in plasmid pGem3. To
reconstitute the upstream sequences in pGem4.1, a Sma I-Eco RI fragment (nucleotides
1834-6268) was transferred into plasmid pGem3 together with the Sma I fragment
(nucleotides 1342-1834) from int-2 genomic DNA (Dixon, 1989).
B. Plasmid DNAs were linearised with Eco RI and transcribed in vitro using SP6
RNA polymerase. Aliquots of RNA were used to programme protein synthesis in
rabbit reticulocyte lysates in the presence of 35S-methionine and the translation products
treated with Ribonuclease A as described in Chapter 3, section 3.2. The lysate was
then fractionated by SDS-PAGE in a 12.5% gel and the labelled products visualised by
autoradiography. The sizes of the major int-2 proteins (in kilodaltons) shown on the
right were calculated relative to 14C-labelled protein standards run in lane M.
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Figure 5.2-2

lnt-2 seq u en ces upstream of th e AUG
initiation codon

M A R G R V L P A P R L R E
CCACAGTCGAGCCGGCCTGGCGCGCGGGCGTGTGCTCCCAGCGCCGCGCCTTCGTGAG

T R A G A A A A A G G R D A G M G L I W
ACCCGCGCTGGCGCAGCAGCCGCTGCGGGCGGGCGCGATGCCGGGATGGGCCTGATCTGG
iiiiittiifimiiiiiimiiiiiimiiiiiiiitiii

L L L L S L L D P S W P T T G P G T R L
CTTCTGCTGCTCAGCTTGCTGGAACCCAGCTGGCCAACTACGGGGCCCGGGACGCGACTA
iiiiitiitiiiiiiiiiiiiiiiiiiiiiiiitiitiiiiiiiiiiiiiiiiiiiitiitiiiiiiiiitiiiiitiiiiiitniitiiiitiiitiiittiiiti

The sequence of mouse int-2 cDNA is shown beginning at the 5’ end of exon lb,
indicated by the open box and extending to nucleotide 1848 (Moore et al. 1986). The
amino acids encoded in the main open reading frame are shown in single letter code
with the ATG translational start site boxed. The signal peptide encoded by the 28.5 kD
primary translation product is underlined and the candidate CTG initiation triplet
indicated by *
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1989). See Fig. 5-2-3A. However when tested in reticulocyte lysates, these constructs
retained the ability to encode both the 28.5 kD primary translation product and the
larger 31 kD protein (data not shown).

Since cell-free systems are prone to

promiscuous recognition of initiator codons, the mutant cDNAs were therefore
introduced into an SV40 based plasmid vector which would allow expression of int-2
proteins in transiently transfected COS-1 cells. The Asn-Gln mutation of the Nglycosylation site was also incorporated into these cDNAs since the 31 kD product
identified in vitro was otherwise predicted to comigrate with one of the glycosylated
forms of int-2 synthesised from the AUG codon. These expression vectors were
transfected into COS-1 cells and the int-2 products detected by immunoblotting with the
C-terminal peptide antiserum (see Fig. 5.2-3B). The plasmid pKC4.1Q which contains
normal int-2 upstream sequences but a mutated N-linked glycosylation site, encoded
two main products p28.5 and p31, equivalent to the proteins specified by cRNA
derived from pGem4.1 (see Fig. 5.2-IB). By analogy to the proteins detected in COS1 cells transfected with pKC3.2 and pKC3.2Q (see Fig. 3.5-1), the 27.5 kD protein
presumably reflects cleavage of the signal peptide from p28.5. Plasmid pKC4.2Q, in
which the AUG codon has been mutated to AUC yielded only trace amounts of the
27.5 and 28.5kD products whilst the levels of p31 remained unaffected. Conversely,
replacing the CUG codon with UUG in plasmid pKC4.3Q dramatically reduced the
expression of p31 but did not alter the expression of the smaller 27.5 and 28.5kD
products. The double mutant pKC4.4Q with both predicted initiation codons changed
gave only trace amounts of int-2 expression. This results are consistent with previous
reports that AUC and UUG codons in a favourable context can function as weak
initiators for translation in primate cells (Peabody 1989). These data also show that int2 proteins are synthesised from two initiation codons; in addition to the predicted AUG,
initiation at an upstream CUG results in the synthesis of proteins which are extended by
a further 29 amino acids at the N-terminus.
RNA transcripts starting at the three int-2 promoter regions PI, P2 and P3 all retain the
capacity to encode both primary translation products. However they differ in the
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Figure 5.2-3 E xpression of m utated int-2 cDNAs in
COS-1 cells
A. The int-2 coding sequences are depicted diagramaticaUy as shaded lines in which
relevant nucleotide triplets are indicated with respect to the initiator methionine codon at
position +1. The amino acid encoded by each codon is indicated underneath and
sequences shown in bold represent deviations from the the original int-2 cDNA. The
construct KC4.1 is based on the expression vector pKC4 and contains int-2 sequences
identical to those found in pGem4.1 (see Fig. 5.2-1 A). Point mutations in the AUG
and CUG initiation codons were made using an oligonucleotide-directed mutagenesis
kit and performed on the Sma I fragment (nucleotides 1342-1834) cloned into an M l 3
vector (Dixon, 1989). Mutated sequences were then reintroduced into KC4.1 as 492
base pair Sma I fragments. Substitution of the glycosylation site was achieved by
transferring a Cla I-Apa I fragment (containing the entire SV40 promoter region and
extending to nucleotide 1835 in exon 1/lb of int-2) from each pKC4-based construct to
equivalent sites in pKC3.2Q (see Chapter 3, section 3.5).
B. Proteins expressed in COS-1 cells transfected with the different cDNAs shown
above were analysed by SDS-PAGE and immunoblotting using antiserum raised
against the C-terminal peptide. Lane 1 shows the results obtained with the pKC4
vector alone, whereas subsequent lanes correspond to proteins encoded by KC4.1Q
(lane 2), KC4.2Q (lane 3), KC4.3Q (lane 4) and KC4.4Q (lane 5). Track M shows the
14C-labelled protein standards. The sizes (in kilodaltons) and positions of the major int2 proteins is indicated on the right.
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Figure 5.2*4 Prom oter dom ains for int*2 transcription

P1>GACAGACCACTCCCACTTAAGGTGTGCAAACTTCCTGTGCTACCTTCTGGTCAGTTAGGTAGCTTCGAGCTTAGAGTCCC

TGGGCCGTTGGGCCACAAGACTGGACGCCTGAGGACCGCTCTGCGGTGTGAGAAGCGACCTGCACGAACCCAACCCCGGG

CTCCCCACGCACCGCCCTCCGCAATTGCTCTGGATTAGGCGCCGCCTTTCATGAGCGTTTGTCAGCTAGACTTCCCCGCA

AGTTGTTTGCGCAGACATCAGTCATCCACAGTCCCATTGTGCACCCAGGATT^^STAAGGCGGGAGGGGGTGACAGGGC

CTGGGGGCGGTTGCCTTTAGGCCTCGCTCTATAATTTTCCGAGGCATAATTGGTCTGGGGGCGGGGGCGGGGCGGGGACC

P 2 ^
TTTCAGAGGCGGGAGGGGGCTCAGGGCGCACGGCGGAGGAGCGGCGGCCCGACGGCTCTGGCCCGGGAGCTGTGCGCAGG

CGACGCCCGGCCTGAGTCCCGCGCCCCCGCCAGGGACCACGGCCGCCTTTTGTTGTCAAGCGCCCTTTCTTCAGAACTGT

GTTCGGCAAAGAAACACGACCCCCATTCCTGGGTGAAAATTCAAAGTCTTCTTTCTCCATCTCCCTCTCCTCTTTCTTGT

CTTCTCTCCACTATCTCTTCCCCTCTCCTGCTCCACCCGTCCTTATCTCCATCTCCACCTCTCTCCACCTCTCCCTGTCT

P 3 ^CACAGTCGA
CCCCTCCTCTTCCTCCCTCCCCTGTCTCCCACCTCTTCCCGGTCCCCCTCTCCCTCCCTTCCTCTCCTA G^CAC

GCCGGCCTGGCGCGCGGGCGTGTGCTCCCAGCGCCGCGCCTTCGTGAGACCCGCGCTGGCGCAGCAGCCGCTGCGGGCGG

GCGCGATGCCGGGATGGGCCTGATCTGGCTTCTGCTGCTCAGCTTGCTGGAACCCAGCTGGCCAACTACGGGGCCCGGGA

The genomic sequence of int-2 extending from nucleotides 881-1840 (Moore et al.
1986) with the major start site for each promoter domain identified with an arrow.
Splice donor and acceptor sites are depicted as open boxes and the CUG and AUG
initiation codons surrounded by bold shaded lines.
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Figure 5.2-5

Effects of upstream se q u en ces on int-2
translation

A. The exon structure of int-2 is shown with the position of oligonucleotide primers
(arrows) used to amplify sequences from each promoter region as indicated. The
initiation codons (CUG and AUG) and termination codon (TGA) are marked and the
extent of the open reading frame shown by stippling. All three PCR reactions
contained the same 3’ primer complementary to nucleotides 1866-1890 but used
differed upstream primers as shown below. In each case the terminal nucleotides
corresponded to the int-2 published sequence as indicated below (Moore et al. 1986).
Bglll
P1

5 ' -TC TA G A TC TA C TTC C TG TG C TA C C TTC TG G TC A G -3'

Xbal

I

I

(910)

(934)

Bglll

P2

5 ' -TCTAGATCTAGCGGCGGCCCGACGGCTCTGGCCC-3'

Xbal

I

I

(1320)

(1344)

Bglll

P3

5 ' -TCTAGATCTCCACAGTCGAGCCGGCCTGGCGCGC-3’

Xbal

I
(1671)

I
(1695)

Constructs which resemble int-2 RNAs from PI were amplified using cDNA prepared
from differentiated F9 cells whilst P2- and P3-like cDNAs were derived from a cloned
int-2 genomic DNA fragment. Amplified sequences were digested with Bgl II and Apa
I and ligated into equivalent sites in the intermediate construct Gem4321Q (similar to
Gem4321 - see Appendix, Fig. A1.3 - but containing the Asn-Gln substitution of the
N-linked glycosylation site). To reconstitute the int-2 coding region, the extended
sequences were then transferred as Sac I fragments into pKC3.2 to generate pKPlQ,
pKP2Q and pKP3Q, representing cDNAs from PI, P2 and P3 respectively.
B. The various cDNAs were introduced into COS-1 cells by electroporation and the
products analysed by SDS-PAGE and immunoblotting using the C-terminal antiserum.
This panel shows the results using the vector pKC3 (lane 1), pKPlQ (lane 2), pKP2Q
(lane 3) and pKP3Q (lane 4). The sizes of the major int-2 products is shown on the
right, calculated with respect to the 14C-labelled proteins run in lane M.

int-2 coding sequences

□

untranslated sequences

sequences which precede the upstream CUG codon; initiation at P3 results in RNAs
that contain only 10 nucleotides of 5' sequence while transcripts from P2 are extended
by a further 357 nucleotides. Those RNAs starting at PI however contain an additional
266 nucleotide exon which is spliced into an acceptor site located 6 nucleotides
upstream of P3 (see Fig. 5.2-4). To investigate whether these differences have any
effect upon the initiation of translation at either CUG or AUG codon, a new set of
plasmids was constructed which more accurately reflect the exon structure of mature
int-2 RNAs. The alternative upstream sequences were generated by the polymerase
chain reaction (PCR) using 51 primers which include the major cap site of each
promoter and a common 3* primer which annealed downstream of a unique Apa I
restriction site in exon 1/lb (see Fig. 5.2-5A). Amplified sequences were joined to the
body of the protein at this Apa I site and the int-2 cDNAs subcloned into the SV40based expression vector pKC3. In order to simplify the analysis of int-2 proteins, the
mutated glycosylation site was also incorporated into each plasmid. The plasmids
pKPlQ, pKP2Q and pKP3Q therefore contain the entire int-2 coding region within the
context of cDNAs that resemble transcripts from promoters PI, P2 and P3 respectively.
Following transfection into COS-1 cells, int-2 products were analysed by
immunoblotting using the C-terminal peptide antiserum ( see Fig. 5.2-5B). The 27.5
kD, 28.5 kD and 31 kD products were detected in lysates prepared from cells
transfected with all three int-2 cDNAs; however despite minor quantitative differences
in the overall levels of synthesis, the int-2 proteins were otherwise equivalent to those
encoded by pKC4.1Q (Fig. 5.2-3B). Thus the multiple classes of int-2 transcripts
detected in differentiated EC cells and in MMTV-induced tumours appeared to retain the
same protein coding potential.
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5.3

Identification of the amino acid encoded by the

CUG initiation codon
During the elongation phase of protein synthesis, CUG codons specify the addition of
leucine residues to the growing polypeptide chain. However initiation of translation at
CUG triplets must involve base mismatches in codon-anticodon interactions since the
eukaryotic pre-initiation complex is already primed with Met-tRNAMel (Hunter et al.
1977; Trachsel et al. 1977). To determine whether N-teiminally extended int-2 proteins
utilise methionine or leucine as the initiating amino acid, the 31 kD primary translation
product was analysed by radiolabelled amino acid sequencing. cRNA encoded by
pGem4.1 was used to programme the synthesis of int-2 proteins in a rabbit reticulocyte
lysate supplemented with 3H-leucine and 35S-methionine and the translation products
separated by SDS-PAGE. After transfer to a PVDF a membrane, the 31 kD protein
was visualised by autoradiography, excised from the blot and covalently linked to the
membrane support as described in Materials and Methods, section 2.33. The protein
was subjected to repeated N-terminal degradation in an automated sequencer and
fractions counted in liquid scintillant with energy windows set to distinguish between
3H- and 35S-derived emissions. As shown in Fig. 5.3A, the peaks of radioactivity
derived from 3H-leucine residues in cycles 6 and 11 indicate that the initiator amino acid
had been removed, exposing an alanine residue at the amino terminus. The cleavage of
N-terminal methionine residues has been widely described in prokaryotic and
eukaryotic systems and is thought to take place during the early stages of peptide
elongation. The specificity of cleavage is determined largely by the character of the
second amino acid since small, uncharged residues such as Ala, Gly and Val promote
removal whereas bulky hydrophobic and positively charged amino acids such as Leu,
Arg and Lys protect the initiator methionine (Flinta et al. 1986). In order to preserve
the amino acid encoded by the int-2 CUG initiation codon, a mutant was constructed in
which the alanine codon at +2 was changed to one encoding lysine. Mutated sequences
were amplified by PCR using a 5' primer that contains two nucleotide mismatches
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Figure 5.3 Identification of the amino acid encoded by
the CUG initiation codon
A. Radiosequencing profile of N-terminally extended forms of int-2. cRNA encoded
by pGem4.1 was used to programme protein synthesis in a rabbit reticulocyte lysate
supplemented with 0.6 mCi/ml 35S-methionine (lOOOCi/mmol) and 1 mCi/ml 3Hleucine (120-190Ci/mmol). The translation products were fractionated by SDS-PAGE
and after transfer to a PVDF membrane, the 31 kD protein was sequenced as described
in Materials and Methods, section 2.33. The 3H-derived radioactivity present in each
cycle has been aligned with the amino acid sequence of int-2 in single letter amino acid
code and the unidentified initiator residue indicated with an asterisk.
B. To replace the second amino acid, the amino terminal 71 codons of p31 were
amplified from pGem4.1 by PCR using a 5' primer which extended to a natural Nae I
restriction site located directly upstream of the CUG codon as shown below;

Nae I

Lys

5 ' — AGTCGAGCCGGCCTGAAGCGCGGGCGTGTG — 3 !

The 3' primer annealed to nucleotides 1866-1890 in exon 1/lb. Amplified sequences
were digested with Nae I and Apa I and ligated into equivalent sites in pGem4.1. This
panel shows the radiosequencing profile of the 31 kD product encoded by
pGem4.1Lys, translated in the presence of 3H-leucine or 35S-methionine.
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across the alanine triplet and extended to a Nae I restriction site directly upstream of the
CUG initiation codon. Amplified sequences were joined to the body of the coding
region at the Apa I restriction site in exon 1/lb generating the plasmid vector
pGem4.1Lys which was identical to pGem4.1 outside of the substituted alanine codon.
cRNA derived from pGem4.1Lys was used to programme the synthesis of int-2
proteins in a reticulocyte lysate in the presence of either 35S-methionine or 3H-leucine
and N-terminal sequence obtained from the 31 kD product. As shown in Fig. 5.3B,
the release of 35S-labelled material in the first cycle and the detection of major 3Hderived peaks at cycles 7 and 12 demonstrates that the int-2 CUG initiation codon
encodes a methionine residue.

