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Abstract

This thesis describes the cloning and characterisation of a novel human gene and its

protein products, which have been designated SAPK- and Ras-interacting protein

(SinRIP). SinRIP shares identity with JC310, a partial human cDNA that was

previously identified a candidate Ras-inhibitor (Colicelli et al., 1991, Proc Natl Acad

Sci USA 88, p. 2913). In this study, it was shown that SinRIP is a member of an

orthologous family of proteins that is conserved from yeast to mammals and contains

proteins involved in Ras- and SAPK-mediated signalling pathways. Comparison of this

family of proteins showed that human SinRIP contains a potential Ras-binding domain

(RBD; residues 279-354), a PH-like domain (PHL; 376-487), and a highly conserved

novel region designated the CRIM (134-265). Several other potential targeting sites,

such as nuclear localisation signals and target sites for kinases, were identified within

the SinRIP sequence

 

The human SinRIP gene is unusually large (>280 kbp) and is located on chromosome 9

at 9q34. SinRIP mRNA was detected in a wide variety of tissue-types and cell lines by

RT-PCR, and the SinRIP sequences in the EST database were derived from an diverse

array of tissues, suggesting a widespread or ubiquitous expression. Northern blot

analysis revealed the highest levels in skeletal muscle and heart tissue. However, the

steady-state levels of SinRIP mRNA vary greatly from cell to cell, and SinRIP

expression is likely to be regulated at multiple post-transcriptional levels. It was shown

that SinRIP mRNA is likely to be translated inefficiently by the normal cap-scanning

mechanism, due to the presence of a GC-rich and structured 5’-UTR, which also

contains upstream ORFs. Alternative polyadenylation signals in the SinRIP 3’-UTR can

be used, resulting in the expression of short and long SinRIP mRNA isoforms. Several

potential A/T-rich regulatory elements were also identified in SinRIP mRNA, which

may target specific SinRIP mRNA isoforms for rapid degradation.

Importantly, it was shown that SinRIP mRNA is alternatively spliced, resulting in the

production of distinct SinRIP protein isoforms. Three isoforms, SinRIP2-4, were

definitively identified by RT-PCR and full-length cloning. The SinRIP isoforms contain

deletions in conserved regions, and are likely to have biochemical characteristics that

are different to full-length SinRIP1. SinRIP2 is C-terminally truncated and lacks the

PHL domain and part of the RBD, and relatively high levels of SinRIP2 expression are
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likely to occur in kidneys. The RBD is disrupted in SinRIP3, but all other domains are

intact, and RT-PCR analyses suggest that SinRIP3 is present in some cells at levels

comparable to SinRIP1. A rabbit polyclonal antiserum against SinRIP was generated

and detected endogenous SinRIP proteins. Using the anti-SinRIP antibody in

immunoblots, multiple SinRIP isoforms were observed in most cell types. SinRIP1 and

another endogenous SinRIP protein, likely to be SinRIP3, were detected in most cell

lines, and appear to be are the major SinRIP proteins expressed in most cells. The sub-

cellular localisation of both recombinant and endogenous SinRIP proteins was

investigated by immunofluorescence assays and biochemical fractionation.

Recombinant SinRIP1 protein was found in the cytoplasm and associated with the

plasma membrane. In contrast, the SinRIP2 protein was predominantly nuclear, with

only low-level cytoplasmic staining observed. The endogenous SinRIP proteins, likely

to comprise these and other SinRIP isoforms, were found in both the nucleus and

cytoplasm.

SinRIP1 interacted with GTP-bound (active) Ras, but not GDP-bound (inactive) Ras, in

an in vitro assay, and also co-localised with activated H- and K-Ras in cells. The

binding profile observed is typical of Ras-effectors, and SinRIP did not inhibit

signalling by the Ras proteins, suggesting that it is not likely to be a Ras-inhibitor. It

was also shown that SinRIP1 and SinRIP2 both interact and colocalise with c-Jun NH2-

terminal kinase (JNK). Both SinRIP proteins were able to recruit JNK to their respective

sub-cellular compartments. These interactions suggest an adaptor role for SinRIP in the

Ras and/or JNK pathways. In addition, Sam68 was isolated as a SinRIP-binding protein

in a yeast two-hybrid screen. Sam68 was shown to colocalise with SinRIP2 and

endogenous SinRIP proteins, but not SinRIP1. Further colocalisation studies showed

that endogenous SinRIP proteins localise in nuclear structures that may be associated

with pre-mRNA splicing. Likely functions for SinRIP, as indicated by experimental

results and studies of the orthologues of SinRIP in other species, are discussed.
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CHAPTER 1

General Introduction
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Cells must sense and respond to changes in their environment, particularly within multi-

cellular organisms, where communication between cells is critical. These extracellular

signals are usually received at the plasma membrane, and then subsequently transferred

to distinct cellular compartments such as the nucleus. To achieve this, the eukaryotic

cell relays the signal using pathways of multiple signalling molecules, a phenomenon

known as signal transduction. The mechanisms of signal transduction are diverse,

however the early stages of most pathways involve protein-protein interactions. This

often results in the modification of one of the proteins by phosphorylation, the covalent

addition of a phosphate group. Phosphorylation is reversible, regulated by kinases and

phosphatases, and often modulates the biochemical activity of the target protein.

Signalling can also involve the generation or mobilization of other small molecules such

as phospholipids, Ca2+, or cyclic AMP (cAMP). 

Many of the pathways used to relay extracellular-signals can also be activated by

intracellular stresses such as DNA damage and nutrient depletion, and play important

roles in cell regulation. Importantly, genes encoding components of these pathways are

often mutated in human disease (McCormick, 1999; Hunter, 2000; Pawson and Nash,

2000; Seto et al., 2002; Sears and Nevins, 2002). The small GTPase Ras and mitogen

-activated protein kinase (MAPK) cascades have been shown to participate in a diverse

array of cellular programs including differentiation, cellular movement, proliferation,

and apoptosis, and play an important role in a variety of human cancers. This overview

will introduce MAPK modules and Ras pathways, and evidence that they combine in a

specific pathway which may involve a novel human protein (SinRIP), the subject of this

thesis. 

1.1 Mitogen-activated Protein Kinase (MAPK) Signalling

The MAPK module is comprised of three kinases: a MAPK, a MAPK kinase

(MAPKK), and a MAPKK kinase (MAPKKK). Signals are transmitted through the

module by sequential phosphorylation, which is initiated by activation of the

MAPKKK. The MAPK family proteins contain a characteristic T-X-Y phosphoryation

motif within the activation loop of the kinase domain, which is phosphorylated by the

dual-specificity MAPKK. Thus, signalling through the module culminates in an
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activated MAPK that can then phosphorylate and activate a variety of substrates, and

thereby regulate cellular processes (Schaeffer and Weber, 1999; Wilkinson and Millar,

2000; Chang and Karin, 2001). MAPKs are proline-directed serine/threonine kinases

and phosphorylate substrates on serine and threonine residues within the motif S/T-P.

MAPK cascades have been highly conserved through evolution, and are present in all

eukaryotes (Widmann et al., 1999; Cardinale et al., 2002). As yeast are genetically

tractable, the S. cerevisiae MAPK cascades have been well studied, and exemplify

many of the concepts that are important for understanding MAPK signalling in

mammals. 

1.1.1 MAPK Pathways in S. cerevisiae 

Five MAPK modules, which regulate cellular processes such as mating, filamentation,

high-osmolarity responses, cell wall remodeling, and sporulation, have been identified

in S. cerevisiae (Posas et al., 1998; Widmann et al., 1999; Gustin et al., 1998). These

modules lie downstream of small G proteins and other kinases. In the mating pathway,

for example, activation of a heterotrimeric G-protein-coupled receptor by mating

pheromone results in recruitment of the Ste20 kinase to the plasma membrane, where it

can bind to the G�� subunit of the receptor as well as another small GTPase, Cdc42 (Fig

1.1A) (Leberer et al., 1997; Lamson et al., 2002). Both G�� and Ste20 also bind to the

Ste5 adaptor protein, which provides a scaffold upon which the Ste11 MAPKKK, Ste7

MAPKK, and Fus3 MAPK are assembled (Leeuw et al., 1998; Pryciak and Huntress,

1998). 

Important substrates of Fus3 in the mating pathway include the Ste12 transcription

factor, which regulates mating-specific transcription, and the cyclin-dependent kinase-

inhibitor Far1, which allows Fus3 to arrest cells in the G1 stage of the cell cycle (Gustin

et al., 1998; Wilkinson and Millar, 2000). Intriguingly, the Kss1 MAPK module, which

is induced by nitrogen starvation and regulates filamentous growth, contains the same

components as the Fus3 module. Kss1 also activates the Ste12 transcription factor and

may also contribute to pheromone signalling, however it does not induce G1 arrest

(Breitkreutz et al., 2001). Similarly, the Hog1 pathway also utilises Cdc42, Ste20 and

Ste11 in the hyperosmolarity response and thus a key question is how specificity is
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Figure 1.1. MAPK modules in yeast and mammals. (A) The MAPK modules involved in the mating
pathway of the yeast S. cerevisiae. This figure is adapted from (Pryciak, 2001). (B) The four characterised
mammalian MAPK modules are represented. For simplicity, the diverse set of MAPKKKs that are
involved are not shown (see text). This figure is from (Rincon et al., 2001).

achieved in MAPK signalling (O'Rourke et al., 2002). This question is also relevant to

the study of mammalian MAPK systems, which are summarised in Figure 1.1B, and

discussed next.

1.1.2 The Mammalian ERK family

The extracellular signal-regulated kinases ERK1 (p44MAPK) and ERK2 (p42MAPK) are

the prototypical mammalian MAPKs. They are unique among the mammalian MAPKs

in that they exhibit a preference for a second proline within the motif P-X-S/T-P

(Songyang et al., 1996). ERK1/2 are activated by phosphorylation within the motif T-E-

Y by MEK1 and MEK2. This phosphorylation is sufficient for full activation of the

ERKs (Anderson et al., 1990). The major physiological activators of MEK1/2 are the

members the Raf family of S/T kinases, c-Raf, A-Raf, and B-Raf. However, the

MEKK1, Tpl-2 and Mos kinases are also capable of directly activating MEK1/2

(Salmeron et al., 1996; Schaeffer and Weber, 1999; Schlesinger et al., 1998; Yujiri et

al., 1998). 

The ERK1/2 cascade is activated by a diverse set of mitogens, including peptide growth

factors, cytokines, hormones, and phospholipids (Robinson and Cobb, 1997). Activated

receptor tyrosine kinases (RTKs) can recruit Sos, a guanine nucleotide exchange factor

for Ras (RasGEF), to the plasma membrane via the GRB2 adaptor protein. Sos activates

Ras, which can then directly bind and activate the Raf family MAPKKKs (also see

A B
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section 2.2.3) and consequently the ERK cascade. The induction of the ERK1/2 cascade

by G protein-coupled receptors (GPCRs) also requires Ras, RTKs, and Src family

tyrosine kinases (Luttrell et al., 1999). As is the case for most MAPKs, the activation of

ERK1/2 occurs within the cytoplasm, and activated ERK1/2 then translocates into the

nucleus, where it phosphorylates the Ets domain-containing transcription factors Elk-1,

SAP-1/2 and Ets-1/2, increasing their DNA binding activity (Treisman, 1996).

Signalling through the ERK cascade results in the induction and stabilisation of c-Fos, a

member of the AP-1 transcription factor, thereby stimulating AP-1 activity (Karin et al.,

1997; Okazaki and Sagata, 1995). 

ERK1/2 signalling induces proliferation, possibly through direct regulation of the cell

cycle (Marshall, 1999). For example ERK1/2 positively regulate the levels of cyclin D1

and p27Kip1, which is required for progression through the G1 checkpoint during the cell

cycle (Lavoie et al., 1996; Kawada et al., 1997). The ERK1/2 proteins also target a

number of cytoplasmic proteins such as ribosomal S6 kinase II (p90RSK), which can

translocate into the nucleus and regulate transcription factors when activated (Treisman,

1996). 

1.1.3 ERK5 and the p38 Family 

The p38 MAPKs contain the phosphorylation motif T-G-Y, and are the mammalian

homologues of HOG1, the yeast MAPK in the hyperosmolarity pathway. Four p38

isoforms have been cloned: p38� (SAPK2a); p38� (SAPK2b); p38� (SAPK3/ERK6);

and p38� (SAPK4) (Han et al., 1994; Jiang et al., 1996; Jiang et al., 1997; Widmann et

al., 1999). These can be divided into two subgroups, based on substrate specificity and

the observation that p38�/�, but not p38�/�, are inhibited by the drugs SB203580 and

SB202190 (Goedert et al., 1997). The MKK3 and MKK6 (SKK6) MAPKKs, which are

related to the yeast HOG1p activator Pbs2p, activate p38, with the MAPKKKs in the

p38 cascade including TAK1, ASK1 and SPRK (Widmann et al., 1999; Kyriakis and

Avruch, 2001). The p38 pathways are stimulated by physical stresses such as ultraviolet

radiation (UV), ionising radiation (IR), and oxidative stress, and by lipopolysaccharide,

growth factor and cytokine receptors (Widmann et al., 1999; Kyriakis and Avruch,

2001). The transcription factor substrates of p38 include Elk-1, ATF2 and
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CHOP/GADD153, Max and MSK1, and the p38 proteins have been shown to play an

important role in regulating the cell-cycle in response to stress (Raingeaud et al., 1996;

Treisman, 1996; Deak et al., 1998; Lavoie et al., 1996; Pearce and Humphrey, 2001;

Wang et al., 2000; Bulavin et al., 2001).

Another stress-responsive mammalian MAPK is ERK5 (SAPK5/BMK), which contains

a T-E-Y phosphorylation motif, but is distinct from ERK1/2 and is activated by GPCRs,

atypical PKCs, hyperosmolarity, and oxidative stress  (Zhou et al., 1995; Marinissen et

al., 1999; Abe et al., 1996). The MAPKK in the ERK5 module is MEK5, while no

MAPKKK upstream of MEK5 have yet been identified (Zhou et al., 1995; Widmann et

al., 1999; Diaz-Meco and Moscat, 2001). Activated ERK5 phosphorylates the MEF2C

transcription fractor, and ERK5 -/- mice have embryonic cardiovascular defects (Kato et

al., 1997; Regan et al., 2002). Recently, another type of mammalian MAPK was

identified and named ERK7, which also contains the T-E-Y phosphorylation motif, and

is related to ERK8 in humans (Abe et al., 1999; Abe et al., 2002). ERK7 is

constitutively activated in serum starved cells and inhibits cell growth independently of

its kinase domain (Abe et al., 1999). 

1.2 The c-Jun NH2-terminal kinase (JNK) Family of MAPKs 

The c-Jun NH2-terminal kinase (JNK) family of MAPKs was originally identified as the

kinase responsible for activating c-Jun in response to oncogenic Ras and UV light (Hibi

et al., 1993; Kyriakis et al., 1994). Together with the p38 family, the JNKs are key

mediators of stress-responses in mammalian cells, and are also known as the stress-

activated protein kinases (SAPKs). Three genes encode the JNK family in mammals,

jnk1 (sapk�), jnk2 (sapk�), and jnk3 (sapk�) (Ip and Davis, 1998; Davis, 2000; Kyriakis

and Avruch, 2001; Weston and Davis, 2002). The jnk1 and jnk2 genes are ubiquitously

expressed, while jnk3 expression is restricted to brain, heart and testis (Whitmarsh and

Davis, 1996). In addition, JNK mRNA can be alternatively spliced, with a total of more

than ten distinct JNK isozymes identified so far (Gupta et al., 1996). Analysis of mice

with specific JNK genes knocked out (see Section 1.2.3) and other studies indicate that

the JNK isozymes possess biochemical and functional differences (Kallunki et al.,

1994; Butterfield et al., 1997; Butterfield et al., 1999; Wojtaszek et al., 1998). 
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1.2.1 Activation of JNK

The JNK family contain a T-P-Y motif in the activation loop that is phosphorylated by

MKK4 (JNKK1/SEK1) and MKK7 (JNKK2). These may act synergistically in

activating JNK, however MKK4 is also capable of phosphorylating p38 in vitro (Lawler

et al., 1998; Davis, 2000).  A large set of MAPKKKs lay upstream of the JNK cascade,

including MEKKs1-4, ASK, TAK, and Tpl-2, each of which have different specificity

towards MKK4 and MKK7 and are activated by specific stimuli (Ip and Davis, 1998;

Cheng et al., 2000). For example, MEKK1, a human homologue of the Ste11 yeast

MAPKKK, activates both MKK4 and MKK7, and is required for JNK activation by

TNFalpha, IL-1, dsRNA and lipopolysaccharide (Xia et al., 2000). Regulation of JNK

also involves inactivation by S/T and dual-specificity phosphatases, which can also act

on some of the upstream components of the SAPK module (Waskiewicz and Cooper,

1995; Meriin et al., 1999; Keyse, 2000; Sanchez-Perez et al., 2000). An ATP-

competitive inhibitor of JNK, SP00125, has recently been developed (Bennett et al.,

2001).

JNK is potently activated by short wavelength ultraviolet radiation (UVC) in most cell

types. This requires cell-surface receptors, the production of reactive oxygen species

and may involve damage to DNA and ribosomes (Adler et al., 1995; Urano et al., 2000;

Chatterjee and Wu, 2001; Rosette and Karin, 1996; Chen et al., 1996; Chen et al.,

2001). Intermediate (UVB) and long (UVA) wavelength UV can also induce JNK

activity, although not as potently as UVC (Englaro et al., 1998; Iordanov and Magun,

1999). JNK is also activated by oxidative stress, which may occur by S-nitrosylation of

cysteine166 in JNK, and thus in some situations JNK itself may be a component of the

sensory mechanism (Hall et al., 2000; Park et al., 2000). Other JNK-activating physical

stresses include IR, heat and osmotic shock, cellular infection by a wide variety of

bacteria, viruses and other parasites, and inhibitors of transcription and translation

(Clarke et al., 2001; Ip and Davis, 1998; Kyriakis and Avruch, 2001). 

Recent studies have shed light on the mechanism by which IR activates JNK. An

important role for the tyrosine kinase c-Abl and S/T kinase ataxia telangiectasia-

mutated (ATM) were suggested by biochemical studies in Abl-/- and ATM-deficient

cells (Kharbanda et al., 1998; Shafman et al., 1995; Shafman et al., 1997; Lee et al.,

1998). ATM is targeted to sites of DNA damage in response to IR, and activates c-Abl,
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initiating a pathway that results in activation of JNK. The c-Abl protein can activate

MEKK-1 in the nucleus, as well as translocate into the cytoplasm where it can interact

with and activate the Ste20-related Hematopoietic Progenitor Kinase 1 (HPK1), a

MAPKKK kinase (Kharbanda et al., 2000; Ito et al., 2001). While ATM is not required

for the activation of JNK by UVC, a related protein, ATR, may play an analogous role

(Zhang et al., 2002). 

JNK is also activated by the receptors for extracellular ligands such cytokines, growth

factors, and the extracellular matrix (ECM) (Ip and Davis, 1998; Tibbles and Woodgett,

1999; Ichijo, 1999). Both the G� and the G�� subunits of the heterotrimeric G-protein

coupled receptor (GPCR) are involved (Gutkind, 1998; Marinissen et al., 1999). In

addition, a large variety of serine/threonine kinases lie directly upstream of MAPKKK

in the JNK module, including kinases from the mixed-lineage kinase (MLK) and Ste20-

like families (Diener et al., 1997; Yao et al., 1999; Dan et al., 2001). Evidence also

suggests that the small GTPases Rac1 and CDC42, but not the closely related Rho, play

a critical role in the activation of JNK by receptor tyrosine-kinases and GPCRs (Coso et

al., 1995; Minden et al., 1995; Olson et al., 1995; Zohn et al., 1998; Nagao et al.,

1999). Thus, CDC42 and its effector PAK1 are required for induction of JNK by IL1

(Bagrodia et al., 1995). Rac1 and CDC42 also directly bind to MEKK1 and 4, and this

has been proposed as a potential mechanism for JNK activation by Rac1 and CDC42

(Fanger et al., 1997). A similar role is suggested for the small GTPase Ras, which is

discussed in detail in Section 1.4. 

1.2.2 Substrates of JNK

After stimulation of the JNK pathway, a nuclear pool of active JNK accumulates that

can tightly bind and phosphorylate several different transcription factors, resulting in

their activation. For example JNK, phosphorylates AP-1 transcription factor c-Jun on

serine residues 63 and 73, thereby stimulating AP-1 transcriptional activity (Gupta et

al., 1995; Treisman, 1996). Other AP-1 substrates of JNK include JunD, ATF2 and

ATFa, and as these can form homo- or hetero-dimers, JNK may be recruited to

phosphorylate other AP-1 proteins through docking interactions with c-Jun (Kallunki et

al., 1996; Karin et al., 1997; Shaulian and Karin, 2001). The c-Jun protein is also likely

to have AP-1 independent functions (Leppa and Bohmann, 1999; Leppa et al., 2001).

JNK also phosphorylates the ternary complex factors Elk-1 and Sap-1, resulting in
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increased expression of c-Fos, another AP-1 member (Cavigelli et al., 1995; Whitmarsh

et al., 1997). In contrast, phosphorylation by JNK results in a reduction of the

transcriptional activity of another type of transcription factor, nuclear factor of activated

T-cells (NFAT)-4 and NFAT2 (Basu and Kolesnick, 1998; Chow et al., 2000). In

addition, regulation of these transcription factors is also likely to involve them being

targeted for ubiquitination and degradation by JNK (Musti et al., 1997; Fuchs et al.,

1997; Fuchs et al., 1998a).

Another important target is p53, which is phosphorylated on Thr-81 by JNK in response

to UVC, IR, or the transfection of constitutively active MEKK1 into cultured cells (Hu

et al., 1997; Adler et al., 1997; Buschmann et al., 2001). This decreases the basal

ubiquitination of p53, resulting in its stabilisation and increased transcriptional activity

(Fuchs et al., 1998b). Interestingly, c-Jun also targets p53 and is required for cell cycle

re-entry in the UV response (Shaulian et al., 2000). In non-stressed cells, inactive JNK

and p53 associate, resulting in the targeting of p53 for ubiquitination, and recent results

suggest that JNK may also lie downstream of p53 pathways (Fuchs et al., 1998a; Zhang

et al., 2002). JNK also phosphorylates c-Myc on Ser-62 and -71, which may induce its

apoptotic activity (Yu et al., 1997; Noguchi et al., 1999). JNK also targets another

family of proteins that control apoptosis, the Bcl family, which may regulate both cell

survival and progression through the cell-cycle (Maundrell et al., 1997; Fan et al., 2000;

Ito et al., 2001; Yamamoto et al., 1999; Deng et al., 2001). Other substrates of JNK

include the adaptor protein p66ShcA, Rb, and keratin (Chauhan et al., 1999; Le et al.,

2001; He et al., 2002).

1.2.3 The Physiological Role of JNK

Deletion of the Jnk1 or Jnk2-/- genes is not lethal in the mouse, however a Jnk1-/- / Jnk2-/-

compound knock-out is embryonic-lethal (Kuan et al., 1999). While many of the

environmental stresses that activate JNK also cause apoptosis, it is clear that JNK has

both pro- and anti-apoptotic functions, depending on the stimulus and cell-type.

Knockout studies show a requirement for JNK in apoptosis. Thus, the kainic acid-

induced apoptosis in the hippocampus is deficient in mice lacking JNK3, and embryonic

fibroblasts from Jnk1-/- / Jnk2-/- mice are resistant to IR-induced apoptosis (Yang et al.,

1997; Kuan et al., 1999; Tournier et al., 2000). An important role for JNK in regulating

T-cell development and function has clearly been shown using the JNK-mutant mice
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(Dong et al., 2001; Rincon et al., 2001). JNK1 and JNK2 are both required for the

maturation of CD4+ helper T-cells, but have distinct roles in the function of CD8+ T-

cells (Dong et al., 1998; Arbour et al., 2002; Conze et al., 2002). Thus, Jnk1-/- mice

cannot resolve Leishmania major infection because of a dominant Th2, rather than Th1,

response (Constant et al., 2000). JNK has also recently been shown to promote insulin-

resistance, and may therefore have a role in the development of type II diabetes

(Aguirre et al., 2000; Hirosumi et al., 2002).

Although mutations in JNK have not been observed in human cancer, a role for JNK in

the transformation of cells by several oncogenes has been shown. For example, JNK1 is

required for the transformation of pre-B-cells by the BCR-ABL oncogene, and may

provide a survival signal in this model (Hess et al., 2002). JNK2-deficient mice have a

reduced susceptibility to the induction of skin tumourigenesis, and anti-sense JNK2

oligonucleotides inhibit the growth of tumour cells (Bost et al., 1999; Potapova et al.,

2000; Potapova et al., 2000; Chen et al., 2001). The expression of a constitutively active

MKK7 results in constitutive JNK-activation and a transformed phenotype in NIH3T3

fibroblasts (Rennefahrt et al., 2002). Moreover, JNK is also required for the induction

of apoptosis by anti-tumour agents, and JNK activity has also been shown to correlate

with drug-resistance, underscoring the importance of JNK in medical biology (Osborn

and Chambers, 1996; Schiff et al., 2000; Kang et al., 2000; Seimiya et al., 1997; Wang

et al., 1999; Garcia-Fernandez et al., 2002; Franklin and McCubrey, 2000; Mizukami et

al., 2001). JNK may also act as a tumour-suppressor in some cases, with the Evi-1

oncoprotein protecting tumour cells from apoptosis by inactivating JNK (Kurokawa et

al., 2000).

1.3 Scaffolding Molecules and Specificity in MAPK signalling 

While complete MAPK signaling pathways have been delineated, it is clear that their

regulation is complex and occurs at multiple levels. Moreover, these pathways do not

exist and function in isolation, and distinct pathways can share components and regulate

each other, a phenomenon known as “cross-talk”. However, it is clear that MAPK

modules regulate distinct physiological responses and can be activated independently,

raising the problem of how this specificity is achieved. The most specific component of

the MAPK module in mammals appears to be the MAPKKs, due to their high substrate 
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Figure 1.2. Scaffolding Proteins in MAPK Signalling. Examples of MAPK scaffolding proteins from
both yeast and mammals are shown (see text for details). Figure adapted from (Kyriakis and Avruch,
2001).

specificity and fewer genes relative to the MAPKs and MAPKKKs (Garrington and

Johnson, 1999). However, MAPKK genes can also produce biochemically distinct 

protein isoforms due to alternative splicing (Tournier et al., 1999). Another important

mechanism for achieving specificity appears to be the use of scaffolding proteins, which

can promote and insulate specific MAPK modules (Fig. 1.2) (Whitmarsh and Davis,

1998; Garrington and Johnson, 1999; Burack and Shaw, 2000). 

1.3.1 Yeast Scaffolds

The yeast S. cerevisiae provides an excellent model for the role of scaffolds and

mechanisms of specificity in MAPK pathways. Three yeast MAPK modules share the

MAPKK Ste11 (Fig 1.2) (Kyriakis and Avruch, 2001). The Ste5 protein, which binds

distinct regions of Ste11, Ste7 and Fus3, is likely to function as scaffold for the mating

pathway (Marcus et al., 1994). A role in organising the high osmolarity MAPK pathway

has been proposed for Pbs2, the MAPKK in this cascade, as it can interact with both the

MAPKKK and the Hog1 MAPK simultaneously (Posas and Saito, 1997). Additionally,

specificity is likely to involve additional transcription factors, competition for binding to

module components and negative regulation of the alternative pathways (O'Rourke and

Herskowitz, 1998; Harris et al., 2001; Sabbagh et al., 2001; van Drogen and Peter,
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2002; Breitkreutz and Tyers, 2002). For example, while activation of the Kss1 module

is required for filamentous growth, inactive Kss1 has an inhibitory effect on this

pathway (Madhani et al., 1997; Cook et al., 1997).

1.3.2 Mammalian Scaffolds

A well-studied example of a mammalian MAPK pathway scaffold is the JNK-

interacting protein-1 (JIP-1). JIP-1 enhances JNK activation by binding to JNK1,

MKK7, and the mixed-lineage kinases HPK1 and MLK3, and is required for stress-

induced JNK activation (Fig 1.2) (Whitmarsh et al., 1998; Nihalani et al., 2001;

Whitmarsh et al., 2001; Kyriakis and Avruch, 2001). Interestingly, it was recently

shown that the related JIP2 protein binds specifically to p38, MKK3 and  MLK3, as

well TIAM1 and Ras-GRF1, GEFs for the Rac family (Buchsbaum et al., 2002). Thus,

JIP2 is likely to act as scaffold for the p38 module in a manner analagous to the JIP1 for

the JNK pathway. The unrelated JNK/SAPK-associated protein 1 (JSAP1/JIP3)

enhances the JNK pathway by associating with JNK, SEK1 and MEKK1, and can also

associate with Raf and MEK1, thereby suppressing ERK activation (Ito et al., 1999;

Kuboki et al., 2000). As in yeast, the mammalian MAPK components themselves can

possess scaffolding properties. For example, JNKK2 and JNK1 bind synergistically to

MEKK2 (Cheng et al., 2000). 

1.4 Ras 

Small guanosine triphosphatases (small GTPases) catalyse the hydrolysis of GTP to

GDP and inorganic phosphate (Bourne et al., 1991). The Ras proteins are the

prototypical members of the Ras-superfamily of small GTPases, which also include the

Rab, Rho, Ran and Arf sub-families (Fig. 1.4) (Shields et al., 2000). The mammalian H-

ras, K-ras, and N-ras genes encode proteins that are 100% identical within residues 20-

48 of the effector domain. The H-ras and N-ras genes each encode a single protein,

while two proteins, K-Ras4A and K-Ras4B are produced from the K-ras gene by

alternative splicing (Reuther and Der, 2000). These associate with the plasma

membrane and cycle between active GTP-bound and inactive GDP-bound states (Lowy

and Willumsen, 1993; Ehrhardt et al., 2002). Other members of the Ras sub-family,

which include TC21, M-Ras, R-Ras, Rin, Ral, Rap, Rheb and Rit, may share

biochemical properties with H-, K-, and N-Ras (Fig. 1.3A) (Shields et al., 2000;
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Reuther and Der, 2000). This review will focus on the function of the well-studied H-,

K-, and N-Ras subgroup, in which an activating mutation occurs in at least 30% of all

human tumours, including 50% of colon and 90% of pancreatic adenocarcinomas (Bos,

1989b). 