5.4 Modification of N-terminally extended int-2
proteins in vitro
The use of the alternative CUG initiation codon raises the question of what effect the 29
amino acid N-terminal extension might have on the function of the signal peptide
encoded immediately downstream of the AUG codon. Since almost all known signal
sequences reside at the amino terminus, it was pertinent to establish whether the int-2
signal sequence was still functional when positioned internally by translational initiation
at the upstream CUG codon. To address this question, the CUG-initiated open reading
frame contained within pKC4.2 was subcloned into a plasmid vector that would permit
the synthesis of RNA for translation in vitro. This was accomplished by digesting
pKC4.2 with Eco RI followed by partial digestion with Sma /; the 1.45 kb fragment
containing the extended open reading frame was then ligated into pGem3, yielding the
construct pGem4.2 (Dixon 1989). Substitution of the N-linked glycosylation site was
achieved by subcloning an Apa l-Eco RI restriction fragment from pKC3.2Q (see Fig.
3.5-1C) into pGem4.2. Preliminary experiments indicated that mutation of the
upstream CUG codon to UUG which served to abolish synthesis of N-terminally
extended proteins in COS-1 cells, only partially abrogated initiation at this site in
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Figure 5.4 Post-translational modification of N-termnally
extended proteins in vitro
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glycosylated and non-glycosylated forms o f AUG-initiated int-2 were encoded iy
T7(3Sal3.2 and T 7pSal3.2Q respectively and the equivalent N-terminally extentcd
proteins were encoded by pGem4.2 and pGem4.2Q (see text). Translation reactions
were supplemented with 35S-methionine and the labelled products analysed by SDSPAGE in a 12.5% gel follow ed by autoradiography. The sizes o f the major CU3initiated proteins are indicated on the right compared to 14C-labelled protein standards
run in lane M.

reticulocyte lysates (data not shown). Similar findings have been reported for a variety
of other non-AUG triplets which function as initiation codons in cell-free systems but
not in transfected mammalian cells (Peabody 1989). Therefore to compare the
processing of AUG and CUG-initiated proteins in vitro, the T7pSal3.2 and
T7pSal3.2Q plasmid vectors (see Fig. 3.2-2) which do not contain the upstream
sequences containing the CUG initiation site were used to encode AUG-initiated
products rather than cDNAs based on pKC4.1. Sense RNA was transcribed from
linearised plasmid DNA templates and used to programme the synthesis of int-2
proteins in reticulocyte lysates with or without microsomes (see Fig. 5.4). As
previously shown in Fig. 3.3, the major protein detected with T7pSal3.2 and
T7pSal3.2Q in the absence of canine microsomes is the 28.5 kD primary translation
product initiated at the AUG codon. In the presence of microsomes, cRNA from
T7pSal3.2 results in the synthesis of two glycosylated derivatives p30.5 and p31.5
while the glycosylation mutant T7pSal3.2Q encodes a smaller 27.5 kD protein which
represents signal peptide cleavage. In the absence of added microsomes, cRNA
derived from pGem4.2 encodes a single 31 kD protein as expected. On addition of
microsomes to the translation reaction, at least two additional proteins were detected;
these included a 34 kD species and a lower molecular weight product of p30.5 kD
which is only marginally smaller than p31. In the absence of glycosylation, as
determined by translations performed with cRNA derived from the glycosylation
mutant pGem4.2Q, only two proteins were observed; the 31 kD primary translation
product and a smaller 27.5 kD molecule. These data suggest that the 34 kD protein is
generated by N-glycosylation of the CUG-initiated 31 kD product and that p30.5 is
derived from p34 by signal peptide cleavage at the site used by AUG-initiated forms of
int-2, in effect yielding equivalent 30.5 kD fully processed polypeptides. Similarly, the
27.5 kD product most likely represents cleavage of the extended signal peptide from
p31. Thus it would seem that in rabbit reticulocyte lysates, CUG-initiated forms of int2 are processed by N-glycosylation and signal peptide cleavage in a similar fashion to
the proteins initiated at the internal AUG codon.
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5.5 Post-translational modification of CUG-initiated
int-2 in transfected COS-1 cells
In rabbit reticulocyte lysates, the additional 29 amino acids encoded by CUG-initiated
proteins appears to have little effect upon the properties of the internalised signal
peptide. To investigate whether these findings also apply to int-2 proteins synthesised
in a cellular environment, experiments were designed to assess the function of the
signal sequence contained within CUG-initiated products. Initially to enhance the
synthesis of N-terminally extended proteins, the CUG codon was altered to AUG and
the guanine base at -2 changed to cytosine according to the consensus for optimal
translational initiation defined by Kosak (1987). See Fig. 5.5A. In addition, the
downstream AUG was changed to an AAG triplet which does not function as an
intiation codon in mammalian cells (Peabody 1989). These substitutions were
engineered by Frances Fuller-Pace (ICRF) using an oligonucleotide-directed
mutagenesis kit and the extended open reading frame inserted into pKC4 as an Xba IEco RI restriction fragment to give the expression vector pKC120. The Asn65-Gln
mutation was subsequently introduced into pKC120 as an Apa I-Eco RI restriction
fragment derived from T7pSal3.2Q. pKC120 and pKC120Q plasmid DNAs were
transfected into COS-1 cells by electroporation and cell extracts analysed by
immunoblotting 60 hours later. To detect int-2 proteins, replica membranes were
probed either with antibodies raised against the C-terminal peptide or a rabbit serum
raised against a peptide from the N-terminal extension (David Macallan, ICRF).
Lysates prepared from cells transfected with pKC120 contained two major int-2
polypeptides which were recognised by both antisera; a predominant 31 kD protein and
a less abundant 34 kD product (see Fig. 5.5B). By analogy to the N-terminally
extended forms of int-2 synthesised in vitro, p34 represents a glycosylated derivative of
the 31 kD primary translation product. This was confirmed by analysis of int-2
proteins encoded by pKC120Q. In the absence of glycosylation, p34 was no longer
detected although the anti C-terminal antiserum now recognised a second low

150

Figure 5.5 Post-translational modification of Nterminally extended proteins in transfected COS-1
cells.
A. Upstream int-2 sequences encoded by the expression vector pKC120 beginning at
the 5' end of exon lb (indicated by the open box) and extending to nucleotide 1785.
Point substitutions introduced by oligonucleotide-directed mutagenesis are indicated by
an asterisk together with the identity of the original base underneath. The amino acid
sequence is shown in single letter code and the peptide used to raise antibodies against
N-terminally extended forms of int-2 is overlined.
B. Int-2 proteins encoded by pKC120 and pKC120Q were detected by
immunoblotting using antiserum raised against the C-terminal peptide (C-t) or a peptide
from the CUG-specific extension (N-t). The sizes of the major int-2 proteins are
indicated in kilodaltons on the right of the panel.
C. Identification of the signal peptide cleavage site in N-terminally extended forms of
int-2. The c-myc epitope tag described in Chapter 3, section 3.5 was subcloned into
pKC120Q as a Kpn I-Eco RI fragment and the resulting expression vector transfected
into COS-1 cells. 60 hours later, the culture medium was supplemented with 100
p.Ci/ml 35S-labelled methionine and cysteine (1100 Ci/mmol) and 250 jiCi/ml 3Hleucine (120-190 Ci/mmol). The cells were incubated for a further 3 hours and then
lysed in RIPA buffer. Int-2 fusion proteins were immunoprecipitated with ascites fluid
prepared from the 9E10 hybridoma, fractionated by SDS-PAGE and electroblotted onto
a PVDF membrane. The 27.5 kD int-2 protein was visualised by autoradiography and
amino terminal sequence obtained as described in Materials and Methods, section 2.33.
The 3H-derived radioactivity indicated for each cycle is shown aligned with the Nterminally extended region of int-2 given in single letter amino acid code.
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abundance protein which migrated with an apparent molecular weight of 27.5 kD. This
product was not detected with antibodies raised against the N-terminal peptide but
comigrated with unglycosylated, cleaved forms of int-2 synthesised from the
downstream AUG codon. These data suggest that N-terminally extended polypeptides
encode a signal sequence which is proteolytically removed at approximately the same
site in both CUG and AUG-initiated proteins. To determine whether the cleavage site
was in fact identical in both forms of int-2, the amino terminus of p27.5 synthesised
from the upstream initiation codon was isolated and subjected to radiolabelled amino
acid sequencing. In the absence of a good immunoprecipitating antiserum against int-2,
an alternative strategy was therefore required to isolate the protein. This was achieved
by introducing a short motif derived from the human c-myc gene encoding the epitope
for a high-affinity monoclonal antibody into the int-2 coding region of pKC120Q. The
nucleotide sequence encoding the c-myc epitope tag described in Appendix Fig. A 1.2
was subcloned into pKC120Q as a Kpn I-Eco RI restriction fragment derived from
pKC3.2myc. COS-1 cells were transfected by electroporation with pKC120Qmyc and
after 60 hours the cells were labelled with 35S-methionine/cysteine and 3H-leucine
before lysis in RIPA buffer. The cell extracts were clarified by centrifugation,
incubated with ascites fluid prepared from the 9E10 hybridoma and immune complexes
collected on Protein G-sepharose beads as described in Materials and Methods, section
2.30. After fractionation by SDS-PAGE and electroblotting onto PVDF membrane, the
27.5 kD protein was subjected to repeated N-terminal degradation in an automated
sequencer. As shown in Figure 5.5C, the major peaks of 3H-leucine-derived
radioactivity occured in cycles 8 and 22. Alignment with the predicted amino acid
sequence identifies the threonine at position 47 as the most likely amino terminal
residue and thus establishes that the signal peptide cleavage site is identical for both
AUG- and CUG-initiated products.

152

5.6

Sub-cellular fate of int-2 proteins in transfected

COS-1 cells
Although both AUG- and CUG-initiated forms of int-2 contain a signal peptide which
specifies entry into the endoplasmic reticulum, it was clear from the relative abundance
of proteins detected by immunoblotting that the N-terminally extended products were
modified inefficiently compared to the AUG-initiated counterparts. To investigate the
basis for this observation, the sub-cellular distribution of CUG-initiated products was
examined in transfected COS-1 cells by immunofluorescence. For this experiment,
cDNAs were used which contained the point mutations in either initiation codon but
retained the N-linked glycosylation site at Asn65 (see Fig. 5.2-3). Cells were
electroporated with ihe pKC4.2 and pKC4.3 constructs, encoding glycosylated forms
of the CUG- and AUG-initiated products respectively and grown on glass coverslips
for 60 hours. The cell monolayers were fixed in paraformaldehyde, permeabilised with
Triton X-100 and probed with affinity-purified C-terminal peptide antibodies. Immune
comlexes were detected with rhodamine-conjugated swine antibodies raised against
rabbit immunoglobulins and int-2 proteins visualised by fluorescence microscopy using
a Zeiss microscope (see Fig. 5.6-1). As expected, cells transfected with pKC4.3
which contains only the AUG intact gave a reticular and perinuclear staining which is
characteristic of the endoplasmic reticulum and Golgi and similar to the distribution of
int-2 proteins encoded by pKC3.2 (see Fig. 3.7-1). In contrast, cells expressing the
pKC4.2 mutant which retains only the upstream CUG codon showed a light
cytoplasmic staining but a marked nuclear fluorescence and in some cells, staining was
distinctly concentrated in the nucleoli. These results were also obtained when plasmid
DNAs were introduced with a calcium phosphate precipitate or if the cells were fixed in
methanol and acetone as an alternative to paraformaldehyde. Similarly, the monoclonal
antibody MSD-1 (Dixon 1989) which recognises an internal int-2 epitope defined by
peptide 2, gave a similar result and was also blocked by pre-incubation with excess
peptide (data not shown). As further confirmation of the intracellular localisation
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Figure 5.6-1 Sub-cellular localisation of int-2 proteins
by indirect immunofluorescence
The panels show phase contrast (a, c and e) and corresponding fluorescence (b, d and
f) micrographs of COS-1 cells transfected with pKC4.3 (a and b), pKC4.2 (c and d)
and pKC4 (e and/). COS-1 cells were electroporated with plasmid DNAs and grown
for 60 hours on glass coverslips. The localisation of int-2 proteins was determined by
indirect immunofluorescence as described in Materials and Methods, section 2.27 using
affinity purified antibodies raised against the C-terminal peptide. The panels show
representative fields of cells photographed with a Zeiss Axiophot microscope.
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pattern observed, cell fractionation experiments were performed to examine the partition
of int-2 products between nuclear, cytosolic and membranous compartments as
described in Materials and Methods, section 2.26. COS-1 cells were electroporated
with plasmid cDNAs which contained point mutations in either initiation codon,
encoding glycosylated and non-glycosylated derivatives of each int-2 product and lysed
by homogenisation in a hypotonic sodium carbonate buffer. The crude nuclear pellet
was obtained by spinning the homogenate at 1000 x g for 10 minutes and the
supernatant fractionated into membrane and cytosolic components by high speed
centrifugation. The nuclei were further purified by centrifuging the resuspended crude
nuclear extract through a 61.5% (w/w) sucrose cushion at 80,000 x g for 1 hour and
any loosely associated membranes were removed by treatment with a solution of 2%
(w/v) CHAPS. The fractionated cell extracts were dissolved in equivalent volumes of
SDS-sample buffer and the proteins resolved by SDS-PAGE. The int-2 polypeptides
were detected by immunoblottting with the C-terminal peptide antiserum (see Fig. 5.6-2
panel A). Glycosylated derivatives of the AUG-initiated protein p30.5 and p31 and the
CUG-initiated forms p34 and p30.5 were exclusively membrane-associated.
Approximately 50% of the int-2 products encoded by the pKC4.2 and pKC4.2Q
cDNAs were detected in the nuclear fraction whilst in excess of 95% of those proteins
derived from pKC4.3 and pKC4.3Q were detected in the membrane pellet. Int-2
proteins were undetectable in the cytosolic fraction (data not shown). To assess the
purity of sub-cellular fractions, replica immunoblots were probed with antibodies raised
against components of the nuclear, membrane and cytosolic fractions. For the nucleus
and cytosol, a monoclonal antibody was used which recognises an N-terminal epitope
common to SV40 large T and small t antigens (Harlow et al. 1981). The large T
protein resides in the cell nucleus whilst the small t antigen is cytosolic; both are
constitutively expressed by COS-1 cells. As shown in Fig. 5.6-2 panel B, the 94 kD
large T antigen was almost exclusively nuclear although small amounts were detected in
sub-cellular fractions enriched for surface membranes, consistent with previous reports
(Soule and Butel 1979). As expected, the small t antigen was restricted to the cytosolic
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Figure 5.6-2
COS-1 cells

Sub-cellular fractionation of tran sfected

Panel A. Immunoblot of nuclear, membrane and cytosolic fractions from COS-1 cells
transfected with int-2 cDNAs. 60 hours after electroporation, COS-1 cells were
fractionated according to the procedure described in Materials and Methods, section
2.26. Proteins from each sub-cellular fraction were then dissolved in equivalent
volumes of SDS-sample buffer and analysed by immunoblotting using the C-terminal
antiserum. Int-2 proteins encoded by pKC4.2 and pKC4.2Q were synthesised almost
exclusively from the upstream CUG whilst the pKC4.3 and pKC4.3Q constructs
encoded mainly smaller AUG-initiated forms of int-2. The sizes of the major int-2
proteins are shown (in kioldaltons) on the right of each panel.
To establish the purity of sub-cellular fractions, replica blots were probed with a
monoclonal antibody against both SV40 tumour antigens (panel B) or a polyclonal
antiserum raised against the canine docking protein (panel C). In each case the major
polypeptides recognised are indicated with an arrow.
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fraction. The purity of the membrane fraction was established using a polyclonal serum
raised against the canine docking protein (Hortsch et al. 1985) which was provided by
John Armstrong (ICRF). This is an integral polypeptide which serves as the receptor
for the signal recognition particle and is found only in the rough endoplasmic reticulum.
Although the 73 kD protein is extremely susceptible to endogenous proteolysis, the
major 27 kD degradation product (which retains the transmembrane domain) was
restricted almost exclusively to the membrane fraction (see Fig. 5.6-2 panel C).
The sub-cellular localisation of int-2 proteins in fractionated COS-1 cells is therefore
consistent with the results of previous immunofluorescence experiments. In summary
these data established that translational initiation at the upstream CUG codon results in
the synthesis of int-2 proteins which accumulate in the nucleus and the secretory
pathway. This contrasts with AUG-initiated forms of int-2 which are detected only in
the secretory pathway. Choice of initiation codon has been shown to influence the subcellular fate of several other eukaiyotic proteins, notably basic FGF, Hepatitis B virus
core antigen and the rat prostatic protein probasin (discussed in chapter 7). For all of
these proteins, it remains to be established whether the existence of overlapping
primary translation products with alternative sub-cellular fates is relevant to the
biological properties of the gene. For int-2, the AUG-initiated protein is likely to
function as a secreted signalling factor which is consistent with the known properties of
other FGF-related proteins. The N-terminally extended form which at least in part
localises to the cell nucleus presumably has another function although at present this
remains unknown.

5.7 Expression of int-2 proteins in CHO cells
The use of plasmid vectors containing the SV40 origin of replication gives only
transient expression of recombinant proteins in COS-1 cells. Transfected DNA is
greatly amplified and the cells usually die several days after transfection, presumably
because they cannot tolerate such high levels of episomally replicating DNA.
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Furthermore recombinant proteins may reach a level which distorts their normal
properties. An alternative expression system was therefore sought which would allow
investigation of translational initiation and sub-cellular localisation of int-2 proteins in
stably transfected cells lines. Initially plasmid vectors based on the retroviral vector
pDO-BS (Morgenstem and Land 1990) were used to over-express int-2 cDNAs in
NIH3T3 fibroblasts.