1.4.1 Membrane Localisation of Ras

A series of post-translational modifications target Ras to the plasma membrane, which

is essential for its biological function (Fig 1.3B) (Magee and Marshall, 1999; Prior and

Hancock, 2001). Firstly, a cysteine within a C-A-A-X motif at the C-terminus is

farnesylated. After proteolytic removal of the C-terminal A-A-X tripeptide, the C-

terminal cysteine is also carboxyl-methylated. Proper targeting of H-Ras and N-Ras

requires further lipidated by palmitoylation, while the membrane localisation of K-Ras

involves a polybasic domain that can be reversibly phosphorylated. These differences in

post-translational processing result in K-Ras being localised to a plasma membrane

microdomain distinct from that to which H- and N-Ras are targeted (Roy et al., 1999;

Apolloni et al., 2000). These differences in localisation are likely to result in distinct

functions for the Ras isoforms (Roy et al., 2002; Niv et al., 2002; Villalonga et al.,

2001). This is supported by the observation that the Ras isoforms differentially activate

downstream effectors, with K-Ras a more potent activator of cRaf-1, and H-Ras more

effective at activating PI3K (Yan et al., 1998). 

1.4.2 Regulation of Ras Activity

The biological activity of Ras is regulated at the level of guanine nucleotide binding. In

its GTP-bound state, Ras is able to bind to effector molecules. Conformational

differences in GDP-bound Ras do not allow these interactions to occur. Thus, the

binding of GTP activates Ras, and the subsequent hydrolysis of that GTP to GDP

inactivates Ras. While Ras possesses intrinsic GTPase and GTP/GDP exchange

activities, these are very slow, and are tightly regulated by several distinct classes of

proteins in vivo, which connect Ras to cell surface receptors and physiological stimuli

(Boguski and McCormick, 1993; Zwartkruis and Bos, 1999; Rebollo et al., 1999). Ras-

specific guanine nucleotide exchange factors (RasGEFs) activate Ras by stimulating the

dissociation of GDP and its replacement by GTP (Quilliam et al., 1903). In contrast, 

Ras-specific GTPase activating proteins (RasGAPs), such as NF1 and p120GAP, 
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Figure 1.3. The Ras sub-family of proteins. (A) A phylogenetic tree of the Ras superfamily in human
and C. elegans is shown. Human (no suffix) and C. elegans (Ce suffix) proteins from the Ras
superfamily. This figure is from (Ehrhardt et al., 2002). (B) Post-translational modifications and
trafficking of the mammalian Ras isoforms to the plasma membrane. Note that the processing of K-Ras is
distinct from that of H-Ras and K-Ras. This figure is from (Reuther and Der, 2000).

stimulate the intrinsic GTPase activity of Ras, thereby downregulating the activity of

Ras. Another class of Ras-regulators, guanine nucleotide dissociation inhibitors (GDIs),

negatively regulate Ras by inhibiting the dissociation of GDP. Ras activity is also

regulated by other mechanisms, for example cholesterol depletion, which increases the

farnesylation of Ras and consequently stimulates its membrane localisation (Magee and

Marshall, 1999). 

The induction of GTP-binding of wild-type Ras in response to mitogen generally results

in transient activation. Several mutations associated with human cancers, notably those

at positions 12, 13, and 61, result in an oncogenic mutant Ras that is insensitive to the

action of GAPs, and therefore remains constitutively locked in the activated state

(McGrath et al., 1984; Shields et al., 2000; Bollag et al., 1996; Guerrero et al., 2002).

As they do not require activation by mitogens, these oncogenic Ras mutants have

commonly been used to study the effects of activated Ras in cells. The dominant-

negative Ras17N mutant, which binds and sequesters RasGEFs with very high affinity,

rendering them unavailable to activate endogenous Ras, is also used to study Ras

pathways (Feig, 1999). 

A B
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1.4.3 Ras Effectors

The binding of GTP induces an active conformation in Ras that allows it to interact with

a diverse set of effector proteins. This initiates a complex set of reactions, which

culminates in the effector becoming translocated to the plasma membrane and activated.

The plasma membrane-bound effector then participates in further reactions, thereby

resulting in transfer of the signal from Ras. Three classes of Ras-effectors have been

well characterised, the serine/threonine kinase Raf, the lipid kinase PI3K, and RalGDS,

a Ral-specific GEF. Mutants that selectively inhibit the interaction of Ras with specific

effectors have helped to delineate roles for these effectors in Ras signalling (Hwang et

al., 1996; Winkler et al., 1997). However, activated Raf is not sufficient to promote all

functions of Ras, and an oncogenic Ras mutant that fails to bind Raf is still capable of

transforming 3T3 fibroblasts (White et al., 1995; Khosravi-Far et al., 1996; Zwartkruis

and Bos, 1999).

The serine/threonine kinase c-Raf1 and the closely related A-Raf and B-Raf kinases are

key regulators of the ERK cascade. Two distinct domains in Raf directly interact with

Ras: residues 50-128, designated the Ras-binding domain (RBD), and residues 130-196,

which is a cysteine-rich domain (CRD) (Brtva et al., 1995; Drugan et al., 1996;

Bondeva et al., 2002). Recruitment of Raf to the plasma membrane by Ras results in the

stimulation of Raf kinase activity (Stokoe et al., 1994). Full activation of Raf also

requires the function of other signalling molecules such as the 14-3-3 proteins, the heat-

shock protein HSP90, phospholipids, and serine/threonine and tyrosine kinases (Freed

et al., 1994; Morrison and Cutler, 1997; Mineo et al., 1997). Low levels of activated

Ras and Raf induce proliferation, while high levels cause cell-cycle arrest and

senescence (Sewing et al., 1997; Lee et al., 2000). Notably, Raf can also be activated by

receptors independently of Ras (Hou et al., 1995).

Class I phosphatidylinositol 3-kinases (PI3Ks) are composed of an 85-kDa regulatory

(p85) and a 110-kDa catalytic (p110) subunit. Activation of PI3K by GTP-bound Ras

requires direct interaction with the p110 subunit of PI3K, and may involve allosteric

modulation of PI3K or its reorientation within the membrane (Rodriguez-Viciana et al.,

1994; Pacold et al., 2000; Suire et al., 2002). Once activated, PI3Ks phosphorylate

phosphatidylinositol (4,5)-bisphosphate (PIP2) to generate the second messenger

phosphatidylinositol (3,4,5)-trisphosphate (PIP3) (Rameh and Cantley, 1999; Cantley,
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2000). This results in the activation of proteins such as protein kinase B (PKB) and

Rac1, which are required for rearrangements of the actin cytoskeleton that are

associated with Ras transformation (Rodriguez-Viciana et al., 1997). 

RalGDS and its relatives, Rgl, and Rlf, which are guanine nucleotide dissociation

stimulators for Ral, comprise another class of Ras-effector molecules (Wolthuis and

Bos, 1999). Ral is involved in the regulation of phospholipase D (PLD) and

CDC42/Rac1, and its activation is associated with a metastatic phenotype in both

fibroblasts and epithelial cells (Ward et al., 2001). Other candidate Ras effectors also

bind preferentially to activated Ras and may therefore contribute to the function of Ras,

and these are reviewed in Section 5.1. 

1.4.4 Function of Ras

In addition to the high frequency of activating Ras mutations in human tumours, several

other observations demonstrate the importance of Ras in cancer. Firstly, expression of

oncogenic mutant Ras in the NIH-3T3 mouse fibroblast-derived cell line induces a

transformed phenotype, and these cells are tumourigenic when injected into nude mice

(Murray et al., 1981). Transgenic mice harbouring Ras oncogenes are cancer-prone

(Adams and Cory, 1991). Ras can also cooperate with c-Myc and other oncogenes to

transform primary mouse and rat embryo fibroblasts (Land et al., 1983; Kauffmann-Zeh

et al., 1997; Tsuneoka and Mekada, 2000). Deletion of Ras impaired the

tumourigenicity of two colon cancer-derived human cell lines (Shirasawa et al., 1993).

Hence Ras and its associated pathways are considered key targets for the development

of therapeutic drugs to treat cancer, such as farnesyltransferase inhibitors (FTIs)

(Prendergast and Oliff, 2000; Adjei, 2001). In addition, knockout studies in mice have

shown that K-ras, but not H-ras or N-ras, is essential for development, and Ras may

also play an important role in other physiological responses such as immune regulation

and cardiac hypertrophy (Umanoff et al., 1995; Johnson et al., 1997; Davis, 2000).

Much study has focused on elucidating the mechanisms of malignant transformation by

oncogenic mutant Ras. Depending on the cell type, species, and transformation status of

a cell, oncogenic Ras modulates the cytoskeleton, cell-cycle progression and apoptosis,

and induces chromosomal instability, senescence and terminal differentiation. The

transformation of rat fibroblasts by oncogenic mutant Ras is associated with a sweeping

change in gene expression (Zuber et al., 2000). These global changes are due to the
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activation of a number of different transcription factors, which often act synergistically

on the promoters of target genes (Denhardt, 1996). RhoA, Rac1 and CDC42, members

of the Rho family of small GTPases, are involved in regulating the cell-cycle

progression and cytoskeletal changes involved in motility. There is a great deal of

evidence to suggest that these proteins and their signalling targets, including JNK, play

a critical role in Ras transformation (Mackay and Hall, 1998; Zohn et al., 1998; Bar-

Sagi and Hall, 2000; Sahai et al., 2001; Bos, 1998a; Scita et al., 2000). While rodent

fibroblast cell lines have been used in most studies, Ras is associated predominantly

with human cancers of myeloid and epithelial origin, and several recent studies have

developed more appropriate models for studying Ras-induced tuomourigenisis (Shields

et al., 2000; Boettner and Van Aelst, 2002; Lazarov et al., 2002; Elenbaas et al., 2001;

Hamad et al., 2002).

1.5 Signalling from Ras to JNK

There is considerable overlap between the functions of Ras and JNK, suggesting that

they may function together in some pathways. Both are activated by cell surface

receptors and environmental stresses, and are key regulators of the cellular responses to

these signals. The existence of a Ras/JNK signalling pathway has been demonstrated

clearly by the observation that dominant-negative mutants of Ras inhibit the activation

of JNK by a variety of stimuli. These stimuli include UVC (Derijard et al., 1994),

microtubule-interfering agents (Wang et al., 1998), growth factor receptors (Minden et

al., 1994), protein synthesis inhibitors (Kawasaki et al., 1996), cytokines (Terada et al.,

1997; Rausch and Marshall, 1997; Deng et al., 1998), and hormones (Fukunaga et al.,

2000; Chan et al., 2002). Similarly, JNK antisense oligonucleotides and dominant-

negative JNK have been used to show a requirement for JNK in the stimulation of

downstream targets and growth by activated Ras (Van, V et al., 2001; Chen et al., 1999;

Bost et al., 1997). Notably, a dominant-negative mutant of Ras that inhibits JNK

activation suppresses the transformed phenotype of bladder cancer cell lines (Watanabe

et al., 2000).
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1.5.1 Components of the Ras/JNK Pathway

A direct pathway may function in some cells in which Ras directly binds and activates

MEKK1, a MAPKKK for JNK (Russell et al., 1995). For example, the stimulation of

JNK by constitutively active H-RasG12V, but not constitutively active RacL61, was

deficient in MEKK1-/- mouse ES cells (Xia et al., 2000). Interestingly MEKK1 also

associates with proteins involved in Raf activation, such as the 14-3-3 proteins and

HSP90 (Fanger et al., 1998; Cissel and Beaven, ). However MEKK1 is also dispensible

for the activation of JNK by Ras in some situations (Hirano et al., 2002). Ste20 related

kinases might be involved, as inhibition of germinal center kinase-related kinase

(GCKR), a member of this kinase family, impairs Bcr-Abl/Ras-induced activation of

JNK (Shi et al., 1999). As a dominant negative p120GAP protein blocked activation of

JNK and transformation by activated Ras, it too is a potential effector, as is the

RalGEF/Ral pathway (Clark et al., 1997; De Ruiter et al., 2000). Interestingly, JNK has

also been shown to directly interact with Ras-GTP, both in vitro and in vivo. JNK

became activated following this interaction, which was enhanced by the

chemopreventative agent, p-XSC (Adler et al., 1995; Adler et al., 1996; Adler et al.,

1996). Peptides that specifically inhibit the interaction between Ras and JNK can also

block signalling by oncogenic, but not wild-type Ras (Amar et al., 1997).

1.5.2 Roles of the Ras/JNK Pathway

Activated Ras stimuulates the phosphorylation of c-Jun on S63 and S73, resulting in the

induction of c-Jun transcriptional activity, and JNK is the major kinase that

phosphorylates these sites (Binetruy et al., 1991; Smeal et al., 1991). As transformation

by Ras is reduced in c-Jun-null cells, the Ras/JNK pathway(s) may therefore be

important in tumourigenesis (Johnson et al., 1996; Vandel et al., 1996; Wisdom et al.,

1999). Thus, the induction of skin tumours by the Ras pathway is impaired in mice

carrying a c-Jun allele with the phospho-acceptor sites S63 and S73 sites mutated to

alanine (Behrens et al., 2000). Expression of a dominant negative JNK1, but not

treatment with the MEK1/2 inhibitor PD98059, inhibits the phenotypic transformation

of lung carcinoma cells by activated Ras (Xiao and Lang, 2000). The JNK-specific

inhibitor SB600125 suppressed phenotypic transformation of epithelial cells by Ras,

and recent results suggest that JNK may play an important role in regulating Ras-

mediated apoptosis (Chen et al., 2001; Daily et al., 2001; Pruitt et al., 2002).
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Most of the studies of Ras/JNK signalling have used the H-Ras isoform, and, in

contrast, other Ras isoforms have been shown to inhibit the activation of JNK. Thus,

activated K-Ras inhibited the activation of JNK by TPA, and loss of cellular N-Ras was

shown to correlate with more sustained activation of JNK and apoptosis of cells

(Okumura et al., 1999; Wolfman et al., 2002). However, Ras/JNK signalling may be

evolutionarily conserved, with the Xenopus JNK homologue lying downstream of the

Ras/Raf/ERK pathway (Bagowski et al., 2001). In addition, the involvement of a

Ras/AP-1 pathway in the UV response is also conserved in yeast, and genetic studies in

lower eukaryotes may therefore shed further clues on signalling from Ras to JNK

(Stitzel et al., 2001; Engelberg et al., 1994). Ras is also known to stimulate the p38

cascade, which requires Rac1 and CDC42, and may provide negative feedback for the

Ras/JNK pathway by inhibiting the activation of JNK by Ras (Mackay and Hall, 1998;

Chen et al., 2000; Matsumoto et al., 1999; Wang et al., 2002).

1.6 A Family of SAPK- and Ras-Interacting Proteins 

There are two S. cerevisiae Ras proteins, RAS1 and RAS2, which have a redundant

requirement for cell viability (Kataoka et al., 1984). These proteins regulate cyclic AMP

levels by interacting with and activating adenylyl cyclase, and are structurally and

functionally similar to the mammalian Ras proteins (Broek et al., 1985; Kataoka et al.,

1985). Yeast carrying a RAS2G19V allele, which encodes a constitutively active RAS2

protein, contain elevated intracellular cAMP levels, resulting in an abnormal sensitivity

to heat shock (Kataoka et al., 1984; Toda et al., 1985; Matsumoto et al., 1985).

Therefore, potential inhibitors of Ras function can be identified as those that can restore

the ability of RAS2G19V yeast to survive heat-shock. In one such screen, three potential

novel Ras-inhibitors were isolated from a human neuroblastoma cDNA library

(Colicelli et al., 1991). 

None of these cDNAs could suppress the heat shock-sensitivity of pde1- / pde2- yeast,

which lack phosphodiesterase activity. They were therefore likely to have acted

upstream of adenylyl cyclase, which places them at the same level as Ras itself, or

upstream of Ras (Fig 1.4). Each of the potential Ras-inhibitors was truncated, and a full-

length cDNA corresponding to one of the sequences was subsequently cloned and

designated Rin1 (Ras-interacting protein 1) (Han and Colicelli, 1995; Han et al., 1997). 

Another of the partial cDNAs isolated showed strong sequence similarity to Rin1, and

was designated Rin2. Both Rin1 and Rin2 have been shown to possess Rab5-specific 
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Figure 1.4. JC310 is a potential Ras-inhibitor. (A) Regulation of cyclic AMP (cAMP) levels in the
yeast S. cerevisiae. PKA, protein kinase A; pde, phosphodiesterase (B) JC310 suppressed the heat-shock
sensitivity of yeast containing activated Ras2pG19V , but not of pde1- / pde2- yeast, which lack
phosphodiesterase activity (Colicelli et al., 1991).

GEF activity and may function in the early endocytic pathway (Saito et al., 2002; Tall et

al., 2001). Recent studies showed that Rin1 competes with Raf for binding to Ras, and

inhibits the transformation of cells by Ras (Wang et al., 2002). The third cDNA isolated

in the yeast screen, designated JC310, was unrelated to the Rin1 and Rin2 proteins.

However, two recently identified proteins, S. pombe Sin1 and Dictyostelium RIP3, were

noted to show sequence similarity to JC310, and are therefore likely to be related

proteins (Lee et al., 1999; Wilkinson et al., 1999). As the subject of this study is the

full-length gene corresponding to JC310 and its products, the potential function of the

Sin1 and RIP3 proteins are considered in detail next.

1.6.1 S. pombe Sin1

The S. pombe Sin1 protein was originally identified as a Sty1 (Spc1/Spk1)-interacting

protein (Wilkinson et al., 1999). Sty1 is a member of the SAPK family and the S.

pombe homologue of the mammalian p38 protein. The stimuli that activate Sty1 include

UV radiation, osmotic stress, H2O2 and heat shock, and Sty1 lies downstream of the

Wis1 MAPKK, the Wis4 MAPKKK and the Byr2 (Ras) proteins. The regulation of

Sty1 also involves dephosphorylation by type 2C serine/threonine phosphatases (PP2C)

and the pyp1 and pyp2 tyrosine phosphatases (Nguyen and Shiozaki, 1999; Millar et al.,

1995). The substrates of S. pombe Sty1 include the Atf1 and Pap1 transcription factors,
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homologues of the mammalian ATF-2 and c-Jun transcription factors, respectively.

Thus, Sty1 also shows functional similarity to the mammalian JNK proteins. In

addition, two related calmodulin kinases, Srk1 and Cmk2, were recently shown to be

targets of Sty1 (Smith and Scott, 2002; Sanchez-Piris et al., 2002). Two other S. pombe

MAPKs have been identified, Spk1 and Spm1, which are required for sporulation and

morphogenesis, respectively (Gotoh et al., 1993; Zaitsevskaya-Carter and Cooper,

1997).

Wilkinson et al. showed that Sin1 is likely to be required for the normal function of

Sty1 (Wilkinson et al., 1999). Thus, S. pombe cells with the Sin1 gene deleted (�Sin1

cells) are phenotypically identical to �Sty1 cells in that they are sensitive to

environmental stresses such as osmotic stress and heat shock, but not oxidative stress. In

addition to the stress-response defects of �Sin1 cells, they cannot initiate sexual

conjugation and have delays in entering mitosis. Sin1 was shown to be constitutively

phosphorylated and to become hyperphosphorylated in response to stresses. However

Sin1 is not a substrate of Sty1 in vitro, implicating other stress-responsive kinases in the

phosphorylation of Sin1 due to stress. The authors of this study suggested that Sin1

might be involved in regulating the stability of Atf1 and facilitate the nuclear

translocation of activated Sty1.

1.6.2 Dictyostelium RIP3

The Dictyostelium RIP3 protein was isolated in a yeast two-hybrid screen using

mammalian H-RasG12V as the bait (Lee et al., 1999). Dictyostelium contains an

unusually large number of Ras proteins, possibly up to 10, and RIP3 was shown to bind

specifically to RasG, but not other Dictyostelium Ras proteins, including RasD, RasC,

RasB and RasS (Chubb and Insall, 2001; Wilkins and Insall, 2001). A �RIP3 deletion

mutant was found to be defective in chemotactic aggregation, which normally occurs in

response to starvation, and results in formation of a multicellular fruiting body by the

association of approximately 105 individual cells (Weeks, 2000;Aubry and Firtel, 1999).

Aggregation is mediated by extracellular cAMP pulses, which elicit intracellular

signalling through a cell surface cAMP receptor. Key intracellular pathways involved in

the chemotaxis of Dictyostelium cells include the cAMP and cGMP pathways, which

are controlled by adenylyl cyclase and guanylyl cyclase, respectively, and the PI3K/Akt

pathway (Fig. 1.5). 
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Figure 1.5. Signalling Pathways involved in Dictyostelium aggregation. The pathways depicted are
activated during aggregation, and required for proper chemotaxis. Abbbreviations: cAR, cell surface
cAMP receptor; ACA, adenylyl cyclase; GC, guanylyl cyclase. This figure is from (Aubry and Firtel,
1999).

The chemotactic defect of �RIP3 cells was likely to be due to an inability to activate the

cAMP and cGMP pathways in response to stimulation with cAMP. Activation of

adenylyl cyclase requires the G�� subunit of the cAMP receptor, RasC, Aimless (AleA),

ERK2, Pianissimo (Pia) and CRAC (Segall et al., 1995; Chen et al., 1997; Insall et al.,

1996; Lim et al., 2001). Ras and AleA are also required for the activation of guanylyl

cyclase, as well as the G�2 subunit of the cAMP receptor and a MAPK pathway with

MEK1 as a component (Ma et al., 1997; Aubry and Firtel, 1999). In addition, the �RIP3

cells failed to polarise towards the cAMP gradient. However, no defects in the

activation of aggregation-specific gene expression were observed, suggesting that the

function of RIP3 may involve cytosolic events rather than transcription. Interestingly,

this phenotype was almost identical to that of cells deleted for AleA, which is a

potential RasGEF, and thus, AleA and Ras are likely to function in a similar pathway

(Insall et al., 1996). 
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1.7 Aims and Outline

A cDNA fragment isolated in a differential display of mRNA screen in our laboratory

was found to be identical in sequence to the potential Ras-inhibitor JC310 (Colicelli et

al., 1991). To avoid potential confusion with other mammalian proteins, we designated

the corresponding hypothetical full-length gene and protein as SAPK interacting and

Ras interacting protein (SinRIP). The primary aim of this study was to develop an

understanding of the function of the human SinRIP gene and its products. Thus, the

specific objectives were, firstly, to identify and clone a full-length SinRIP cDNA and

define the structure and location of the SinRIP gene. Secondly, to characterise the tissue

distribution of SinRIP expression. Thirdly, to identify homologous proteins and

conserved domains, and use this information to predict potential biochemical properties

and functions for the SinRIP protein. Finally, to establish the subcellular localisation of

the protein and determine the likely biochemical functions of SinRIP.
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CHAPTER 2

Identification, Structure and Expression of the Human

SinRIP Gene 
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2.1 INTRODUCTION

The study of human biology is entering a new era, one in which an abundance of raw

data on gene structure and expression is being published. These data have resulted from

technological advances that allow high throughput, whole genome analyses. Perhaps the

most important achievement will be the complete sequencing of the human genome.

Two groups, the International Human Genome Sequencing Consortium (IHGSC)

(Lander et al., 2001) and Celera Genomics (Venter et al., 2001), have already produced

and analysed working draft sequences of the human genome. The IHGSC used a

hierarchical shotgun method, and their assembled sequences are publicly accessible

with extensive annotation. Celera produced their sequence rapidly (in 9 months) using a

whole genome shotgun approach, which relied on IHGSC sequences for final assembly,

however the sequences are available by subscription only. Genes were identified in both

studies using similarity to known genes and methods of de novo gene prediction.

Estimates that the human genome contains 30,000-40,000 (Lander et al., 2001) and

26,000-38,000 (Venter et al., 2001) genes have been made. The majority of these were

previously unknown.

An important problem is how to ensure that the annotation of the genome sequence is

accurate and comprehensive (Gaasterland and Oprea, 2001; Stein, 2001). This problem

has been partially solved by using expressed sequence tag (EST) databases. ESTs are

produced by the automated and random partial sequencing of cDNA libraries, and EST

projects were initiated over 10 years ago to complement the sequencing of the human

genome (Adams et al., 1991). The number of sequences available has grown rapidly

and, ultimately, ESTs should provide a transcript map of the human genome (Boguski,

1995). While the initial ESTs generated were biased toward the 3’-end, more recent

efforts have targeted the central portion of mRNAs in producing ESTs, thereby

providing information on the ORFs of unknown genes (Dias et al., 2000; Camargo et

al., 2001). In addition ESTs have been used to predict polymorphisms, alternative

splicing, and differential gene expression (Picoult-Newberg et al., 1999; Modrek and

Lee, 2002; Vasmatzis et al., 1998; Pandey and Lewitter, 1999). 
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Access to the human genome sequence lays the foundation for interpreting the data

generated by genome-wide investigations of gene expression, which can now be

achieved using techniques such as cDNA microarrays (Brown and Botstein, 1999;

Pollack et al., 1999) and serial analysis of gene expression (SAGE) (Velculescu et al.,

1995). Databases have also been developed recently that allow EST, SAGE, and cDNA

microarray data for particular genes or tissue types to be easily and rapidly examined

(Boon et al., 2002). This then allows comprehensive analyses of the gene expression

patterns of normal cellular processes, such as differentiation and cell-cycle progression,

as well as the deregulated gene expression patterns of cancers and other diseases. Thus,

many important general principles in biology may now be elucidated using these data

on the content, arrangement and expression of the human genome, particularly when

combined with knowledge about the genomes of other organisms using comparative

genomics (Cho and Campbell, 2000; Inoue et al., 2001).  

 

Just as importantly, these genome-wide analyses also facilitate the identification and

cloning of individual genes and proteins, and allow in silico investigations of their

structure and expression. This chapter describes the cloning and characterisation of a

full-length cDNA containing the SinRIP ORF. An initial investigation into the structure

and expression of the SinRIP gene was undertaken using experimental methods, such as

RT-PCR and northern blot analyses, as well as bioinformatics approaches using data

from published genome-wide analyses. This lays a framework for subsequent

investigations into the SinRIP protein.  Towards the end of this project, several SinRIP

sequences were submitted to databases under various names, including MAPK-

associated protein 1 (MAPKAP1; accession no.: NP_077022) and SAPK interacting

protein (SIN1; accession no.: Q9BPZ7), however, the more definitive name SinRIP is

used in this thesis.



27

2.2 MATERIALS AND METHODS

2.2.1 Cell Lines 

Cells were maintained in RPMI 1640 medium (GibcoBRL) containing 0.7 mg/mL

benzylpenicillin, 1.0 mg/mL streptomycin, and 10% (v/v) foetal calf serum, in a 5%

CO2 atmosphere at 370C. NB-B95.8 is a lymphoblastoid cell line (LCL) infected with

the B95.8 strain of EBV (Klein et al., 1974). DG75 is an EBV-negative Burkitt’s

lymphoma cell line (Ben Bassat et al., 1977). 

2.2.2 Precautions in Work Involving RNA

In order to avoid contaminating RNases, and thus preserve the integrity of RNA

samples, the following precautions were undertaken when working with RNA. The

water used in experiments and to prepare solutions was pre-treated by adding and

thoroughly mixing diethyl pyrocarbonate (DEPC) to a concentration of 0.1% v/v, then

incubating the mixture overnight at room temperature, followed by autoclaving.

Eppendorf tubes were autoclaved and then incubated at 65�C for 3 days. Only RNase-

free pipette tips were used, either prepared as with eppendorf tubes, or purchased

(Molecular Bio-Products). Glassware was incubated overnight at 190�C. Gel tanks and

plasticware were either UV-treated for at least 15 minutes, or sequentially rinsed in 3%

H2O2, DEPC-treated dH2O, and 100% EtOH. Where possible, reagents were

sequestered for RNA work only, and gloves were worn at all times.

2.2.3 Isolation of RNA

Cultured cells grown in suspension were harvested in a benchtop centrifuge at 260 x g,

and aliquots of 1 x 107 cells were used for the isolation of total RNA. Cell pellets were

resuspended and lysed in 1 mL of Total RNA Isolation Reagent (Advanced

Biotechnologies) by repetitive pipetting. After 5 minutes incubation on ice, 0.2 mL of

chloroform was added and the solution mixed by vigorous shaking. The solution was

incubated on ice a further 5 minutes, then spun in a microcentrifuge at 4000 x g for 15

minutes at 4�C. The aqueous (upper) phase was transferred to a fresh tube (taking

caution not to disturb the interphase). Following the additon of an equal volume of

isopropanol to the sample, it was incubated on ice for 10 minutes. The precipitated RNA
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was then pelleted at 4000 x g for 10 minutes at 4�C in a microcentrifuge. After the

supernatant was removed, the pellet was washed twice with 1 mL of 75% ethanol by

vortexing and centrifugation at 4000 x g for 5 min in a microcentrifuge at 4�C. After air

drying the RNA pellet, it was resuspended in 30-50 �L of DEPC-treated H2O. The RNA

preparations were assayed for concentration and purity using spectrophotometric

readings at A260 and A280, and were stored at -70�C. 