However specific proteins were not detected either by

immunoblotting or immunofluorescence (data not shown). Consequently a second
expression vector was obtained which exploits more powerful cw-acting regulatory
sequences, in this case derived from the human cytomegalovirus (CMV). This vector
also incorporates a selectable marker which can be used to direct controlled
amplification of cDNA templates in transfected cells.
Glutamine is a key metabolite in a number of biosynthetic and catabolic pathways and is
absolutely required for normal cell growth; in tissue culture it must be provided either
as a component of the medium or is otherwise synthesised from glutamate and
ammonia by the enzyme glutamine synthetase (GS). A number of cell lines such as
CHO-K1 do not require added glutamine provided that sufficient glutamate is present in
the medium. Under these conditions GS is an essential enzyme for cell survival and
incubation with the specific inhibitor methionine sulfoxamine (MSX) is lethal. Since
high level expression of glutamine synthetase confers resistance to MSX, the GS
coding region functions as a dominant selectable gene in CHO-K1 cells. However GS
can also be used as an amplifiable marker since further rounds of selection using
elevated concentrations of MSX often yield cell lines containing amplified copies of the
original integrated DNA sequences. The vector system developed by Celltech contains
an expression cassette under the control of the human CMV enhancer/promoter and
includes SV40 3' sequences which mediate termination and polyadenylation of
transcripts. A second plasmid contains a glutamine synthetase minigene which is
transcribed in the same orientation from an SV40 late promoter.
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Initiation o f translation
To investigate the efficiency of translational initiation at the upstream CUG codon, an
int-2 cDNA containing unaltered upstream sequences was subcloned from pKC4.1Q
(see Fig. 5.2-3A) into pEE6hCMV. This was achieved by digesting pKC4.1Q DNA
with Eco RI followed by partial restriction with Sma I and the 1.4 kb fragment ligated
into equivalent sites in the polylinker of pEE6hCMV (see Appendix, Fig. 1.8). The
resulting plasmid pEE64.1Q contains both int-2 initiation codons in their normal
context but includes the mutated N-linked glycosylation site. As shown previously, the
CUG-initiated primary translation product is otherwise masked by comigrating
glycoproteins derived from the internal AUG codon. The complete transcription unit
was removed from pEE64.1Q as a 3.85 kb partial Bam HI-Bgl II restriction fragment
and ligated into pSVLGS-1, a plasmid containing the glutamine synthetase minigene.
The final expression vector pGS4.1Q was introduced into CHO cells with a calcium
phosphate precipitate and cells selected in the presence of 25 mM methionine
sulfoxamine. After 10 days, colonies of 1-2 mm in diameter were clearly visible in
cultures transfected with pGS4.1Q and six independent cell lines were isolated by ringcloning. To test whether integration of the expression vector DNA had disturbed the
synthesis of full-length int-2 transcripts, total cellular RNA was prepared from each
clone and fractionated by electrophoresis in 0.8% agarose. After transfer to a nylon
membrane, int-2 transcripts were detected by hybridisation to 32P-labelled antisense int2 RNA transcribed in vitro. As shown in Figure 5.7A, all four cell lines transfected
with pGS4.1Q DNA (clones 1.2, 1.3, 1.6 and 1.8) expressed a major int-2 mRNA
which migrated with the expected size of 1.6 kb. Of these, clone 1.6 cells contained
the highest levels of int-2 RNA and were used to analyse the synthesis and processing
of int-2. Cell lysates were fractionated by SDS-PAGE, transferred to nitrocellulose and
probed with the C-terminal peptide antiserum. As shown in Fig. 5.7B, this revealed 3
major polypeptides which were equivalent both in relative abundance and apparent
molecular weight to the int-2 proteins encoded by pKC4.1Q in transfected COS-1 cells.
The 31 kD product represents unprocessed forms of int-2 synthesised from the
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Figure 5.7 Expression of int-2 in stably transfected
CHO cells
A. Northern blot analysis of RNA isolated from CHO cells (see Materials and
Methods, sections 2.23-2.25). RNA was purified from the parental CHO-K1 cells and
8 independent cell lines transfected with int-2 cDNA. 9 |ig total RNA was fractionated
on a 0.8% agarose-formaldehyde gel and transferred onto Pall Biodyne™. The
membrane was hybridised with uniformly 32P-labelled anti-sense RNA probe
representing int-2 genomic sequences between the Hind III site at nucleotide 7364 and
the Bam HI site at 5675 (Moore et al. 1986). The clones 2.0, 2.1, 2.2 and 2.9 were
isolated from cells transfected with the plasmid vector pGS120 and express RNA
transcripts in which the int-2 CUG codon has been optimised for translation and the
internal AUG altered to A AG. The cell lines 1.2, 1.3, 1.6 and 1.8 were transfected
with the expression vector pGS4.1Q which includes additional upstream sequences and
both initiation codons in their normal context The approximate size of int-2 RNAs can
be assessed in relation to the 28S and 18S rRNAs whose positions are shown on the
right of the panel.
B. Immunoblot analysis of int-2 polypeptides in CHO cells transfected with cDNA in
which the CUG and AUG initiation codons are unaltered although the N-linked
glycosylation site is abolished. Parental CHO-K1 and clone 1.6 cells were lysed in
SDS-sample buffer, fractionated by 12.5% SDS-PAGE and int-2 proteins detected
using the C-terminal antiserum followed by 125I-Protein A. The sizes of the major int-2
products are indicated (in kilodaltons) on the right of the panel.
C. Localisation of CUG-initiated int-2 proteins by indirect immunofluorescence. CHO
cells were grow on coverslips and N-terminally extended int-2 proteins were visualised
by indirect immunofluorescence as described in Materials and Methods, section 2.27.
The panels show typical results obtained using the C-terminal antiserum on the parental
CHO-K1 line (a) or clone 2.2 cells (b).

upstream CUG codon and accounts for approximately 50% of the total int-2. The 28.5
kD and 27.5 kD proteins represent AUG-initiated molecules with and without the signal
peptide respectively. These data indicate that the CUG serves as an initiation codon for
the synthesis of int-2 proteins with similar efficiency in transiently transfected COS-1
cells and stably transfected CHO cells.

Sub-cellular fate of N-terminally extended int-2

To investigate the sub-cellular fate of N-terminally extended int-2 proteins in CHO
cells, a cDNA containing the optimised upstream initiation codon was cloned into the
GS-based expression vector. This was achieved by digesting pKC120 DNA with Nco
I and Eco RI and the extended open reading frame, which also contained the second
internal AUG mutated to AAG, was then ligated into pEE6hCMV, yielding the
intermediate plasmid pEE6120 (see Appendix Fig. A 1.8). The complete transcription
unit was subcloned into pSVLGS-1 as a 3.45 kb partial Bam HI-Bgl II restriction
fragment and the final expression vector pGS120 introduced into CHO cells by calcium
phosphate transfection. MSX-resistant colonies (2.0, 2.1, 2.2 and 2.9) were analysed
by Northern blot as described above. Clone 2.2 cells which expressed the highest
levels of int-2 RNA (see Fig. 5.7A) were grown on glass coverslips and the subcellular distribution of int-2 proteins determined by indirect immunofluorescence. As
shown in Fig. 5.7C these cells displayed strong nucleolar and perinuclear staining.
The partitioning of N-terminally extended proteins between the nuclear compartment
and the secretory pathway was consistent with the fractionation experiments performed
in COS-1 cells transfected with similar cDNA constructs (see Fig. 5.6-2). However
the precise intranuclear localisation of these proteins was not identical in the two cell
types; in COS-1 cells CUG-initiated forms of int-2 were detected throughout the
nucleus and were rarely concentrated in the nucleoli. In CHO cells this pattern was
reversed; the majority of cells gave intense nucleolar fluorescence and int-2 antigens
were detected less frequently throughout the rest of the nucleus. COS-1 cells do not
tolerate continual high levels of episomally replicating DNA and eventually die several
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days post transfection with plasmids containing the SV40 origin of replication. In
contrast, the CHO cell lines stably transfected with int-2 cDNA were maintained for
several weeks in culture and showed no change in viability or mean generation time
during this period. The basis for the difference in intranuclear staining of int-2 proteins
in COS-1 and CHO cells remains to be determined but may reveal a link between the
physiological state of individual cells or their position in the cell cycle and the
localisation of CUG-initiated int-2.

5.8 Effect of the CUG initiation codon on the
transforming potential of int-2 cDNAs
One of the most important objectives in understanding the significance of the alternative
CUG initiation codon is to define biological activities which distinguish nuclear forms
of int-2 from the AUG-initiated secreted proteins. However int-2 is endowed with a
fairly limited repertoire of known functions which might be used to differentiate
between the two translation products; at present these include weak mesoderm-inducing
activity and the ability to transform NIH3T3 cells (Patemo et al. 1989; Goldfarb et al.
1991). The first represents an assay in which int-2 is added exogenously and is
therefore unlikely to involve a relevant signalling pathway for CUG-initiated proteins
which enter the nucleus directly from the cytoplasm without exposure to the
extracellular environment. In contrast, transformation of NIH3T3 cells clearly
represents an assay in which int-2 proteins act as autocrine or paracrine effectors of cell
function and in principle provides a more appropriate experimental system in which to
assess the biological activities of CUG-initiated polypeptides.
Experiments were initially designed to compare the transforming potential of cDNAs
that encode either the secreted (AUG-initiated) or N-terminally extended (CUGinitiated) products. For these studies, plasmids based on the vector pEE6hCMV (see
section 5.7) were used to over express int-2 in NIH3T3 cells since the human CMV
enhancer/promoter was found to generate higher levels of recombinant protein than the

162

retrovirus vector pDO-BS described in Chapter 3, section 3.10 (data not shown). The
AUG- and CUG-initiated open reading frames were subcloned into pEE6hCMV to give
pEE63.2 and pEE6120 respectively; the second of these encodes only the N-terminally
extended forms of int-2 since the AUG initiation codon has also been mutated to AAG
(see Fig 5.5A). The transforming potential of these cDNAs was assessed using a
modified version of the delayed focus assay and the results presented below.

Table 5.8 Transforming potential of AUG- and CUG-initiated
forms of int-2 in NIH3T3 cells
DNA construct

pEE6hCMV
pEE63.2
pEE6120

Number of foci per 5000 G418resistant colonies

(parental vector)
(AUG-initiated int-2)
(CUG-initiated int-2)

0
170
16

For this experiment, enhanced levels of int-2 expression conferred by
the pEE6hCMV plasmid vector permitted direct identification of
morphologically distinct foci without microscopic examination.
Construction of the plasmid pEE6120 is described in Appendix Fig.
A 1.8. pEE63.2 is derived from pKC3.2 (see Figure 3.2-1) using a
similar strategy by which the AUG-initiated open reading frame was
transferred into pEE6hCMV as an Nco I-Eco RI restriction fragment
NIH3T3 fibroblasts were transfected with 1 |ig of test plasmid
together with 1 Jig of pSV2neo and 30 pg human placental DNA as
carrier. The cells were grown for 1 week in the presence of 1 mg/ml
G418 and then in DMEM containing only 3% (v/v) DCS for a further
9 days. The cell monolayers were fixed in formol/saline, treated with
Giemsa stain and the number of foci counted directly; the values
shown above represent the average results obtained from 2
independent experiments.
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These results indicate that int-2 cDNAs which encode only N-terminally extended
proteins have a transforming activity at least 10-fold lower than the equivalent AUGinitiated coding sequences. The data are consistent with the differences in sub-cellular
fate of AUG- and CUG-initiated forms of int-2; in this respect, nuclear localisation
presumably limits interactions with cell-surface receptors and may restrict mitogenic
stimulation via the classical autocrine pathway. However another possibility is one in
which the nuclear forms of int-2 specifically interfere with the effects of the secreted
protein. This suggestion was based on the observations made in transfected COS-1
cells, notably that CUG-initiated proteins are targeted with approximately equal
efficiency to the nucleus and endoplasmic reticulum (see Fig. 5.6-2A). Under these
circumstances the expression vector pEE6120 might therefore be expected to show
more potent transforming activity than the results in table 5.8 indicate. To investigate
this question, cDNAs containing both AUG and CUG initiation codons in their natural
context were tested using a delayed focus assay and compared with similar constructs
in which the CUG was changed to UUG (see Fig. 5.8). However preliminary
experiments established that the transforming activity of these cDNAs was highly
dependent upon the status of an AUG triplet located 8 nucleotides upstream from the
internal AUG initiation codon (compare pEE64.1 and pEE64.5) According to the
scanning model of translation, 40S ribosomes migrate 5'-3' along mRNA transcripts
and the efficiency with which internal start codons are recognised is influenced by the
frequency of upstream initiation events. The observed increase in transforming
potential obtained by mutagenesis of the AUG at -8 is consistent with this model and
suggests that this motif may serve to reduce the number of uncommitted 40S ribosomes
which are available for the synthesis of secreted int-2 proteins. Combined mutagenesis
of the upstream CUG codon together with the AUG at -8 (construct pEE64.6) further
enhanced transforming activity. This result could reflect a biological function of Nterminally extended proteins which impair the effects of AUG-initiated forms of int-2.
Alternatively, mutation of the upstream CUG codon may simply enhance the efficiency
of translational initiation at internal sites as described above. To distinguish between
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Figure 5.8 Transforming activity of mutated int-2 cDNAs in NIH3T3 cells
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these possibilities, an in-frame stop codon was introduced downstream from the CUG
initiation codon (see construct pEE64.7). This mutation was expected to cause
premature termination of N-terminally extended proteins but not to affect the efficiency
of translational initiation at the downstream AUG codon. This cDNA showed less
potent transforming activity than pEE64.6; CUG-initiated forms of int-2 are therefore
unlikely to exert a direct antagonistic effect upon the transforming properties AUGinitiated proteins. Nevertheless the synthesis of secreted int-2 is clearly inhibited by the
combined activities of the upstream CUG and an AUG located at -8; the existence of
such translational repression may permit alternative mechanisms for regulating the
expression of int-2 which supplement transcriptional control.

5.9

Conclusions

It is clear from the experiments described that int-2 protein synthesis can initiate at two
different codons. On of these, the predicted AUG, gives rise to polypeptides which
enter the secretory pathway and may accumulate in the extracellular matrix (see Chapter
3, sections 3.S-3.9). However protein synthesis can also initiate at an upstream in
frame CUG codon which results in the synthesis of N-terminally extended forms of int2. In vitro, the additional amino acids have little effect upon the properties of the
internal signal peptide since AUG- and CUG-initiated proteins are translocated into the
lumen of canine microsomes with approximately equal efficiency, when this occurs, the
N-terminally extended product is glycosylated and the signal peptide is cleaved at the
same site. However in transiently transfected COS-1 cells and stably transfected CHO
cells, a significant proportion of the CUG-initiated proteins accumulate in the nucleus.
Thus the site of translational intiation influences the sub-cellular fate of int-2 proteins
and therefore raises the possibility of duality of function. It was further shown that the
CUG codon impairs the transforming properties of AUG-initiated proteins, consistent
with the scanning model of translational initiation.
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CHAPTER 5
IDENTIFICATION OF INT-2
NUCLEAR LOCALISATION SEQUENCES
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6.1