2.2.4 RT-PCR

In order to produce first strand cDNA for PCR assays, 1.5 �g of total RNA was reverse-

transcribed as follows. On ice, 1 pmol of an oligo(dT)15 primer was added to the RNA

sample, and the volume adjusted to 12 �L with DEPC-treated dH2O. The RNA was then

denatured at 70�C for 10 minutes, then directly placed on ice. After spinning briefly in a

microcentrifuge to collect the contents at the bottom of the tube, 4 �L of 5x first strand

buffer (250 mM Tris-HCl, pH 8.3; 375 mM KCl; 15 mM MgCl2), 2 �L of 0.1 M DTT,

and 1 �L of 10 �M dNTPs was added. The samples were allowed to equilibrate at 42�C

for 2 minutes, then 1 �L (200 U) of Superscript™II reverse transcriptase (RT; Life

Technologies) was added and the incubation at 42�C continued for a further 50 minutes.

For RT-negative controls the samples were processed in parallel except the RT enzyme

was omitted. Following heat inactivation of the RT enzyme at 70�C for 15 minutes, the

cDNA samples were either used directly for PCR analysis or stored at -20�C.

PCR analysis was undertaken using 2 �L aliquots of the first strand cDNA in 20 �L

reactions containing PCR buffer (10 mM Tris-HCl, pH 8.3; 50 mM KCl; 1.5 mM

MgCl2), 200 �M each dNTP, 0.5 �M each primer and 1 U of AmpliTaq™ DNA

polymerase (Perkin-Elmer). Samples were placed in a preheated (85�C) GeneAmp™

PCR System 9700 thermal cycler (Perkin-Elmer) and subjected to an initial denaturation

at 94�C for 1 minute. The PCR conditions were 30 cycles of denaturation at 94�C for

30 seconds, annealing at 56�C for 30 seconds and extension at 72�C for 40 seconds,

followed by a final extension at 72�C for 5 minutes. Alternatively, a rapid PCR program

was used which differed only in that the PCR cycle comprised denaturation at 94�C for

2 seconds, annealing at 56�C for 5 seconds and extension at 72�C for 20 seconds. 
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The PCR products were analysed by electrophoresis on a 2.5% agarose gel containing

ethidium bromide in TAE buffer (40 mM Tris-acetate; 1mM EDTA, pH 8.0). Gels were

visualised over UV light and recorded using the Insta DocTM (BIORAD) digital imaging

system.   

2.2.5 Purification of PCR Products

RT-PCR products to be used for cDNA cloning were electrophoresed on a 2.5% agarose

gel containing ethidium bromide in TAE buffer, and the appropriate band excised with a

sharp, clean scalpel. The cDNA was recovered from the gel slice using a QIAEX II Gel

Extraction Kit (QIAGEN) as recommended by the supplier, and resuspended in 20 �L

of sterile dH2O. Radiolabelled probes generated by PCR-amplification were purified

using a QIAquick Nucleotide Removal Kit (QIAGEN), as recommended by the

supplier, and resuspended in 100 �L of elution buffer. 

2.2.6 Cloning of cDNAs

A full-length SinRIP cDNA was generated by RT-PCR using RNA isolated from NB-

B95.8 cells. RNA was purified using the Total RNA Isolation Reagent (Advanced

Biotechnologies), reverse transcribed using Superscript II (Gibco BRL), and then

subjected to PCR-amplification using Amplitaq (Perkin Elmer). To obtain SinRIP1, the

SinRIP-F6 forward primer (5'-CTTAAGGCCTTCTTGGACAATCCAAC-3'; added

AflII site underlined) was paired with the SinRIP-R3 reverse primer

(5'-TAAAGAGTACACCTGTTTATTAAAAGG-3'). The RT-PCR products were

purified by agarose gel electrophoresis, recovered using the QIAEX II kit (QIAGEN),

and then ligated into the pGEM-T vector (Promega), according to the manufacturer’s

instructions. Plasmids were confirmed by sequencing. 

2.2.7 Similarity and Database Searches 

BLAST searches of the EST, human genome and GenBank non-redundant databases

were performed at NCBI (http://www.ncbi.nlm.nih.gov/BLAST/). To analyse sequence

variations in ESTs, an output with an E-value cut-off of 1 x 10-2 was generated. The

output was formatted ‘flat-based with identities’ for easier analysis. Information on the
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clones in the Mammalian Gene Collection (MGC) database is available at

(http://mgc.nci.nih.gov/), and on blocks of conserved synteny between mouse and

human at (http://www.ncbi.nlm.-nih.gov/Homology/). In order to compare two

nucleotide sequences directly, the ‘BLAST 2 sequences’ tool

(http://www.ncbi.nlm.nih.gov-/blast/wblast2) was used, which calculates an E-value

based on the size of the NR database (Tatusova and Madden, 1999). To investigate the

cell-type distribution of SinRIP mRNA expression, the Cancer Genome Anatomy

Project (CGAP) site (http://cgap.nci.nih.gov-/SAGE) was used searched using

MGC2745 (the MGC identifier for the SinRIP locus) as the query term. The secondary

structure of mRNAs were predicted using the method of Zuker (Zuker, 2000;

www.bioinfo.rpi.edu). The UniGene Cluster number for SinRIP is Hs.324178

(http://www.ncbi.nlm.nih.gov/UniGene/).

2.2.8 Northern Blot Analysis

RNA was isolated from DG75 cells using the Total RNA Isolation Reagent (ABgene).

Samples containing 8 µg of RNA were electrophoresed on a 1% agarose gel containing

1.46 M formaldehyde, 20 mM MOPS [3-(N-morpholino)propanesulfonic acid], 5 mM

sodium acetate, 1 mM EDTA, pH 7.0. The RNA was transferred to a Hybond�-N

nylon membrane (Amersham) by capillary action and the RNA was then crosslinked to

the membrane by irradiation with 150 mJ of UV light at 254 nm (Bio-Rad GS Gene

linker). The membrane was incubated in prehybridisation buffer (50% deionised

formamide, 5 X SSPE, 5 X Denhardts solution, 0.5% SDS, 20 �g/mL heat-denatured

salmon sperm DNA) at 42�C for 2 hours with gentle agitation. Radiolabelled probes

were generated by PCR using the following primer pairs: ORF probe, SinRIP-F1 (5'-

TCTCTCAAAGAGAAGCCTCC-3') and SinRIP-R1 (5'-ATCCTCCTCAAAAACCCC-

3'); pAII probe, SinRIP-F7: (5'-GATGGACCAT-TCTTTGGG-3') and SinRIP-R7: (5'-

CAGCTGAAACCTACACTTGC-3'). The double-stranded radiolabeled probes were

denatured at 100�C for 5 minutes and then quickly chilled on ice. The probes were

added directly to the pre-hybridisation buffer and the incubation continued at 42�C with

gentle agitation overnight. The membrane was washed twice for 10 minutes at room

temperature in 2 X SSPE, 0.1% SDS and then washed in 1 X SSPE, 0.1% SDS at 42�C

for 15 minutes, and finally in 0.1 X SSPE, 0.1% SDS at 42�C for 10 minutes. Finally,

the membrane was then exposed to a Kodak Storage Phosphor Screen at room

temperature and the signals were analyzed on a PhosphorImager 400B system

http://mgc.nci.nih.gov/)
http://www.ncbi.nlm.nih.gov/Homology/)
http://www.ncbi.nlm.nih.gov/UniGene/)
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(Molecular Dynamics). The sizes of the mRNA bands detected were estimated using the

18S and 28S ribosomal RNA bands, which were visualised and marked onto the

membrane before crosslinking.

For analysis of tissue distribution, a membrane containing mRNA isolated from normal

human adult tissues was obtained from Clontech (Palo Alto, CA).  This membrane was

hydridized with the SinRIP exons 3-7 radiolabelled probe and processed according to

the manufacturer’s instructions. The sizes of mRNA bands detected were estimated

using molecular weight markers. 
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2.3 RESULTS

2.3.1 Identification and Cloning of a Full-length SinRIP cDNA

JC310 is a partial human cDNA that was isolated for its ability to inhibit signalling by

activated Ras in yeast (Colicelli et al., 1991).  However, it lacked natural start and stop

codons, and was thus truncated at both termini. As described in the general introduction

(see section 1.3), we have designated the hypothetical full-length cDNA corresponding

to JC310 as SinRIP, and seek to understand its function. In order to obtain a full-length

SinRIP cDNA, the EST database was searched by iterative BLAST searches, using the

JC310 cDNA as the initial query. The iterations involved modifying the query sequence,

using any EST identified that extended beyond either of its termini, and using the

modified query in a new search. The iterations were continued until no new sequence

was identified. These searches identified over 400 independent SinRIP sequences.

These ESTs are evenly distributed over a putative 3393 nt ‘longest’ SinRIP cDNA,

derived from a consensus of their sequence (Fig 2.1). The reliability of this sequence,

used in subsequent sequence analyses, was indicated by the depth of EST coverage,

which is at least 17 ESTs for any nucleotide, except at the extreme 5’-terminus. Here,

the coverage gradually tapers off over the last 35 nt. 

The putative 3393 nt SinRIP cDNA contains a 522 amino acid complete open reading

frame (ORF), which is identical to amino acids 13-420 of the 421 amino acid JC310

protein (Fig. 2.2). The start codon of this ORF lies within a Kozak consensus sequence

(Kozak, 1987), with an in-frame stop codon occurring 24 nt upstream, confirming that it

is the full-length SinRIP1 ORF. The encoded SinRIP protein has a predicted molecular

weight (MW) of 59.1 kDa. To further confirm the sequence of the SinRIP1 ORF and

obtain a full-length SinRIP cDNA, PCR primers were designed based on the putative

3393 nt EST-derived SinRIP sequence. Using these primers, a full-length cDNA was

generated by RT-PCR from RNA isolated from NB-B95.8, a lymphoblastoid cell line.

The SinRIP cDNA was cloned into the pGEM-T vector and sequenced, which

confirmed the EST-derived sequence of the ORF. Thus, a full-length SinRIP cDNA had

been identified and cloned.
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Figure 2.1. Identification of a SinRIP cDNA using the EST database. Iterative BLAST searches of the
NCBI EST database, starting with the JC310 cDNA sequence (accession: C38637) as the query,
identified a 3393 nt ‘longest’ SinRIP cDNA. This was then used as a query in a final search, using a
significance threshold of 10-2. A modified version of the graphical output from the NCBI results page is
shown. The relative positions of matching ESTs (red), and the JC310 ORF (blue) are shown. Hatched
regions indicate non-contiguous matches in the ESTs, usually deletions (see Chapter 4).

2.3.2 Tissue distribution of SinRIP mRNA expression

The ESTs identified in the BLAST searches described above were derived from a wide

variety of both normal and tumour-derived cell types, suggesting that SinRIP mRNA is

widely expressed. To provide direct experimental confirmation of this, the levels of

SinRIP mRNA in normal tissues was examined by northern blot analysis. A radio-

labelled SinRIP probe, targeted to a region within the ORF, was generated by PCR. This

probe was hybridised with a multiple tissue Northern blot, washed and visualised using

a Molecular Dynamics phosphorimager (Fig. 2.3A). Bands of 3.8 kb and 2.6 kb were

detected in all tissues present on the blot. The highest levels detected were of the 2.6 kb
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Figure 2.2. Full-length SinRIP cDNA encodes a novel 522 amino acid protein. The sequence of the
3393 nt ‘longest’ SinRIP cDNA is shown, together with the deduced SinRIP ORF. Nucleotide numbering
is shown at the left, and the ORF numbering at the right. Upstream stop codons in all three reading
frames, which occur close to the postulated start codon, are underlined. Polyadenylation signals in the 3’-
UTR are boxed. The Kozak consensus is shown in blue (r – purine), with matching residues at the start
codon indicated in bold. Arrows above the cDNA sequence indicate the binding sites of PCR-primers
used in this chapter. The shading indicates sequence identical to JC310.
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mRNA in skeletal muscle, with high levels also detected in heart tissue. These analyses

indicated that SinRIP mRNA is widely expressed in normal tissues, and highly

expressed in muscle.

To enable a more comprehensive investigation of SinRIP mRNA expression, the Cancer

Genome Anatomy Project (CGAP) database was searched. This database incorporates

information from EST, SAGE and microarray experiments, and a statistical analysis of

some results are provided. This search showed that SinRIP ESTs were isolated from an

almost ubiquitous set of cell / tissue types (Fig. 2.3B). A statistically significant (P-

value � 0.05) higher number of SinRIP ESTs, relative to the total number of ESTs in the

library, were obtained from cancerous compared to normal tissue types for brain,

placenta and muscle, and a lower number for cancerous eye tissues (Fig. 2.3C).

Together, the EST and Northern blot analyses indicate that SinRIP mRNA is

ubiquitously expressed in both normal and tumour-derived tissues, and there is some

suggestion that deregulated expression of SinRIP may be associated with human

cancers. 

2.3.3 Alternative polyadenylation of SinRIP mRNA

The 3.8 kb band identified in the northern blot analysis described above corresponds to
the expected size of full-length SinRIP. However, the presence of an additional 2.6 kb
band suggested that SinRIP pre-mRNA may undergo alternative post-transcriptional
processing. Close inspection of the long 3’-UTR of the SinRIP cDNA sequence
identified two polyadenylation signals, approximately 1.1 kb apart (Fig 2.2). A
schematic alignment of the EST hits on the SinRIP 3’-UTR (Fig.2.4A) showed two
large sets with 3’termini that correspond to the positions of each of the two
polyadenylation signals. This suggested that both of these polyadenylation signals are
functional, and that the 2.6 kb and 3.8 kb mRNA bands were likely to represent SinRIP
transcripts produced by differential usage of the first (pAI) and second (pAII)
polyadenylation signals, respectively. 

To confirm the identity of the 2.6 kb and 3.8 kb SinRIP bands, total RNA purified from

a B-cell line, DG75, was analysed by Northern blot, using radio-labelled probes specific

for sequence either downstream of the pAI polyadenylation signal (pAII probe), or

within the ORF (ORF probe). The pAII probe detected only the 3.8 kb band, while the

ORF probe clearly detected both the 3.8 kb and 2.6 kb bands, indicating that the 2.6 kb

SinRIP mRNA lacked an extended 3’-UTR. In this analysis, the ORF probe also
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Figure 2.3. SinRIP mRNA is widely expressed. (A) A membrane containing mRNA isolated from
normal human adult tissues was hydridized with a radiolabelled probe homologous to the SinRIP ORF (nt
382 - 1099). The position and estimated sizes of the SinRIP mRNA bands are indicated. (B) The tissue /
cell types from which SinRIP ESTs indexed by the CGAP database (364), have been obtained. (C) A
graph comparing the proportion of SinRIP ESTs obtained from cancer-derived and normal libraries of
various tissue origins. The P-value for each comparison was calculated by the CGAP database following
the method described in (Lal et al., 1999).



37

Figure 2.4. Alternative poly-adenylation of SinRIP mRNA. (A) Schematic alignment of ESTs
corresponding to the 3’-UTR of SinRIP. Polyadenylation signals are indicated in green. (B) Total RNA
purified from DG75 cells was analysed by Northern blot using radiolabelled probes homologous to the
SinRIP ORF (ORF), or sequence downstream of the pAI polyadenylation signal (pAII). The estimated
sizes of SinRIP mRNA bands are indicated.

produced a minor band of 1.8 kb (Fig. 2.4B), which is likely to represent an
alternatively spliced SinRIP isoform (discussed in detail in chapter 4). These studies
showed that the 3.8 kb and 2.6 kb SinRIP mRNAs were produced by alternative
polyadenylation, and expressed in most cells.

2.3.4 Location and Structure of the SinRIP gene

In order to characterise the exon structure and chromosomal location of the SinRIP
gene, the 3393 nt SinRIP cDNA sequence was compared with the draft of the human
genome sequence by BLAST. A single match covering the entire cDNA was obtained,
which indicated that the SinRIP gene is located on chromosome 9 at q34.1. It lies within 
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Figure 2.5. Location and Exon Structure of the SinRIP1 gene. (A) Chromosome 9 is shown with
cytogenetic markers, together with an enlarged view of a 10 Mb region that encompasses the entire
9q34.1 region. The positions of the SinRIP gene, the flanking genes PBX3 and DKFP434C212, and
several other known genes are indicated. Some of these known genes are: ZID, zinc finger protein with
interaction domain; AK1, adenylate kinase 1; C5, complement protein C5. (B) The 3393 nt SinRIP cDNA
sequence was compared to the human genome sequence using BLAST. The deduced exon structure is
shown, with the ORF indicated in grey and the UTRs in white. The positions of identified
polyadenylation signals are also indicated (pA).

a region that contains few genes but is flanked by gene-dense regions (Fig.2.5A). It is
comprised of a non-coding exon at the 5'-end (exon �) followed by 11 coding exons
(exons 1-11), and spans approximately 280 kbp (Fig. 2.5B).

The SinRIP gene is flanked by the PBX3 gene, located approximately 40 kbp towards
the telomere, and a hypothetical gene, DKFP434C212, approximately 77 kbp towards
the centromere. The SinRIP and DKFP434C212 genes are transcribed from the same
strand, however, the SinRIP and PBX3 genes are transcribed in opposite directions, with
adjacent promoter regions. The genome is annotated with two CDSs that lay closer to
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the SinRIP gene, however, neither of these CDS predictions are supported by ESTs or
similarity to known proteins. Another CDS is predicted within SinRIP intron 5, which
matches four ESTs, but has no significant protein similarity. These analyses define the
exon structure of the SinRIP gene and show that is located at 9q34.

2.3.5 Comparison of the Human and Mouse SinRIP Genes

A mouse SinRIP cDNA sequence (accession: XM_130204) has also been submitted to

the NCBI-NR database, this cDNA is predicted to encode a 522 aa protein with 97%

identity to human SinRIP1. Comparison of the sequence and genomic arrangement of

the mouse and human SinRIP genes may identify conserved elements. To achieve this, a

putative 3478 nt ‘longest’ mouse cDNA SinRIP sequence was derived from a complete

set of overlapping mouse ESTs, identified by iterative BLAST searches as was achieved

for the human sequence. This sequence was then used to search the mouse genome

database, which showed that the mouse gene is located in the 2B region of chromosome

2, and is also flanked by the mouse orthologues of the DKFP434C212 and PBX3 genes

(Fig. 2.6). The mouse gene is slightly smaller (210 kbp), as has been observed for most

mouse genes (Dehal et al., 2001), due to each mouse intron being smaller than the

corresponding human intron, with the exception of intron 2, which is larger. The full-

length human and mouse cDNAs were compared by BLAST, indicating that the intron /

exon boundaries are almost identical, with the only difference being the presence of

additional sequence at the 5’-end of the mouse exon 1. The coding regions of human

and mouse cDNAs are 91% identical, and several other smaller blocks of conservation

also occur in the UTRs. These analyses show that the sequence and structure of the

human and mouse SinRIP genes is highly conserved, indicating that comparative

analyses may potentially identify conserved regulatory elements.

2.3.6 The 5’-Leader of SinRIP: Implications for Translational Initiation 

The 5’-leader of the 3393 SinRIP cDNA, comprised of the non-coding exon � and part

of exon 1, is 330 nt in length (Fig. 2.7A). The majority of ESTs corresponding to the

SinRIP 5’-leader start close to the predicted 5’-terminus (see Fig 2.1). Importantly, the

5’-leader contains two short upstream ORFs (uORFs) of 9 and 5 amino acids in length,

and a 241 nt stretch with a very high GC content (77 %) occurs at the 5’-terminus. Long

transcript leaders that are GC-rich or contain uORFs are thought to be inefficiently
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Figure 2.6. Genomic arrangement of the human and mouse SinRIP1 genes. The mouse chromosome
2B region shown was inverted to allow comparison. Arrows indicate the direction of transcription for
each of the SinRIP, DKFP434C212 and PBX3 genes. Dotted lines delineate regions shown in increasing
detail. Boxes indicate exons, and corresponding exons in the mouse and human genes are indicated by
lines. Intron numbers are given between these lines.

translated by the normal ribosome scanning mechanisms of translation, and require an

internal ribosome entry site (IRES) (Pestova et al., 2001). 

To further investigate the possibility that the translation of SinRIP mRNA may be

initiated internally via an IRES, the secondary structure of the 5’-leader sequence was

predicted using the Zuker method (Mathews et al., 1999). The most stable predicted

structure is shown in Figure 2.7B, which contains two lobes with long stable stems that
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Figure 2.7. Structure of the SinRIP 5’-leader. (A) The longest potential SinRIP 5’-leader sequence
identified is shown with its associated uORFs. Kozak consensus (r – purine) is shown in blue above each
potential start codon, with matching residues indicated in bold. Stop codons are underlined, and the 241 nt
GC-rich stretch is shaded in yellow. (B) The secondary structures of the mouse and human SinRIP 5’-
leader sequences were predicted (Mathews et al., 1999). The most stable human structure is completely
shown, and detail from this is compared with detail from a similar lobe in the most stable predicted mouse
structure.
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correspond to the GC-rich region, and a third, less stable, lobe containing the start

codon. To identify conserved structural elements, the structure of the mouse 5’-leader

sequence was also predicted and compared to that of the human 5’-leader sequence. The

human 5’-UTR structure shows similarity with mouse only in the lobe proximal to the

start AUG. The most obvious similarity is a stem-loop-stem-loop arrangement, which is

positioned a similar distance from the start ATG codon in the mouse and human

structures. These studies suggest that SinRIP transcripts contain a long, structured 5’-

UTR, which may be translated by alternative mechanisms such as internal ribosomal

entry.

2.3.7 A potential A/T-rich regulatory element (ARE) in the SinRIP 3’-UTR .

In order to identify conserved regions in the 3’-UTR, which may represent potential

regulatory elements, the human and mouse 3’-UTRs were compared by BLAST. Three

large (>100 nt) conserved regions were identified, as well as a smaller (41 nt) region

(Fig. 2.8A). The large regions were 86–87% identical and surrounded the

polyadenylation signals, while the 41 nt conserved region was 90% identical. The

remaining 3’-UTR sequence showed little conservation. Thus, several regions of the

human SinRIP 3’-UTR are conserved in mouse, and may thus contain potential

regulatory elements. 

One of the larger conserved regions (IV), which is adjacent to the pAII polyadenylation

signal, is very A/T-rich (79%) and contains a AUUUA pentanucleotide motif (Fig

2.8B). This is similar to the A/T-rich regulatory elements (AREs), which are cis-

elements that can affect the stability of mRNAs (Wilusz et al., 2001). To further explore

the evolutionary conservation of the 136 nt region IV, homologous ESTs from several

other mammals were identified using BLAST searches of the non-human / non-mouse

EST database. These sequences were compared by clustalW, and the results indicated

that region IV is highly conserved across mammals, and that it includes two completely

conserved boxes of 36 and 30 nt. The 36 nt box contains the AUUUA pentanucleotide.

Thus, these analyses identify potential regulatory elements, including a potential ARE,

in the 3’-UTR of SinRIP.

During these analyses, it was also noted that the mouse genome is annotated with a

small CDS that also forms part of the 3’-UTR of the mouse SinRIP gene (accession:
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Figure 2.8. Elements of the SinRIP 3’-UTR conserved in other mammals (A) The human SinRIP 3’-
UTR was aligned with the mouse SinRIP 3’-UTR. Conserved regions that were identified are shown in
boxes (I-IV), with the level of identity indicated above each box (including entire ORF), and a scale bar is
shown below. The E-values for boxes I-IV are 9 x 10-22, 7 x 10-52, 2 x 10-4, and 9 x 10-55, respectively. The
* symbol indicates a 26 nt insertion between regions I and II in the mouse. The end of the ORF is
indicated in mauve. Polyadenylation signals are boxed in red. (B) A 136 nt A/T-rich region that includes
pAII was compared to the NCBI database of non-human, non-mouse ESTs. These searches identified rat
(BF406504), cow (AU233439) and pig (BQ604976) ESTs, which were aligned with the human and
mouse A/T-rich regions using clustalW. The conserved AUUUA pentanucleotide (nt 2961-65 in the
human sequences) is boxed in yellow, and the pAII polyadenylation signal is boxed in red.
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NM_133841). This CDS is predicted to encode a 110 amino acid protein that contains a

poly-Ala stretch, however this region is not conserved in the human sequence, and

shows no similarity to other proteins in BLAST searches.

2.3.8 Polymorphisms and mutations in the SinRIP gene

The large number of SinRIP sequences in the EST database presented an opportunity to

identify potentially important polymorphisms/mutations in the SinRIP gene. To achieve

this, the 3393 nt SinRIP cDNA sequence was compared with the EST database by

BLAST, and a flat query-anchored output showing identities was generated to allow

easy identification of sequence variations. In order to help filter sequencing errors from

true polymorphisms and mutations, sequence variations were selected using the

following criteria: a variation was only reported if observed three or more times in

sequences that contained no other variations 30 nt either side of the potential

polymorphism.  

Table 2.1. Sequence Variations in SinRIP cDNAs.

Nucleotide Variation Protein Level Evidence

-245 G�T (5’-UTR) 3/45 ESTs

-154 G�T (5’-UTR) 3/51 ESTs

-12 �C (5’-UTR) 4/54 ESTs

297 C�G; C�A Asn99�Lys 5/64 ESTs

605 �G Frameshift�C-R-T-stop 9/48 ESTs

1143 C�T silent 7/55 ESTs; genomic SNP

1270 T�G Trp424�Gly 3/52 ESTs

1368 G�A silent 3/55 ESTs

1374 A�T silent 3/55 ESTs

1390 A�T Lys464�stop 3/57 ESTs

1921 C�T (3’-UTR) 10/94 ESTs

1970 insertion (C) (3’-UTR) 3/88 ESTs

2074 deletion (T) (3’-UTR) 4/21 ESTs

2436 C�G (3’-UTR) 7/18 ESTs

2862 G�A (3’-UTR) 27/76 ESTs; genomic SNP
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Several potential polymorphisms were identified within the ORF, most of which were

silent (Table 2.1). Two missense mutations and a nonsense mutation (Lys464�stop),

occurred in 5-8% of ESTs. A 605�G mutation, which introduces a frameshift and

premature stop codon, was observed at high frequency, in 19 % of ESTs. Several

residues in both the 5’- and 3’-UTRs were also clearly polymorphic, with some

variations occurring at a very high frequency, for example the 2436C�G (39%) and

2862G�A (36%) transitions. The 1143C�T and 2862G�A variations were also

reported as SNPs from the human genome project, confirming that they are bona fide

polymorphisms. Thus, these investigations have identified a set of variations, with a

high degree of confidence, that may represent normal polymorphisms or possibly

disease-associated mutations.
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2.4 DISCUSSION

The isolation of a full-length sequence corresponding to JC310, a human cDNA

fragment encoding a potential Ras-inhibitor, has not previously been reported. We have

designated the hypothetical gene encoding this cDNA as SinRIP, based on previously

observed similarities between the protein product of the JC310 cDNA and the S.pombe

Sin1 and Dictyostelium RIP3 proteins. This chapter describes the identification and

analysis of the novel human SinRIP gene, including a preliminary characterisation of

the expression and structure of SinRIP mRNA, and the cloning of a full-length cDNA

encoding the 522 amino acid SinRIP protein. The first step in these studies was the

assembly of a hypothetical full-length SinRIP cDNA sequence. This was achieved using

iterative BLAST searches in which ESTs that extended the JC310 sequence were

identified. The final 3393 bp ‘longest’ SinRIP cDNA sequence deduced was the

consensus of a completely overlapping contig of all SinRIP ESTs identified. While this

study was being conducted, several hypothetical mRNA sequences identical to SinRIP

were submitted to the NCBI-NR database, as the result of the systematic annotation of

the human genome. However, these sequences provide only limited information on the

SinRIP UTRs.

Besides revealing a full-length SinRIP cDNA sequence, the large number of SinRIP

ESTs available has facilitated this study in many ways. As the ESTs were derived from

a wide variety of cells and tissues, this immediately indicated that SinRIP mRNA is

widely expressed. This was verified experimentally by Northern blot analyses, which

detected SinRIP1 mRNA in a panel of normal tissues, and also indicated that SinRIP is

highly expressed in muscle tissues. These data indicate that, at least at the level of

transcription, SinRIP is ubiquitously expressed.

The SinRIP gene is located at 9q34. Several diseases, for which candidate genes have

not yet been identified, have been mapped to the 9q34 locus by genetic linkage studies.

These include spinocerebellar ataxia (OMIM - 606002), juvenile amyotrophic

lateralosclerosis (ALS4; OMIM - 602433), and lethal congenital contracture syndrome

(LCCS; OMIM - 253310). The spinocerebellar ataxia is associated with cerebellar

atrophy, peripheral neuropathy and oculomotor apraxia. LCCS is a lethal motoneuron

disease of the fetus, and has been mapped by linkage analysis to a small segment of

chromosome 9q34 that is close to the SinRIP gene (Makela-Bengs et al., 1998). The
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greatest proportion of SinRIP ESTs identified, relative to library size, was from

peripheral nervous system (PNS) tissues, suggesting that SinRIP is highly expressed in

the PNS. In addition, high levels of SinRIP mRNA were detected in normal muscle

tissues by northern blot analysis. An investigation into gene expression in two distinct

muscular dystrophies, Duchenne muscular dystrophy (DMD) and Becker muscular

dystrophy, also known as �-sarcoglycan deficiency (�-SGD), on a microarray chip that

contained a SinRIP EST sequence has been reported (Chen et al., 2000). Interestingly, it

was found in this study that SinRIP levels were approximately 3-fold higher in DMD

muscle biopsies than in control biopsies, with normal levels seen in �-SGD. Together,

these results warrant further investigation into the association between these diseases

and deregulated expression / mutations of SinRIP.

Comparison of the ‘longest’ SinRIP cDNA sequence with a draft sequence of the

human genome, allowed the structure of the SinRIP gene to be elucidated. Due to

several very large introns, the SinRIP gene is big, spanning 280 kbp. As important

genetic elements are likely to be conserved in evolution, comparative genomics presents

a unique opportunity for their identification (Doolittle, 1997; Mushegian et al., 1998).

Intron 2 is unusually small and, in contrast to the other SinRIP introns, has not

expanded in the human gene relative to the mouse gene. The significance of this is not

yet clear, but one possibility is that its size may be important in the regulation of

splicing of exons 1 and 2. A comparative genomics approach, coupled with ab initio

computer predictions, should be extended to identify conserved regulatory elements

outside of the exons, such as promoter regions. Such analyses can be complicated by the

high overall similarity of the mouse and human genomes due to repetitive elements, but

has been shown to be very effective in recognising regulatory elements (Pennacchio and

Rubin, 2001; Zhu et al., 2002). Due to limitations in time these analyses could not be

undertaken, but will be conducted by Nicole Cloonin, a current PhD student in our

laboratory.

Comparative genomics suggests that regions of human chromosomes 1p/1q, 6p, 9q and

19p arose through evolution by en bloc duplication of a single ancestral region. This

duplication may have been important in the genesis of the adaptive immune system of

jawed vertebrates as these chromosomal regions, collectively known as the MHC

paralogous regions, contain the MHC class I, II and III genes, (Flajnik and Kasahara,

2001; Abi-Rached et al., 2002). Many other paralogous gene families are found in the
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MHC paralogous region, including the a Pre-B Cell leukaemia transcription factor

(PBX) family of transcription factors. This study showed that the SinRIP gene lies

adjacent to the PBX3 gene (Monica et al., 1991), which also contains paralogues on 1q,

6p, and 19p. The close proximity of the SinRIP and PBX3 gene, and the absence of

paralogues of SinRIP in the human genome, suggests that they may have been

juxtaposed after the duplication events. Alternatively, the SinRIP gene was duplicated,

but reverted back to single copy status. 

The CGAP database also allowed easy cluster analysis of a microarray experiment in

which the expression of a panel of approximately 8600 genes was determined in 60

cancerous cell lines. Two SinRIP ESTs (accession numbers AA037481 and H22903),

both corresponding to sequence in the 3’-UTR, were present on the chip used in this

study. Both SinRIP ESTs showed strong correlation with a PBX3 EST. Thus, it is

possible that some SinRIP promoter elements are shared with PBX3, resulting in co-

regulation of these genes. This is an important observation, as upregulation PBX3

expression correlated with poor patient outcome in both acute myelogenous leukemia

(AML) and chronic lymphocytic leukemia (CLL) (Aalto et al., 2001; Drabkin et al.,

2002). This correlation may extend to expression of SinRIP, and should be further

investigated.

In humans, the neoplastic changes that result in a cancerous cell are thought to arise

from the accumulation of four to six mutations or chromosomal abnormalities (Hanahan

and Weinberg, 2000). In addition, the in situ selection of tumour cells can activate

particular signalling pathways to generate resistance to hypoxia, hyperglycaemia and

therapeutic drugs. Cytogenetic hybridisation (CGH) studies can identify chromosomal

abnormalities that may be involved in pathogenesis, allowing candidate genes within the

identified region to be considered. Chromosomal gains at 9q34 have been observed in

endocrine pancreatic tumours, particularly insulinomas (Speel et al., 2001). Most

pancreatic tumours also contain mutant K-ras genes (Almoguera et al., 1988). An

investigation into benign uterine leiomyomas showed gains at 9q34 and 19p13.3 (Levy

et al., 2000). 9q34 also contains known genes that are involved in cancer including the

ABL gene, which is involved in the BCR/ABL gene fusion in chronic myelogeneous

leukaemia (CML), and the tuberous sclerosis gene (TSC1).  
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Polyadenylation is an important post-transcriptional regulatory event that is coupled to

mRNA stability and translation (Wahle and Keller, 1996). The protein complex

responsible for polyadenylation is directed to the mRNA by an AAUAAA

hexanucleotide, known as a polyadenylation signal. SinRIP contains two

polyadenylation signals, situated approximately 1.1 kb apart in exon11, and both of

these can be used in the processing of SinRIP pre-mRNA. The use of alternative poly-

adenylation sites (polyA switches) results in 3’-UTRs with alternative structure and

repertoires of regulatory sequences. This is not uncommon, as an investigation of 1000

EST clusters corresponding to mRNA 3’-ends found that alternative polyadenylation

signals occurred in 19% of the ESTs (Gautheret et al., 1998). As sequences important

for the stability and localisation of mRNA reside in the 3’-UTR, alternative poly-

adenylation can be used to regulate gene function. Four regions in the 3’-UTR of

SinRIP were found to be conserved in mouse. One of these, region IV, was highly

conserved in a number of mammalian sequences. Region IV is A/T-rich and contains an

AUUUA pentanucleotide motif, and is thus a potential ARE. These motifs can decrease

the half-life of mRNAs, and like the IRES, they are found in genes subject to tight

regulation, such as those involved in growth control. This suggests that alternative

polyadenylation of SinRIP could regulate mRNA stability, as SinRIP mRNA utilising

pAI lacks the potential ARE sequence.

The 5’-UTR of SinRIP is long and G/C-rich, and likely to form several long, stable

stem-loop structures. As the scanning mechanism of translational initiation requires a

short, unstructured 5’-leader region, it is unlikely that the initiation of SinRIP

translation occurs by this mechanism. IRESs were first identified in viral genes, and are

also present in many cellular genes; however, this view is somewhat controversial

(Kozak, 2001). An IRES can direct the 40S subunit of the ribosome to by-pass the

normal scanning mechanism of initiation, and enter the mRNA close to the start AUG

(Gray and Wickens, 1998; Vagner et al., 2001). This allows translation to initiate in the

absence of scanning from the 5’cap, and such a mechanism may be used in translational

initiation for SinRIP mRNA. 

Several potential mutations and SNPs were identified in SinRIP by analysing EST

sequences. Although the criteria used to filter the EST sequences were essentially

arbitrary, they were likely to have been effective at removing the most unreliable

sequences, which would otherwise have made analysis of the results complicated.
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However, it is important to note that some real polymorphisms / mutations present in

the ESTs are likely to have been missed due to the filtering. The 2436C�G and

2862C�G polymorphisms are common, and would therefore be useful in analysing

human population distributions. Three mis-sense mutations, 297C�G, 297C�A and

1390A�T, result in 2 conservative changes at the amino acid level, Asn99�Lys and

Trp424�Gly. Whether these mutations are potentially of functional importance will

require analysis of the relevant region in the SinRIP protein.  None of the mutations

were identified predominantly in a particular cell or tissue-type. 

Thus, these studies have provided an initial characterisation of the location, structure

and expression of the SinRIP gene. Alternative polyadenylation of SinRIP mRNA was

identified, as well as potential regulatory elements in the 3’-UTR. It was shown that the

SinRIP gene is located in the q34 region of chromosome 9, which has been linked with

several diseases. SinRIP mRNA expression could be widely detected in both normal

and tumour-derived tissues, and may be co-regulated with the expression of a

neighbouring gene, PBX3. Interestingly, another gene adjacent to SinRIP, the

hypothetical DKFP434C212 gene, is predicted to encode a protein containing RasGAP

and VPS9 domains, and may thus be involved in the function of Ras. In the next

chapter, the likely structure of 522 amino acid SinRIP protein will be considered.
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CHAPTER 3

Analysis of the SinRIP Protein Sequence 
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3.1 INTRODUCTION

Evolution has driven a great expansion in the number and diversity of eukaryotic

proteins. Gene duplication is likely to have been an important mechanism in this

expansion. This event produces pairs of genes that, while initially identical, become

subject to different evolutionary constraints and eventually start to diverge (Hughes,

1994; Zhang et al., 2002). Proteins that share this kind of evolutionary relationship are

described as paralogous, while orthologous genes are the products of speciation and

tend to maintain similar functions in different organisms. Importantly, many proteins

are comprised of functional sub-units, known as domains, which can retain their

function when removed from the parent protein. This allows new proteins to be created

by novel combinations of extant domains, through the fusion of duplicated genes

(Henikoff et al., 1997). While not strictly paralogous or orthologous to either parent

gene, the nascent gene is homologous to both. 

Thus, the function of a protein is primarily dependent on its composition of domains.

Most types of domains can be broadly classed as either an enzymatic or an interaction

domain. Interaction domains are often of key importance in determining the functional

specificity of proteins (Pawson and Nash, 2000; Pawson et al., 2002). For example, in

intracellular signal transduction, the enzymatic kinase domain is often combined with

families of domains that mediate different types of protein/protein and protein/lipid

interactions, such as SH2, SH3, PDZ, PH, C1 and C2 domains. The individual domains

in a family often have a broad range of specificity, and thus a complex range of

functions can be achieved with relatively few types of domains. Domain libraries such

as Prosite, PFAM and SMART contain extensive information on domains, including

their composition and occurrence in proteins and organisms. Importantly, our

understanding of domains is growing rapidly. For example, a set of 37 domains was

described in an extensive review five years ago (Bork et al., 1997), whereas the

SMART database now contains over 150 (Hurley et al., 2002). A goal of these libraries

is the complete coverage of domains, which will require a combination of sensitive and

reliable methods for detecting homology, as well as predicting and determining protein

structure (Copley et al., 2002). 
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The genome sequences of nine complex eukaryotic organisms are now available in at

least draft form. These include human (Venter et al., 2001; Lander et al., 2001), mouse

(Waterston et al., 2002), the fruit-fly Drosophila (Adams et al., 2000), the nematode

worm C. elegans (Anonymous, 1998), the fission yeast S. pombe (Wood et al., 2002),

the budding yeast S. cerevisiae (Goffeau et al., 1996), and the plants Arabidopsis

thaliana (Anonymous, 2000) and Oryza sativa (Yu et al., 2002; Goff et al., 2002). The

sequencing of many other complex eukaryotic genomes, including at least three

vertebrates, is in progress or have been given high priority

(http://www.genome.gov/Pages/Research/Sequencing/Proposals/). The data provided by

these projects opens the way for comparative genomics. This will facilitate both

evolutionary studies and the translation of genetic information obtained for model

organisms, such as Drosophila, to medical research. 

Genome-wide studies also provide an extensive framework for investigating the

function of a novel protein. Our accumulated knowledge of structural biology and

biochemistry can now be combined with powerful bioinformatics applications to

fomulate hypotheses about the function of novel proteins, which can then subsequently

be tested. The SinRIP protein was previously shown to be similar to the S. pombe Sin1

and Dictyostelium RIP3 proteins. The data presented in this chapter extends these

observations, which facilitates the formulation of hypotheses regarding the function of

SinRIP. It was established that SinRIP is a member of a protein family that has been

conserved from yeast to mammals. Potential domains, including an RBD, a PH-like

domain, and a highly conserved novel domain, were identified in this family, as well as

conservation in the N-terminus.
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3.2 MATERIALS AND METHODS

3.2.1 Similarity Searches and Databases 

All searches conducted utilised publicly accessible World Wide Web-interfaced

programs. The National Center for Biotechnology Information non-redundant (NCBI-

NR) protein database was searched using the gapped basic local alignment tool (gapped-

BLAST) (http://www.ncbi.nlm.nih.gov/BLAST/). The WU-BLAST program was used

to search version 21.12 of the translated EMBL (TrEMBL) protein database at

http://www.ebi.ac.uk/blast2/. The PSI-BLAST program was used with default gathering

threshold (0.05), and the low complexity filter was on. Instances where a protein was

included in the next iteration, despite having an E-value greater than 0.05 are stated in

the text. Similarity to hidden Markov models (HMMs) representing domains in the

PFAM library was identified by BLAST using an E-value of 1.0 for selection

(http://pfam.wustl.edu/-hmmsearch.shtml). The SMART domain library was searched at

http://smart.embl-heidelberg.de/. Ciona intestinalis ESTs were identified at

http://ghost.zool.kyoto-u.ac.jp/indexr1.html. The Candida albicans sequence was

obtained by BLAST search of the genome site at

http://genolist.pasteur.fr/CandidaDB/genome.cgi. The C. briggsae sequence was

obtained by BLAST at http://genome.wustl.edu/blast/briggsae_client.cgi. Unfinished

genome sequences for Aspergillus fumigatus, Cryptococcus neoformans and Entamoeba

histolytica sequence were searched at the institute for genomic research  (TIGR;

http://tigrblast.tigr.org/ufmg/index.cgi.). Protein sequences were retrieved from the

NCBI-NR using Entrez (http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?db-

=Protein).

3.2.2 Multiple Sequence Alignments

Multiple sequence alignments using ClustalW were conducted at Pole Bio-Informatique

Lyonnais (PBIL) (http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_clustalw-

.html). Default settings were used for alignment of full-length proteins. The most

optimal results in the analysis of domains were generally achieved using slow pair-wise

alignments, generated by Blosum62, with a gap-opening penalty of 5 and a gap-

extension penalty of 0.5 set, and the identity for delay changed to 20%, in the multiple-

alignment. A multiple alignment was also performed using the T-coffee program, with

http://smart.embl-heidelberg.de/
http://genolist.pasteur.fr/CandidaDB/genome.cgi
http://genome.wustl.edu/blast/briggsae_client.cgi.
http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_clustalw.html
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default settings, at http://www.ch.embnet.org/software/TCoffee.html (Notredame et al.,

2000). Alignments were refined according to secondary structure predictions and

similarities indicated by the T-coffee, WU-BLAST and PSI-BLAST outputs. The

refined alignments were exported to the BOXSHADE program

(http://www.ch.embnet.org/-software/BOX_form.html) to highlight conserved residues. 

3.2.3 Secondary Structure Predictions

The PBIL server allows secondary structure predictions, obtained by a number of

different methods, to be added directly to multiple alignments, and then calculates a

consensus of these predictions for each aligned sequence. In this study, the final

prediction for any single sequence was a consensus of the predictions by three

independent methods. These were PHD, a neural network (Rost and Sander, 1993),

DSC, which is based on decomposing secondary structure prediction (King and

Sternberg, 1996), and SOPM (3-state method) (Geourjon and Deleage, 1994), which is

based on the homologue method. The predicted secondary structure arrangements

shown for each identified domain was a consensus of predictions for each aligned

sequence. A recent study that compared methods of fold prediction indicated that this

type of strategy is one of the most effective for predicting the fold of a sequence

(McGuffin et al., 2001). The SCOP database of experimentally determined structures

was searched at http://scop.mrc-lmb.cam.ac.uk/scop/, and the Protein Databank (PDB)

was accessed at http://www.rcsb.org/pdb/.

3.2.4 Identification of Targeting Sequences

To predict potential phosphorylation sites, searches were performed using NetPhos,
which uses neural networks trained non-specifically on the sequence and structure of
known phospho-acceptor residues (http://www.cbs.dtu.dk/services/NetPhos/) (Blom et
al., 1999). Predictions were also obtained using Scansite, which uses specific matrices
of selectivity values profiles for each kinase, as well predicting ligands for protein-
binding domains  (http://scansite.mit.edu) (Yaffe et al., 2001). PEST motifs were
identified using PESTfind (http://www.at.embnet.org/-embnet/tools/bio/PESTfind/).
Nuclear localisation sequences were predicted using PSORTII at http://psort.ims.u-
tokyo.ac.jp/ (Nakai and Horton, 1999). The sequences were also searched for other
potential motifs, such as other targeting signals and potential transmembrane sections,
using programs linked to the EXPASY molecular biology server
(http://kr.expasy.org/tools/).

http://www.ch.embnet.org/software/TCoffee.html
http://scop.mrc-lmb.cam.ac.uk/scop/
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3.3 RESULTS

3.3.1 SinRIP is a member of a conserved protein family

The identification of homologous proteins may provide insights that will be of use in

guiding subsequent biochemical and functional analyses of human SinRIP. To achieve

this, the gapped-BLAST program was used to search the NCBI non-redundant (NCBI-

NR) protein database for sequences showing significant similarity to human SinRIP. As

expected from published studies (Wilkinson et al., 1999; Lee et al., 1999), these

searches identified homology to the Gallus gallus (chicken) Sin1, S. pombe Sin1, and

Dictyostelium RIP3 proteins. In addition, significant sequence similarity (Expect (E)-

value < 10-20) was observed between SinRIP1 and hypothetical proteins from mouse, X.

laevis, C. elegans, A. gambiae and D. melanogaster (Fig. 3.1A). The BLAST searches

were then repeated using each of the identified proteins as the query. The search using

S. pombe Sin1 indicated strong similarity with Avo1p (E=2x10-15), a hypothetical S.

cerevisiae protein. A position-specific and iterative BLAST (PSI-BLAST) search using

Avo1p as the query was then undertaken. This identified all of the proteins previously

found to be similar to human SinRIP, confirming the homology of this group (Fig.

3.1B). Importantly, no significant similarity to other proteins was detected in these

searches. The PFAM and SMART databases of conserved domains were also searched,

but again, no significant similarity was found. This indicated that SinRIP is a member

of a unique family of proteins that has been conserved from yeast to man. These

proteins are herein referred to as the SinRIP family.

3.3.2 SinRIP proteins are highly conserved in metazoa

A short region corresponding to residues 225-267 in human SinRIP, designated Box1,

was conserved in all of the SinRIP family. The PSI-BLAST searches also suggested

that, with the exception of RIP3, the similarity between the SinRIP family proteins (Fig

3.1B) extends beyond Box1. To further investigate these similarities, and potentially

identify other conserved regions, the full-length sequences of the entire SinRIP family

were compared by multiple sequence alignment using ClustalW. However, many of the

similarities indicated by the BLAST searches were not present in the resulting

alignment. This indicated that the alignment generated was sub-optimal, and that more

sensitive techniques of sequence comparison would be required to search for regions
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Figure 3.1. SinRIP is a member of a conserved protein family. (A) Proteins identified in a BLAST
search of the NCBI-NR database using the human SinRIP amino acid sequence as the query. A modified
version of the graphical output from the NCBI results page is shown, with bars indicating the matching
region for each protein identified. The identity and length of each protein is shown to the left, with the E-
value obtained for its match with SinRIP shown to the right. The relative position of Box1, the most
highly conserved segment in these proteins, is indicated. (B) Proteins identified after iteration three of a
PSI-BLAST search of the NCBI-NR database using Avo1p amino acid sequence as the query. Bars
indicate the matching region for each protein, with its identity shown to the left. Accession numbers of
the identified proteins: Sin1 (Sp), Q9P7Y9; Sin1 (Gg), Q9W6S3; RIP3 (Dd), AAD43567.1; CG10105
(Dm), Q9V719; Y57A10A.r (Ce), T31640; Avo1p (Sc), S66771; SinRIP (Mm), BAC34838; agCP5005
(Ag), EAA14845.1; SinRIP (Xl), AAH43789. Species abbreviations: Ag, Anopheles gambiae; Ce,
Caenorhabtidis elegans; Dd, Dictyostelium discoideum; Dm, Drosophila melanogaster; Gg, Gallus
gallus; Hs, Homo sapiens; Mm, Mus musculis; Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces
pombe; Xl, Xenopus laevis.
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conserved in the entire family. More reliable results were obtained by using only

metazoan sequences in a ClustalW alignment, which was generated using additional

metazoan sequences homologous to SinRIP. Two of these were identified by BLAST

searches of proteins predicted from the unfinished genome projects of the pufferfish

Takifugu rubripes and the nematode worm Caenorhabtidis briggsae. Another metazoan

SinRIP sequence was obtained by a search of the Ciona intestinalis EST database using

tBLASTn. This program searches translations of nucleic acid sequences in all six

possible reading frames, and overlapping ESTs were identified, which allowed a partial

but extensive C. intestinalis SinRIP sequence to be constructed. 

Extensive similarity between these sequences was observed, which encompassed the

entire length of the human SinRIP protein (Fig. 3.2). A region of approximately 130

amino acids in length, corresponding to residues 140-267 of human SinRIP, is the most

conserved in the metazoan sequences. This region, which includes Box1 and extends

from its N-terminal end, is herein referred to as the CRIM (conserved region in the

middle). In metazoa, Box1 is a short segment of conserved residues that are mainly

acidic and hydrophobic and centered around a conserved glycine (Fig. 3.2). Another

highly conserved block occurs at the N-termini of each protein. However, most other

regions are not completely conserved in all metazoa. For example, the C-terminal 150

amino acids of the human sequence shows high similarity to the Drosophila and

Anopheles proteins, but very little similarity to the the C-termini of the nematode

sequences. These analyses indicated that Box1 is likely to be part of a larger domain,

and that the SinRIP family proteins are highly conserved in metazoa. 

3.3.3 The Conserved Region in the Middle (CRIM)

The PSI-BLAST searches suggested that the CRIM is conserved in the Sp Sin1 and

Avo1p proteins. However, similarity to the Dictyostelium RIP3 protein was identified

only within Box1. In order to investigate whether the CRIM occurs within RIP3, and at

the same time identify key conserved residues in the CRIM of the human SinRIP

protein, a high-quality alignment of CRIM sequences was sought. The quality of an

alignment is dependent upon the number and diversity of the sequences used. Therefore,

to identify additional SinRIP sequences, databases containing EST and unfinished

genome sequences from a wide variety of organisms were searched using tBLASTn.

Where possible, a SinRIP protein from the kingdom being searched was used
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Figure 3.2. Sequence comparison of metazoan SinRIP family proteins. A ClustalW alignment of full-
length metazoan SinRIP family sequences is shown, shaded with a conservation level of 60%. Black
boxes show identical residues and grey boxes indicate conserved residues. Numbers in brackets indicate
divergent sequences removed to enhance presentation. The proteins aligned include the metazoan
sequences from Fig 3.2, (except mouse, which is 97% identical / 99% conserved with human SinRIP).
Additional sequences identified in unfinished genome databases were Fugu rubripes (acc., JGI_17258),
and C. briggsae which was in two genomic segments from a single contig (1278729-1279352 and
1279998-1280783), presumably separated by an intron (acc., cb25.fpc4206). The accession numbers of
the ESTs used to construct the Ciona intestinalis SinRIP sequence are: AV979205, AV999052,
BP001359). Abbreviations: Ag, Anopheles gambiae; Cb, Caenorhabtidis briggsae; Ce, Caenorhabtidis
elegans; Ci, Ciona intestinalis; Dm, Drosophila melanogaster; Tr, Takifugu rubripesr; Gg, Gallus gallus;
Hs, Homo sapiens; Mm, Mus musculis; Sc, Saccharomyces cerevisiae; Xl, Xenopus laevis. 
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as the query. A number of yeast CRIM sequences were identified, as well as one

additional sequence each for a worm and a protozoan organism. 

An alignment of all identified potential CRIM sequences was then generated using

ClustalW. The secondary structure of each sequence was predicted using a consensus of

three methods, and the alignment was refined according to these predictions, as well as

alignments from other sequence comparison methods (see Materials and Methods). The

final alignment showed high similarity between all of these sequences particularly in the

C-terminal half, indicating that the CRIM is highly conserved in all SinRIP proteins

(Fig. 3.3). The topology of the CRIM, as predicted by an overall consensus of the

secondary structure predictions, is �-�-�-�-�-�-�-�. The �2 helix and �4 strand are very

close, while a large acidic loop separates the �5 and �6 strands. The �5/�6 loop together

with �5 and �6 strands comprise Box1. 

The Box1 loop contains a motif, E/D-E/D-D-G-E-X-E/D-X-D-F-P-X-L-D, which is

highly conserved (70%) across all of the sequences, with the Saccharomyces group

being the most divergent. The tightly linked �2-helix / �4-strand segments also contain a

highly conserved (85%) I/V-X-E/D-X-I-G-X-X-L/C motif, with the Ile-Gly pair at the

junction of the predicted structural elements. Other highly conserved residues include

S140, which lies within a conserved  (80%) motif, S-X-L-S/T-X-X-l (where l is

aliphatic), at the N-terminal end of the CRIM. The remaining conserved blocks

comprise mainly hydrophobic residues within the other predicted secondary structure

elements. These analyses suggested that the CRIM is likely to be a novel domain that is

highly conserved in the SinRIP family, and therefore contains residues that could be

targeted to probe the function of the human SinRIP protein.

3.3.4 The C-terminus of SinRIP1 contains a PH-like domain

The initial full-length PSI-BLAST searches also indicated a high level of similarity

between the C-termini of the Sp Sin1 and Avo1p proteins (Fig. 3.1B; 38% identical over

110 aa). The metazoan SinRIP family, except for the nematode proteins, also showed

strong similarity in their C-termini in the clustalW analysis (Fig. 3.2). To further

investigate this conservation, the C-terminal regions of the SinRIP proteins were aligned

using clustalW. Additional homologous sequences from the yeast A. fumigatis, Z.

rouxii, P. angusta, Candida albicans, S. servazzii and Y. lipolytica were identified by
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Figure 3.3. The conserved region in the middle (CRIM). An alignment of the CRIM, shaded using a
consensus of 50%, with identical residues in black and conserved residues in grey. A >50% consensus of
secondary structure predictions for each position is shown above the alignment, Consensus sequences at
100% and 85% are shown below the alignment. Residue groupings with segments predicted at over 70%
double underlined. (�, �-strand; �, �-helix).: +, basic (KRH); -, acidic (DE); c, charged (DEHKR); o,
alcoholic (ST); l, aliphatic (ILV); a, aromatic (FHWY); h, hydrophobic (AFILMVWY); p, polar
(CDEHKNQRST); t, turn-like (ACDEGHKNQRST); s, small (ACDGNPSTV); y, tiny (AGS). The
nucleic acid databases that the additional SinRIP family sequences were identified in by tBLASTn are
shown to the right of the alignment, with the reading frame used in brackets. For these sequences the
accession number is provided to the left instead of the name of the protein. A * symbol indicates that the
sequence is a hypothetical protein predicted by the sequence provider. The # symbol shows sequences
described in the legend of Fig. 3.2. The numbers of the first and last residues of the sequence are at each
end of the alignment. An x in the sequence indicates that its identity was ambiguous, or the corresponding
sequence could not be obtained. Species abbreviations: Af, Aspergillus fumigatus; Ag, Anopheles
gambiae; Ca, Candida albicans; Cb, Caenorhabtidis briggsae; Ce, Caenorhabtidis elegans; Ci, Ciona
intestinalis; Cn, Cryptococcus neoformans; Ct, Candida tropicalis; Ctr, Colletotrichum trifolii; Dd,
Dictyostelium discoideum; Dm, Drosophila melanogaster; Eh, Entamoeba histolytica; Tr, Takifugu
rubripesr; Gg, Gallus gallus; Hs, Homo sapiens; Kt, Kluyveromyces thermotolerans; Mj, Meloidogyne
javanica; Mm, Mus musculis; Pa, Pichia angusta; Pc, Pneumocystis carinii; Sc, Saccharomyces
cerevisiae; Sca, Saccharomyces castellii; Sp, Schizosacccaromyces pombe; Tn, Tetraodon nigroviridis;
Xl, Xenopus laevis; Yl, Yarrowia lipolytica; Zr, Zygosaccharomyces rouxii.
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tBLASTn searches of EST and unfinished genome databases. These sequences all

contained, or overlapped with, sequences that contained a CRIM (except S. servazzii),

and were included in the alignment, thereby providing a diverse set of sequences.

Secondary structure predictions were obtained for each sequence, and used to refine the

alignment. The final alignment, which was approximately 120 amino acids in length,

showed several blocks containing a mixture of hydrophobic, polar and charged residues

that are highly conserved across all sequences (Fig. 3.4). Several sequences also contain

long insertions, and the topology of the C-terminal region was predicted to comprise

five or six �-strands followed by a long �-helical region. A 15-residue segment that

corresponds to �-strands 2 and 3 is the most conserved. Four basic residues (K422,

K446, K454, and K464 in human SinRIP) have also been highly conserved (> 90%). 

Although significant similarity to known domains was not detected in searches of

domain libraries using the full-length proteins, each of the SinRIP family C-terminal

sequences was again analysed against PFAM, this time at a low level of stringency. The

rationale behind this approach was that a functional domain may potentially be revealed

by multiple low-level hits on the conserved C-terminal region of different SinRIP

proteins. In these searches, limited similarity between the PH domain and the C-

terminal regions of Avo1p (residues 1066-1169; E=0.38) and S. pombe Sin1 (residues

557-659; E=3.5) was found. In addition significant similarity to the PH domain was

found in a search using the partial sequence from Z. rouxxii (E=0.0026). A comparison

of the alignment of the conserved SinRIP C-terminus to SMART family PH consensus

sequence (80%), which was added according to the PFAM hits, showed many

similarities (Fig. 3.4). Notable absences in the SinRIP sequences include the highly

conserved Gly and Trp residues that are usually found at the start and end of the PH

domain, respectively. However, the structural prediction for the SinRIP C-terminal

domain is similar to known structures of the PH domains (PDB numbers: 1AWE,

1BAK, 1DRO). These analyses have therefore identified a highly conserved domain in

the C-terminus of SinRIP that shows similarity to the PH domain. This potential domain

was therefore designated the pleckstrin homology-like (PHL) domain.
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Figure 3.4. The SinRIP C-terminus contains a potential PH-like (PHL) domain. An alignment of the
C-terminal regions of the SinRIP proteins is shown, shaded using a consensus of 50%. A 50% consensus
of the secondary structure predictions for each sequence is shown above the alignment, with predictions
over 70% double-underlined. The SMART consensus for the PH domain at 80% is shown below the
alignment. Residue groupings used are as for the SMART consensus: +, basic (KRH); -, acidic (DE); c,
charged (DEHKR); o, alcohol (ST); l, aliphatic (ILV); a, aromatic (FHWY); h, hydrophobic
(ACFGHIKLMRTVWY); p, polar (CDEHKNQRST); t, turn-like (ACDEGHKNQRST); s, small
(ACDGNPSTV); y, tiny (AGS). For EST sequences identified using tBLASTn searches, the GenBank
accession number is given instead of the protein name. The residues translated, reading-frame used, and
type of sequence, are indicated at the end of the alignment. Species abbreviations: Af, Aspergillus
fumigatus; Ag, Anopheles gambiae; Ca, Candida albicans; Dd, Dictyostelium discoideum; Dm,
Drosophila melanogaster; Tr, Takifugu rubripes; Gg, Gallus gallus; Hs, Homo sapiens; Pa, Pichia
angusta; Sc, Saccaromyces cerevisiae; Sp, Schizosaccaromyces pombe; Ss, Saccaromyces servazzii; Xl,
Xenopus laevis; Yl, Yarrowia lipolytica; Zr, Zygosaccharomyces rouxii. 