Introduction

One of the definitive features of eukaryotic cell architecture is the existence of a
membranous envelope which separates the major cellular activities of the nucleus from
those of the cytoplasm. In doing so the nuclear envelope has considerably increased
the potential for regulating gene expression by permitting RNA maturation to evolve as
a distinct level of control that separates transcription from translation. This situation
contrasts with prokaiyotic systems where the genomic DNA is directly exposed to the
cytoplasmic environment and translation frequently precedes the completion of
transcription. It has also been suggested that the nuclear envelope evolved as a means
of regulating DNA synthesis by restricting access of certain replication factors to the
genome during most of the cell cycle (Blow and Laskey 1988). However the
acquisition of a functionally distinct nuclear compartment requires a transport system to
establish and maintain the asymmetrical distribution of certain macromolecules between
the cytoplasm and nucleus. These include nuclear proteins which are specifically
imported into the nucleus and certain species of RNA such as processed messenger
RNA, transfer RNA and ribosomal subunits which are transported into the cytoplasm.
The outer membrane of the nuclear envelope is contiguous with the endoplasmic
reticulum and the inner layer is lined by a fibrous meshwork of proteins (the nuclear
lamina) which make contact with higher order chromatin (reviewed in Gerace and
Burke 1988). Abundant morphological evidence suggests that most, if not all
molecular transport across the nuclear envelope is directed through pore complexes
which form "grommet-like" structures, periodically joining the inner and outer
membranes. Under the electron microscope, these pore complexes are approximately
120 nm in diameter and based on size, would be expected to have a molecular weight of
about 108 dal tons. Their main structural features have been well conserved between
distantly related species and include two parallel rings, containing 8 subunits at the
surface of each membrane connected by spokes to a central aqueous channel
approximately 9-10 nm wide which may contain a central plug. The most compelling
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data supporting the role of pore complexes in bi-directional nucleo-cytoplasmic
transport has come from the injection of colloidal gold particles coated with either RNA
or nuclear proteins into Xenopus oocytes (Feldherr et al. 1984; Dworetzky and
Feldherr 1988). In both cases gold particles rapidly accumulate at nuclear pores before
migrating either into the cytoplasm or nucleus respectively.
The nuclear envelope presents a highly selective barrier to the movement of molecules
into the nucleus. It allows free access to the diffusion of certain ions, metabolites and
small proteins whilst effectively excluding non-nuclear proteins larger than 20-40kD
(reviewed in Gerace andBurke 1988). In contrast, all nuclear proteins injected into the
cytoplasm enter the nucleus comparatively rapidly and frequently become concentrated
there. The evidence supporting the accumulation of nuclear proteins by selective uptake
rather than selective retention has come from injection experiments with nucleoplasmin,
the major nuclear protein in Xenopus oocytes. Nucleoplasmin is a large pentameric
protein composed of identical 33 kD subunits which is involved in chromatin assembly
and accumulates rapidly in the oocyte nucleus following cytoplasmic injection (Mills et
al. 1980). A proteolytic fragment containing 50 C-terminal amino acids accumulates in
the nuclei of injected cells whilst the pentameric core molecule remains in the cytoplasm
(Dingwall et al. 1982). However when microinjected directly into the oocyte nucleus,
the nucleoplasmin pentameric core does not diffuse back into the cytoplasm,
demonstrating that the tail region is required for selective entry rather than selective
retention. An equally important conclusion drawn from these findings is that the signal
for nuclear import could reside within a discrete region of a protein, in this case the 50
amino acid tail fragment of nucleoplasmin. Unlike the transient signal peptides which
target proteins to the membrane-bound organelles of the eukaryotic cell such as the
endoplasmic reticulum and mitochondria, the sequences which mediate nuclear
accumulation are retained during transport (Dabauvalle and Franke 1982). This
presumably reflects the requirement for a permanent signal so that nuclear proteins can
be resorted after each successive cell division.
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SV 40 large T nuclear localisation sequence
The first protein sequence with the expected properties of a nuclear localisation
sequence (NLS) was identified in the large T antigen of SV40 and has come to be
regarded as a prototype for other such signals. In 1984, analysis of two independent
SV40 mutants established that the lysine residue at position 128 was critical for
accumulation of large T in the nucleus of infected cells (Lanford and Butel 1984;
Kalderon et al. 1984a). Conversion to an asparagine or threonine residue effectively
abolished nuclear transport and further mutations defined Pro-Lys-Lys128-Lys-ArgLys-Val as the minimal sequence required to promote nuclear localisation of the
cytosolic protein pyruvate kinase (Kalderon et al. 1984b). A computer search for the
occurrence of the SV40 large T NLS identified homologous sequences in a range of
viral and cellular nuclear proteins including E1A, p53, polyoma Large T and hsp70
(Smith et al. 1985a). Subsequent studies have defined NLSs in a large number of
proteins by a combination of deletion analysis and by their ability to localise cytosolic
polypeptides to the nucleus (reviewed in Garcia-Bustos et al. 1991). Although a strict
consensus sequence has not emerged, nuclear localisation sequences have been
generally defined as short clusters of positively charged amino acids which frequently
include helix breakers such as proline and glycine. A small group of proteins including
E l a, SV40 VP1 and nuclear lamin A contain a single nuclear localisation signal which
is structurally and functionally related to the prototypic SV40 Large T NLS
(Wychowski et al. 1986; Lyons et al. 1987; Loewinger and McKeon 1988). However
an increasing number of nuclear proteins have been shown to contain either multiple
targeting sequences or a single element which is structurally more complex than that of
SV40 Large T antigen.

Bipartite nuclear targeting sequences

Although the nucleoplasmin tail region contains 4 clusters of basic amino acids which
each resemble nuclear localisation sequences from either SV40 large T NLS or the yeast
MAT a2 protein, none are able to direct pyruvate kinase to the nucleus (Dingwall et al.
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1988). However extensive deletion analysis has defined a 16 amino acid minimal
sequence sufficient for nuclear localisation which contains two interdependent domains
of basic residues separated by a 10 amino acid spacer (Robbins et al. 1991). Nuclear
targeting of a pyruvate kinase fusion protein is unaffected by point mutagenesis of
individual domains but significantly reduced by combined substitutions. Although the
spacer region tolerates insertions of 4, 8 and 12 additional amino acids, mutations
which reduce the separation of the basic domains effectively abolish nuclear transport.
A bipartite nucleoplasmin-like motif is present in a number of other nuclear proteins and
in some cases coincides with sequences that have been independently defined as a
nuclear localisation signals. These include three members of the steroid receptor
superfamily, p53, Xenopus non-histone protein N l, polymerase basic protein of
influenza virus and the yeast transcription factor SWI5 (Picard and Yamamoto 1987;
Kleinschmidt and Seiter 1988; Guiochon-Mantel et al. 1989; Addison et al. 1990; Nath
and Nayak 1990; Picard et al. 1990; Moll et al. 1991).

Dual signals

A growing number of proteins have been shown to contain at least two independent
nuclear localisation signals. One of the better characterised examples is polyoma large
T antigen which is targeted to the cell nucleus by two discrete elements separated by 90
amino acids. Although only one of these is sufficient to translocate pyruvate kinase to
the nucleus, the structural integrity of both is required for complete nuclear localisation
of the native protein (Richardson et al. 1986). Similarly the yeast ribosomal protein
L29 contains two SV40 T NLS-like motifs which independently target P-galactosidase
to the nucleus and co-operate together in effecting nuclear transport (Underwood and
Fried 1990). Other proteins which contain at least two NLS include influenza NS1,
adenovirus DNA-binding protein, MAT a-2 and influenza virus nuclear protein NP
(Davey et al. 1985; Greenspan et al. 1988; Morin et al. 1989; Hall et al. 1990).
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Miscellaneous nuclear localisation signals

At least one protein appears to contain a nuclear localisation signal which is structurally
unrelated to the SV40 T NLS or the nucleoplasmin bipartite motif. The N-teiminal 74
amino acids of GAL4 are sufficient to localise P-galactosidase as a fusion product to
the yeast cell nucleus (Silver et al. 1984) although point mutations which abrogate
nuclear transport are distributed throughout this domain and do not show a consistent
pattern with respect to charge or hydrophobicity (Silver et al. 1988). This suggests that
the entire 74 amino acids may function as a single extended nuclear localisation
sequence.

Nucleolar localisation signals

The nucleolus represents the site of ribosomal gene transcription and assembly of
ribosomal subunits. The compartmentalisation of proteins required for these processes
suggests that a transport mechanism exists to maintain the asymmetrical distribution of
molecules between the nucloplasm and nucleolus. The first nucleolar localisation signal
(NoLS) was identified in the rex protein of HTLV-1 and comprises a cluster of
predominantly basic amino acids; this motif was sufficient to target p-galactosidase and
a nucleoplasmic protein encoded by the pX region (p40x) to the nucleolus (Siomi et al.
1988). Using a similar approach, NoLS have also been found in the tat and rev
proteins of HIV-1 (Cochrane et al. 1990; Siomi et al. 1990). In each case the signal is
formed by extension of a known nuclear localisation sequence to include 4-8 flanking
amino acids:

HIV-1 rev

HTLV-1 rex
NLS

iPKTRRRPi

NoLS

iPKTRRRPlRRSORKR

RRNRRRRW
RQAIRRNRRRRW 1RERQR
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HIV-1 tat
IGRKKR
IGRKKRIORRR

6.2

Nuclear localisation of int-2 proteins

Since N-terminally extended int-2 proteins are theoretically small enough to diffuse
through nuclear pores, it may not be necessary to invoke an active transport mechanism
to account for the sub-cellular fate of CUG-initiated products. Instead nuclear
translocation might be viewed as a default pathway which reflects the net positive
charge carried by int-2 rather than a biologically relevant localisation. However the
existence of a dominant nuclear localisation signal would greatly support the contention
that N-terminally extended forms of int-2 have a role that is distinct from the AUGinitiated proteins. For this reason experiments were designed to investigate the
mechanism used for targeting N-terminally extended proteins to the nucleus.

6.3

Int-2 nuclear localisation sequences

As a first step in the identification of int-2 nuclear localisation sequences, it was
pertinent to establish whether the CUG-initiated proteins were targeted to the nucleus
by a signal contained within the N-terminal extension. An alternative mechanism might
involve a nuclear localisation signal encoded by a region common to both forms of int-2
which gains access to the transport mechanism only when protein synthesis initiates at
the upstream CUG codon. To distinguish between these possibilities, COS-1 cells
were transfected with a cDNA truncated at the N-teiminus and int-2 proteins visualised
by indirect immunofluorescence. As described in Chapter 3 section 3.10, pKC-NSP
encodes proteins which lack both the N-terminal extension and signal sequence. The
truncated proteins were found exclusively in the nucleus (see Fig. 6.3-1), indicating
that a signal for nuclear localisation must reside in the body of the int-2 molecule rather
than in the N-terminal extension.
Examination of the internal region revealed six candidate nuclear localisation sequences
named a, p, y, 6, e and a in respective order from the amino-terminus, each of which
encodes a short cluster of positively charged amino acids (see Fig 6.3-2A). To
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AUG

CUG

Sma I

I__

AUG

Sm a I

pKC-NSP

Schematic representation of pKC-NSP (see Appendix Fig. A1.4 for details of
construction). The signal peptide is indicated by hatching and the two initiation codons
boxed.

Figure 6.3-1 Localisation of N-terminally truncated forms of int-2
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COS-1 cells were transfected with plasmid DNAs as indicated and int-2 proteins
detected using the C-terminal peptide antiserum. The upper panel shows an analysis of
int-2 proteins detected by immunoblot'ting following transfection of COS-1 cells with
pKC3.2 (see Fig 3.2-1) and pKC-NSP (see Fig. A 1.4). The size of int-2 polypeptides
is indicated in kilodaltons.

The lower panel shows the results of an equivalent

experiment in which int-2 proteins were visualised by indirect immunofluorescence (see
Materials and Methods, section 2.27).

Figure 6.3-2
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Sequence

a

GTRLRRDA29

GTLLLLDA

P

GAPRRRKLYC50

GAPLGGLLYC

y

MNKRGRLY106

MNKLGRLY

8

NGKGRPRRGF167

NGLGLPLLGF

e

GFKTRRTQKSS176

GFLTLLTQLSS

o

QPRQRRQKKQS217

QPLQLLQLLQS

A. Schematic depiction of the int-2 coding sequences. The CUG and AUG initiation
codons are boxed and the signal peptide indicated by hatching. The six candidate
nuclear localisation sequences (marked a - a ) are depicted as black boxes and
positioned in relation to unique restriction enzyme sites found in the body of int-2.
B. Substitution of candidate nuclear localisation sequences. Mutated residues are
shown in bold type and the position of the C-terminal amino acid present in each motif
is numbered with respect to the AUG initiation codon.

investigate the role of these sequences in targeting int-2 proteins to the nucleus,
complementary oligonucleotides were used to introduce amino acid substitutions that
would independently destroy the net positive carried by each motif (see Figs. 6.3-2B
and 6.3-3). Initially these mutations were made in pKC-NSP since the truncated int-2
protein encoded by this cDNA was localised exclusively in the nucleus and showed no
reticular immunofluorescence. Except for the specific mutations introduced into each
candidate nuclear localisation sequence, the resultant plasmid vectors pKC-NSPa
through pKC-NSPa were otherwise identical to pKC-NSP. Mutant cDNAs were
introduced into COS-1 cells by electroporation and int-2 proteins visualised by indirect
immunofluorescence with rabbit antibodies raised against the C-terminal peptide.
However in all cases, the substitution of each candidate NLS failed to disturb the subcellular fate of truncated int-2 proteins (data not shown), suggesting that the nuclear
targeting signals were either functionally redundant or encoded elsewhere in the
molecule.
Although nuclear localisation of CUG-initiated int-2 was initially demonstrated by
indirect immunofluorescence, subsequent cell fractionation studies indicated that up to
50% of these proteins enter the secretory pathway (see Fig. 5.6-2). In this respect the
primary translation product encoded by pKC-NSP is not equivalent to the normal
nuclear forms of int-2 since the truncated molecule lacks a signal sequence and is
thereby prevented from entering the secretory pathway. The role of each candidate
nuclear localisation sequences was therefore examined in the context of N-terminally
extended, rather than truncated int-2. Mutations in each candidate nuclear localisation
sequence were subcloned into pKC120 (see Fig. 5.5A) as Apa I-Eco RI fragments
from the equivalent pKC-NSP derivatives, or in the case of a and P, using the original
KC4.1-based intermediate vectors (see legend to Fig. 6.3-3). Plasmid DNAs were
introduced into COS-1 cells by electroporation and the sub-cellular localisation of int-2
proteins again determined by indirect immunofluorescence using affinity-purified
antibodies raised against the C-terminal peptide. As shown in Fig. 6.3-4, substitution
of in 2 candidate nuclear localisation sequences, a and P effected a redistribution of N-
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Figure 6.3-3 M utagenesis of candidate nuclear
localisation s e q u e n c e s
Synthetic oligonucleotides were used to introduce changes in the coding region of int-2
at each candidate nuclear localisation sequence. Where the distance between convenient
restriction site in int-2 was more than 80 bp, two or more oligonucleotide-pairs were
synthesised with equivalent cohesive ends and ligated simultaneously with the vector
DNA. The coding potential of each sequence is indicated in single letter amino acid
code and the mutated regions boxed.
Construction of pKC-NSPa and pKC-NSPfi

Complementary oligonucleotides were annealed together and ligated into KC4.1 (see
Fig. 5.2-3 A) digested with Apa I and Not I to give the intermediate constructs KC4.1a
and KC4.1p. To remove upstream sequences including the N-terminal extension and
signal peptide, these plasmids were restricted with Sma I and Sac I and the 366
nucleotide fragment ligated into Sac /-digested pKC3.2 together with a pair of
complementary oligonucleotides which encode the initiator ATG triplet and the
remaining leader sequence (see below). Amino acids are numbered with respect to the
int-2 AUG initiation codon.

Sac/

Bglll

M

CAGATCTCCACCATG
TCGAGTCTAGAGGTGGTAC

annealed oligonucleotides

_G JT
GGGACGC
CCCTGC

G P

Sac/

TGGGCCAGGAGCT
CACCCGGTCC

Sma I-Sac / fragment from
KC4.1ocand KC4.1P

Construction of pKC-NSPy, pKC-NSPS, pKC-NSPe and pKC-NSPo

Mutations were first made in T7pSal3.2 (see Fig. 3.2-2) and then transferred as Kpn /Eco RI fragments into pKC-NSP-R. The vector DNA used in this second step
contained a single Eco RI site in the 3' untranslated region of int-2 and was derived
from the construct pKC3.2Q-R (see Appendix Fig. A1.2).
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Figure 6.3-4 Localisation of CUG-initiated forms of
int-2 containing mutations in candidate NLS
COS-1 cells were electroporated with plasmid DNAs and grown on glass coverslips for
60 hours. The monolayers were then fixed in 4% (w/v) paraformaldehyde and
permeabilised by treatment with 0.2% (v/v) Triton-XlOO in PBSA. Int-2 proteins were
visualised by indirect immunofluorescence as described in Materials and Methods,
section 2.27 and photographed using a Zeiss Axiophot microscope. The panels show
representative fields of cells transfected with pKC120a (1), pKC120p (2), pKC120y
(3), pKC120§ (4), pKC120e (5) andpKC120a (6).

terminally extended int-2 proteins. The most dramatic change was seen with mutations
in the P motif which resulted in almost complete abrogation of nuclear fluorescence and
relocation of int-2 proteins to the endoplasmic reticulum. Alterations in the a sequence
had a less dramatic effect but nevertheless caused a significant reduction in nuclear
localisation and an enhanced perinuclear fluorescence. Mutations in each of the
remaining candidate nuclear localisation signals y, 5, e and a had little effect upon the
sub-cellular fate of int-2 proteins although a small proportion of cells transfected with
KC120e displayed both nuclear and cytoplasmic fluorescence with approximately equal
intensity. These findings indicate that the two most N-terminal clusters of basic amino
acids defined as a and p are both required for efficient nuclear localisation of Nterminally extended forms of int-2. It remains to be established why identical mutations
fail to impair nuclear localisation of the truncated protein lacking a signal peptide. One
explanation might be that the remaining candidate signals, such as e might be sufficient
to effect nuclear transport although with slower kinetics than a or p and are otherwise
unable to compete with the signal peptide for membrane translocation.

6.4 Post-translational modification of N-terminally
extended int-2 proteins
By indirect immunofluorescence, int-2 proteins encoded pKC120a and pKC120P are
preferentially targeted to the endoplasmic reticulum rather than the nucleus. To
investigate whether the sub-cellular fate of these proteins was reflected in their posttranslational modification in the secretory pathway, COS-1 cells were transfected with
pKC120, pKC120a and pKC120p and int-2 proteins analysed by immunoblotting. As
shown in Figure 6.4A, in the absence of a functional nuclear targeting signal, a 27.5
kD protein was detected in cells transfected with pKC120a and pKC120p but was not
found in lysates prepared from cells transfected with pKC120. This protein was
identical in size to unglycosylated forms of int-2 from which the signal peptide had
been removed (see Fig. 5.5B). To compare the efficiency of signal peptide cleavage
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COS-1 cells were electroporated with plasmid DNAs as indicated and lysed in SDSsample buffer 60 hours later. Extracts were fractionated by SDS-PAGE, electroblotted
onto a nitrocellulose membrane and probed with antiserum raised against the C-terminal
peptide of int-2 followed by 125I-Protein A. The sizes of the m ajor int-2 products are
indicated in kilodaltons on the right of each panel.
A. The effect of mutations in the a and p nuclear localisation sequences are shown by
comparing the major int-2 proteins encoded by pKC120, pK C 120a and pKC120p.
B. The results of an equivalent experiment using cDNAs which contained a mutated Nlinked glycosylation site. These were constructed by transferring a Not I-Eco R1
restriction fragment from pKC3.2Q to pKC120, pK C 120a and pKC120p to give
pKC120Q, pK C 120aQ and pKC120pQ respectively. For comparison with analogous
AUG-initiated forms of int-2, this panel also shows shows a lysate prepared from
COS-1 cells transfected with pKC3.2Q (see Fig.3.5-1C).

between the different N-terminally extended proteins, the asparagine-glutamine
substitution was introduced into the N-linked glycosylation site of pKC120oc and
pKC 120(3. The resulting plasmid DNAs were introduced into COS-1 cells by
electroporation and lysates analysed by immunoblotting with the C-terminal peptide
antiserum. Mutations in the nuclear targeting signal enhanced the synthesis of
processed forms of int-2 (see Fig. 6.4B), consistent with the immunofluorescent
localisation of these proteins in the endoplasmic reticulum. In addition these data
indicate that without a effective nuclear localisation signal, the int-2 signal sequence for
entry into the endoplasmic reticulum is functional whether proteins are synthesised
from the AUG or CUG initiation codon. In this respect the post-translational
modification of proteins encoded by pKC120a and pKC 120(3 in COS-1 cells
resembles the profile of N-terminally extended proteins translated in vitro with canine
microsomes (see Fig. 5.4). Taken together, these findings suggest that the sub-cellular
fate of int-2 is determined by the outcome of two competing transport pathways with
proteins targeted to the endoplasmic reticulum or nucleus.

6.5 Targeting of fusion proteins containing int-2 and
pyruvate kinase
Substitution of clustered basic amino acids throughout the int-2 coding region identified
two arginine-rich sequences designated a and (3, which were required for nuclear
localisation of N-terminally extended proteins. To determine whether the targeting
signals defined by these two sequences were sufficient to cause nuclear localisation of a
heterologous protein, a series of fusions were made between int-2 and chicken muscle
pyruvate kinase (PK). The monomeric form of pyruvate kinase has an estimated
molecular weight of 58 kD and is too large to enter the nucleus by passive diffusion.
However using polyclonal antibodies to localise gene fusions by immunofluorescence,
PK has been used to define nuclear targeting sequences in a large number of proteins.
These include polyoma large T, Xenopus nucleoplasmin, c-myb, N-myc, p53, hsp70
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and PDGF (Richardson et al. 1986; Dang and Lee 1989; Maher et al. 1989; Robbins et
al. 1991). The SV40 large T nuclear localisation sequence has been introduced into 5
different sites within the pyruvate kinase coding region and functions as a dominant
targeting signal in 4 of these locations (Roberts et al. 1987). However in the majority
of cases, foreign sequences have been inserted into the amino terminus of pyruvate
kinase since the crystal structure of the cat homolog reveals this region to be exposed
(Stuart et al. 1979).
A plasmid vector suitable for engineering gene fusions between int-2 and pyruvate
kinase was provided by Dr. Bill Richardson (UCL). The plasmid XSRL40NSPK8
encodes the first 3 amino acids of SV40 large T and a short polylinker directly upstream
of the chicken muscle type M l pyruvate kinase open reading frame, beginning at
Leucine 17 and extending for a further 512 residues to a natural stop codon (see Fig.
6.5-1A). Expression of fusion sequences is controlled by the SV40 origin/early
promoter and transcriptional termination and polyadenylation performed by 3' elements
derived from the SV40 genome. To generate fusions between pyruvate kinase and int2, complementary oligonucleotides were synthesised with Xho I and Eco RI protruding
ends and simultaneously ligated into XSRL40NSPK8 as shown in the legend to Fig.
6.5-IB.

The resulting plasmids contain a mixed coding region which comprises

sequences from SV40 large T, int-2 and pyruvate kinase although the polylinker region
contributes 6 additional amino acids. Initially three different fusion constructs were
designed which contained the a and P sequences either individually or combined
together as a single 28 amino acid insert (see Fig 6.5-IB). These plasmids were named
PK a, PKp and PK ap and were introduced into COS-1 cells by electroporation. The
plasmid vector XR30-PK which encodes a fusion protein between PK and the SV40
large T NLS, served as a positive control for nuclear localisation (Kalderon et al.
1984b). Transfected cells were grown on glass coverslips and the sub-cellular location
of chimaeric polypeptides examined by indirect immunofluorescence using rabbit serum
raised against pyruvate kinase, provided by Dr. Bill Richardson. Whilst the fusion
proteins encoded by XR30-PK were almost exclusively nuclear, the insertion of int-2
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Figure 6.5-1 Construction of gene fusions between
int-2 and pyruvate kinase
A. Diagramatic representation of the plasmid vector XSRL40NSPK8 used to
investigate nuclear localisation sequences in int-2. This construct encodes the first 3
amino acids of SV40 large T antigen upstream of a short polylinker and is followed by
the pyruvate kinase coding region from codons 17-529. Foreign sequences can be
directionally cloned as Xho I-Eco RI restriction fragments resulting in substitution of
the 49 base pair insert which already exists in XSRL40NSPK8.
B. Oligonucleotides used to generate gene fusions between pyruvate kinase and int-2
candidate nuclear localisation sequences. These include the a and (3 motifs either
independently or together as a single 89 base pair insert. In each case the coding
potential of the sense strand is indicated in single letter amino acid code and positively
charged residues boxed. A pair of complementary oligonucleotides was also used to
replace the 49 base pair Xho I-Eco RI fragment contained in XSRL40NSPK8; the
resultant construct (XSRL40-PK) encodes essentially non-fused forms of pyruvate
kinase. To construct these gene fusions, annealed oligonucleotides were ligated
simultaneously with the 3.2 kb Xho I-Bam HI fragment and the 2 kb Eco RI-Bam HI
fragment of XSRL40NSPK8 as shown below;

Amp

XSRL40NSPK8

Bam HI

Xho I

Bam HI

I----- 1
Xho I

Eco RI

an n e aled oligonucleotides

A.
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AAA(^ T G G A T A A A )3C G G A A T T C C T C G A (^C C A TT G C G C C C A A G A A G A A A A A G A A G C G C C C TTC T C C C A A G C C C G A C G jGAATTCC^ g a g A C
Xho I

Eco RI

Eco RI

Unidentified insert

SV40 targe T codons 1-3

Pyruvate kinase codor* 17..

SV40 origin of replication and early promoter
|
[■/■Jj

Pyruvate kinase coding region, residues 17-529
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XSRL40-PK
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Figure 6.5-2 Localisation of fusion proteins between
int-2 and pyruvate kinase
COS-1 cells were electroporated with plasmid DNAs and grown on glass coverslips for
60 hours. The sub-cellular localisation of recombinant proteins was determined by
indirect immunofluorescence as described in Materials and Methods, section 2.27 using
polyclonal antibodies raised against pyruvate kinase. Each panel shows a
representative field of cells transfected with XSRL40-PK (1); XR30-PK (2),;PKa (3);
PKp (4) and PKa|3 (5).

sequences did not change the cytoplasmic localisation of pyruvate kinase (see Fig. 6.52). One explanation for these findings is that the int-2 nuclear localisation signal
extends beyond the the 28 amino acid insert contained within PKap. Alternatively,
fusion with pyruvate kinase may disturb the structural conformation of int-2 and so
compromise the properties of a nuclear targeting signal. These negative findings
prompted the construction of a second set of fusion proteins between int-2 and pyruvate
kinase, one of which contained the coding region defined by pKC-NSP. As shown in
Fig. 6.3-1, this cDNA encodes truncated forms of int-2 which are localised exclusively
to the nucleus. In addition a series of 3' deletions was made using convenient
restriction sites in the int-2 coding sequence of pKC-NSP and a gene fusion was also
constructed between pyruvate kinase and the N-terminal extension encoded by CUGinitiated forms of int-2. To engineer these sequences into the pyruvate kinase
expression vector, a polylinker containing unique restriction sites in each reading frame
was first cloned into XSRL40NSPK8 to give XSRL-1 (see Fig. 6.5-3A). Int-2
sequences which resemble the truncated coding region defined by pKC-NSP were
isolated from T7pSal3.2 (see Fig. 3.2-2) by digestion with Apa I followed by an
enzyme which cleaves further downstream in the open reading frame. The largest of
these restriction fragments was generated with Acc I and causes a truncation of 17
amino acids at the carboxy-terminus of int-2 (see Fig. 6.5-3B). The N-terminally
extended region encoded by CUG-initiated forms of int-2 was derived from pKC120
(see Fig. 5.5A) and used to replace the SV40 large T coding sequences in XSRL-1; this
was achieved by exploiting a natural Hind III located approximately 60 nucleotides
downstream from the major SV40 early mRNAs cap sites (Reddy et al. 1978; Benoist
and Chambon 1981). The cDNA constructs were introduced into COS-1 cells by
electroporation and the pyruvate kinase fusion proteins localised by indirect
immunofluorescence. However in each case, staining was restricted to the cytoplasm
whilst the recombinant proteins encoded by XR30-PK were again detected almost
exclusively in the nucleus (see Fig. 6.5-4A). A possible explanation for these negative
results was that translation of fusion sequences might initiate at internal sites within the
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Figure 6.5-3
C onstruction of g ene fu sio n s betw een
pyruvate kinase and int-2 restriction fragm ents
A. Construction of the plasmid vector XSRL-1. Complementary oligonucleotides
were annealed and ligated into XSRL40NSPK8 digested with Eco RI;
Apa I

Eco RV

Not I
Sma I --------------

AATTCGGGCCCGATATCTCCCGGGCGGCCGC
GCCCGGGCTATAGAGGGCCCGCCGGCGTTAA

Eco RI

Eco RI

The nucleotide sequence across the polylinker of the resulting construct XSRL-1 is
shown opposite. Novel endonuclease cleavage sites are indicated with arrows and the
coding potential of surrounding sequences shown in single letter amino acid code.
B. Restriction fragments derived from pKC120 and T7pSal3.2 used to generate
fusions between int-2 and PK sequences contained in XSRL-1.
(i) For reference, the complete int-2 coding region is shown with the two initiation
codons boxed, the signal sequence indicated by hatching and the 6 candidate nuclear
localisation motifs (black boxes) located relative to unique endonuclease cleavage sites.
(ii) Restriction fragments derived from T7pSal3.2. In all cases int-2 coding sequences
were isolated using Apa I together with a restriction enzyme which cleaves at a
downstream site. The smallest fragment defined by Apa I and Not I was inserted
directly into equivalent sites in XSRL-1. For the remaining fragments the terminus
defined by the downstream recognition site was blunted before ligation into XSRL-1 so
as to maintain int-2 and pyruvate kinase sequences in the same translational reading
frame.
Downstream site
Kpn I
Bam HI
Sac I
P stI
Acc I

Blunted with

A cceptor

si t e

in

T4 DNA polymerase
Klenow fragment
T4 DNA polymerase
T4 DNA polymerase
Klenow fragment

XSRL-1
Sma I
Not I (blunt with Klenow)
Sma I
Eco RV
Not I (blunt with Klenow)

(iii) A restriction fragment containing the N-terminal extension specific to CUGinitiated forms of int-2 was isolated from pKC120 (see Fig. 5.5A). Plasmid DNA was
digested with Nco I and recessed termini blunted using Klenow fragment. After
restriction with Not /, the 271 base pair fragment was ligated into XSRL-1 cut with
Hind III (blunted with Klenow) and Not I to give the construct PK 120 Nco-Not.
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body of the pyruvate kinase coding region rather than at the SV40 large T or int-2
AUG. Examination of the pyruvate kinase cDNA sequence (Lonberg and Gilbert
1983) revealed a number of in-frame AUG triplets which could function as initiation
codons, one of which is embedded in a perfect consensus for translational initiation
(Kosak 1987) and located only 15 nucleotides downstream from codon 17 of pyruvate
kinase. To identify the likely translational start sites used to synthesise recombinant
polypeptides, transfected COS-1 cell extracts were analysed by immunoblotting using
the anti-pyruvate kinase antiserum. As shown in Fig. 6.5-4B the apparent molecular
weight of int-2/PK fusion proteins agreed well with their expected sizes based on the
coding capacity of each cDNA. However these lysates also contained an additional 56
kD product which was not detected in cells transfected with the frame-shifted construct
XSRL40NSPK8 or the non-fused pyruvate kinase cDNA, XSRL40-PK. The identity
of this protein remains to be established but is likely to reflect initiation of protein
synthesis within the body of the pyruvate kinase coding region rather than posttranslational modification of recombinant polypeptides. Nevertheless the concentration
of this 56 kD molecule is probably too low to mask the immunofluorescent localisation
of int-2/PK fusion products in transfected cells.
In summary, int-2 did not function as a dominant nuclear protein when fused to
pyruvate kinase. The most significant result was obtained using the construct which
included int-2 sequences almost identical to those defined by the pKC-NSP cDNA.
Whilst N-terminally truncated forms of int-2 localise exclusively to the nucleus,
equivalent sequences have no detectable effect upon the sub-cellular fate of pyruvate
kinase. An explanation for these findings has yet to be established and for the present,
remains entirely speculative. However addition of pyruvate kinase to int-2 appears to
yield chimaeric molecules which are impaired for nuclear localisation. This could
involve folding interactions which mask int-2 nuclear localisation signals or
alternatively the two proteins may be inherently incompatible in their ability to form a
soluble or non-complexed fusion product. Since the active form of pyruvate kinase is
tetrameric (Cardenas et al. 1975), another possibility is that the 56 kD product
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Figure 6.5-4 Detection of fusion proteins between int-2
and pyruvate kinase
COS-1 cells were electroporated with plasmid DNAs as indicated and 60 hours later,
recombinant proteins were detected using antibodies raised against pyruvate kinase.
A. Localisation of proteins by indirect immunofluorescence as described in Materials
and Methods, section 2.27.
B. Results of an equivalent experiment in which cell extracts were analysed by
immunoblotting. The sizes of 125I-Protein A markers is indicated on the left and the 56
kD product referred to in the text is shown on the right
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described above exerts a dominant-negative effect upon the intracellular targeting of int2/PK polypeptides; this would be analogous to the activity of mutant p53 proteins
which appear to sequester wild-type products in the cytoplasm and prevent their
migration into the nucleus during the Gi stage of the cell cycle (Gannon and Lane 1991;
Martinez et al. 1991). Given the negative results obtained with pyruvate kinase,
attempts were therefore made to define int-2 nuclear localisation sequences using a
different cytoplasmic protein. A variety of alternative reporter constructs encoding Pgalactosidase, ai-globin, poliovirus VP1 and chloramphenicol acetyl transferase have
been described elsewhere; however since nuclear localisation of int-2 may require
secondary structure determinants as well as linear sequence motifs, another member of
the FGF-gene family was chosen instead.

6.6

Sub-cellular localisation of gene fusions between

int-2 and hst
The hst gene product shares 42% sequence identity with int-2 across the central FGFhomology region and is synthesised with an amino terminal signal peptide of 30-31
residues (Taira et al. 1987; Delli Bovi et al. 1988). The fully processed 22 kD protein
is targeted to the secretory pathway and accumulates rapidly in the conditioned medium
of transfected cells (Delli Bovi et al. 1988; Wellstein et al. 1990). To investigate the
relationship between secretion and transformation, a number of mutant cDNAs were
constructed by Frances Fuller-Pace (ICRF), one of which lacked the signal peptide.
The resultant N-terminally truncated forms of hst were inactive in an NIH3T3 focus
assay (Fuller-Pace et al., in press) and showed punctate immunofluorescent staining
throughout the cytoplasm in transfected COS-1 cells (see Fig 6.6-1). Since equivalent
forms of int-2 localise exclusively in the nucleus, a series of fusions was made between
the two proteins and the sub-cellular fate of chimaeric molecules determined by indirect
immunofluorescence. For these experiments, a cDNA containing exon 1 of int-2 and
exons 2/3 from hst was used as a parental construct in which to manipulate int-2. As
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Figure 6.6-1 Localisation of int-2 and hst proteins in COS-1 cells
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int-2-NSP

hst-NSP

E a c h p a n e l s h o w s a d ia g ra m a tic re p re s e n ta tio n o f in t-2 a n d hst p ro te in s in w h ich the
s ig n a l p e p tid e is in d ic a te d as a h a t c h e d b o x a n d th e r e m a i n i n g c o r e m o l e c u l e is
u n s h a d e d (in t-2 ) o r s tip p le d (hst).