3.3.5 SinRIP contains a potential Ras-binding domain (RBD)

Low-stringency searches of the PFAM database also suggested similarity between the

Ras-binding domain (RBD) and residues 843-919 of Avo1p (E=0.37), residues 648–717

of RIP3 (E=0.37) and residues 439–512 of Sp Sin1 (E=2.2). Although the E-values were

not highly significant, the hit in each protein occurred between the CRIM and PHL

domain. This was moderate evidence for the presence of a RBD in the RIP3, Avo1p and



64

Sp Sin1 proteins. To further investigate these similarities, each sequence was used as a

query in a PSI-BLAST search of the NCBI protein database. These searches were

conducted with an automatic gathering threshold set at 0.05, and an E-value of less than

10 was required for a sequence to be shown. 

Using the Avo1p region as the query, similarity to amino acids 431-500 of Sp Sin1

(E=0.1; 30% identity over 76 amino acids) was detected in the first iteration. This hit

was included in the second iteration, which identified similarity with the RBD of the T-

cell lymphoma invasion and metastasis 2 (TIAM2) protein (E=0.99). Selecting TIAM2

for the third iteration identified similarity to the N-terminal region (amino acids 13-75)

of the alveolar soft part sarcoma chromosome region, candidate 1 (ASPL) protein

(E=0.14). Although an RBD has not previously been identified in ASPL, it was selected

for the fourth iteration, which identified its (likely) Drosophila and Anopheles

orthologues. An automatic fifth iteration then identified the RBD of the Still life protein

1 (SIF1), a Drosophila homologue of the mammalian TIAM proteins. By selecting

SIF1, and including known RBDs as they were identified, the RBDs of A-Raf, regulator

of G-protein signalling 14 (RGS14) and TIAM1 were gathered in the seventh and eighth

iterations. Importantly, similarity to the potential RBD of RIP3 (E=1.8) was identified

in the ninth iteration of this search. Similar results were obtained in a search using Sin1

as the query, which identified similarity to RIP3 in the ninth round (E=2.5). A PSI-

BLAST search using RIP3 as the query identified similarity to the RBD of SIF1 in the

first iteration (E=3.7). SIF1 was selected, resulting in most known RBDs being

identified in three further automatic iterations. 

To validate these results, the searches were reversed. A PSI-BLAST search using the

SIF RBD as the query detected similarity to RIP3 (E=6.4) in the first round. No

similarity to other RBDs was identified in an automatic second iteration, however,

selecting RIP3 identified the RBDs of TIAM1 (E=3.8) and A-Raf (E=4.7). Similarly, an

automatic search using the TIAM1 RBD as the query detected similarity to the RBD of

TIAM2 in the first iteration and the RBD of SIF in the second. In the third iteration,

similarity to RIP3 (E=6.9) as well as the RBDs of A-Raf and (E=3.4) and RGS14

protein (E=0.43) were identified. Selecting A-Raf in a fourth iteration in this search

identified similarity to Avo1p (E=6.8). Again, the E-values obtained in these searches

were not significant. However, similar results were obtained by reversing the searches,

and similarity between the potential RBDs of Avo1p and RIP3 was identified in PSI-
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Figure 3.5. Comparison of the potential SinRIP Family RBDs with known RBDs. An alignment of
the potential SinRIP family RBDs (A). This alignment is compared to the RBDs of SIF1 (acc., P91621),
TIAM1 (Q60610), TIAM2 (NP_036008), LOCO C2 (AAD24580), RGS14 (P97492) and c-Raf1
(P04049) (B), the RAD of RalGDS (Q03386) (C), and the N-terminal regions of the ASPL protein
(AAK08959) and its A. gambiae orthologue, agCP13149 (EAA06703) (D). An 80% consensus for the
SinRIP family sequences is shown below the alignment, with the residue groupings as in Fig 3.3. A 50%
consensus of the secondary structure predictions for each sequence is shown above the alignment, with
predictions over 70% double underlined. All sequences are shaded at a 50% level of consensus in which
identical residues are black, and conserved are grey. The solved secondary structures of the RBD of c-
Raf1 and the RAD of RalGDS are shown above these sequences (Nassar et al., 1995; Huang et al., 1997).
In addition to its similarity to Avo1p and Sp Sin1, ASPL was also identified in iteration 3 of the PSI-
BLAST search using the TIAM2 RBD as the query.

BLAST by selecting known RBDs. These analyses provide support for the prediction of

a RBD in the RIP3, Avo1p and Sp Sin1 proteins.

To investigate whether a potential RBD is also present between the CRIM and PHL

domain in human SinRIP and other metazoan sequences, ClustalW analyses were used

to exhaustively search these regions for similarities to the potential RBDs of Avo1p, S.

pombe Sin1, and RIP3. Similarities were found, and a final ClustalW alignment was

generated that included these sequences as well as additional SinRIP family sequences,

in which CRIMs had already been identified, from A. fumigatis, E. histolytica, M.
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javanica, C. albicans and C. thermotolerens. Also included were the RBDs of SIF,

TIAM1, TIAM2, RGS14 and c-Raf1, the Ras-association domain (RAD) of RalGDS,

and the N-terminal regions of the ASPL protein and its Anopheles orthologue

(agCP13149). Secondary structure predictions were obtained for the SinRIP family

regions and used, together with similarities identified in the PSI-BLAST searches, to

correct the alignment. 

A topology of �-�-�-�-�-� was predicted for the potential RBD of the SinRIP family,

which is similar to the solved structures of the Raf-RBD and the RalGDS-RAD (PBD

numbers: 1GUA; 1EF5, 1CIY) (Nassar et al., 1995; Huang et al., 1997) (Fig. 3.5). All

of the predicted secondary structure elements for the SinRIP family align with the

corresponding elements in the RBD and RAD. However, the �2 and �3 helices of these

domains are not predicted in the SinRIP proteins. Sequence similarity between all of the

analysed sequences was observed. This predominantly comprised hydrophobic residues

in regions predicted to contain secondary structure. The C-terminal end of the �-helical

region also contains several highly conserved basic residues, and the Arg89 residue of

c-Raf is conserved in human SinRIP (Arg312). Other conserved charged residues

include acidic residues in the middle of the �-helix and in the region between the �4

and �5 strands and basic residues in the �5 strand. The close similarities between this

region of the SinRIP proteins and known RBDs, both in sequence and predicted

secondary structure, indicate that they may be homologous. In addition, the critical

Arg89 residue of c-Raf1 is conserved in human SinRIP, indicating that it is likely to

contain a Raf-like RBD. 

3.3.6 The N-termini of the SinRIP proteins are conserved

So far, the CRIM was the only region found to be present in every full-length SinRIP

family sequence identified. However, two blocks of highly conserved residues were also

identified in the N-termini of the metazoan sequences (Fig 3.2). To investigate whether

a similar sequence is also present in the N-termini of the SinRIP proteins of lower

eukaryotes, these were aligned using ClustalW. The alignment shows that these

sequences are similar, with three conserved blocks. The first block contains a 100%-
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Figure 3.6. The N-terminus of the SinRIP family is conserved. An alignment of the N-termini of the
SinRIP family is shaded with a consensus of 50%. Identical residues are shown in black and conserved
residues in grey. An 80% sequence consensus for the alignment is shown below the alignment. The
residue groupings are the same as in Fig 3.5. The Oryzias latipes (Ol) sequence was identified in a
tBLASTn search of the NCBI ‘others’ EST database (acc., BJ525190).

conserved motif, l-L-x2-I-R. The other two blocks contain many acidic, hydrophobic

and polar residues (Fig 3.6). This showed that the N-termini of the SinRIP family

proteins contain highly conserved residues, and that a second, smaller region is

ubiquitous in the SinRIP proteins. A summary of the structural organisation of the

SinRIP protein family is shown in Figure 3.7.

3.3.7 Potential Targeting Sequences in SinRIP1

Computer searches can identify short sequence motifs such as those that direct the

localisation of proteins or target them for post-translational modifications such as

phosphorylation. The S. pombe Sin1 was shown to be constitutively phosphorylated,

and became hyperphosphorylated in response to environmental stresses (Wilkinson et

al., 1999). As extensive structural similarity to S. pombe Sin1 has been identified in this

study, the human SinRIP protein may also be phosphorylated in vivo. To identify

candidate target sites for kinases in the human SinRIP protein, it was searched using the

NetPhos (Blom et al., 1999) and Scansite programs (Yaffe et al., 2001). Two serine

residues were predicted as potential phosphorylation sites at high stringency by both

Scansite (sites within the top 0.2% percentile ranking of all potential motifs in the

protein database) and NetPhos (scores > 0.5). These residues, Ser128 and Ser510, were

predicted as potential targets of PKC�/�/� and PKC�, respectively. Several other serine,

threonine and tyrosine residues were predicted at high stringency by one method only.

SinRIP    Hs  1 MAFLDNPTIILAHIRQSH--------VTSDDTG------------MCEMVLIDHDVDL 38
SinRIP    Fr  1 MAFLDNPGIILAHIRQSH--------VTSDDTG------------MCEMVLIDQDVDL 38
SinRIP    Xl  1 MAFLDNPLIILAHIRQSH--------VTSDDTG------------MCEMVLIDHDVDL 38
SinRIP    Ol  1 MAFLDNPAIILAHIRQSH--------VTSDDTG------------MCEMVLIDQDVDL 38
SinRIP    Ci  1 MAIVDDPDWLLNHIRHSF--------ITSDDTG------------MCEMVIQENDLLT 38
CG10105   Dm  1 MATYSNQHWLLSHIRNSF--------ISTDDTG------------MCETVMLSDDMPK 38
agCP5005  Ag  1 MATYNNAHWLLSHIRNSF--------ISTDDTG------------VSETVMVMEDIPL 38
Y57A10A.r Ce  1 MGHVDRED-LLNVIRHEL--------RLEDDDGP----------GLCSRLLLNPDRKC 39
SinRIP    Cb  1 MGHVEREE-LLNVIRHEM--------RMEDDDGY----------NMCSRVLMSPSRRV 39
Sin1      Sp  1 MELTREKVLLLTFLRMQY------SHILPDSIEN(8)PEWELDKSLQDLLIHDYDYSK 57
YOL078w   Sc  1 ---MDTVT-VLNELRAQFL(13)KPYIPVDEFN----TEQCLDSSIRELYMNSDGVSL 59
RIP3      Dd  1 MSVYCELVDVVQQIRYKTQ(6)KRDSIAEQIYNFSNESTSEIDPDIPFSKSLDKDYSL 61
consensus (80%) Ms.hpp...lLstIRtpb        l.pD-.t            h.p.hh.p.Dh
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Figure 3.7. Structural organisation of the SinRIP family. A cartoon showing the
organisation of conserved regions in each of the full-length SinRIP family proteins
identified in the NCBI-NR database. Conserved regions shown are the CRIM (green);
the potential RBD (blue), the PHL domain (red), and the N-termini (yellow).
Polyglutamine tracts, common in Dictyostelium proteins, are also shown in RIP3 (Q;
purple).

Several of these are also conserved in non-chordate metazoan sequences, such as Ser84

(PKA) and Thr86 (Akt) (Table 3.1). In addition, the Scansite program predicted the

presence of a potential proline-rich binding site (core residues 43-47) for the second

SH3 domain of the Nck adapter protein.

In order to identify potential localisation signals, SinRIP1 was searched using PSORTII

(Nakai and Horton, 1999). This identified a Pattern 4 nuclear localisation signal (NLS)

(amino acids 310-313) and two bipartite NLSs (81-97 and 503-519) (Nakai and

Kanehisa, 1992). Other non-chordate SinRIP proteins were also predicted to contain

NLSs, including Avo1p (2), RIP3 (2), Y57A10A.r (2) and AgCP5005p (1). The only
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Table 3.1. Residues of human SinRIP predicted to be phosphorylated in vivo.

Residue Sequence Context NetPhos
Score

Scansite (Percentile) Conservationb

Ser84 DFGIRRRSNTAQRLE 0.997 PKA (0.303%) Gg, Xl, Tr, Ci,
Dm, Ag

Ser128 KSLFEKKSLKEKPPI 0.991 PKC�/�/�  (0.093%);
PKC� (0.15%)

Gg, Xl, Tr, Ci,
Dm, Ag

Ser186 VYLPLHSSQDRLLPM 0.027 ATM (0.101%) Xl, Tr c

Ser315 AVKRRKGSQKVSGPQ 0.996 PKA (1.243%);
PKC�/�/�  (1.288%)

Gg, Xl, Tr

Ser367 DGVFEEDSQIDIATV 0.958 DNA-PK (1.210%) Xl c

Ser447 CDLAEEKSPSHAIFK 0.794 Erk1 (4.025%) Gg, Xl, Tr
Ser510 RKLNRRTSFSFQKEK 0.996 PKC� (0.051%);

Akt kinase (0.354%);
PKC�/�/�  (0.397%)

Gg, Xl, Tr

Thr86 FGIRRSNTAQRLERL 0.434 Akt kinase (0.109%) Gg, Xl, Tr, Ci,
Dm, Ag

Thr474 YFESDAATVNEIVLK 0.073 CK1 (0.173%) Gg, Xl, Tr, Dm,

Tyr64 SNGETQGYVYAQSVD 0.877 PDGFR (2.714%);
PLC� C-term. SH2a

(4.263%)

Gg, Xl

Tyr268 TLALVEKYSSPGLTS 0.822 Nck SH2a (2.757%) Gg, Xl
Tyr463 TYLSNHDYKHLYFES 0.942 Shc PTBa (1.312%);

Crk SH2a (3.359%)
Gg, Xl, Tr

Notes: 
a – phosphotyrosine binding domains for which the residue is predicted as a substrate if phosphorylated.
b – See legend of Fig. 3.3 for species abbreviations.
c – Thr. in these organisms.

other prediction for human SinRIP was a KKXX-like ER retention motif in the C-

terminus (KSGQ), which was also predicted in the Drosophila CG10105 and Sp Sin1

proteins. Finally, a potential PEST motif, which targets proteins for rapid turnover, was

identified in SinRIP1 using PESTfind (Rechsteiner and Rogers, 1996) (Fig. 3.8).

Potential PEST motifs were also identified in AgCP5005p (3), CG10105 (1), Avo1p (1)

and RIP3 (1). These searches suggested that the human SinRIP protein might be

phosphorylated, have a high turnover, and be targeted to the nucleus or ER in vivo. A

summary of the potential domains and targeting signals identified in SinRIP1 is shown

in Figure 3.8. 
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Figure 3.8. Potential targeting sequences and domains in the human SinRIP
protein. The SinRIP amino acid sequence is shown with the predicted NLSs (bipartite:
503-519 and 82-98; Pat4: 310-313) boxed and the predicted PEST motif underlined.
The N-terminal conserved region is shaded yellow, the CRIM is green, the RBD is blue,
and the PHL is red. Potential phosphorylation sites from Table 3.1 that were predicted
by at least two methods (0.2% percentile for Scansite; a NetPhos score > 0.5; or
conserved in a non-chordate metazoan sequence) are indicated in bold. Asterisks
indicate a potential SH3-binding motif recognised by scansite (percentile – 0.335%).

                                                     *  *        

    1 MAFLDNPTII LAHIRQSHVT SDDTGMCEMV LIDHDVDLEK IHPPSMPGDS
   51 GSEIQGSNGE TQGYVYAQSV DITSSWDFGI RRRSNTAQRL ERLRKERQNQ
  101 IKCKNIQWKE RNSKQSAQEL KSLFEKKSLK EKPPISGKQS ILSVRLEQCP
  151 LQLNNPFNEY SKFDGKGHVG TTATKKIDVY LPLHSSQDRL LPMTVVTMAS
  201 ARVQDLIGLI CWQYTSEGRE PKLNDNVSAY CLHIAEDDGE VDTDFPPLDS
  251 NEPIHKFGFS TLALVEKYSS PGLTSKESLF VRINAAHGFS LIQVDNTKVT
  301 MKEILLKAVK RRKGSQKVSG PQYRLEKQSE PNVAVDLDST LESQSAWEFC
  351 LVRENSSRAD GVFEEDSQID IATVQDMLSS HHYKSFKVSM IHRLRFTTDV
  401 QLGISGDKVE IDPVTNQKAS TKFWIKQKPI SIDSDLLCAC DLAEEKSPSH
  451 AIFKLTYLSN HDYKHLYFES DAATVNEIVL KVNYILESRA STARADYFAQ
  501 KQRKLNRRTS FSFQKEKKSG QQ
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3.4 DISCUSSION

The sequence analyses described here reveal that SinRIP is a member of a protein

family that has been structurally conserved from yeast to mammals. These proteins are

orthologous and were designated as the SinRIP family. The structural architecture of the

SinRIP family is similar, comprising at least three distinct domains, all of which are

conserved in the human SinRIP protein. The SinRIP family was identified extensively

in metazoa and yeast, with two sequences also being identified in protozoan organisms,

but none in plants or bacteria. Notably, no more than one SinRIP family sequence was

identified in any organism, including six that have completely sequenced genomes:

human, mouse, Drosophila, C. elegans, S. cerevisiae and S. pombe (Venter et al., 2001;

Lander et al., 2001; Waterston et al., 2002; Adams et al., 2000; Anonymous, 1998;

Wood et al., 2002; Goffeau et al., 1996). This suggests that the SinRIP family is likely

to form a one-to-one orthologous class, at least in these organisms. Being a highly

conserved family of orthologous proteins, the SinRIP family proteins are likely to share

many functional similarities at both the biochemical and cellular levels.

The three potential domains of human SinRIP identified in this study correspond to

amino acids 134-265 (CRIM), 279-354 (RBD), and 376-487 (PHL). The approximately

130 aa CRIM is highly conserved and ubiquitous in the SinRIP family, suggesting that

it is important for the function of the SinRIP family. The most conserved segment of

sequence in the SinRIP family, Box1, occurs within the CRIM. Box1 is predicted to

contain many highly conserved residues within a long loop, and therefore, mutations

introduced into this part of human SinRIP may interfere with function without

perturbing the structure of the protein. Such mutations are more likely to have a

dominant negative effect, and the creation of a dominant-negative SinRIP protein would

be a key step in determining the function of the wild-type SinRIP protein. 

Although it is now obvious that the CRIM has been highly conserved within the SinRIP

family, it did not show significant similarity to known domains when analysed against

the PFAM and SMART databases, or used as a query in PSI-BLAST searches. It

therefore remains unclear whether the CRIM is a novel domain, or a divergent form of a

known domain that cannot be detected by conventional sequence analysis. The highly

conserved Ser140 in the CRIM was not predicted to be a target of phosphorylation, and

is thus more likely to play a structural role. Many residue positions that are clearly
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subject to high conservation have been identified, and this will help in the generation of

a highly representative sequence pattern for the CRIM. This pattern can then be used,

firstly to resolve the question of whether the CRIM is a unique domain, and secondly to

search for SinRIP proteins in other organisms.

The region that showed most conservation over its entire length in the SinRIP family,

although apparently not present in the C. elegans or C. briggsae proteins, was the PHL

domain. That this region may be similar to a PH domain was first suggested by multiple

low-stringency hits for this domain in searches of PFAM. In addition, the homologous

Z. rouxii sequence, obtained from the translation of overlapping ESTs, gave a

significant hit. Some domains can be difficult to detect de novo, due to a low level of

sequence conservation, including the PH domain. The PH domain is a well-

characterised module present in signalling proteins from yeast to mammals. It is usually

comprised of approximately 100-120 residues, which form a core beta-sandwich

enclosed by an �- helix, and is best characterised as a phosphoinositide lipid-binding

domain, although it is also known to mediate protein-protein interactions (Blomberg et

al., 1999; Maffucci and Falasca, 2001; Lemmon et al., 2002).

An 80% consensus of the SinRIP C-terminal sequences, generated by ClustalW

analysis, showed many similarities to the 80% consensus for the PH domain in the

SMART library. In addition, the predicted secondary structure of the SinRIP family C-

termini is similar to the canonical structure of the PH domain. There are two main

difficulties with the hypothesis that the conserved SinRIP C-termini (PHL domains)

resemble a PH domain. Firstly, the PHL domain lacks two residues that are subject to

very high conservation in the PH domain, the Gly in the �1 strand and the almost

completely conserved Trp in �7 helix. An Ile replaces this Trp in most of the PHL

domains, which is a semi-conservative substitution. Some PH domains confirmed by

solved structure, (for example, the CRAC C-terminal PH domain and the PH domains

of Tiam1 and SIF - PDBs), also lack these residues. As an exercise, the Avo1p query

was resubmitted with an Ile to Trp substitution at the conserved position. The E-value

improves dramatically, to a significant level (from 0.41 down to 1 x 10-4). In the

absence of any experimentally determined structure for a SinRIP protein, modelling of

the PHL domains may help to resolve the question of their similarity to the PH domain.

Importantly, the PH domain can accommodate major insertions, as seen in the

Drosophila and C. albicans proteins. A hypothesis suggested by these results is that the
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human SinRIP protein may bind lipids. Alternatively, the PHL domain may be involved

in protein/protein interactions.

A potential Ras-binding domain (RBD) was also found in the SinRIP family, including

human SinRIP. The RBD is a modular domain that is best characterised in c-Raf1, but

has also been identified in other proteins likely to bind Ras proteins, such as TIAM1

(Ponting, 1999). As with the PHL, the presence of an RBD in the SinRIP family was

first suggested by multiple low-stringency hits on the RBD in searches of the PFAM

database. PSI-BLAST searches, multiple alignments with known RBDs, and secondary

structure predictions were then used for confirmation. Structural and mutational studies

have identified key residues in the c-Raf1 RBD (Fabian et al., 1994; Nassar et al., 1995;

Barnard et al., 1995; Block et al., 1996). Many of these residues are conserved in the

potential RBD of the SinRIP family (Fig 3.5). The secondary structure prediction for the

potential SinRIP RBDs was also similar to the solved structure of the c-Raf1 RBD

(Nassar et al., 1995), except that the short �2- and �3-helices of Raf do not seem to be

conserved in the SinRIP family.

The R89 residue of c-Raf1 is critical for binding to Ras (Melnick et al., 1993; Fabian et

al., 1994), and is conserved in the potential RBDs of human SinRIP (R312) and most

other SinRIP family proteins. The c-Raf1 K84 residue may be involved in the higher

affinity of the Raf-RBD for Ras than for Rap, and a Lys is found at a similar position in

the vertebrate SinRIP RBDs (Block et al., 1996). Interestingly, a c-Raf1 mutant with a

Val to Lys substitution at position 88 has increased affinity for v-Ha-Ras, a basic

residues (R311) is found at the analogous position of human SinRIP (Fridman et al.,

2000). Several other residues, such as those in and around the �4-strand, are highly

conserved among the SinRIP proteins, but not found in other RBDs, and may thus

contribute to the function of the SinRIP family proteins. The identification of a potential

RBD in the SinRIP family was consistent with the previously observed binding between

RIP3 and Ras proteins (Lee et al., 1999). Moreover, the RIP3 region in which the RBD

was identified was present in all clones isolated from a yeast two-hybrid screen using

human H-RasG12V as bait. JC310, the partial SinRIP cDNA initially identified as a

potential suppressor of Ras signalling, also contains the potential RBD. The presence of

an RBD in SinRIP suggests that it may directly bind Ras. 
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A domain that is likely to be related to the RBD is the Ras-association domain (RA),

which has been identified in a number of other Ras-effectors, such as RalGDS proteins

(Ponting and Benjamin, 1996). The RBD and RA domains both adopt a similar �-�-�-

�-�-� fold, known as the ubiquitin �/� roll. This superfold is also found in ubiquitin and

related proteins such as SUMO-1, and several functionally distinct domains such as

subdomain A of the FERM (Sun et al., 2002), CAD domain (Uegaki et al., 2000), and

the PB1 domains (Ito et al., 2001; Terasawa et al., 2001). It is noted here that, while the

potential SinRIP RBDs showed the greatest sequence similarity to the Raf-like RBD,

particularly in critical residues such as R89 of Raf, similarities to the RA domain and

subdomain A of the FERM domain were also identified in the PSI-BLAST searches.

Moreover, the RIP3 protein had a partial match to subdomain A of the FERM domain in

CD-search (E = 1 x 10-3). A potential Raf-like RBD was also identified in the N-termini

of human ASPL, the partner in a gene-fusion responsible for alveolar soft-part sarcomas

(Argani et al., 2001), and other related proteins in this study. This suggests that

evolutionary relationship between domains that contain the ubiquitin �/� roll might

possibly be defined using sequence similarity. This will require a more comprehensive

investigation of the matches observed in this study.

Interestingly, the only two protozoan organisms in which SinRIP sequences could be

identified, Dictyostelium and Entamoeba histolytica, both encode Ras proteins. In

contrast, neither SinRIP or Ras was found in other complete eukaryotic genomes such

as plants (Anonymous, 2000; Yu et al., 2002; Goff et al., 2002) and the eukaryotic

parasites Encephalitozoon cuniculi (Katinka et al., 2001), Plasmodium falciparum (Bahl

et al., 2002), or Guillardia theta (Douglas and Penny, 1999). This suggests an

evolutionary relationship between SinRIP and Ras. Such an evolutionary relationship,

known as co-inheritance, can be indicative of a functional relationship for the co-

inherited genes (Pellegrini et al., 1999). While eukaryotic phylogeny is still poorly

resolved, a recent study of 100 proteins suggests that Dictyostelium and E. histolytica

are likely to be in the same phlyum (conosa) (Cavalier-Smith, 1998; Bapteste et al.,

2002). As more genome sequences come to hand, the degree to which the Ras and

SinRIP genes have been co-inherited through evolution will become clearer. 

The distribution of the SinRIP family among phyla is likely to have arisen shortly after

the divergence of the plantae and opisthokonta/conosa lineages. An alternative

hypothesis is that the SinRIP gene family is more primitive, and present in
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photosynthetic organisms and protozoa, but has diverged to such a degree that similarity

to the SinRIP family in opisthokonta/conosa cannot be detected by conventional

methods. Interestingly, the RBD appears to have been lost from SinRIP protein in

Anopheles and Drosophila, which both contain a deletion between the CRIM and PH. It

is therefore possible that the function of the SinRIP became uncoupled from Ras in a

common ancestor of these organisms. The genome of another insect, the honeybee, is

also being sequenced, which may provide further insights on the absence of the RBD in

insect SinRIP proteins. In contrast, the RBD is almost completely conserved in the

SinRIP proteins from the nematode worms, C. elegans and C. briggsae, while the

CRIMs are much more divergent in these proteins. A likely RBD was also identified in

another nematode worm, M. javanica, suggesting that the functions of SinRIP and Ras

may be tightly coupled in worms. It is also noteworthy that this study was the first to

identify a Raf-like RBD in Saccharomyces (in the Avo1p protein).

Observations of the phenotype of deletion mutants for the SinRIP family in three

organisms, S. pombe, Dictyostelium and S. cerevisiae, have been published (Lee et al.,

1999; Wilkinson et al., 1999; Winzeler et al., 1999). As discussed in detail in Chapter 1,

these studies established critical roles for the S. pombe Sin1 and Dictyostelium RIP3

proteins in SAPK function and chemotaxis, respectively (Lee et al., 1999; Wilkinson et

al., 1999). The S. cerevisiae Avo1p gene was deleted as part of a large-scale systematic

deletion analysis of S. cerevisiae. This study showed that Avo1p is an essential gene

under normal conditions (Winzeler et al., 1999), in contrast to S. pombe cells lacking

Sin1, which are viable under normal cell culture conditions (Wilkinson et al., 1999).

Avo1p has also been identified in several large-scale analyses of protein-protein

interactions in yeast. A recent assessment of these datasets suggests that approximately

50% of them are reliable (Deane et al., 2002). In one study, tagged bait proteins were

expressed in yeast and then affinity purified, with associated protein complexes

identified by mass spectrometry (Ho et al., 2002). Avo1p was purified in several protein

complexes. The bait proteins were KSS1, a MAPK; the RRP9 protein, involved in

ribosomal RNA-processing; the hypothetical protein YBL036C, predicted to be a

proline synthetase (De Wergifosse et al., 1994); and a DNA repair protein, YKU80 (in

cells treated with the DNA-damaging agent hydroxyurea, but not in untreated cells).

Interestingly, the transport proteins HXT6 and FET4 were also both found in complex

with YBL036C protein and KSS1. This suggested that a Avo1p/KSS1/YBL036C-
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/HXT6/FET4 complex may occur in vivo in yeast, and that Avo1p may be involved in

the regulation of metabolism. In another large-scale study, Avo1p was affinity purified

using the MCE1 mRNA gaunylyltransferase as the bait (Gavin et al., 2002). This was a

large complex that included proteins involved in mRNA processing and translational

initiation. Most of the proteins in the ‘Avo1p’ complexes have human counterparts,

which are therefore candidates for binding to human SinRIP. 

The S. pombe Sin1 protein is reported to be constitutively phosphorylated, and to

become hyperphosphorylated in response to stress. This suggested that human SinRIP

might also be a substrate of kinases in vivo. Several potential kinase target sites were

identified in the serine/threonine-rich human SinRIP protein. The predictions were

based on sequence context, predicted solvent accessibility, and conservation of the

residue in the metazoan SinRIP family. Although Sty1 was not able to phosphorylate

the S. pombe Sin1 protein in vitro, the Ser/Thr-Pro motif recognised by MAPKs occurs

several times in human SinRIP, one of which (S447) was predicted to be a potential

target of ERK. Several sites for the stress kinase ATM were also found. No potential

p38 sites were predicted, and Scansite does not contain a matrix for JNK. The C.

elegans protein, Y57A10.r was predicted at a high level of confidence to contain ERK1

binding and phosphorylation sites in the C-terminal region. Together with the known

role of S. pombe Sin1 in the function of Sty1, and the likely association of Avo1p and

KSS1, this suggests a close functional relationship between the SinRIP family and

MAPKs.

Thus, the sequence of the human SinRIP protein has been analysed in detail. The

presence of the PHL domain, which is conserved in all of the SinRIP family, except C.

elegans, suggests that SinRIP may be membrane associated. However, human SinRIP

also contains 3 potential NLSs and may be targeted to the nucleus. Moreover potential

NLSs were identified in the yeast, mosquito, Dictyostelium and C. elegans SinRIP

family proteins. The CRIM is unique and present in all SinRIP proteins, and thus

defines the SinRIP family. SinRIP may contain potential interaction domains (RBD and

PH), but no catalytic domains were identified, suggesting that SinRIP may be an

adaptor protein. However, as the CRIM is novel it may possess an unknown catalytic

activity. Many highly conserved, and therefore probably critical, residues were

identified that could be targeted to disrupt the function of human SinRIP. 
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CHAPTER 4

SinRIP Protein - Isoforms and Localisation 



78

4.1 INTRODUCTION

The transcription of most cellular genes by RNA polymerase II produces pre-mRNAs

that must be processed in the nucleus before being transported to the cytoplasm to be

translated. Pre-mRNA processing events include capping of the 5’-end, removal of

introns and splicing of exons, and poly-adenylation. Capping involves the addition of a

7-methyl guanosine (m7G) cap to the 5’-end of the mRNA. The eIF4F translation

initiation factor is able to bind to both the cap and the polyA-binding protein PABP, and

recruits the 40S ribosomal subunit primed with a Met-tRNAI. In a similar fashion, most

of the pre-mRNA processing events, including export of the mature mRNA from the

nucleus, are intimately linked (Maniatis and Reed, 2002; Proudfoot et al., 2002).

Splicing is highly specific, and many of the cis- and trans-acting elements involved

have now been identified (Caceres and Kornblihtt, 2002; Hastings and Krainer, 2001;

Smith et al., 1989). Some of the known cis-elements include the 5’-donor and 3’-

acceptor splice sites, polypyrimidine tracts, exonic and intronic splicing enhancers

(ESEs and ISIs), and exonic and intronic splicing silencers (ESSs and ISSs). The initial

event in the splicing of mRNA is the recognition of exons, which are defined by cis-

elements. The splicing machinery, also known as the spliceosome, is then assembled on

the transcript, which is followed by the removal of introns and splicing together of the

exons. 

The alternative splicing of pre-mRNAs is an important mechanism in gene regulation

and also increases the diversity of the proteome (Graveley, 2001). Alternative splicing

most often occurs in the 5’-UTR of genes and is common in humans, with recent

estimates suggesting that around 30% of genes are spliced, although these may be

conservative (Mironov et al., 1999; Roberts and Smith, 2002). Important physiological

roles for alternative splicing have been defined, including sex determination in

Drosophila and antibody class changing in humans. Importantly, approximately 10-15%

of the mutations in human disease genes are likely to affect splicing (Nissim-Rafinia

and Kerem, 2002). Alternative splicing can also be linked to signal transduction events

in the cytoplasm. For example, the alternative splicing of CD44, which is associated

with renal cell carcinoma, is regulated by the Ras-ERK pathway (Hara et al., 1999;

Konig et al., 1998; Weg-Remers et al., 2001).
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A large number of SinRIP sequences are present in the EST database, several of which

indicated that SinRIP mRNA can be alternatively spliced. In this chapter, the alternative

splicing of SinRIP mRNA is described. The expression and localisation of both

recombinantly expressed and endogenous SinRIP proteins was also investigated. These

studies suggested that several SinRIP isoforms are expressed in most tissues, and that

these isoforms are likely to have functions that are different from that of SinRIP1.
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4.2 MATERIALS AND METHODS

4.2.1 Cell Lines

Cells were maintained in RPMI 1640 medium (GibcoBRL) containing 0.7 mg/mL

benzylpenicillin, 1.0 mg/mL streptomycin, and 10% (v/v) foetal calf serum, in a 5%

CO2 atmosphere at 370C. DG75 is an EBV-negative Burkitt’s lymphoma (BL) cell line

(Ben Bassat et al., 1977). Stable DG75 transfectants were cultured in the presence of

600 �g/mL Hygromycin B (Boehringer Mannheim). MM170 and HT144 are melanoma

cell lines. JAM is an ovarian cancer cell line and MCF7 is a breast cancer cell line.

HeLa is a cervical carcinoma cell line and Colo16 is a squamous cell carcinoma cell

line. SK-N-SH and SH-SY5Y are neuroblastoma cell lines. NFF are neonatal foreskin

fibroblasts and U937 is a myeloid leukemia cell line. LC13 is a T-cell line and BJAB is

a B-cell lymphoma cell line. WW2-LCL, NK-Wil, DY-Wil, LM-Wil, NB-B95.8 and

LC-B95.8 are lymphoblastoid cell lines (LCLs). Daudi, BL30A are BL cell lines.

Phytohaemagglutinin (PHA) blasts, a kind gift from Leanne Morrison, were generated

as previously described (Moss et al., 1988).

4.2.2 Northern Blot Analysis

RNA was isolated from DG75 and MutuIII cells and subjected to northern blot analysis

using radiolabelled probes as described in Section 2.2.8. The ORF probe was generated

by PCR, using a plasmid containing SinRIP1 cDNA as the template, using the following

primer pairs: SinRIP-F1 (5'-TCTCTCAAAGAGAAGCCTCC-3') and SinRIP-R1 (5'-

ATCCTCCTCAAAAACCCC-3'). The exon 7A probe was generated by PCR using

SinRIP-F3 (5'-CAGTGAAGCGAAGAAAAGG-3') and SinRIP-R4 (5'-

TTTTTTTGTGGAAATAAACAGTC-3') primers from a plasmid containing a SinRIP2

cDNA. 
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4.2.3 RT-PCR Assays

RT-PCR reactions were undertaken as described in 2.2.6. Additional primers used in the

reactions described in this chapter are described in table 4.1.

Table 4.1: Primers used for RT-PCR

Primer Name Sequence

SinRIP-F1 5'-TCTCTCAAAGAGAAGCCTCC-3'

SinRIP-R1 5'-ATCCTCCTCAAAAACCCC-3'

SinRIP-R2 5’-CATTGTCACCACGGTCATTG-3’

SinRIP-F3 5'-CAGTGAAGCGAAGAAAAGG-3'

SinRIP-R3 5'-TAAAGAGTACACCTGTTTATTAAAAGG-3'

SinRIP-R4 5'-TTTTTTTGTGGAAATAAACAGTC-3'

SinRIP-R5 5'-GTCTATCTCTACTTTGTCTCC-3'

SinRIP-F6 5'-CTTAAGGCCTTCTTGGACAATCCAAC-3'

4.2.4 cDNA Cloning and Expression Plasmids

SinRIP isoform cDNAs were obtained by RT-PCR using RNA isolated from NB-B95.8

cells, and were cloned as described in 2.2.6. To obtain SinRIP2, SinRIP-F6 forward

primer (5'-CTTAAGGCCTTCTTGGACAATCCAAC-3'; added AflII site underlined)

was used with the SinRIP-R4 reverse primer (5'-TTTTTTTGTGGAAATAA-

ACAGTC-3'). To obtain SinRIP-3 and -4, the SinRIP-F6 was paired with the SinRIP-

R3 reverse primer (5'-TAAAGAGTACACCTGTTTATTAAAAGG-3') and the lower

band from the reaction was excised from the gel, purified and cloned. 
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To generate SinRIP expression constructs, the mammalian pMEP4 vector (Invitrogen)

was first modified by the insertion of a start codon within a Kozak consensus sequence,

followed by sequence encoding the FLAG epitope and a unique AflII site. Two �g of

the FLAG-1 (5'-AGCTTACCATGGACTACAAGGACGACGATGACAAGCTTA-3')

and FLAG-2 (5'-AGCTTAAGCTTGTCATCGTCGTCCTTGTAGTCCATGGTA-3')

oligo-nucleotides were resuspended in 20 �L of T4 ligase buffer (NEB). The

oligonucleotides were heated to 78�C for 3 minutes, then placed in a beaker containing

200 mL of water at 78�C, which was allowed to cool to room temperature. The vector

was digested using the HindIII restriction enzyme, and the FLAG insert was ligated into

this site. Plasmids were screened by PCR, using the FLAG1 oligo in combination with

the pMEP4-rev primer (5’-GTGGTTTGTCCAAACTCATC-3’), with an annealing

temperature of 56�C. Only plasmids containing an insert in the correct orientation

produced a product. The SinRIP cDNAs were sub-cloned from the pGEMT plasmids

into the AflII and NotI sites of the pMEP4-FLAG vector, generating a FLAG-SinRIP

fusion protein expression vector. To generate a GST-SinRIP1 construct, the SinRIP1

ORF was amplified by RT-PCR from normal human fibroblast RNA using the primers

SinRIP-F9 (5'-GAATTCGGAT-GGCCTTCTTGGACAATCC-3'; added EcoRI site

underlined) and SinRIP-R8 (5'-GAATTCGGCCAGTGTCACTGCTGC-3'; added

EcoRI site underlined), and was then ligated into pGEM-T (Promega). This SinRIP1

cDNA was sub-cloned into the EcoRI site of pGEX-2T (Amersham Pharmacia). The

authenticity of each plasmid was confirmed by sequencing.

4.2.5 Transfections

DG75 cells were transfected by mixing 5 x 106 log-phase cells in 300 µL of growth

medium with 5 µg of plasmid DNA in an electroporation cuvette (0.4 cm gap; Bio-

Rad). After incubation at room temperature for 5 min, cells were subjected to an

electrical field of 240 V at a capacitance of 960 µF (Gene Pulser II, Bio-Rad). The cells

were allowed a 5 min recovery period and were then re-seeded in growth medium and

incubated at 37�C. At 48 hours after transfection, 500 �g/mL hygromycin (Boehringer

Mannheim) was added to the medium for the selection of stable transfectants. Stable

cell lines were then maintained in 600 �g/mL hygromycin. Protein expression was

induced from the pMEP4-derived plasmids, which contain the metallothionein

promoter, by the addition of 5 µM CdCl2.
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4.2.6 Expression and Purification of GST-fusion Proteins

E. coli Sure cells (Stratagene), containing either the pGEX-2T plasmid or the pGEX-2T-

SinRIP1 plasmid, were grown in 2 X YT containing 100 µg/mL ampicillin to an OD600 =

0.6. Expression of the GST-fusion protein was induced by adding IPTG (Sigma) to a

concentration of 1 mM and the culture grown for a further 5 hours. The bacteria were

harvested and then resuspended in NETN buffer (20 mM Tris-HCl, pH 8.0; 200 mM

NaCl; 1 mM EDTA, pH 8.0; 0.5% NP40; 4 mM DTT; 1 mM PMSF; 1 µg/mL leupeptin;

1 µg/mL aprotinin). After sonication and clearance by centrifugation, the lysate was

incubated with glutathione sepharose 4B beads (Pharmacia) for 30 minutes at RT. The

beads were washed twice with NETN buffer and then twice with PBS. The purity of the

GST-fusion proteins was determined by SDS-PAGE.

4.2.7 Antibody Production and Purification

Rabbits were immunised intramuscularly with 2 mg of GST-SinRIP1 in 700 µL

Freund’s complete adjuvant (Sigma), followed by three boosts at monthly intervals with

1 mg of GST-SinRIP1 in 500 µL of Freund’s incomplete adjuvant. Blood was collected

from the rabbit and clots were allowed to form, which were then removed. The serum

was then centrifuged at 540 x g for 5 minutes, and the clarified serum was transferred to

a fresh tube. To purify the anti-SinRIP antiserum, non-specific antibodies were removed

by pre-adsorption to GST beads and the antiserum was affinity purified using GST-

SinRIP1 beads. To achieve this, approximately 2 mg of GST or GST-SinRIP fusion

protein was purified on glutathione sepharose beads, as described in 4.2.6. These beads

were boiled in 5 mL of 50 mM Na Borate pH 8.2 / 1% SDS and then pelleted. The

supernatant was collected, and the procedure was repeated. The supernatants were

pooled, added to 40 mL of acetone, and incubated overnight at -20�C. Precipitated

protein was collected by centrifugation at 30,000 x g for 30 minutes at 4�C, and the

pellet was air-dried. The pellet was resuspended in 1 mL of 50 mM Na Borate pH 8.2 /

1% SDS and boiled for 5 minutes, and diluted in 44 mL of 50 mM Na Borate pH 8.2.

To couple the purified GST-fusion protein to activated CH sepharose beads, 2.5 g of

beads were washed with 1 mM HCl. The activated beads were incubated with the

purified GST or GST-SinRIP1 solution for 2-3 hrs at RT. The beads were then washed

with 200 mM Tris-HCl, pH 8.0. Four mL of the anti-SinRIP antiserum was diluted with

PBS and was then incubated with CH-GST beads overnight at 4�C with gentle agitation.
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The beads were pelleted by centrifugation for 5 min at 1000 x g at 4�C. The supernatant

was transferred to a fresh tube containing the CH-GST-SinRIP1 beads, and the mixture

incubated overnight at 4�C with gentle agitation. The beads were washed with RIPA

buffer, then NETN buffer containing 1M NaCl, and finally with 10 mM Tris pH 7.5.

Antibodies that were bound by acid-sensitive interactions were eluted using 0.5 mL

aliquots of 100 mM glycine, pH 2.5. The column was washed with 10 mM Tris, pH 8

until the pH of the column returned to 8, and then antibodies bound by base-sensitive

interactions were eluted with 0.5 mL aliquots of 100 mM triethylamine. The peak

fractions were determined using the BIORAD protein assay kit and pooled. Sodium

azide (0.05%) was added to the purified antibody solution, and it was stored at 4�C.

4.2.8 Western Blot Analysis

To prepare total cell extracts for SDS-PAGE, 1 x 107 cells were washed twice in PBS

and were resuspended in 200 �L of SDS-PAGE sample buffer (60 mM Tris-HCl, pH

6.8; 10% glycerol; 2% SDS; 5% �-Monothioglycerol; 0.005% bromophenol blue). Each

sample was sonicated and boiled for 5 min, then cleared by centrifugation at 15,000 x g

for 5 minutes.  Samples (10 µL of a total cell extract or 20 �L of a sub-cellular fraction)

were subjected to SDS-PAGE (Bio-Rad Mini-PROTEAN II system) on a 10%

polyacrylamide gel at 100 V.  The separated proteins were transferred from the gel onto

a Hybond ECL nitrocellulose membrane (Amersham) at 100V for 1 hour at 40C. The

membrane was stained with 1% Ponceau S (Sigma) in 3% TCA to confirm even loading

prior to detection of protein with antibodies.

The membrane was blocked with blotto (PBS containing 0.1% Tween-20 and 5% skim-

milk powder) overnight at 40C, and was then incubated with primary antibody for 2

hours at room temperature. Anti-FLAG M2 (1:1000; Sigma) was used to detect FLAG-

SinRIP1, anti-JNK (FL) (1:2000; Santa Cruz) to detect JNK, and Anti-Actin AC-40

(1:5000; Sigma) to detect actin. The membranes were washed and then incubated with

secondary antibody diluted 1:2000 in blotto for 1 hour. Horseradish peroxidase (HRP)-

conjugated anti-mouse IgG (Silenus) was used to detect mouse primary antibodies, and

HRP-conjugated anti-rabbit IgG (Silenus) was used to detect rabbit primary antibodies.

The membranes were washed extensively and antibody complexes detected using an

ECL Western blotting detection system (Amersham) as recommended by the supplier.



85

In order to reanalyse membranes, they were first stripped in 100 mM �-

mercaptoethanol, 2% SDS and 62.5 mM Tris-HCl, pH 6.7 at 50�C for 30 minutes, and

then thoroughly washed in PBS/0.1% Tween-20.

4.2.9 Subcellular Fractionation

Approximately 1 x 107 cells were washed once in ice-cold PBS and resuspended in 1mL

of HEM buffer (20 mM HEPES, 1 mM EDTA, 1 mM �-mercaptoethanol, 100 �g/mL

phenylmethylsulfonyl fluoride [PMSF], 1 �g/mL Aprotinin; 0.5 �g/mL Leupeptin). The

cells were lysed by 40-50 strokes in a Dounce homogeniser, and nuclei were collected

by centrifugation at 600 x g for 10 min at 4�C.  The supernatant was collected, and the

membrane fraction was pelleted by centrifugation at 30,000 x g for 35 min at 4�C.  The

supernatant (cytoplasmic fraction) was acetone precipitated, and each of the protein

pellets (from 1 x 107 cells) was resuspended in 100 µL of 1X SDS-PAGE sample

buffer. The membrane pellet was resuspended in PBS / 1% Triton X-100 and

centrifuged again as above to extract the Triton X-100-soluble proteins.

4.2.10 Immunofluorescence Assays (IFA) 

To prepare slides, DG75 cells were washed in PBS, dispensed onto the slides, and air-

dried. The cells were fixed in methanol at -20�C for 2 minutes and permeabilised in

acetone at -20�C for 5 minutes. Slides were blocked with 10% FCS for 1 hour at room

temperature and were then incubated with anti-FLAG M2 diluted 1:100 in blocking

solution for 1 hour at room temperature to detect FLAG-tagged SinRIP proteins. To

detect endogenmous SinRIP proteins, a 1 in 2 dilution of anti-SinRIP polyclonal

antiserum was used. For co-fluorescence studies, 1:50 anti-JNK (FL) antibody was

included in the primary antibody solution. The slides were washed in PBS, and were

then incubated for 30 minutes at room temperature with Texas Red-conjugated anti-

mouse IgG (Silenus) to detect the anti-FLAG M2 antibody, and fluorescein-conjugated

anti-rabbit IgG (Cappel) to detect anti-JNK (FL). To stain DNA, the slides were

incubated with 2 �g/mL propidium iodide (Sigma) for 30 minutes at room temperature.

After washing thoroughly with PBS, coverslips were mounted using Vectashield

mounting medium (Vector Laboratories) and the slides were analysed on a Bio-Rad

MRC 600 confocal microscope or a Leica TCS SP2 confocal system.
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4.3 RESULTS

4.3.1 The SinRIP2 Isoform

Analysis of the EST database revealed 18 sequences that were identical to the full-

length SinRIP cDNA until nt 959; following this residue, these ESTs contain additional

sequences that were identical to each other, but not to SinRIP (Fig 4.1A). This

suggested the expression of an alternatively spliced SinRIP mRNA isoform, in which

exon 6 is spliced to an alternative exon (7A); we have designated this isoform SinRIP2

(Fig. 4.1B). Correspondingly, full-length SinRIP is herein referred to as SinRIP1. Exon

7A contains an in-frame stop codon and polyadenylation signal. Notably, the 3’-UTR of

SinRIP2 contains three repeats of the ATTTA pentanucleotide motif commonly found

in AREs (Fig. 4.1C). SinRIP2 mRNA encodes a C-terminally truncated SinRIP protein,

identical to residues 1-320 of SinRIP1, then followed by Ala-Cys-Asp and a stop codon.

The 323 amino acid SinRIP2 protein has a predicted MW of 36.2 kDa, and lacks the

PHL domain and part of the RBD (Fig 4.3).  

To confirm the expression of SinRIP2, total RNA was purified from the DG75 and

MutuIII Burkitt’s lymphoma cell lines and subjected to northern blot analysis using the

ORF probe. A probe specific for exon 7A was also used to analyse the DG75 RNA by

northern blot. The ORF probe detected the 3.7 and 2.6 kb full-length SinRIP bands in

both cell lines. Also present was a band of approximately 1.8 kb, particularly in the

MutuIII RNA (Fig. 4.1D). The exon 7A-specific probe hybridized only to the 1.8 kb

RNA band derived from the DG75 cell line, confirming its identity as SinRIP2 (Fig

4.1D). 

To obtain a SinRIP2 cDNA, total RNA was purified from DG75 cells, and an RT-PCR

reaction was undertaken using the F6 and R4 primers, with the products separated on an

agarose gel. A product at approximately the correct size for SinRIP2 was obtained in

this reaction, which was purified from the gel and cloned into the pGEMT vector.

Sequencing of the cDNA confirmed its identity as SinRIP2. These results confirmed

that SinRIP2 mRNA is expressed in B-cells. In addition, the SinRIP2 ESTs suggest that

SinRIP2 is expressed, not only in lymphocytes, but also in other tissues including

kidney and prostate (see Appendix 3).
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Figure 4.1. The identification of SinRIP2 mRNA. (A) The 3’-terminal 600 nt of SinRIP2 was used as
the query in a search of the EST database (cut-off, e < 1 x 10-40). A modified version of the graphical
output from the NCBI results page is shown. Arrows indicate the position of nucleotide 959 (see text). (B)
A schematic diagram showing the exon structure of segments of the SinRIP1 and SinRIP2 mRNAs. The
region of homology with the probes used in the northern blot analyses in C, and the region of SinRIP2
that formed the query in the EST databases search in panel B, are indicated by the broken lines. The ORF
is shaded and the SinRIP2 poly adenylation signal is indicated by an oval. (C) Total RNA was isolated
from DG75 and MutuIII cells and subjected to northern blot analysis using the ORF probe. The identity
of the previously observed 2.6 and 3.7 kb full-length SinRIP1 bands are indicated, as well as an additional
1.8 kb band. Northern blot analysis of DG75 total RNA using the Exon 7A probe is also shown; an arrow
indicates the 1.8 kb band. (D) The sequence of the 3’-end of SinRIP2, with the region of identity to
SinRIP1 shaded. Shaded boxes indicate three identified ATTTA pentanucleotide repeats, and the open
box indicates the polyadenylation signal. The position of the SinRIP-R4 primer used to clone a SinRIP2
cDNA is also indicated.
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4.3.2 The SinRIP3 Isoform

In addition to revealing the SinRIP2 isoform, the EST database also contains eleven

SinRIP sequences that lack exon 7, but are otherwise identical to SinRIP1 (Fig 4.2A).

This suggested that another alternatively spliced isoform is expressed, which we have

designated SinRIP3. While this study of SinRIP3 was being conducted, a sequence

identical to SinRIP3 was submitted into the NCBI-NR database (accession, BC003044)

in July, 2001. The protein encoded by SinRIP3 mRNA contains a deletion of amino

acids Gln322 to Ser356 (35 aa), which removes the C-terminal part of the RBD, but

leaves the PHL domain intact (Fig. 4.3). The 487 amino acid SinRIP3 protein, which

has a predicted MW of 55.0 kDa, would therefore not be expected to bind Ras,

suggesting that SinRIP1 and SinRIP3 are likely to be functionally distinct.  

To investigate whether SinRIP3 could be detected in several B-cell lines and other

lymphocytes, RT-PCR analysis of RNA purified from an LCL, a B-cell lymphoma, a

BL cell line and PHA blasts was undertaken using the F1 forward and R1 reverse

primers, which encompass exon 7. Two major products, which migrated at the expected

size for SinRIP1 (717 bp) and SinRIP 3 (609 bp), were detected at similar proportions

in all of these cell lines, with no product observed in the control (RT-minus) reactions

(Fig 4.2C). Similar bands, detected by RT-PCR analysis of DG75 RNA, have

previously been directly sequenced, confirming their identity as SinRIP1 and SinRIP3

(W.Schroder, Honours thesis). An RT-PCR analysis of RNA purified from adult skin

fibroblasts and the neuroblastoma cell-line SK-N-SH was also undertaken using the F3

and R5 primers, which flank exons 7 and 8. In addition to the SinRIP1 band, a major

product at the expected size for SinRIP3 was obtained, as well as several other minor

products (Fig 4.2D).  

To obtain a SinRIP3 cDNA, an RT-PCR reaction as undertaken using RNA purified

from NB-B95.8, an LCL, and using the F6-R3 and F6-R1 primers, which lie either side

of exon 7 and the F6 and R2 primers, which both lie to the 5’-end of exon 7. A minor

product, at approximately 100 bp (below the major full-length band), was observed

using the F6-R3 and F6-R1 primers, while only a single product, corresponding in size

to SinRIP1, was obtained using the F6-R2 primers (Fig 4.2E). The lower band from the
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Figure 4.2. Identification of SinRIP3. (A) Detail from the search of the EST database using the SinRIP1
cDNA sequence as the query, (presented in full in Fig. 2.1). Deletions are hatched, and those
corresponding to exon 7 are delineated by a blue box, while others corresponding to exon 1 are indicated
by a green box. (B) A schematic diagram indicating the exon structure of the SinRIP1 and SinRIP3
mRNAs. The relative binding positions of primers used in the RT-PCR reactions described below are
indicated. (C) RT-PCR analysis of NB-B95.8 (LCL), BJAB (B-cell lymphoma), Daudi (BL cell line) and
PHA blasts using the F1-R1 primers. The products of these reactions, and control reactions in which the
reverse transcriptase was omitted (RT-), were analysed by 1.7% agarose gel electrophoresis. (D) RT-PCR
analysis of adult skin fibroblasts, and the SK-N-SH neuroblastoma cell line using F3-R5 primers. The
SinRIP1 and SinRIP3 bands are indicated by arrows, and two minor bands, which are consistently
detected with these primers, are indicated by an asterix. (E) Results of RT-PCR analysis of NB-B95.8
RNA using F6-R3, F6-R1, and F6-R2 primer combinations. Arrows indicate bands that were likely to be
due to alternatively spliced SinRIP mRNAs. The band indicated by the asterix was excised from the gel,
purified and cloned to obtain a SinRIP3 cDNA.
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F6-R3 reaction was excised from the gel, purified and cloned in the pGEM-T vector.

Bacteria were transformed and screened using the F1-R1 primers. A potential SinRIP3

clone was identified and confirmed by sequencing. These analyses showed that SinRIP3

mRNA is present in a variety of cells, at generally similar levels in comparison to

SinRIP1 mRNA.

4.3.3 Other SinRIP Isoforms

While screening bacterial transformants to find pGEMT-SinRIP3, an additional clone

was identified that contained an insert, but did not produce a product with the F1-R1

primers used in the PCR screen. This clone was sequenced showing that it contained

another isoform that lacked exon 8 (to which the R1 primer binds). The 475 amino acid

protein encoded by this mRNA, designated SinRIP4, contains a deletion of amino acids

Ser357-Gly403 (47 aa). This protein has a predicted MW of 53.7 kDa, and lacks part of

the PHL domain (Fig. 4.3). No sequences corresponding to SinRIP4 are present in the

EST database, however, a minor band at the expected size for SinRIP4 was observed in

the RT-PCR analysis of fibroblast and neuroblastoma RNA using the F1 and R1 primers

(Fig. 4.2D).

In addition, four sequences in the EST database are identical to exons � and 2, but do

not contain exon 1 (Fig 4.2B). This isoform is referred to as SinRIP�1. Attempts to

confirm the presence of SinRIP�1 mRNAs in DG75 cells by RT-PCR were

unsuccessful, probably because of the high GC-content of exon � (see Fig 2.2). The

deduced splicing events that generate the isoforms described in this chapter are shown

in Figure 4.3, along with a comparison of the full-length and isoform SinRIP mRNAs

and the proteins they encode. Notably, the alternative splicing affects the ORF in all of

these isoforms, with the conserved C-terminal region the most affected. The EST

database also contains other sequences that correspond to other potential alternatively

spliced SinRIP isoforms. However, as the existence of these is only suggested by a

single sequence, further RT-PCR analyses would be required to confirm their

expression.
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Figure 4.3. A comparison of the identified SinRIP mRNA isoforms. A schematic diagram indicating
the exon structure of the SinRIP gene is shown. The constitutive splicing that generates SinRIP1 mRNA
is shown above the cartoon, and the alternative splicing events that result in the isoforms are indicated
below. The ORF is shaded and polyadenylation signals are indicated by ovals. The SinRIP isoform
mRNAs (shown using the pAI polyadenylation site) are compared with SinRIP1. In a comparison of the
proteins encoded by these mRNAs, the conserved regions identified in Chapter 3 are indicated.

4.3.4 Recombinant Expression of SinRIP1 and SinRIP2 in DG75 Cells

The SinRIP2 protein lacks C-terminal sequence of SinRIP1 containing part of the RBD,

the PHL domain and a potential NLS. If these C-terminal sequences are important in

targeting the SinRIP proteins, the localisation of SinRIP2 should be distinct from that of

SinRIP1. In order to be able to investigate this possibility, mammalian expression

plasmids encoding epitope-tagged SinRIP proteins were required. To obtain these, the

pMEP4 vector, which contains CdCl2-inducible promoter, was modified to encode an

N-terminal FLAG epitope-tag followed, in-frame, by cDNAs encoding the SinRIP

proteins. This was achieved by annealing two 39-mer oligonucleotides, which generated

an short insert that contained a start codon within Kozak consensus sequence, sequence

encoding the FLAG epitope, and an AflII restriction site (Fig 4.4A). This insert was

ligated into the HindIII sites of the vector. The F6 primer used to obtain the SinRIP1

and 2 cDNAs by RT-PCR also added an AflII site, and this enzyme was used with NotI,

to introduce the SinRIP cDNAs, in-frame, into the MEP4-FLAG vector (Fig 4.4B). The

final constructs were confirmed by sequencing. 
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Figure 4.4. Expression of FLAG-SinRIP1 and 2 in DG75 cells. (A) The sequence of the 39-mer
oligonucleotides, which were annealed and ligated into the HindIII site of the pMEP4 vector, is shown.
The ‘HindIII sticky-ended’ 5’-overhangs of the insert, the start codon, FLAG epitope and an AflII
restriction site that it contained are indicated. The sequence of the insert is also compared with the Kozak
consensus sequence. (B) A flow diagram illustrating the strategy used to generate pMEP4 expression
vectors encoding FLAG epitope-tagged SinRIP fusion proteins. (C) DG75 cells transfected with the
pMEP4-FLAG-SinRIP-1 were induced with 5 �M CdCl2 for the times indicated. Total cell extracts were
prepared, and FLAG-SinRIP1 protein expression was detected by immunoblot analysis using an anti-
FLAG antibody. The positions of molecular weight markers and FLAG-SinRIP1are indicated to the left
and right, respectively. (D) Light micrographs of uninduced DG75 cells stably transfected with pMEP4-
FLAG-SinRIP1 plasmid (DG75-SinRIP1) or the parental pMEP4-FLAG vector (DG75-V).