In ea ch c a s e th e s u b - c e l l u l a r lo c a lis a tio n o f

c o r r e s p o n d i n g p r o t e i n s in t r a n s f e c t e d C O S -1 c e ll s w a s d e t e r m i n e d by in d ir e c t
i m m u n o f lu o r e s c e n c e using a n tib o d ies raised a g a in s t C -te rm in a l p e p tid e s derived fro m
int-2 o r hst as approp riate (see M aterials and M eth o d s , section 2.27). T ru ncatio n o f the
int-2 signal se q u e n c e is described in A p p e n d ix , Fig. A 1.4. T h e eq u iv a le n t deletion w a s
m a d e in hst by P C R using a 5' p rim e r w hich p la c e d an in -fr a m e initiation c o d o n at the
sign al peptide c lea v ag e site (F uller-P ace et al., in press).

Figure 6.6-2 Localisation of fusion proteins between
int-2 and hst
In each panel, a diagramatic representation of fusion proteins is shown together with
immunofluorescent micrographs of cells transfected with corresponding cDNA
constructs. Int-2 coding sequences are unshaded whilst hst exons 2/3 are stippled; the
candidate nuclear localisation sequences a and (3 are depicted as black boxes.
COS-1 cells were transfected with plasmid DNAs as indicated and 60 hours later fusion
proteins were visualised by indirect immunofluorescence as described in Materials and
Methods, section 2.27 using antibodies raised against the C-terminal peptide of hst.
The original exon substitution was performed by Frances Fuller-Pace (ICRF) as
follows. A novel Xho I restriction enzyme site was introduced 6 nucleotides 3' to the
exon 1/2 boundary of int-2 and hst by oligonucleotide directed point mutagenesis. The
second and third exons of were then cloned into KC4.1 (see Fig. 5.2-3A) as an Xho IEco RI restriction fragment to give the construct pKC125;

int-2 exon 1

hst exons2/3
Not I

Xho I

H H ii
signal seq.

Deletion of the int-2 N-terminal extension (including the signal sequence) was achieved
by transferring Cla I-Not I restriction fragments from pKC-NSP, pKC-NSPa and
pKC-NSPp (see legend to Fig. 6.3-3) into pKC125 to give pKC125-NSP, pKC125NSPa and pKC125-NSPp respectively.

int-2 exon 1

hst exons2/3

int-2 exon 1

hst exons2/3

int-2 exon 1

hst exons2/3

pKC125-NSP

pKC125-NSPa

PKC125-NSP3

shown in Fig. 6.6-2, truncation of the signal sequence resulted in efficient nuclear
transport of chimaeric molecules, demonstrating that a dominant nuclear targeting signal
is contained within the first exon of int-2. To investigate whether this comprised either
of the candidate nuclear localisation sequences defined in section 6.3, mutations in the
a and p motifs of int-2 were introduced into chimaeric cDNA constructs. Substitution
of the a sequence had a partial effect upon the targeting of fusion proteins and resulted
in fluorescent staining throughout the cytoplasm and nucleus. Mutation of the P motif
had a more dramatic effect and caused almost complete loss of nuclear fluorescence
accompanied by a granular pattern of staining in the cytoplasm.
These findings demonstrate that sequences contained within the first exon of int-2
function as a dominant nuclear targeting signal when fused to cytoplasmic forms of hst.
Furthermore this property is dependent on the structural integrity of two clusters of
basic amino acids, defined as a and P which are also required for efficient nuclear
localisation of N-terminally extended forms of int-2. By these two criteria, the int-2
sequences defined by a and P can be regarded as a classical nuclear localisation signal
which is necessary for correct targeting of CUG-initiated forms of int-2 and also
sufficient to transport a heterologous cytoplasmic protein into the nucleus.

6.7

Conclusions

To investigate the mechanism for targeting N-terminally extended forms of int-2 to the
nucleus, the coding region shared by CUG- and AUG-initiated translation products
was examined for candidate nuclear localisation sequences. Six discrete clusters of
basic amino acids were identified, each of which displayed limited homology to known
nuclear localisation sequences. Two of these, named a and p located in the first exon
were required for efficient nuclear targeting of N-terminally extended int-2; mutation of
either motif resulted in a redistribution of proteins from the nucleus to the endoplasmic
reticulum. To investigate whether these sequences were sufficient to act as a dominant
nuclear localisation signal, a series of gene fusions was constructed between int-2 and
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pyruvate kinase. However N-terminally truncated forms of int-2 which themselves
localise exclusively to the nucleus, were retained in the cytoplasm when appended to
pyruvate kinase. In contrast, the first exon of int-2 targeted cytoplasmic forms of hst to
the nucleus. Since complete nuclear localisation was dependent on the combined
activities of both a and p motifs, the int-2 NLS might function as a single structural
signal comprised of two interdependent domains.
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7.1

The predicted int-2 protein

Multiple species of int-2 RNA have been detected in MMTV-induced tumours,
embryonic tissue and differentiated embryonal carcinoma cell lines (Jakobovits et al.
1986; Mansour and Martin 1988; Smith et al. 1988). Despite the complexity of
transcriptional initiation and termination, all mRNAs contain the same major open
reading frame, beginning at an ATG within exon lb and extending for 245 amino acids
to a stop codon in exon 3 (Moore et al. 1986). The predicted int-2 protein contains an
N-linked glycosylation site and a short hydrophobic amino terminus which might serve
as a signal peptide for targeting proteins to the endoplasmic reticulum. To evaluate
these predictions, int-2 cDNA was transcribed in vitro and the RNA products used to
programme protein synthesis in rabbit reticulocyte lysates. The primary translation
product migrated in SDS-PAGE with an apparent molecular weight of 28.5 kD and
additional proteins of 27.5, 30.5 and 31.5 kD were detected in lysates supplemented
with canine pancreatic microsomes (section 3.3). It was established by radiolabelled
amino acid sequencing and oligonucleotide-directed mutagenesis that the primary
translation product contains a functional 17 amino acid signal peptide and a single site
for N-linked glycosylation centred around Asn-65. Int-2 proteins were also examined
in transiently transfected COS-1 cells using rabbit serum raised against a C-terminal
synthetic peptide (section 3.5). These experiments confirmed that the primary
translation product is targeted to the endoplasmic reticulum and modified by similar
processing events to those observed in vitro. Although these data implied secretion of
int-2 and antigens could be detected in the secretory pathway, it was not possible to
demonstrate extracellular forms of the protein by direct analysis of the culture medium
from int-2 transfected COS-1 cells. However, higher molecular weight int-2 proteins
were detected at low levels in extracellular matrix preparations from transfected COS-1
cells and differentiated F9 cells (section 3.9).
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7.2

Secretion of int-2 proteins

The 7 members of the FGF-gene family encode structurally related proteins which
share between 33 and 69% sequence homology to one another across a central core
region of about 120 amino acids (Goldfarb 1990). The prototypes for this family,
acidic and basic FGF are broad spectrum mitogens isolated from a wide variety of
sources and interact with receptor molecules on the surface of target cells (Neufeld and
Gospodarowicz 1985; Friesel et al. 1986). However it remains unclear how these
proteins are released from cells in which they are synthesised since they lack
conventional signal peptides for targeting to the secretory pathway (Abraham et al.
1986; Jaye et al. 1986). While a few reports have described soluble extracellular bFGF
in cultured cells, the concentrations have always been extremely low with respect to the
intracellular pools and release from dead or damaged cells cannot be excluded (Baird et
al. 1985; Schweigerer et al. 1987). Over-expression of cloned cDNAs has been no
more revealing since FGF-like activity is generally undetectable in the culture medium,
even when chimaeric molecules have been tested with a signal sequence appended to
the FGF coding region (Blam et al. 1988; Rogelj et al. 1988). The secretion properties
of these proteins are particularly well illustrated by the human epithelial cell line SW-13
whose growth in soft-agar is dependent on the addition of picomolar concentrations of
exogenous FGF despite micromolar intracellular concentrations of bFGF (Wellstein et
al. 1990). However the effect of neutralising antibodies in a variety of assays which
measured a response to FGF suggest that under certain conditions, acidic and basic
FGF are probably released into the extracellular environment, albeit through an illdefined pathway (Sasada et al. 1988; Sato and Rifkin 1988). In fact biologically active
FGF is associated with heparan sulphate proteoglycans and glycosaminoglycans of the
extracellular matrix (Vlodavsky et al. 1987; Weiner and Swain 1989). This association
may reflect an important component in the biology of these growth factors since storage
in the ECM may allow for a delay between production and utilization by responsive
cells. In addition, matrix sequestration may serve to restrict the diffusion of FGFs and
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permit their controlled release through the action of hydrolytic enzymes. Although the
extracellular matrix provides a supportive scaffold for cells, it also has a profound
influence on their attachment, differentiation, proliferation and migration and has long
been recognised as a key regulator of inductive tissue interactions during
embryogenesis (reviewed in Klagsbrun 1990).
The remaining 5 members of the FGF-family, including int-2 are each synthesised with
a hydrophobic amino-terminal signal sequence which directs entry into the endoplasmic
reticulum. Although this has only formally been shown for int-2, hst and KGF, the
FGF-5 and FGF-6 proteins contain a stretch of N-terminal hydrophobic and polar
amino acids which bear the hallmarks of signal sequences (von Heijne 1986).
However the subsequent fate of these proteins appears to distinguish int-2 from the
other members of this group. KGF was originally identified in the conditioned medium
of M426 embryonic fibroblasts (Rubin et al. 1989) and both hst and FGF-5 are
secreted into the growth medium following transfection into NIH3T3 cells (Delli Bovi
et al. 1987b; Zhan et al. 1988). In the absence of any comparable data for FGF-6,
sequence homology with hst and similar transforming capacity suggest that this protein
is also likely to be efficiently secreted by producer cells (Maries et al. 1989). In
contrast, int-2 was not detected in the culture medium of transfected COS-1 cells
although antigens were found at low levels in extracellular matrix preparations (section
3.9). Although the ECM may represent a biologically relevant source of int-2 as is the
case for acidic and basic FGF, there is a clear discrepancy between the secretion
properties of int-2 and the other signal peptide-bearing members of the FGF-family.
However, the cells used to isolate the FGF-5 and KGF proteins were clonal lines
established by selection of transfected NIH3T3 cells in a defined medium or by
repeated passage of embryonic lung explants (Aaronson and Todaro 1968; Zhan et al.
1988). In contrast, int-2 biosynthesis was investigated using an entirely different
system based on the transient high level expression of recombinant proteins in a pool of
unselected COS-1 cells. The use of non-equivalent expression systems therefore
makes it difficult to draw direct comparisons between the secretion properties of int-2,
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FGF-5 and KGF. However this restriction does not apply to hst when expressed in
transiently transfected COS-1 cells. These studies revealed that hst is efficiently
modified in the endoplasmic reticulum by signal peptide cleavage and N-linked
glycosylation and unlike int-2, migrates accordingly as a single intracellular protein.
Furthermore hst proteins are rapidly secreted and can be readily detected as soluble
components of the conditioned medium using both immunological and biological
assays (Delli Bovi et al. 1988).
To investigate whether the failure to detect soluble extracellular int-2 reflects the
inefficiency of processing events in the endoplasmic reticulum, the signal peptide was
replaced with a heterologous targeting sequence derived from an immunoglobulin
heavy chain gene (section 3.6). This resulted in enhanced synthesis of fully processed
intracellular forms of int-2, although proteins were still not detected in the conditioned
medium. Given the efficient secretion of hst, it seems unlikely that highly amplified
levels of recombinant proteins simply overload the secretory pathway. Instead it is
more likely that some inherent feature of the int-2 protein retards its release from COS-1
cells or promotes intracellular degradation. Alternatively, int-2 proteins may be rapidly
broken down in the extracellular environment such that they can no longer be detected
with the available antisera.
More recently, the secretion properties of int-2 have been investigated in two clonal
lines of NIH3T3 cells transformed by high level expression of int-2 (Goldfarb et al.
1991). These cells, designated DMI-1 and DMI-3, were stably transfected with int-2
cDNA in a retrovirus-based vector and isolated by their ability to grow in soft agar and
in a defined medium lacking growth factors. In contrast to the results obtained with
transfected COS-1 cells, int-2 is efficiently exported by these cell lines. The majority of
secreted int-2 is associated with the extracellular matrix and cell surface proteoglycans
but a significant amount of protein has also been detected in the conditioned medium
(Paul Kiefer, personal communication). These findings support the contention that int2 is a typical secreted member of the FGF-family and by inference, suggest that the
contradictory results obtained in COS-1 cells simply reflect the use of an inappropriate
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expression system. However if the growth properties of DMI-1 and DMI-3 cells are
dependent on high levels of extracellular int-2, then these lines may represent rare
variant clones which display atypical secretory characteristics. To pursue this question,
it will be necessary to investigate the biosynthesis of int-2 proteins in a wide range of
cell types with the ultimate goal of identifying the lineages which express endogenous
int-2 in the developing embryo.

7.3

Biological activities of int-2

The prototypic members of the fibroblast growth factor family, acidic and basic FGF
were originally identified as mitogens for cultured fibroblasts. Subsequent analysis has
shown that these polypeptides display a broad spectrum of biological activities in nonterminally differentiated cells of embryonic mesodermal and neuroectodermal origin.
FGFs can act as mitogens, chemo-attractants and mediators of cellular differentiation
(reviewed in Gospodarowicz et al. 1987). In culture, they stimulate the growth of
endothelial cells, myoblasts, chondrocytes, osteoblasts, glial astrocytes, melanocytes
and neuroblasts (reviewed in Thomas 1987). Acidic and basic FGF promote the
synthesis of plasminogen activators and collagenase and act as mesoderm inducers in
ectodermal explants derived from early Xenopus embryos (Moscatelli et al. 1986; Slack
et al. 1987). In vivo, the prototypic FGFs are potent angiogenic factors, reflecting their
ability to stimulate the growth and migration of endothelial cells (reviewed in
Gospodarowicz et al. 1987).
Some of the biological properties attributed to acidic and basic FGF suggest a potential
role in neoplasia. These activities include their function as mitogens, angiogenic factors
and inducers of extracellular proteases which promote the degradation of basement
membranes and so could enhance the invasive potential of tumours. Although there is
ample documentation of prototype FGF expression in human tumours and tumour
derived cell lines, there is no evidence to suggest that such expression is a primary
event in the aetiology of natural tumours. However in experimental systems, over
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expression of acidic FGF or bFGF transforms established murine fibroblasts and often
yields a phenotype which correlates directly with the level of FGF synthesis (Quarto et
al. 1989). Basic FGF does not appear to be a very potent transforming factor since the
amount of recombinant protein is quite high in transformed cells and may approach
0.1% of the total cellular polypeptides . However its transforming potential is greatly
enhanced by the addition of a heterologous signal sequence, indicating that autocrine
stimulation is effected by ligand-receptor interactions which occur either in the secretory
pathway or on the cell surface (Blam et al. 1988; Rogelj et al. 1988). The case for a
public autocrine loop is strengthened by the effect of suramin which dissociates
receptor/ligand complexes and causes reversion of NIH3T3 cells transformed with a
chimaeric signal peptide-bFGF cDNA (Yayon and Klagsbrun 1990).
The most compelling evidence supporting a role for FGF-like molecules in the genesis
of natural tumours comes from the transcriptional activation of int-2 and hst in murine
breast carcinomas induced by Mouse Mammary Tumour Virus (Dickson et al. 1984;
Peters et al. 1989a). The only other growth factor directly implicated in tumourigenesis
is v-sis, an oncogene derived by transduction of the PDGF-B gene in the simian
sarcoma virus (Devare et al. 1983; Doolittle et al. 1983; Waterfield et al. 1983). High
level expression of hst or int-2 results in the transformation of transfected NIH3T3
cells, albeit with very different efficiencies. Cosmid clones containing the complete hst
gene induce morphologically distinct colonies in a classical focus-assay and in fact hst
has turned out to be the most frequently encountered oncogene in human tumour DNA,
after members of the RAS family. However there is no evidence that hst plays any
causative role in the genesis of human tumours since the same gene isolated from
normal DNA is also capable of inducing focus formation in NIH3T3 cells (Sakamoto et
al. 1988). The transformed properties of NIH3T3 cells expressing high levels of hst
can be reversed by incubation with neutralizing antibodies suggesting that growth
requires secretion of hst products to effect an autocrine loop (Talarico and Basilico
1991) In contrast, int-2 is a less potent oncogene and its transforming capacity has
only been realised using a modified focus assay in combination with virus-based
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expression vectors which are constitutively active in NIH3T3 cells (Goldfarb et al.
1991). Furthermore, foci have only been observed with cDNAs that have been
specifically altered to increase the synthesis of secreted int-2 proteins. Removal of the
signal peptide or addition of an endoplasmic reticulum retention sequence effectively
abolished the focus-forming ability of transfected NIH3T3 cells (section 3.10).
Although it is possible that these changes interfered with the function of int-2,
analogous mutations do not affect the mitogenic activity of hst proteins in quiescent
C57MG cells (Fuller-Pace et al. in press). It seems likely that transformation by int-2
involves an autocrine loop which is completed on the cell surface or in a secretory
compartment downstream from the endoplasmic reticulum. As expected, substitutions
in the signal sequence which improve the efficiency of post-translational modification
also enhance the transforming capacity of int-2 cDNAs and conversely, mutations
which disrupt the signal peptide cleavage site have the opposite effect. To investigate
the role of extracellular int-2 proteins in the transformation process, DMI-3 cells were
grown in soft agar containing a high concentration of heparin which has been shown to
displace surface-bound int-2 into the medium (Kiefer et al., in press). For acidic FGF,
heparin binding substantially augments biological activity (Schreiber et al. 1985),
perhaps by a mechanism in which the growth factor is protected against degradation or
stabilised in a conformation that is optimal for binding to high-affinity receptors. The
cloning efficiency of DMI-3 cells in soft agar however, was markedly reduced by the
addition of heparin (section 3.10). These findings are consistent with transformation
via a public autocrine loop and suggest that soluble heparin-like glycosaminoglycans
may sequester extracellular int-2 such that it's concentration at the cell surface falls
below a threshold required for receptor activation. This indicates that transformation of
NIH3T3 cells by int-2 probably involves low affinity receptor interactions which are
readily competed by soluble heparin. In the absence of specific high-affinity int-2
receptors, autocrine stimulation may require high concentrations of localised ligand in
order to effect productive interactions with related receptor molecules. For this reason,
the failure to detect any mitogenic activity using int-2 products translated in vitro may
201

reflect low levels of recombinant protein available in reticulocyte lysates. In fact the
weak activity of int-2 in virtually all biological assays so far tested may reflect the
absence of high affinity receptors in target cells. Given the tightly restricted pattern of
int-2 expression during embryogenesis, it is possible that specific receptors exist only
in specialised cell types which naturally respond to int-2.