DG75 cells were transfected with pMEP4-FLAG-SinRIP1, -SinRIP2, or the parental

vector, and stable transfectants were selected using hygromycin. Recombinant protein

expression was induced by the addition of 5 �M cadmium chloride (CdCl2). The

induction of protein expression over a time-course in cells transfected with pMEP4-

FLAG-SinRIP1 was investigated by immunoblot of cell extracts using an anti-FLAG

M2 antibody (Fig. 4.4C). The apparent molecular weight of the induced FLAG-SinRIP1

protein, as determined by comparison to molecular weight markers, was approximately

80 kDa, while its predicted molecular weight was 59 kDa (�21 kDa). Bacterially

expressed GST-SinRIP1 also migrated higher than its expected size (data not shown),

suggesting that the slow migration of FLAG-SinRIP1 was due to an inherently low
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mobility of the SinRIP polypeptides on SDS-polyacrylamide gels. The highest levels of

SinRIP1 expression were generally observed at around 9 hours after the addition of

CdCl2, with reduced levels detected after expression had been induced for

approximately 24 hours or longer. No obvious phenotypic change in the cells was

observed upon induction of protein expression when analysed by light microscopy.

However, it was noted that cells stably transfected with pMEP4-FLAG-SinRIP1 tended

to grow in clumps in normal cell culture (without protein expression induced), while the

SinRIP2 and vector transfectants generally grew as single cells (Fig 4.4D). Thus, an

inducible system for expressing the SinRIP proteins in DG75 cells had been established,

and the cellular localisation of SinRIP1 and 2 could be compared.

4.3.5 Cellular Localisation of SinRIP1

The subcellular localisation of the SinRIP1 protein was established by

immunofluorescence analysis of DG75 cells expressing FLAG-SinRIP1. Cells were

fixed and permeabilised, and then incubated with an anti-FLAG antibody, followed by

an FITC-labelled anti-mouse secondary antibody. The cells were co-stained with

propidium iodide (PI) to identify nuclei, and images were obtained by confocal

microscopy. Expression was detected in only a proportion of cells, and the low-level

background detected in the non-expressing cells confirmed that the staining was specific

(Fig 4.5A). Most of the cells expressing SinRIP1 showed low-level diffuse staining of

the cytoplasm and patched plasma-membrane staining, together with an intensely

stained region that was likely to be membrane-associated. A confocal Z-series of several

cells indicated that low-level staining also occurred in the nucleus, however, the

majority of this staining did not co-localise with the DNA (Fig 4.5B). 

In order to identify the cytoplasmic structure that the intense SinRIP1 staining was

associated with, DG75-SinRIP1 cells were co-stained with the monoclonal anti-FLAG

antibody in combination with a rabbit antibody against GS15, which is found in the

Golgi apparatus. Confocal microscopy showed that the SinRIP1 and anti-GS15 stains

were adjacent and partially overlapped in most cells (Fig. 4.5C). This suggested that

these SinRIP-containing vesicles may be a component of the golgi apparatus, or a

different vesicular compartment that lies closely adjacent to the golgi apparatus. To

confirm the cellular localisation of FLAG-SinRIP1, it was also investigated by sub-

cellular fractionation experiments and immunoblotting (Fig 4.5D). The majority of
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Figure 4.5. Subcellular Localisation of FLAG-SinRIP1. (A) DG75 cells expressing FLAG-tagged
SinRIP1 protein (DG75-SinRIP1) were fixed and permeabilised, then stained with anti-FLAG antibody
followed by an FITC-labelled anti-mouse antibody. The slides were analysed by confocal laser-scanning
microscopy. A field of cells is shown with FITC-fluorescence on the left and a bright-field image on the
right. Arrows indicate cells expressing FLAG-SinRIP1. (B) DG75-SinRIP1 cells were co-stained with PI
and analysed as in panel A. A Z-series of confocal images of two SinRIP1-expressing cells are shown, in
which the FITC and PI signals merged. (C) DG75-SinRIP1 cells were co-stained with a anti-FLAG/Texas
red-labelled anti-mouse secondary antibody and a rabbit anti-GS15 antibody/FITC-labelled anti-rabbit
secondary antibody. Confocal images of several cells are shown with Texas red (FLAG) fluorescence to
the left, the FITC (anti-GS15) stain in the middle, and a merge of these to the right. (D) DG75-SinRIP1
cells were subjected to sub-cellular fraction by differential centrifugation. An aliquot of the membrane
fraction was also solubilised in 1% Triton X-100, and the Triton X-100 insoluble pellet soluble fraction
and supernatant were prepared. Samples of total cell extracts and the fractions were analysed by
immunoblot using an anti-FLAG antibody. Even protein loading for the nuclear, cytoplasmic and
membrane fractions was confirmed by staining of the membrane with ponceauS prior to immunoblot
analysis.

FLAG-SinRIP1 was found to be membrane-associated. Interestingly, the membrane

bound form of the FLAG-SinRIP1 protein was largely Triton X-100 insoluble. This

suggested that SinRIP1 was tightly tethered to membranes, and also raised the

possibility that it may associate with specific detergent-insoluble microdomains in the
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plasma membrane. These analyses show that the recombinant SinRIP protein localises

predominantly to the plasma membrane and an internal Golgi apparatus-associated

membrane, and can also be detected at lower levels in the cytoplasm and nucleus.

4.3.6 Subcellular Localisation of the SinRIP2 Isoform.

The sub-cellular localisation of the SinRIP2 isoform was investigated. DG75 cells

expressing FLAG-SinRIP2 were analysed by immunofluorescence assay using the anti-

FLAG antibody and imaged by confocal microscopy. In contrast to SinRIP1, SinRIP2

was found to be predominantly nuclear (Fig 4.6A). In some cells, particularly those that

appeared to be expressing higher amounts of SinRIP2, some cytoplasmic staining was

also observed. This appeared to be diffuse, and no intense cytoplasmic staining, similar

to the golgi apparatus-associated SinRIP1, was observed. Co-staining the cells with PI

showed that the nuclear SinRIP2 partially overlapped with the DNA stain (Fig. 4.6B). 

The localisation of the SinRIP2 protein in DG75 cells has also been investigated by sub-

cellular fractionation. An experiment performed by Naomi Caterer, an Honours student

in our laboratory, is shown in Fig 4.6C, in which cells were fractionated and analysed

by immunoblot using the anti-FLAG antibody as for SinRIP1. The majority of SinRIP2

was found in the nuclear fraction, with less in the membrane fraction, and little detected

in the soluble cytoplasmic fraction. Thus, in contrast to SinRIP1, SinRIP2 is a

predominantly nuclear protein, with lower levels also detected in membranes, possibly

the nuclear envelope or endoplasmic reticulum. 

4.3.7 Production of an Anti-SinRIP Antibody

We wanted to generate an anti-SinRIP antiserum to examine the expression of

endogenous SinRIP proteins in cells. To make a GST-SinRIP protein that could be used

to immunise a rabbit, a SinRIP1 cDNA was generated by an RT-PCR reaction that

added EcoRI sites at each end. This cDNA was cloned into the pGEMT vector and

subcloned, in-frame, into the EcoRI site of the pGEX-2T vector, and the identity of the

pGEX2T-SinRIP1 plasmid was confirmed by sequencing. Bacteria transformed with

this plasmid were grown and the expression of GST-SinRIP1 induced by IPTG. The

bacteria were harvested and lysed, and the GST-SinRIP1 protein purified on 
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Figure 4.6. Subcellular localisation of the SinRIP2 isoform. (A) DG75 cells expressing FLAG-
SinRIP2 (DG75-SinRIP2) were fixed and permeabilised, and then stained with anti-FLAG M2 antibody
followed by an FITC-labelled anti-mouse antibody. The cells were analysed by confocal laser-scanning
microscopy. A Z-series of images of a field of expressing cells is shown. (B) DG75-SinRIP2 cells were
co-stained with propidium iodide (PI) and analysed as in panel A. The FITC-fluorescence is shown on the
left, PI stain in the middle, and a merge of these to the right. The upper panel shows a field of expressing
cells, with a magnified image of one of these cells shown in the lower panel. (C) Adapted from Naomi
Caterers Honours thesis (2001). Total cell extracts, as well as nuclear, cytoplasmic and membrane
fractions, were prepared from DG75 cells transfected with FLAG-SinRIP2. A sample of the membranes
was resuspended in 1% Triton X-100 and the soluble fraction and insoluble pellet were prepared. Each of
the samples was then subjected to immunoblot analysis using an anti-FLAG antibody.

Glutathione sepharose beads and identified by SDS-PAGE and staining with Coomassie

blue. A rabbit was immunised with the purified GST-SinRIP1 protein, and antiserum

was collected. The specificity of the antiserum was determined by using it to analyse

lysates of DG75-V and DG75-SinRIP1 in immunoblots. In these analyses, the anti-

SinRIP antiserum, but not the pre-immune serum, identified the recombinant SinRIP1
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Figure 4.7. Specificity of a polyclonal anti-SinRIP antisera. (A) Immunoblot analysis of total extracts
from DG75-V (V) and DG75-SinRIP1 (1) cells. The antibodies used include equal dilutions of the pre-
immune serum and antiserum from the rabbit immunised with GST-SinRIP1, as well as the anti-SinRIP
antiserum pre-adsorbed to GST (#) or GST-SinRIP1 (*) beads prior to being used in immunoblot
analysis. The positions of molecular weight markers are shown to the left. (B) Immunoblot analysis of
DG75-V (V), -SinRIP1 (1) and -SinRIP2 (2) cells using anti-FLAG (left) or affinity-purified anti-SinRIP
(right) antibody. (C) Immunoblot analysis of uninduced and induced DG75-V and DG75-SinRIP1 cells
using the anti-SinRIP antiserum.

protein (Fig 4.7A). The reactivity of the antiserum to recombinant SinRIP1 was also

depleted by pre-incubation of the antiserum with beads coupled to GST-SinRIP1, but

not to GST. This confirmed that the crude antiserum was specific for SinRIP, and it was

finally affinity-purified by depletion on GST-coupled beads and then adsorption to

GST-SinRIP1-coupled beads. 

To determine if the purified anti-SinRIP antibody was equally reactive to the SinRIP1

and SinRIP2 proteins, it was used to analyse extracts from DG75-V, -SinRIP1 and -

SinRIP2 cells by immunoblot. The same samples were also analysed using anti-FLAG

antibody (Fig. 4.7B). Similar to the recombinant SinRIP1 protein, the apparent

molecular weight (Ma) of the SinRIP2 protein, as determined by comparison to
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molecular weight markers, was higher than expected (Ma 48 kDa compared to MW of

36.2 kDa; �12.2 kDa). The anti-SinRIP and anti-FLAG antibodies reacted similarly to

the FLAG-tagged SinRIP1 and 2 isoforms, indicating that the anti-SinRIP antibody

reacts equally to SinRIP1 and the SinRIP isoforms. In addition to the major FLAG-

SinRIP1 protein band at 81 kDa, samples from the DG75-SinRIP1 cells also displayed

four smaller bands that were not detected by anti-FLAG antibody, and they therefore

lack the FLAG-tag. These proteins were unlikely to be breakdown products since they

were consistently observed in samples that showed no obvious signs of general

degradation of proteins on Coomassie-stained gels, such as streaking of bands (data not

shown). Notably, an endogenous protein with the same mobility as FLAG-SinRIP1 was

also identified in these cells, as well as another band of lower Ma (73 kDa; Fig. 4.7B

and C). Low-level ‘leaky’ expression in the uninduced DG75 SinRIP1 transfectants

could also be detected in overexposed blots (Fig 4.7C). This showed that the purified

anti-SinRIP antisera is equally reactive to the full-length SinRIP1 protein and SinRIP

isoforms lacking C-terminal sequences. In addition, the anti-SinRIP antiserum was able

to detect endogenous SinRIP expression in DG75 cells.

4.3.8 Detection of Endogenous SinRIP Proteins

The purified SinRIP antiserum was then used to detect endogenous SinRIP protein

expression in various cultured cell lines. A variety of cell lines were obtained, and total

cell extracts were prepared from these and subjected to SDS-PAGE and immunoblotting

using the purified anti-SinRIP antibody (Fig. 4.8A and B). The blots were also stripped

and reprobed for actin or JNK to show relative protein loading. Multiple SinRIP

proteins were identified in all the cell lines examined, although the levels detected

varied with each cell line. The highest levels observed were 81 kDa (full-length

SinRIP1) and 73 kDa (isoform – SinRIP3?) proteins, which had previously been

detected in DG75 cells. Additional proteins of slightly higher and lower Ma were also

detected in some cells, for example the NFF cell line. Some samples also contained low-

level protein bands at approximately 110 kDa. The HeLa, LC13, SK-N-SH and U937

cell lines were shown in at least two blots to contain relatively low levels of SinRIP

protein. In contrast, higher levels of SinRIP protein expression was detected in JAM

cells, the MM170 and HT144 melanoma cell lines, PHA blasts and several B-cell lines,

suggesting that SinRIP protein expression is highly cell line-specific.
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Figure 4.8. Expression of endogenous SinRIP proteins in cell lines. Total cell lysates were prepared
from a variety of cell lines and subjected to immunoblot analysis using the purified anti-SinRIP1
antibody. Membranes were stripped and re-analysed with an anti-�-actin antibody (A and B) or an anti-
JNK antibody (A and D). Molecular weight markers are shown in kDa to the right of the blots, and the
likely identities of the proteins that were detected are shown to the left. The cell lines are described in
4.2.1. 

To further investigate the cell-type dependency of SinRIP protein expression, total cell

extracts of PHA-blasts and LCLs, derived from PBMCs from two different donors, were

analysed by immunoblot using the purified anti-SinRIP antibody. The SinRIP1 protein

was detected in both the LCLs and PHA blasts. In contrast, while the 73 kDa isoform

was clearly expressed in LCLs, very little could be detected in the corresponding PHA

blasts (Fig 4.8C). Similar results were obtained when other PHA blasts and B-cell lines

were analysed (Fig 4.8D). In addition, the BJAB, DG75, BL30A and Daudi B-cell lines

all expressed more of the 73 kDa protein. Together, these analyses showed that SinRIP

proteins are ubiquitously expressed, and that both the total SinRIP protein levels, and

the ratios of isoforms to full-length protein, are cell-type dependent.
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Figure 4.9. Sub-cellular localisation of the endogenous SinRIP proteins. (A) Fixed and permeabilised
DG75 and LM-wil cells were analysed by immunofluorescence assay using the anti-SinRIP antibody
followed by an FITC-conjugated secondary antibody. The slides were co-stained with PI and analysed by
confocal microscopy. A field from each cell-type is shown, with the FITC-fluorescence on the left, PI
stain in the middle, and a merge of these to the right. (B) DG75 cells and PHA blasts (donor 2) were fixed
and analysed by IFA using the anti-SinRIP antibody followed by an FITC-conjugated anti-rabbit
secondary antibody. A field from each analysis is shown, with FITC-fluorescence to the left and bright-
field to the right. (C) The NB-B95.8 cell line was subjected to sub-cellular fractionation, and the samples
were analysed by immunoblot using the anti-SinRIP antibody. Molecular weight markers are shown in
kDa to the right, and the identity of SinRIP proteins detected is indicated to the left. (D) JAM cells, grown
on coverslips, were fixed and permeabilised. Endogenous SinRIP was detected by immunofluorescence
assays using the anti-SinRIP antibody, followed by an FITC-conjugated anti-rabbit secondary antibody,
and the slides were analysed by confocal microscopy.  A Z-series of images from a single cell is shown.
(E) Two fields of JAM cells, analysed as in (D) are shown. Some detail is also shown at greater
magnification (inset). No signal was detected in assays in which the primary (anti-SinRIP) antibody was
omitted, but all other conditions normally used were maintained.

4.3.9 Sub-cellular Localisation of the Endogenous SinRIP Proteins

The specific anti-SinRIP antibody also allowed the cellular localisation of the

endogenous SinRIP proteins to be investigated. These studies were initially undertaken

using lymphocytes, as analysis of endogenous SinRIP proteins in DG75 cells would

allow comparison with the observed localisation of the recombinant SinRIP1 and

SinRIP2 proteins. Fixed and permeablised DG75 and LM-Wil cells were subjected to
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IFA analysis using the anti-SinRIP antibody, co-stained with PI to identify nuclear

regions, and analysed by confocal microscopy (Fig 4.9A). The endogenous SinRIP

proteins were predominantly cytoplasmic in these cells. Nuclear staining, in speckles

from which DNA was excluded, was also observed in both cell types, but to a slightly

greater degree in the DG75 cells. The localisation of endogenous SinRIP proteins in

DG75 and PHA blasts was compared by IFA analysis using the anti-SinRIP antibody

and confocal microscopy. In the PHA blasts, the stain was predominantly cytoplasmic

(Fig. 4.9B). Only a small amount of nuclear staining was observed in the PHA blasts,

relative to DG75 cells. To further investigate the localisation of endogenous SinRIP, the

NB-B95.8 LCL was subjected to sub-cellular fractionation, and samples of the soluble

(cytoplasmic), membrane-associated and nuclear fractions were analysed by

immunoblot using the anti-SinRIP antibody. Both proteins were found in the

cytoplasmic and membrane fractions, and the membrane-associated forms were partially

Triton X100-insoluble (Fig 4.9C). Notably, the 73 kDa isoform band, but not the 80

kDa SinRIP1 band, was found in the nuclear fraction. This suggested a similar

localisation for SinRIP1 and the 73 kDa isoform, except that that only the 73 kDa

isoform is nuclear. 

The localisation of the endogenous SinRIP proteins was also investigated in the larger,

adherent cells of the epithelial ovarian carcinoma cell line JAM (Ward et al., 1987).

These cells were shown to express high levels of both SinRIP1 and 3 (Fig 4.8).  IFA

analysis of fixed JAM cells was undertaken using the purified anti-SinRIP antibody and

the slides were analysed by confocal microscopy. In these cells, the SinRIP proteins

were predominantly nuclear, with low level staining also observed in the cytoplasm

(Fig. 4.9E). At least three distinct patterns of nuclear staining were observed. Firstly, a

low-level punctate pattern, found throughout the nucleus, but excluding the nucleolus,

occurred in all cells. Secondly, more intense staining of SinRIP was observed in distinct

larger nuclear domains of variable size, number, and intensity. These may represent an

accumulation of the aforementioned domains. Finally, lower level staining was also

observed within each nucleolus. The cytoplasmic staining occurred mainly in the

perinuclear and peripheral regions of the cells, and included several more intense small

foci close to, or at, the plasma membrane (Fig. 4.9E). Thus, similar to the B-cells,

endogenous SinRIP was partitioned into both the nucleus and cytoplasm of JAM cells,

however, the JAM cells showed a more intense and highly organised nuclear stain. 
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4.4 DISCUSSION

In this chapter, data indicating that SinRIP pre-mRNA is alternatively spliced has been

presented. This data was obtained using a variety of different methodologies, including

northern blots, RT-PCR and searches of the EST database. RT-PCR was also used to

obtain cDNAs for three of the alternatively spliced SinRIP mRNAs (SinRIPs 2-4).

Importantly, all of the SinRIP mRNA isoforms considered here are predicted to encode

alternative SinRIP proteins. These are likely to have biochemical functions that differ

from that of the full-length SinRIP1 protein, as discussed below. Moreover, an anti-

SinRIP antibody was generated and used in immunoblots, which showed that isoforms

are likely to comprise a significant proportion of the total pool of SinRIP protein in

many cultured cells. 

The first isoform to be investigated in detail was SinRIP2. This isoform results from the

splicing of exon 6 to an alternative exon, exon 7A, which contains its own

polyadenylation signal. SinRIP2 mRNA encodes a C-terminally truncated SinRIP

protein that lacks the PHL domain and most of the RBD, and is therefore unlikely to

participate in interactions mediated by these domains. Notably, eight of the eighteen

SinRIP2 ESTs identified were from kidney-derived tissues (Appendix I). In contrast,

kidney-derived sequences represent only a small proportion observed in the SinRIP1-

specific ESTs. For example, none of the 46 EST sequences corresponding to exon 7

(SinRIP1) were derived from kidney tissues. This suggested that SinRIP2 is more

highly expressed in kidneys than in other tissues, which would indicate an important

role for SinRIP2 in the kidney. In addition, three of the SinRIP2 ESTs identified were

from prostate, and similar to the situation for kidney tissues, the EST database does not

contain prostate-derived ESTs corresponding to exon 7. This suggested that the SinRIP2

isoform might be the predominant SinRIP mRNA expressed in kidneys and prostate,

and it would therefore be interesting to investigate whether SinRIP2 is involved in

hormone production or secretion. 

The 3’-UTR of SinRIP 2 contains three AUUUA pentanucleotide motifs that may

constitute an ARE. Therefore, the differences seen in SinRIP2 mRNA levels may due

differential regulation of splicing, or mRNA degradation via the ARE, in specific cells.

A potential ARE was also identified in the long form of SinRIP1 mRNA (Chapter 2). If

SinRIP2 expression is important in the function of the SinRIP gene, it is likely to occur
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in other mammals. The mouse genome contains a genomic sequence on chromosome 2,

within exons 6 and 7 of the SinRIP gene, which has a high level of identity to the

human exon 7A. However, the expression of this region could not be detected in the

mouse EST database.

SinRIP3 was also highly represented in the EST database, and could be detected in all

cell lines tested by RT-PCR. Moreover, the eleven SinRIP3 sequences identified in the

EST database were derived from a variety of tissue types. This suggests that SinRIP3

mRNA may be constitutively expressed in most tissues. SinRIP3 mRNA lacks exon 7,

and the encoded SinRIP3 protein consequently contains a disrupted RBD, and is

therefore not likely to bind Ras (assuming that this domain is functional). The SinRIP4

isoform, which was serendipitously identified and obtained as a full-length cDNA from

NB-B95.8 cells while screening for SinRIP3, has an intact RBD but contains a disrupted

PHL domain. While no SinRIP4 ESTs were identified, bands corresponding to SinRIP4

were detected by RT-PCR analysis of several different cell types. 

Another isoform, SinRIP�1, lacks exon 1 and was represented by multiple sequences in

the EST database. While SinRIP�1 mRNA expression could not detected by RT-PCR in

this study, this is likely to be due to technical reasons, and does not exclude the

expression of SinRIP�1 in the tissues tested. A cow SinRIP EST and two SinRIP ESTs

from mouse also do not contain exon 1, and therefore alternative splicing excluding

exon 1 appears to be evolutionarily conserved in mammals. As exon1 contains the

putative start codon, an alternative start codon must be used if SinRIP�1 mRNA is

translated. Exons 2 and 3 each contain one AUG codon, however, these are out of frame

with the SinRIP ORF, and are followed shortly after by stop codons. The first in-frame

start codon, Met193, is within poor Kozak consensus sequence, however, a second in-

frame methionine (Met198) is within relatively good Kozak consensus, and would make

a 325 amino acid N-terminally truncated SinRIP protein (see Fig. 4.3). Translational

initiation can also occur from non-AUG codons, or, alternatively it is possible that these

mRNAs are not translated, and that this splicing represents a post-transcriptional

mechanism for regulating SinRIP protein expression. 

To allow the investigation of recombinant SinRIP proteins, plasmids that could be

induced to express FLAG epitope-tagged SinRIP1 and SinRIP2 isoforms were

generated, and DG75 cells stably transfected with these plasmids were studied. Time
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constraints did not allow investigation of the cloned SinRIP3 or 4 proteins. Immunoblot

analysis showed that CdCl2 rapidly induced SinRIP1 protein expression in the

transfected cells, however, reduced levels were observed after expression had been

induced for periods of 24 hours or longer. Similar results were obtained for SinRIP2,

but not for SinRIP4, by Naomi Caterer in her Honours project. A possible mechanism

for this is that the overexpression of SinRIP1 and SinRIP2 results in cytostasis or death

in DG75 cells. Investigating this possibility further using the pMEP4 expression system

will be difficult. IFA analyses indicated that only a minor proportion of cells in the

transfected cultures expressed the recombinant protein, and in addition, the levels of

cadmium used to induce expression can also affect the viability and growth of cells

(Chuang et al., 2000; Iryo et al., 2000). 

The observed low mobility of the SinRIP polypeptides in SDS-PAGE is not likely to be

due to post-translational modifications, as it was similarly observed for a bacterially

produced SinRIP1 fusion protein. Instead, this was likely to have been due to an

inherent property of the SinRIP polypeptides. For example, the SinRIP proteins are rich

in proline residues, which are rigid and can retard proteins in SDS-PAGE. Additional

proteins of lower Ma, which lack the FLAG-tag, were also identified in induced DG75-

SinRIP1 cells. These proteins were unlikely to have been breakdown products, but may

have been produced by internal translational initiation from the expression plasmid. It

would therefore be interesting to mutate the Met198, which was speculated to mediate

translational initiation of the SinRIP�1 isoform, and determine whether one of the lower

Ma products is eliminated. Alternatively these proteins may been the result of post-

translational modifications such as specific endoproteolysis. 

The cellular localisation of the recombinant SinRIP1 and SinRIP2 proteins, expressed in

DG75 cells, was compared using immunofluorescence analyses and sub-cellular

fractionation. The FLAG-SinRIP1 protein was primarily membrane-associated. It was

found by IFA in the plasma membrane and associated with the Golgi apparatus.

However, as the exact compartmental location of GS15 in the Golgi apparatus is not yet

clear (Xu et al., 1997; Xu et al., 2002), and the overlap was incomplete, this needs to be

investigated further. In addition, the majority of membrane-associated SinRIP1 was

Triton X-100-insoluble, suggesting that it may be associated with lipid rafts.

Alternatively, this insolubility may reflect an association with the cytoskeleton. Both the

SinRIP1 and SinRIP2 proteins were found in nuclear, cytoplasmic and membrane
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fractions, although in different proportions. However, in contrast to SinRIP1, the

SinRIP2 protein was predominantly nuclear, and no plasma membrane or intense

cytoplasmic staining was observed. The majority of SinRIP2 was found in nuclear

domains from which DNA is excluded, however, it also partially overlapped with the

DNA stain, similar to the low levels of nuclear SinRIP1. Thus, while localisation of the

SinRIP1 and 2 proteins is distinct overall, they may co-localise in some compartments. 

Low-level constitutive ‘leaky’ expression of SinRIP1 was also detected in uninduced

DG75 cells transfected with the SinRIP1 plasmid (see Fig 4.7), which may explain the

clumping of these cells in normal cell culture (Fig 4.4D). Given that only a small

number of cells were capable of expressing the recombinant protein, the levels detected

by immunoblot suggest that the ‘leakiness’ produced substantial amounts of FLAG-

SinRIP1 in these cells. If the observed phenotype is due to ‘leaky’ expression of

SinRIP1, this would suggest that regulating cell adhesion molecules may an activity of

SinRIP1. The observed localisation of this protein at the plasma membrane is consistent

with this hypothesis.

A purified polyclonal antiserum was generated against SinRIP1 and shown to be

specific, allowing the expression and cellular localisation of endogenous SinRIP

proteins to be investigated. Endogenous SinRIP protein expression was detected in all

samples tested by immunoblot, confirming that SinRIP is a ubiquitously expressed

gene, as indicated by the RNA expression data described in Chapter 2. In most samples,

two predominant bands at 81 and 73 kDa, and several minor bands, were detected. The

81 kDa band corresponded in size to the recombinant SinRIP1 protein. The 73 kDa

band corresponds to the expected size of SinRIP3, given the retarded mobility of the

SinRIP proteins in SDS-PAGE. That this protein is SinRIP3 is supported by the

observation that SinRIP3 mRNA was detected at significant levels in all cell lines tested

by RT-PCR. However, assuming that the 73 kDa band is SinRIP3, this would indicate

that the ratios of SinRIP1/SinRIP3 mRNA observed by RT-PCR do not correlate well

with the ratios of SinRIP1/SinRIP3 protein in cells, suggesting that the expression of

these proteins is regulated at post-transcriptional or post-translational levels. Most of the

cell lines tested were transformed, however a primary cell line of neonatal foreskin

fibroblasts (NFF) was also examined. The NFF cells expressed high levels SinRIP

proteins, but had an unusual pattern of SinRIP expression, with only low amounts of the
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80 kDa SinRIP1 and 73 kDa SinRIP3 proteins observed. Some of the transformed cell

lines also contained overall low amounts of the SinRIP proteins, suggesting that SinRIP

expression levels may be highly cell-specific.

Relatively high levels of endogenous SinRIP protein expression were consistently

detected in lymphocytes. The SinRIP1/SinRIP3 protein ratio in lymphocytes also

appeared to be cell-type specific. For example, the SinRIP3 isoform constituted the

major proportion of the total pool of SinRIP protein in three Burkitt’s lymphoma (BL)

cell lines and a B-cell lymphoma cell line. In contrast, all PHA blasts examined

expressed predominantly SinRIP1, with only very low levels of SinRIP3 detected, and

LCLs displayed an intermediate pattern. This was demonstrated most clearly when PHA

blasts or LCLs, generated from the PBMCs of the same individual, displayed these

characteristic SinRIP expression patterns. It is not clear whether these SinRIP

expression patterns are due to different culture conditions, or cell-type specific

differences. For example, PHA blasts are produced using PHA and IL2 and comprise

predominantly T-lymphocytes, while LCLs are immortalised B-cells that have been

transformed using EBV. All of the BL cells tested carry a c-Myc translocation that

results in overexpression of the c-Myc gene. While the B-cell lymphoma, BJAB, does

not carry this translocation, it does express high amounts of the c-Myc protein

(Wennborg et al., 1987; Glazer and Summers, 1985), indicating a possible correlation

between high c-Myc levels and the appearance of high levels of the SinRIP3 protein.