7.4

Translational initiation

The normal pattern of int-2 expression has been analysed in embryonal carcinoma cells
such as PSA-1, F9 and PCC4 which can be induced to differentiate into parietal
endoderm-like cells in culture (Mansour and Martin 1988; Smith et al. 1988). Given
the difficulty in obtaining tissue from early mouse embryos, these cell lines may
represent the best source of material for characterising the structure of int-2 transcripts
synthesised in the pre-implantation embryo. Using a combination of approaches,
including sequencing of int-2 cDNAs and RNase protection assays, six distinct classes
of RNA have been resolved in differentiated EC cells (Mansour and Martin 1988; Smith
et al. 1988). These transcripts derive from three promoter regions and terminate at
either of two polyadenylayion sites. All classes of RNA contain the same predicted
open reading frame but depending on the choice of promoter, encode between 100-400
nucleotides of leader sequence 5' to the predicted AUG start codon. To investigate the
influence of these sequences upon the efficiency of translational initiation, synthetic int2 RNAs containing various lengths of 5' sequence were translated in rabbit reticulocyte
lysates (section 5.2). These studies revealed that the inclusion of presumed leader
sequences had an inhibitory effect upon the synthesis of the predicted int-2 protein but
also resulted in the synthesis of an additional larger translation product. Since the
RNAs tested differ only in nucleotides 5' to the AUG start codon, upstream sequences
were examined for alternative codons which might initiate the synthesis of N-terminally
extended int-2 products. In the absence of additional in-frame AUG codons, the most
likely candidate was a CUG codon positioned 87 nucleotides upstream of the predicted
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AUG. To test this, point substitutions were introduced into each of the proposed
initiation codons and the mutant cDNAs tested in the COS-1 cell expression system
(section 5.2). The results of this analysis confirmed that both the AUG and the
upstream CUG serve as initiation codons for the synthesis of int-2 proteins; in the
unaltered sequence initiation at the CUG accounts for at least 50% total intracellular
products.
Approximately 90-95% of vertebrate mRNAs that have been sequenced, translation has
been shown to begin at the first AUG codon encountered by the 40S ribosomal subunit
(Kosak 1987). The efficiency of translational initiation is however strongly influenced
by the nucleotide sequence surrounding the start codon and the consensus
CCA/g CCAUGG has been proposed as optimal for initiation by eukaryotic ribosomes
(Kosak 1984). Provided there is a purine positioned at -3, the initiation complex often
tolerates changes from the rest of the consensus but a guanosine at +4 is otherwise
essential for efficient translational initiation.
There are numerous examples of prokaryotic genes which utilise non-AUG triplets
such as GUG, UUG and AUU as natural translational initiation codons (reviewed in
(Kosak 1983). In contrast, the initiation of protein synthesis in eukaryotes is almost
universally restricted to the use of AUG codons and only a small number of genes
appear to deviate from this strategy. These non-AUG initiation codons are all contained
within optimal sequences for initiation of translation as defined by the AUG start. The
first naturally occuring example was found in one of the capsid proteins of adenoassociated virus which initiates at an ACG triplet (Becerra et al. 1985) and it has since
been shown that the Sendai virus C protein and one of the Krox-24 polypeptides also
initiate protein synthesis at an ACG codon (Curran and Kolakofsky 1988; Lemaire et
al. 1990). Synthesis of the transcriptional enhancer factor TEF-1 begins at an AUU
codon (Xiao et al. 1991). However the most common non-AUG initiation codon
found in eukaryotes is CUG, the first example of which was described in the human cmyc gene. Cells from a wide range of species express two c-myc proteins p64 and
p67, the larger one of which is synthesised from an upstream CUG codon and is
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frequently disrupted in Burkitt's lymphomas (Hann et al. 1988). CUGs have been
shown to function as translational initiators for the Itk receptor kinase (Bernards and de
la Monte 1990) and high molecular mass forms of human basic FGF which contain
extensions of 41 and 55 residues appended to the amino terminus of the AUG initiated
product (Florkiewicz and Sommer 1989; Prats et al. 1989b). In SK-Hep-1 cells and
NIH3T3 fibroblasts transfected with bFGF cDNAs, the CUG-initiated proteins are
enriched in the nuclear fraction whilst the smallest product is located predominantly in
the cytosol (Renko et al. 1990). Translational initiation at non-AUG triplets has been
shown to have biological significance in only two cases; the precursor to the Moloney
MuLV gp85sas protein is synthesised from a CUG codon and appears to promote viral
infection in tissue culture (Prats et al. 1989a) although there is little evidence that it is an
essential component in the retroviral life-cycle. The 44 kD pim-1 protein initiates at an
upstream CUG and is more stable than its AUG-initiated 34 kD counterpart (Saris et al.
1991).
When the first AUG triplet encountered by the 40S pre-initiation complex lies in an
unfavourable context, ribosomes often fail to initiate translation and migrate on to
downstream start codons. This "leakiness" can be suppressed by introduction of
downstream secondary structure which presumably retards ribosome scanning and
allows more time for recognition of start codons (Kosak 1989). However the precise
location of downstream hairpin structures is critical in determining the efficiency of
translational from sub-optimal initiation codons (Kosak 1990). The facilitating effect of
an artificial hairpin is maximal when positioned 14 nucleotides from the initiation codon
and is almost identical to the estimated distance between the ribosome leading edge and
the P-site as determined by ribonuclease protection experiments (Kosak 1977).
Examination of RNA sequences downstream from the int-2 CUG triplet reveals a
predicted stem-loop structure in an ideal position to stall 40S ribosomes over this codon
(Kosak 1990). The human int-2 gene also encodes an in-frame CUG which is located
78 nucleotides 5' to the predicted AUG start codon but contained within a sub-optimal
context for translational initiation (Brookes et al. 1989b). However the sequences
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immediately downstream of this CUG also have the potential to form extensive
secondary structure which might enhance the synthesis of N-terminally extended
proteins (see Figure 7.4).
According to the scanning model for translation, the recognition of internal start codons
by 40S ribosomes is influenced by the frequency of upstream initiation events. In this
respect the pattern of int-2 protein synthesis may be fairly complex since the major open
reading frame is preceded by at least two potential initiation codons. In addition to the
CUG, int-2 transcripts contain an upstream AUG which has the hypothetical capacity to
initiate synthesis of a short pentapeptide in the +1 reading frame (Dixon et al. 1989).
To investigate the effect of these sequences on the synthesis of secreted int-2 proteins,
point mutations were introduced into each upstream initiation codon and the mutant
cDNAs tested in a modified NEH3T3 transformation assay. In these experiments it
appeared that the efficiency of focus-formation parallelled the synthesis of int-2 proteins
from the second AUG codon (section 5.8).

Mutation of the upstream CUG and/or

AUG enhanced the induction of morphologically distinct foci, suggesting that the
expression of secreted int-2 may in part be controlled by translational repression in
accordance with the scanning model for ribosome initiation. Similar mechanisms
appear to regulate the synthesis of other eukaryotic proteins, including GCN4, p56lck
and a parvovirus capsid protein (Hinnebusch 1984; Marth et al. 1988; Ozawa et al.
1988). The FGF-5 proto-oncogene also contains an upstream open reading frame
which interferes with translation and dramatically reduces the transforming efficiency of
FGF-5 cDNAs in vitro (Zhan et al. 1988; Bates et al. 1991).
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Figure 7.4 Predicted RNA secondary structure
downstream from the int-2 CUG initiation codon
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The structure shown for mouse int-2 was taken from Kosak (1990). The predicted
CUG initiation codon shown for the human sequence is located 78 nucleotides 5' to the
presumed AUG start codon.
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7.5

Nuclear transport mechanism

The identification of specific nuclear localisation signals invokes an intracellular
receptor-mediated transport apparatus which might catalyse the targeting of proteins to
the nucleus. In 1986, Kornberg and colleagues cross-linked BSA to the SV40 T
antigen NLS peptide and found that the rate of nuclear accumulation displayed
saturation kinetics, indicative of a rate-limiting component in the transport pathway
(Goldfarb et al. 1986). Nuclear localisation of nucleoplasmin conjugates either in Vero
cells or Xenopus oocyte extracts containing isolated rat liver nuclei has been dissected
into two metabolically distinct steps which distinguish binding at the nuclear envelope
from translocation events through pore complexes (Newmeyer and Forbes 1988;
Richardson et al. 1988). At low temperatures or in the absence of ATP, nucleoplasmin
conjugates rapidly accumulate at the nuclear envelope but remain excluded from the
nucleus. Translocation is also blocked by the lectin wheat germ agglutinin which binds
to nuclear pore proteins but does not physically occlude the passage of low molecular
weight dextrans (Finlay et al. 1987; Yoneda et al. 1987). Further intermediates in the
transport pathway have been identified using cryo-electron microscopy and image
analysis to resolve sequential interactions between nucleoplasmin-coated colloidal gold
particles and the nuclear pore complex in Xenopus oocytes (Akey and Goldfarb 1989).
These studies suggest that nuclear proteins bind to multiple sites located around the
periphery of the nuclear pore before docking with and translocating through the central
channel. The peripheral binding sites may be functionally equivalent to fibrillar
structures which have been identified by conventional electron microscopy, extending
into the cytoplasm from nuclear pores (Feldherr et al. 1984; Richardson et al. 1988).
Although the pore complex is clearly a central component of the nuclear transport
pathway, the initial site of signal recognition - the presumptive NLS-receptor - remains
ill-defined. Signal binding proteins have been identified in rat liver and HeLa cell
extracts by cross-linking to iodinated NLS peptides (Adam et al. 1989; Li and Thomas
1989; Yamasaki et al. 1989). These proteins are present both in the nucleus and post207

mitochondrial supernatant suggesting a role for cytosolic factors in the transport
pathway, perhaps as carrier molecules which escort newly synthesised polypeptides to
the nuclear pore complex. The argument supporting the existence of such proteins has
been strengthened by the discovery of at least two N-ethylmaleimide-sensitive cytosolic
factors necessary for nuclear import in vitro (Adam et al. 1990; Newmeyer and Forbes
1990). Additional evidence has come from studies on the localisation of small nuclear
proteins injected into the cytoplasm of cultured cells; the cytoplasmic retention of
histone HI in chilled or energy depleted cells can be overcome by co-injected of excess
protein, suggesting that the saturation of cytoplasmic binding sites allows uncomplexed
molecules to enter the nucleus by diffusion (Breeuwer and Goldfarb 1990).
Irrespective of the precise sub-cellular localisation of NLS-binding proteins, the
heterogeneity of nuclear targeting signals raises the question of how specificity is
achieved unless a unique receptor is provided for each nuclear protein. Competition
experiments with synthetic peptides containing NLS derived from nucleoplasmin,
SV40 T antigen and E1A suggest that diverse signals can bind the same group of
putative receptor proteins, indicative of a common transport pathway (Yamasaki et al.
1989). Similar conclusions have been drawn from studies using sera raised against
peptides that are electrostatically complementary to the SV40 T NLS; these antibodies
recognise determinants on the nuclear envelope and block targeting of various
molecules including nucleoplasmin and BSA conjugated to the SV40 or polyoma large
T NLS (Yonedaet al. 1988).

7.6

Nuclear localisation of int-2

From the experiments described in section 5.6, it is clear that int-2 proteins synthesised
from the upstream CUG codon at least in part localise to the cell nucleus. Furthermore
it was shown that a signal sequence for ER-translocation is located within the body of
the molecule rather than at the extended N-terminus. In vitro, this appears to have little
effect upon the properties of the signal peptide since CUG and AUG-initiated proteins
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are translocated into the lumen of canine microsomes with approximately equal
efficiency. However in a cellular environment, the N-terminally extended forms of int2 are distributed equally between the secretory pathway and the nuclear compartment.
One explanation for these results is that the 29 amino acid appendage encoded by CUGinitiated products, not only interferes with the properties of the signal peptide but also
contains a nuclear targeting signal. However a truncated molecule which lacked both
the N-terminal extension and the contiguous signal peptide was found exclusively in the
nucleus. This suggests that a nuclear targeting signal exists within the body of int-2 but
is only effective when reticular transport is compromised, either by upstream initiation
or signal peptide deletion.
Experiments with genetically engineered fusion proteins provide compelling evidence
that nuclear localisation is effected by short stretches of basic amino acids which which
are often adjacent to helix-breaking residues such as proline and glycine (reviewed in
Garcia-Bustos et al. 1991). For int-2, the majority of positively charged amino acids
are concentrated in 6 distinct clusters, each of which shares some degree of homology
with known nuclear localisation signals. Independent substitution of these sequences
established that the structural integrity of the two most N-terminal motifs, referred to as
a and (3, is necessary for nuclear localisation of CUG-initiated int-2 (section 6.3). In
the absence of either one, nuclear proteins were targeted to the secretory pathway and
modified in the endoplasmic reticulum with similar efficiency to AUG-initiated
proteins.
To define the minimal sequence required for nuclear localisation, a series of gene
fusions was made between int-2 and pyruvate kinase. However in all cases the
chimaeric polypeptides were retained in the cytoplasm. In contrast, fusions with
another member of the FGF-gene family identified a dominant nuclear localisation
signal in the first exon of int-2 as predicted from the mutation analysis described above.
For these experiments, an N-terminally truncated hst protein was used as a cytoplasmic
reporter and efficient nuclear localisation was shown to depend on the combined
activities of both a and [3 motifs. Without further deletion analysis, the precise limits

209

of the int-2 nuclear localisation sequence remain to be established; however the 24
amino acid region defined by a and (3 resembles the bipartite targeting signal encoded
by nucleoplasmin (see Fig.7.6). This protein contains a nuclear localisation which is
composed of two discrete basic domains separated by an intervening spacer of 10
amino acids (Dingwall et al. 1988). These motifs function in an interdependent manner
since point mutations in either domain which are individually silent abrogate nuclear
transport when combined together (Robbins et al. 1991). The NLS tolerates linker
insertions which increase the separation of the basic domains by 4, 8 or 12 amino acids
although a deletion of 4 residues from the intervening region renders the signal
inactivate. The nucleoplasmin targeting sequence is prototypic for a class of bipartite
signals which have been identified in a number of other proteins, in some cases
coincident with regions independently defined as nuclear localisation sequences. These
include three members of the steroid receptor superfamily, p53, Xenopus non-histone
protein N l, polymerase basic protein of influenza virus and the yeast transcription
factor SWI5 (Picard and Yamamoto 1987; Kleinschmidt and Seiter 1988; GuiochonMantel et al. 1989; Addison et al. 1990; Nath and Nayak 1990; Picard et al. 1990; Moll
et al. 1991). However as shown in Fig. 7.6, the NLS of influenza virus polymerase
basic protein 1 (PB1) shares the most compelling similarity with the int-2 nuclear
localisation sequence. In this case the two basic domains are separated by a spacer of
16 amino acids; deletion of the amino terminal motif results in partial loss of nuclear
localisation whilst the second basic cluster appears to perform a more dominant
function (Nath and Nayak 1990). These findings identify a targeting signal which is
structurally and functionally analogous to the int-2 nuclear localisation sequence. In
comparison, the first exons of acidic FGF, basic FGF and hst contain only a single
cluster of basic amino acids, equivalent to the int-2 [3 motif. This may be a significant
difference given that acidic FGF, AUG-initiated bFGF and N-terminally truncated
forms of hst are all found in the cytoplasm.
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Figure 7.6 Comparison of known nuclear localisation sequences
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Nuclear targeting signals of nucleoplasmin, influenza virus PB1 and
int-2. Positively charged amino acids are capitalised and the residues
required for nuclear localisation indicated in bold text. For
comparison, equivalent sequences from acidic FGF, basic FGF and
hst are aligned with respect to the central FGF-homology region (not
shown).

For some genes which encode alternative in-frame initiation codons, sequences
contained within the N-terminal extension target the larger product to a different
intracellular compartment. For example the rat prostatic protein probasin is synthesised
from two AUG codons; initiation at the first produces a protein containing a signal
peptide which directs entry into the ER whilst the internal start codon specifies a smaller
protein which accumulatse in the nucleus (Spence et al. 1989). The yeast TRM1
protein catalyses A^A^-dimethylguanosine modification of tRNA molecules and is
found in both nuclear and mitochondrial fractions (Li et al. 1989). In this case initiation
of translation at an upstream AUG codon enhances mitochondrial import by extending
an amphiphilic helix present in the amino terminus of the shorter protein, thereby
forming a more efficient mitochondrial targeting signal (Ellis et al. 1989). The sub-
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cellular fate of human basic FGF is also determined by choice of initiation codon; Nterminally extended products are synthesised from either of two in-phase CUG triplets
and accumulate in the nucleus whilst smaller AUG-initiated proteins remain in the
cytoplasm (Renko et al. 1990). A nuclear targeting signal has been identified in the
upstream region that is shared by both CUG-initiated products and functions as a
dominant NLS when fused to chloramphenicol acetyl transferase (Bugler et al. 1991).
The intracellular fate of Hepatitis B virus core antigen presents a more complex scenario
in which N-terminally extended proteins are found in the nucleus, cytoplasm and
secretory pathway. Transcripts from the core gene of HBV contain two in-frame AUG
codons separated by 84 nucleotides; whilst the internal open reading frame encodes
cytoplasmic core antigens, the upstream region contains an amino terminal signal
sequence which targets precore polypeptides to the endoplasmic reticulum (Ou et al.
1986). However following signal peptide cleavage, up to 80% precore proteins are
released back into the cytoplasm and a small proportion subsequently accumulate in the
nucleus (Garcia et al. 1988; Ou et al. 1989). Nuclear localisation is dependent on the
combined activities of a cluster of hydrophobic amino acids located immediately
downstream from the signal peptide cleavage site and a dominant NLS located in the Cterminal arginine-rich domain (Yeh et al. 1990). The short hydrophobic motif is unique
to precore proteins and may serve to unmask the downstream nuclear localisation
sequence. The N-terminal extension encoded by CUG-initiated forms of int-2 may
perform a similar role in activating the int-2 nuclear localisation sequence. This may
involve the formation of secondary structure which exposes the nuclear localisation
signal or alternatively the upstream region may simply compromise the signal peptide
and so impair insertion of nascent polypeptides into the endoplasmic reticulum.
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7.7

Concluding remarks

The widely accepted mechanism by which polypeptide growth factors regulate cellular
function involves interactions with high-affinity receptor molecules displayed on the
surface of target cells. The specificity of action is largely determined by the repertoire
of receptors expressed by different cell types. Activation initiates the synthesis of
second messengers in the plasma membrane and cytosol which ultimately propagate
signals into the nucleus. Upon binding to the cell surface, growth factors are
internalised by receptor-mediated endocytosis and subsequently degraded in the
lysosomal compartment of the target cell. This accounts for the down-regulation of
receptors at the plasma membrane and suggests that polypeptide growth factors are not
themselves intracellular messengers in the delivery of signals to the cell nucleus.
However there is increasing circumstantial evidence to support the existence of an
alternative transport pathway which targets growth factors to the cell nucleus rather than
the lysosomes. Nuclear localisation has been demonstrated using immunological
techniques or by sub-cellular fractionation of cells exposed to insulin, NGF, EGF,
PDGF and basic FGF (Goldfine et al. 1977; Yanker and Shooter 1979; Johnson et al.
1980; Rakowicz-Szulczynska et al. 1986; Bouche et al. 1987). Isolated nuclei also
contain high-affinity binding sites (assumed to represent specific receptors) for NGF
and insulin (Goldfine and Smith 1976; Andres et al. 1977). In terms of functional
activity, a number of growth factors elicit biological responses when applied directly to
the nucleus. Insulin stimulates RNA and protein synthesis whilst ribosomal gene
expression is enhanced by basic FGF but repressed by NGF (Miller 1988; Bouche et
al. 1987; Rakowicz-Szulczynska et al. 1989). Antigens related to PDGF have been
detected in the nuclei of fibroblasts transformed with simian sarcoma virus (Yeh et al.
1987). The v-sis oncogene encodes a truncated derivative of the PDGF B chain fused
to the amino-terminal region of the retroviral envelope protein. p28v_sis contains a
dominant nuclear localisation sequence located close to it's C-terminus and the A chain
of PDGF includes a similar targeting signal contained within an exon which is subject
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to alternative splicing (Lee et al. 1987; Maher et al. 1989). However both p28v_sis and
PDGF A chains are normally found in the secretory pathway and accumulate in the
nucleus only when reticular transport is abrogated by mutagenesis of their respective
signal peptides. The mechanism by which PDGF-related proteins accumulate in the
nuclei of SSV-transformed cells therefore remains unclear since the p28v~sis primary
translation product contains a dominant signal peptide whilst mature proteins are
truncated at the C-terminus and do not retain the NLS.
Nuclear localisation of int-2 does not involve a secreted intermediate since N-terminally
extended translation products are translocated to the nucleus directly from the
cytoplasm, presumably via the nuclear pore complex. In principle this allows for an
alternative mode of growth factor action in which cellular function is modulated by an
internal mechanism that excludes the potential for paracrine effects. This may provide a
pathway for self-regulation which does not involve internalisation and degradation of
cell-surface receptors. Since different members of the FGF-gene family have been
shown to cross-react with the same species of high-affinity receptor, the nuclear form
of int-2 may therefore modulate cell behaviour without loss of sensitivity to FGF-like
molecules in the extracellular environment. Given the synergistic effects of different
growth factors in embryonic development and cell transformation (Massague et al.
1985; Kimelman and Kirschner 1987) an internal autocrine pathway may provide a
novel means of effecting simultaneous responses to int-2 and other members of the
FGF-family. The synthesis of two different primary translation products independently
targeted to the nucleus or secretory pathway may therefore provide the basis for duality
of function. Thus the sub-cellular fate of int-2 may dictate the nature of the cellular
response by interacting with different classes of effector molecules on the cell surface
and in the nuclear compartment. However it is also possible that there is a specific
interaction between the effects of the secreted and nuclear proteins. For example, if the
nuclear form of int-2 were to render cells refractory to autocrine stimulation, this would
ensure that secreted products acted only as paracrine signalling molecules.
An alternative role for the upstream CUG codon may be to impair the biological
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activities of secreted int-2 by reducing the efficiency of translational initiation at the
downstream AUG codon; nuclear localisation would therefore represent a strategy for
masking the action of int-2 rather than a means of generating diversity of function.
However recent analysis of polypeptides encoded by the Xenopus int-2 gene suggests
otherwise; the sub-cellular fate of these proteins is again determined by choice of
initiation codon but in this case nuclear forms of int-2 start at CUG codons which are
located within an AUG-initiated open reading frame. As a result they lack an Nterminal signal peptide which targets larger proteins into the secretory pathway and
accumulate in the nucleoli (unpublished results of James Close, ICRF).
In the absence of a biological activity which can be ascribed to CUG-initiated forms of
int-2, the significance of nuclear localisation remains entirely speculative. However
functional importance can be inferred from the existence of a specific targeting signal
which is both necessary and sufficient for nuclear localisation. This argument is
strengthened by the finding that basic FGF also encodes alternative CUG and AUG
initiation codons; in this case the smaller AUG-initiated protein is localised in the
cytoplasm whilst the N-terminally extended products accumulate in the nucleus (Renko
et al. 1990). Furthermore exogenously added bFGF enters the nucleolus and
stimulates the transcription of ribosomal genes in aortic endothelial cells undergoing
Go-Gi transition (Bouche et al. 1987); uptake into the cytoplasm is continuous
throughout the cell cycle although translocation into the nucleoli occurs only in late Gi
(Baldin et al. 1990). For these experiments, bFGF was purified from bovine pituitaries
or obtained as the recombinant 146 amino acid form; in both cases they lack the nuclear
localisation sequence encoded by CUG-initiated proteins (Bugler et al. 1991).
Nevertheless there is evidence to support the notion that FGF-like molecules fulfil a
distinct role in the nucleus. One of the prime objectives for future research will
therefore be to define biological assays which distinguish the nuclear form of these
growth factors from their secreted counterparts. This should provide new insights into
the underlying mechanisms which regulate the growth, development and differentiation
of eukaryotic organisms.
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Figure A1.1

C onstruction of T7(3Sal3.2Q

pKC3.2 plasmid DNA was digested with Bgl II and Kpn I and fractionated by
electrophoresis in a 0.8% agarose gel. The 324 base pair fragment which contains the
amino terminal 96 codons of int-2 was ligated into the M13 mpl9 vector to give the
intermediate construct M13 BK. After preparation of (+) sense single strand DNA, the
oligonucleotide 3'-CCGGCGCACGTCCCGTCGGA-5‘ was used to prime the
synthesis of double stranded DNA containing the desired Asn-Gln mutation at codon
65 (see Materials and Methods, section 2.16).

65

N
(+) strand
oligonucleotide

A C
CCAAGCGGCCGCGTG
GGCAGCCTTGAGAAC
CCGGCGCACGTCCCGTCGGA
65

The resultant plasmid M13 BKQ was digested with Sma I and Kpn I and after gel
purification, the mutant 221 base pair fragment was ligated into T7(3Sal3.2.

Point m u tagen esis

T 7pSal3.2

p-globin untranslated leader
int-2 coding region

T7pSal3.2Q
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Figure A1.2

C onstruction of pKC3.2Qmyc

A pair of complementary oligonucleoties encoding the c-myc peptide epitope (shown in
single letter amino acid code) were annealed together and cloned into T7pSal3.2
digested with Acc I and Eco RI, yielding the intermediate construct T7pSal3.2rayc. In
order to transfer altered sequences to a eukaryotic expression vector, the Eco RI site
present in the polylinker of pKC3.2Q was first destroyed; after partial restriction with
Eco RI, linearised DNA was purified by agarose gel electrophoresis, treated with
Klenow enzyme and the blunted ends religated together to give pKC3.2Q-R. The
fusion sequences between int-2 and the c-myc epitope tag were isolated from
T7pSal3.2myc as a gel purified 455 base pair fragment and ligated into pKC3.2Q-R as
shown.
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Figure A1.3 Construction of mutations in the int-2
signal peptide
In order to manipulate the int-2 signal sequence, an intermediate plasmid, containing the
N-terminal 143 codons of int-2 was first constructed. Insert DNA was prepared by
digesting pKC3.2 DNA with Sac I and the 429 base pair fragment purified by
electrophoresis in 0.8% agarose and recovered by electroelution. This was ligated into
pGem4 to give the intermediate construct Gem4321. Complementary oligonucleotides
encoding the immunoglobulin signal peptide (Igl3) or a series of mutations in the int-2
cleavage site (REP4) were annealed together and cloned into Gem4321 digested with
Nco I and Apa /. After gel purification, mutant sequences were reintroduced into the
expression vector pKC3.2 as Sac I restriction fragments.
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Figure A1.4

C onstruction of pKC-NSP

The signal sequence was first deleted from int-2 in T7(3Sal3.2 (see Fig. 3.2-2). This
was achieved by digesting plasmid DNA with Nco I and Sma I followed by incubation
with Klenow enzyme to fill recessed 3' termini and then religation of the blunted ends.
The resultant plasmid T7pSal3.2NSP contains a deletion of 60 nucleotides which
included the entire signal sequence and an additional 4 codons beyond the cleavage site.
The initiator ATG was now located adjacent to Glycine-22 (see Fig. 3.1-2). Mutant
sequences were then introduced into pKC3.2 by two consecutive manipulations.
1. The truncated int-2 coding region was isolated from T7pSal3.2NSP as an Nco IEco RI restriction fragment and cloned into equivalent sites in Gem4322 - identical to
Gem4321 (Fig. A 1.3) but with int-2 sequences in the reverse orientation.
2. The resultant construct Gem4322NSP was digested with Sac I and the 345 base pair
restriction fragment subcloned into pKC3.2 to give pKC-NSP.

int-2 coding region
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Figure A1.5

C onstruction of pKC3.2KDEL

Oligonucleotides encoding the KDEL endoplasmic retention signal, shown in single
letter amino acid code, were ligated into T7pSal3.2 digested with Acc I and Eco RI.
The intermediate construct T7pSal3.2KDEL was then digested with Sma I and Eco RI
and mutant sequences cloned into pKC3.2Q-R (see Figure A 1.2).
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Construction of int-2 expression vectors
based on pDO-BS

pBR on.

pDO-BS
LTR

/ / / / / / / / / <
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SV40 earty promoter

R
\
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neomycin coding sequences
int-2 coding sequences

PKC3.2, pKC-NSP, pKC32KDEL, ig13 and REP4

Schematic depiction of the pDO-BS expression vector (Morgenstem and Land 1990).
Transcriptional initiation, termination and polyadentlation sequences are derived from
the Mo-MuLV long terminal repeats. The plasmid also contains a copy of the neomycin
gene under the transcriptional control of the SV40 early promoter.
Int-2 sequences derived from pKC3.2, pKC-NSP, pKC3.2KDEL, REP4 and I g l3
were isolated as Bgl 11-EcoRl fragments and cloned into pDO-BS digested with Bam
HI and Eco RI.
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Figure A1.7
vector

C onstruction of a p36C-based transfer

The transfer vector p36C was derived from the plasmid pAc360 by point mutation of
the polyhedrin initiation triplet from ATG to an ATC. pAc360 retains the natural Bam
HI restriction site centered around residue 58 of the polyhedrin protein although amino
acids 12-57 were removed by limited digestion with Bal 31 exonuclease (Smith et al.
1983). The int-2 transfer vector p36C3.2 was constructed by 3 sequential
manipulations.
1. The int-2 coding region was subcloned into pAcC5 as an Nco I-Eco RI restriction
fragment from pKC3 2 to give the intermediate plasmid pC53.2.
2. In order to provide a Bgl II site directly 5' to the int-2 initiation codon, a pair of
complementary oligonucleotides containing a Bgl II site were annealed and cloned into
pC53.2 digested with Nco I and Xho /, yielding the intermediate plasmid pC5A3.2.
X hol

Bgl II

Nco I

TCGAGTACTAGATCT
CATGATCTAGAGTAC

3. pC5A3.2 plasmid DNA was digested with Bgl II. The int-2 coding region was
isolated as a 971 base pair restriction fragment and ligated into the Bam HI site of
p36C.
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Figure A1.8 Construction of int-2 expression vectors
for use in CHO cells
A. To investigate the efficiency of translational initiation at the CUG codon, an
expression vector was constructed which contains unaltered upstream sequences
combined with the N-glycosylation mutation at codon 65. The extended int-2 open
reading frame (including 335 nucleotides of upstream leader sequence) was isolated as
a 1.4 kb partial Sma I-Eco RI restriction fragment from pKC4.1Q (see Fig. 5.2-3A)
and ligated into equivalent sites in pEE6hCMV to give pEE64.1Q. The complete int-2
transcription unit was then isolated as a 3.85 kb partial Bgl II-Bam HI fragment and
cloned into the unique Bam HI site in pSVLGS-1 to give pGS4.IQ.
B. To construct an int-2 expression vector encoding CUG-initiated products only, a
similar procedure was performed using pKC120 (see Fig. 5.5A). Plasmid DNA was
digested with Nco I and the recessed 3' termini blunted with Klenow enzyme. After
restriction with Eco RI, the extended open reading frame was ligated into pEE6hCMV
digested with Sma I and Eco RI to give the intermediate construct pEE6120. The
complete int-2 transcription unit was then isolated as a 3.45 kb partial Bgl II-Bam HI
fragment and cloned into the unique Bam HI site in pSVLGS-1 to give pGS120 (see
below).
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Figure A1.9 C onstruction of point m utations in the int-2
u pstream s e q u e n c e s
The point mutations made in pEE64.5 and pEE64.6 were constructed by Mark Dixon
(ICRF) using an oligonucleotide-directed mutagenesis kit (Dixon 1989). These
changes were originally introduced into the plasmid KC4.1 (see Figure 5.2-3A) and
then transferred to pEE6hCMV as partial Sma I-Eco RI restriction fragments. The
construct pEE64.7 was generated by PCR from pEE64.5 plasmid DNA using a 5'
oligonucleotide primer which extended to the natural Nae I restriction site upstream of
the CUG codon and included an in-frame TGA triplet

Nae I
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The 31primer annealed to nucleotides 1866-1890 in exon 1/lb. Amplified DNA was
ligated into pGem4.1 (see Figure 5.2-1) digested with Nae I (partial) and Apa I and
then transferred to pEE6hCMV as a partial Sma I-Eco RI restriction fragment to give
pGem4.7.
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