The subcellular localisation of endogenous SinRIP proteins in some of these cells was

also investigated. SinRIP was found in the cytoplasm and nucleus of all cells tested. No

distinct plasma membrane staining of endogenous SinRIP was observed, including in

DG75 cells, despite the clear association of recombinant SinRIP1 with the plasma

membrane in DG75 cells. The cell types analysed by IFA also included PHA blasts, in

which most of the SinRIP detected is SinRIP1. Thus, the plasma membrane localisation

of recombinant SinRIP1 in DG75 cells may be an artifact of over-expression. However,

these studies still show that SinRIP1 is capable of associating with the plasma

membrane, and the translocation of SinRIP1 to the plasma membrane may normally

require an extracellular stimulus, such as stress.  Most of the cytoplasmic staining in the

JAM cells was punctate and perinuclear, and may therefore have been Golgi-associated,

similar to recombinant SinRIP1 in DG75. Cytoplasmic staining was observed in the

peripheral regions of JAM cells, which included several more intense small foci (Fig.
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4.9D,E). Sub-confluent JAM cells often were often observed to migrate around the

culture-dish, and these peripheral structures are therefore likely to have been

lamellipodia. 

The sub-cellular fractionation of NB-B95.8 cells clearly indicated that SinRIP3 is likely

to be the predominant isoform in the nucleus in these cells. The low-level nuclear

staining that was observed by IFA analysis in PHA blasts, which express mainly

SinRIP1, supports this hypothesis. The nuclear localisation of the endogenous SinRIP

proteins appeared to be most variable, depending on the cell type. This effect is likely to

have been due to the expression of isoforms, particularly SinRIP3, the expression of

which is also highly cell-type dependent. The slight variations seen in the nuclear stain

of JAM cells may be due to differences in the cell-cycle status of each individual cell.

Such a relationship between SinRIP expression patterns and the cell-cycle could be

further tested by synchronising JAM cells, or inducing cell-cycle block, and

investigating these cells by immunoblot and IFA with the anti-SinRIP antibody. The

nuclear localisation of SinRIP2 suggests that either the first or second NLSs are active. 

In summary, the expression of alternatively spliced isoforms of SinRIP was identified,

and the cellular localisation of the SinRIP proteins was established. The isoforms

contain deletions in regions that were shown in Chapter 3 to be of likely functional

importance. Thus, the RBD is disrupted in SinRIP3, while the N-terminal portion of the

PH domain is absent in SinRIP4, and both of these regions are absent from SinRIP2.

These studies indicate that exons 1, 7 and 8 are classical optional exons in the splicing

of SinRIP pre-mRNA. The isoforms may potentially modulate the activity of SinRIP1

in vivo, however this is not yet clear. In addition, the cloned isoforms will also be useful

for assessing the role of specific C-terminal regions, including the domains identified in

Chapter 3.
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CHAPTER 5

Identification of SinRIP-binding proteins
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5.1 INTRODUCTION

Activated alleles of Ras genes are found in many human cancers, and Ras plays an

important role in the regulation of normal cellular events such as proliferation,

differentiation and apotoptosis (reviewed in Chapter1). Ras exerts its cellular functions

by interacting with a diverse set of effector proteins, some of which are also

mutationally activated in some tumours (Davies et al., 2002; MacDonald et al., 2001).

While important roles for Raf, PI3K and RalGDS as Ras-effectors have been clearly

demonstrated, a number of other proteins preferentially bind to activated Ras and are

therefore candidate Ras-effectors (Vojtek and Der, 1998; Shields et al., 2000), and the

relevance of these proteins must be addressed to fully understand signalling by Ras. 

Many of the candidate Ras-effectors and their homologues contain a Ras-association

(RA) domain. These include AF6, the fusion partner in chromosomal-translocation

associated human acute leukemias, (Yamamoto et al., 1999), Ras-interacting protein 1

(Rin1) (Wang et al., 2002), Nore1 (Khokhlatchev et al., 2002), the potential Ras- family

GEFs PLC� (Shibatohge et al., 1998), and RA-GEFI (Liao et al., 1999). Another

protein recently described as a candidate Ras-effector, TIAM1, contains a Raf-like Ras-

binding domain (RBD) (Lambert et al., 2002). Others, such as MEKK1 and PKC� have

been shown to bind preferentially to activated Ras in vivo, but do not contain obvious

RBD or RA domains (Diaz-Meco et al., 1994). Ras-effector functions have also been

ascribed to the RasGAPs, p120GAP and neurofibromin (NF1), and while this remains

controversial (Tocque et al., 1997; Vojtek and Der, 1998), it suggests that some proteins

may possess both regulatory and effector functions for Ras.

A yeast two-hybrid screen can be used to identify novel protein-protein interactions, and

has been conducted in the work described in this chapter. This assay utilises the

modularity of the GAL4 transcription factor, which contains a DNA-binding domain

(BD) and an activation domain (AD); these domains retain their transcriptional activity

as long as they are in close proximity. In a yeast two-hybrid screen, the ‘bait’ protein is

expressed in fusion with GAL4 BD, and a cDNA library is fused with the AD. Yeast are

co-transformed with the bait / library plasmids, and the activation of GAL4-responsive

reporter genes is assayed by either nutritional selection and/or colour development

resulting from �-galactosidase activity (Fields and Song, 1989; James et al., 1996). 
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This chapter describes an initial investigation into the biochemical functions of SinRIP

proteins. The study showed that the Ras- and SAPK-binding functions of the other

SinRIP family proteins are conserved in human SinRIP1. In addition, the Src-associated

substrate during mitosis, Sam68, was identified as a likely SinRIP-binding protein.
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5.2 MATERIALS AND METHODS

5.2.1 cDNA Cloning and Expression Plasmids

To generate a constitutive SinRIP expression construct, the EBO-pLPP mammalian

expression vector (Margolskee et al., 1988) was modified by ligating in the FLAG

insert, followed in-frame by a SinRIP1 cDNA (as described for the pMEP4 plasmid in

4.3.4). To generate the pPC86BD-SinRIP1 plasmid, pPC86BD plasmid (Scott et al.,

2002; a kind gift from Sharon Milgram) was digested with EcoRI and then treated with

calf intestinal phosphatase. A SinRIP1 cDNA was excised from the pGEMT-

SinRIP1(9/8) plasmid using EcoRI, and ligated into the EcoRI  site of pPC86BD. The

pPC86BD-SinRIP2 plasmid was prepared by excising the BstEII/NotI fragment of

pPC86BD-SinRIP1 (which contained the 3’-end of SinRIP1) and replacing it with the

corresponding SinRIP2 3’-terminal fragment, obtained from pGEMT-SinRIP2 (this

construct was prepared by Naomi Caterer). The recombinant plasmids were confirmed

by sequencing, and plasmid maps are provided in Appendix 3. Plasmids encoding green

fluorescent protein (GFP)-tagged H-RasG12V and GFP-K-RasG12V were a kind gift from

Prof. John Hancock, and are described elsewhere (Apolloni et al., 2000).

5.2.2 Mammalian Cells and Transfections

DG75 cells were transfected as described in 4.2.5. Protein expression was induced from

pMEP4-derived plasmids by the addition of 5 µM CdCl2. The ovarian cancer cell line

JAM, and the stable DG75-SinRIP1 and -SinRIP2 transfectants were cultured as

described in 5.2.1. Baby hamster kidney (BHK) cells were grown in DMEM (GIBCO

BRL) containing 10% FCS.

For transfection, BHK cells were grown to ~60% confluence in 10 cm plates and were

then transfected using Lipofectamine (GIBCO BRL). A total of 8 �g of plasmid DNA

was diluted to 800 �L in Optimem (GIBCO BRL), added to 40 �L of Lipofectamine

diluted in 760 �L of Optimem, and incubated for 20 minutes at room temperature. The

cells were washed once with Optimem to remove serum, and 5.4 mL Optimem was

placed on the cells, followed by the DNA / Lipofectamine mixture. After a 5-hour

incubation, 7 mL DMEM containing 20% FCS was added to the cells. The transfected

cells were harvested 24 hours after transfection. 
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To produce slides for immunofluorescence, the BHK cells were grown on coverslips in

12-well plates. A total of 700 ng of plasmid DNA, diluted to a volume of 70 �L with

Optimem, was added to 3.5 �L of Lipofectamine, diluted in 66.5 �L of Optimem, and

was incubated for 20 minutes at room temperature. The cells were washed once with

Optimem to remove serum, and 560 �L of Optimem was placed on the cells, followed

by the DNA / Lipofectamine mixture. After a 5-hour incubation, 700 �L of DMEM /

20% FCS was added to the cells.

5.2.3 Yeast Two-hybrid Assay

The genotype of the AH109 yeast strain is MATa, trp1-901, leu2-3, 112, ura3-52, his3-

200, gal4�, gal80�, LYS2::GAL1UAS-GAL1TATA-HIS3, GAL2UAS-GAL2TATA-ADE2,

URA3::MEL1UAS-MEL1TATA-lacZ. Thus, the GAL4-responsive reporter constructs

present in AH109 include HIS3, ADE2, lacZ/MEL1, which are under the control of

three heterologous promoters, minimising false-positives. To transform the yeast, a 5

mL culture of AH109 was inoculated into 45 mL of YPAD and grown at 30�C until two

doublings had occurred. Cells were then harvested in a 50ml tube at 3000 x g for 5

minutes. The medium was decanted and the cells were resuspended in 25ml of sterile

water and centrifuged again as above. After aspirating the water, the cells were

resuspended in 1.0 mL of 100 mM LiAc  and the suspension transferred to a 1.5 mL

microfuge tube. The cells were pelleted at 15,000 x g for 15 seconds and the LiAc was

removed with a micropipette. The cells were resuspended to a final volume of 500 �L in

a 100 mM LiAc, and an aliquot of 50�L was used for each transformation.

A 1.0 mL sample of salmon sperm DNA (SS-DNA) was boiled for 5 minutes and

rapidly chilled in ice-cold water. The yeast cells were pelleted and the LiAc removed

with a micropipette. The basic transformation mix, which was added to the cells in the

order listed, consisted of 240 �L PEG (50% w/v); 36 �L of 1.0 M LiAc; 50 �L of SS-

DNA (2.0 mg/mL); 1 �g of Plasmid DNA. The volume was then adjusted to a final

volume of 360 �L with sterile water. For the library screen, the plasmid DNA was a

colon epithelial cell cDNA library in the pACTII plasmid (a kind gift from Sharon

Milgram). The tube was vortexed vigorously until the cell pellet was completely mixed.
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The cells were then incubated at 30�C for 30 minutes, then heat shocked for 30 minutes

in a 42�C water bath. The suspension was microfuged at 6000 rpm for 15 seconds and

the transformation mix was removed. Sterile water (1.0 mL) was pipetted into each tube

and the pellets resuspended by pipetting up and down very gently.

The transformants were plated onto synthetic defined (SD) medium deficient in Leu,

Trp, His (SD-LWH) (Clontech) and incubated at 30�C for approximately 1 week. A

solution of X-�-Gal in dimethylformamide (DMF) was added to cooled medium at 20

�g/mL prior to pouring the plates. A small aliquot of each transformation mix was

spread onto –L/W plates to allow the transformation efficiencies to be compared. Any

colonies that appeared were transferred to SD-LWH plates containing X-�-Gal, and

those transformants that produced blue colonies on these plates were considered

positives for the screen. 

5.2.4 Purification of Plasmid DNA from Yeast

To purify and identify the plasmid DNA from yeast, 2 mL of YPAD liquid was

inoculated with each positive yeast colony and grown until the culture was saturated.

The yeast cultures were pelleted in a 1.5 mL microcentrifuge tube by centrifugation for

10 seconds at 14,000 x g, and the supernatant decanted. To each tube was added 0.2 mL

of lysis buffer (1.2 M sorbitol; 100 mM NaHPO4, pH 7.4), 0.2 mL of phenol-

chloroform-isoamyl alcohol [25:24:1 (v/v/v)] and 0.3 g of acid-washed glass beads

(Sigma). This solution was vortexed for 2 minutes, and then centrifuged at 14,000 x g

for 5 minutes at room temperature. The upper aqueous phase was recovered and added

to 2.5 volumes of 100% ethanol, vortexed, and spun for 10 minutes at 14,000 x g. The

pellet was washed with 1 mL of 70% ethanol, dried, and resuspended in 10 �L of sterile

H2O. Each of the recovered plasmids were transformed into E. coli, with several

colonies grown and plasmid DNA purified from these bacterial cultures. Restriction

digest was used to identify the AD-library plasmid from each yeast clone. These were

sequenced using the RSII primer (5’-CGATGATGAAGATACCCC-3’).
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5.2.5 Subcellular Fractionation

BHK cells were washed twice with PBS, then scraped into 300 �L of membrane buffer

(10 mM Tris-HCl, pH 7.5, 25 mM NaF, 5 mM MgCl2, 1 mM EGTA, 1 �M Na3VO4 , 1

mM DTT). After incubation on ice for 10 minutes, the cells were lysed by 15 strokes

through 26 gauge needle. The lysates were centrifuged at 1000 x g for 5 minutes at 4�C.

The supernatant was centrifuged at 100,000 x g. The membrane fraction was washed in

500 µL of membrane buffer, then the pellet was resuspended in 30 µL of membrane

buffer by sonication. The protein concentration of each sample was determined using

the BIORAD protein assay kit, and 20 �g of each sample was analysed by immunoblot.

5.2.6 Immunofluorescence Assays (IFA)

Transfected BHK cells, grown on coverslips, were washed twice with PBS and fixed in

4% paraformaldehyde in PBS for 30 minutes at room temperature. Cells were

permeabilised with 0.2% Triton-X100 for 10 minutes at room temperature.  For

detection the slides were blocked with 3% BSA for 30 minutes at room temperature and

then incubated with anti-FLAG M2 diluted 1:100 in blocking solution for 1 hour at

room temperature. The slides were washed in PBS, and then incubated for 30 min at

room temperature with a Cy3-conjugated anti-mouse IgG antibody. After washing

thoroughly with PBS, coverslips were mounted using Vectashield mounting medium

(Vector Laboratories) and the slide was analysed on a Leica SP2 confocal microspcope.

IFA of DG75 cells were performed as described in 4.2.10. A 1 in 300 dilution of the

anti-FLAG antibody (M2; Sigma), 1 in 50 dilution of the anti-Sam68 antibody (7-1;

Santa Cruz), a 1 in 100 dilution of the anti-SMN antibody (BD Biosciences) and a 1 in

100 dilution of the anti-SC35 antibody (65201A; PharMingen) were used. The anti-JNK

(FL; Santa Cruz) and anti-p38  (H147; Santa Cruz) antibodies were used at 1 in 50.

5.2.7 Immunoblots and Antibodies

Samples were subjected to SDS-PAGE on a 10% gel, and transferred to PVDF. The

membranes were blocked in 5% BSA / TBST for 1 hr at RT. The membranes were

washed 3 x 5 minutes in TBST, then incubated with 1 in 4000 anti-pJNK Ab (Promega)

diluted in 0.1% BSA / TBST overnight at 4�C. The incubation in primary antibody was

continued a further 2 hours at RT, followed by 6 � 5 minute washes in TBST. The
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membranes were then incubated in HRP-conjugated anti-rabbit IgG (Silenus) secondary

antibody diluted 1:2000 in 0.1% BSA / TBST for 1 hour at RT. The antibodies were

detected using a chemiluminescence reagent kit (Nen	 Life Science products)

according to the manufacturer’s instructions. The anti-phosphoS473-Akt (Cell

signalling) was used at a 1 in 1000 dilution. Anti-phospho-JNK and anti-phospho-p38

(Promega) were used at a 1 in 1000 and 1 in 500 dilutions. The anti-JNK(FL) and anti-

p38 (Santa Cruz) antibodies were used at 1 in 2000 and 1 in 1000, respectively.

5.2.8 GST-Ras binding Assay

Glutathione Sepharose beads coupled to 10 �g of GST-K-Ras (kindly provided by Prof.

John Hancock) were incubated in 50 �L of TBS containing 2 mM EDTA and either 1

mM GTP
S or 1 mM GDP (Boehringer Mannheim) for 10 minutes at room

temperature. After the addition of 10 �L of 100 mM MgCl2 to the mixture, the

incubation was continued for a further 10 min. For each assay, 5 x 106 DG75-FLAG-

InSAR1 cells were resuspended in 500 �L of TBS containing 5 mM MgCl2 and 1%

Triton X-100, and lysed by 40 strokes in a dounce homogeniser. The lysate was cleared

by centrifugation at 15,000 x g for 5 minutes at 4�C, and then incubated with the GST-

K-Ras beads for 1 hour at 4�C with gentle mixing. The beads were pelleted, washed 3

times with lysis buffer, resuspended in 25 �L of SDS-PAGE sample buffer and boiled

for 5 minutes.

5.2.9 GST-SinRIP pull-down assay

Approximately 1 x 107 cells were washed in PBS and then lysed in 1 mL of RIPA

buffer [0.1% SDS; 1% Nonidet (NP)-40; 0.5% Sodium Deoxycholate (NaDOC); 150

mM NaCl; 50 mM Tris-HCl, pH 8.0; 1 mM Na3VO4; 100 �g/mL PMSF, 1 �g/mL

Aprotinin; 0.5 �g/mL Leupeptin]. Glutathione Sepharose beads coupled to 10 µg of

GST or GST-SinRIP1 were prepared as described in 4.2.6, added to the lysate, and

incubated for 1 hour at room temperature. The beads were washed 3 times in RIPA

buffer and twice in PBS before being re-suspended in SDS-PAGE sample buffer,

boiled, and analysed by immunoblot using an anti-JNK (FL) antibody (Santa Cruz).
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5.2.10 Immunoprecipitations  

For each assay, 1 x 107 DG75 cells were washed once with ice-cold PBS and then lysed

in 1 ml of ice-cold RIPA buffer. Samples were cleared by centrifugation at 10,000 x g

for 10 minutes at 4�C, and the supernatant was then incubated with 25 �L of protein G-

sepharose for 1 hour at 4�C.  Following incubation, the sample was subjected to

centrifuged at 10,000 x g for 10 min at 4�C, and the supernatant was incubated with 2

�g of anti-JNK (FL) (Santa Cruz), anti-p38 (Santa Cruz), anti-ERK (New England

Biolabs), overnight at 4�C with rocking. The immune complexes were precipitated by

adding 25 �L of protein G-sepharose to the sample and the incubation continued for a

further 1 hour at 4�C with rocking. The precipitates were washed 3 times with RIPA

buffer and twice in PBS, boiled in SDS-PAGE sample buffer for 5 minutes, and

analysed by SDS-PAGE and immunoblotting.

5.2.11 Activation of JNK by UV-C

Confluent cultures of transfected DG75 cells were split 1:4, and the next day 5 �M

CdCl2 was added to each to induce recombinant protein expression. As a control 5 �M

CdCl2 was also added to a culture of DG75 cells overnight. The cells were harvested by

centrifugation at 1100 rpm for 5 min, resuspended in PBS (at approximately 2�106 cells

/ ml) and then exposed to 80 J/m2 of UV-C radiation. The cells were again harvested

and resuspended in growth medium, then incubated under normal conditions for a

further period, as described in the text. Cells were harvested, washed in PBS, and lysed

in RIPA buffer (1�107 cells / mL).
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5.3 RESULTS

5.3.1 SinRIP1 interacts with activated Ras.

The potential RBD identified within SinRIP1 (see Chapter 3) was intact in the JC310

protein (Colicelli et al., 1991). As JC310 suppressed the heat-shock sensitivity

phenotype of S. cerevisiae containing activated RAS2pG19V, this may have occurred by

direct interaction with Ras. This hypothesis was supported by the observation of

orthology between SinRIP and the Dictyostelium Ras-interacting protein, RIP3, in

which the RBD was also found. To investigate whether SinRIP1 interacted with Ras, an

in vitro binding assay was performed. Glutathione Sepharose beads coupled to GST-K-

Ras were pre-loaded with either GDP or GTP
S. These and control (uncoupled) beads

were incubated with lysates of cadmium-induced DG75 cells transfected with pMEP4-

FLAG-SinRIP1. The beads were washed extensively, boiled in SDS-PAGE sample

buffer and analysed by immunoblot using an anti-FLAG antibody (Fig. 5.1). The results

showed that FLAG-SinRIP1 bound to the K-Ras(GTP
S) beads, while no binding to

GST-K-Ras(GDP) or control beads was detected. These data indicated that FLAG-

SinRIP1 is capable of interacting with the GTP-bound, but not the GDP-bound,

conformation of Ras.

5.3.2 Co-localisation of SinRIP1 and Activated Ras

To further confirm an interaction between SinRIP1 and Ras, co-localisation studies

were undertaken. To achieve this, an additional SinRIP1 expression plasmid, EBO-

FLAG-SinRIP1, was prepared (as described for pMEP4 in Section 4.3.4). This plasmid

constitutively expressed a FLAG epitope-tagged SinRIP1 protein from an SV40 early

promoter. The EBO-FLAG-SinRIP1 plasmid was transfected into BHK cells, and the

localisation of SinRIP1 in these cells determined by immunofluorescence assay, using

the anti-FLAG antibody, with the slides analysed by confocal microscopy. For

comparison, BHK cells were also transfected with a plasmid encoding FLAG epitope-

tagged Raf. Consistent with previous reports in BHK cells (Stokoe et al., 1994; Roy et

al., 2002), Raf was found to be mainly cytoplasmic (Fig 5.2A). In contrast, SinRIP1

was distributed evenly around the plasma membrane of the BHK cells. In some of these
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Figure 5.1. SinRIP1 interacts with the active conformation of Ras. Lysates of DG75 cells expressing
FLAG-SinRIP1 were incubated with glutathione Sepharose beads bound to GST-K-Ras that had been
pre-incubated with either GDP or GTP�S, or with uncoupled beads. The beads were washed and
subjected to immunoblot analysis using an anti-FLAG antibody. The FLAG-SinRIP1 band is indicated to
the right.

cells, low-level staining of SinRIP was also found in the nucleus, and in others, a bright

array of staining also occurred close to the plasma membrane. This showed that, as in

DG75 cells, recombinant SinRIP1 localised at the plasma membrane and

endomembranes in BHK cells.

As the H-Ras and K-Ras isoforms localise to distinct microdomains in the plasma

membrane (Roy et al., 1999; Prior and Hancock, 2001), both were tested in co-

localisation studies. BHK cells were co-transfected with EBO-FLAG-SinRIP1 and

plasmids that expressed activated, green fluorescent protein (GFP)-tagged H- and K-Ras

(GFP-H-RasG12V and GFP-K-RasG12V). Slides were prepared and analysed by

immunofluorescence and confocal microscopy as described above. GFP-K-RasG12V was

localised in a perinuclear region and at the plasma membrane (Fig 5.2B). FLAG-

SinRIP1 localised in an internal compartment that was peripheral to, and slightly

overlapping with, the internal GFP-K-RasG12V. Partial co-localisation of these proteins

also occurred at the plasma membrane. In cells co-transfected with GFP-H-RasG12V and
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Figure 5.2. SinRIP1 partially co-localised with Ras in BHK cells. (A) BHK cells, grown on coverslips,
were transfected with the EBO-FLAG-SinRIP1 plasmid. At 24 hours after transfection, the cells were
fixed and permeabilised, and SinRIP1 was detected by immunofluorescence assays using the anti-FLAG
antibody, followed by a Cy3-conjugated anti-mouse secondary antibody. The slides were analysed by
confocal microscopy. Images from two fields are shown, with a Z-series of one field on the left, and a Z-
series of a magnified pair of cells from the other field (indicated by the box) on the right. The lowest
right-hand panel also shows cells transfected with a FLAG-Raf expression plasmid, and analysed as
above. (B) BHK cells co-transfected with EBO-FLAG-SinRIP1 and GFP-K-RasG12V were analysed by
IFA and confocal microscopy as above. The fluorescent signal from GFP is shown on the left, with Cy3
in the middle, and a merge of these on the right. Two confocal Z-sections from a single cell are shown.
(C) BHK cells co-transfected with EBO-FLAG-SinRIP1 and GFP-H-RasG12V, analysed and presented as
in panel B.
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SinRIP1 colocalisation occurred predominantly at the plasma membrane (Fig 5.2C).

These studies showed that SinRIP partially co-localised with both GFP-H-RasG12V and

GFP-K-RasG12V in BHK cells, predominantly at the plasma membrane.

5.3.3 SinRIP1 Does Not Inhibit Activation of the PI3K Pathway by Ras

To determine whether SinRIP1, like JC310, affected the ability of Ras to activate

downstream pathways, the induction of the phosphatidylinositol 3-kinase (PI3K)

pathway by activated Ras was investigated in cells that co-expressed SinRIP1. This was

assayed by immunoblot using an antibody specific for the Ser473-phosphorylated Akt

protein (anti-Akt-S473). As signalling through the Ras/PI3K pathway results in

phosphorylation of the Ser473 residue of Akt, the anti-Akt-S473 antibody can therefore

detect the activation of PI3K by Ras. In these experiments, BHK cells were co-

transfected with EBO-FLAG-SinRIP1 and plasmids encoding either GFP-H-RasG12V,

GFP-K-RasG12V, Rap1G12V, or empty plasmid DNA. Single transfections were also

performed for each of the plasmids. At 24 hours after transfection, the cells were lysed

and soluble and membrane fractions were prepared and analysed by immunoblot using

the anti-Akt-S473 antibody. 

Activated Akt was detected in the soluble fraction in cells expressing GFP-H-RasG12V

and GFP-K-RasG12V, with the greatest activation induced by the H-Ras isoform (Figure

5.3). The K-Ras and Rap proteins also activated a lower-molecular weight Akt isoform,

which was detected in the membrane fraction. The degree of Akt-activation by Ras was

similar in cells co-transfected with SinRIP1, indicating that SinRIP did not inhibit

signalling by Ras. However, a lower degree of activation of the second isoform by Rap

was observed in cells co-transfected with SinRIP1. Thus, it appears that SinRIP does

not inhibit the activation of the PI3K pathway by Ras, but may be involved inhibiting

activation of this pathway by Rap.

5.3.4 SinRIP1 and SinRIP2 Interact with JNK

As demonstrated in chapter 3, SinRIP is the human orthologue of the S. pombe Sin1

protein. Sin1 interacted with the S. pombe SAPK, Sty1, which is closely related to the

mammalian SAPKs, p38 and JNK (Wilkinson et al., 1999). To investigate whether

SinRIP1 interacts with mammalian MAPKs, lysates of DG75 cells expressing FLAG-
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Figure 5.3. Activation of the PI3K pathway in BHK cells co-transfected with SinRIP1 and activated
Ras. BHK cells were co-transfected with expression plasmids encoding FLAG-SinRIP1 and GFP-H-
RasG12V, GFP-K-RasG12V or Rap1G12V proteins. At 24 gours after transfeection, cell lysates were
fractionated by centrifugation, and the soluble (S) and insoluble pellet (P) fractions analysed by
immunoblot with antibody specific for Akt phosphorylated on Ser 437. Arrows indicate the positions of
the Akt bands.

SinRIP1 were incubated with antibodies specific for either JNK, p38 or ERK. The

antibody complexes were collected using protein G-Sepharose, washed extensively, and

analysed by immunoblot using an anti-FLAG antibody. The results showed that FLAG-

SinRIP1 co-precipitated withJNK, but not with p38 or ERK (Fig 4.5A), indicating that

SinRIP1 can interact specifically with JNK, but not other MAPKs, in vivo.

To determine which isoforms of JNK interact with SinRIP, lysates of BJAB and LM-

Wil cells were prepared and incubated with glutathione-Sepharose beads coupled to

either GST or GST-SinRIP1. The beads were washed extensively, then prepared in

SDS-PAGE sample buffer and subjected to immunoblotting using an antibody specific

for both JNK1 and 2 (Fig 5.4B). The results showed that both the p54 and p46 isoforms

of JNK were precipitated by GST-SinRIP1, but not by GST alone, indicating that

SinRIP1 is capable of binding to both JNK isoforms in vitro. The SinRIP2 isoform lacks

the C-terminal 201 amino acids of the full-length protein, and this region has been 
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Figure 5.4. SinRIP1 and SinRIP2 interact with JNK. (A) Lysates of DG75 cells expressing FLAG-
SinRIP1 were incubated with antibodies specific for either JNK1/2, p38�/�, or ERK1/2. The antibody
complexes were then precipitated using protein G-sepharose and analysed by immunoblot using the anti-
FLAG antibody. Control experiments were also performed without antibody and using the anti-JNK
antibody with lysates of cells transfected with the parental vector. (B) Co-immunoprecipitation
experiments were performed, as in panel A, using lysates of DG75 cells expressing FLAG-SinRIP1 and 2
and antibodies specific for p38 or JNK. (C) Lysates prepared from BJAB and LM-wil cells were
incubated with glutathione-Sepharose beads pre-coupled to either GST or GST-SinRIP1. The beads were
washed and then analysed by immunoblot with anti-JNK antibody. The positions of the JNK bands are
indicated.
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suggested to contain the SAPK-binding domain (Wilkinson et al., 1999). To investigate

whether SinRIP2 was capable of interacting with JNK, co-immunoprecipitation

experiments were also performed using a lysate of cells expressing FLAG-SinRIP2.

Analysis of the precipitates by immunoblot using anti-FLAG antibody showed that

FLAG-SinRIP2 also co-immunoprecipitated with JNK (Fig 5.4C). The studies

described here indicated that SinRIP1 and 2 interact with the p54 and p46 isoforms of

JNK, in vitro and in vivo.

5.3.5 SinRIP1 and SinRIP2 Co-localise with JNK

To identify the sub-cellular compartments in which JNK interacts with the SinRIP

proteins, DG75 cells expressing FLAG-SinRIP1 or -SinRIP2 were dried onto slides,

fixed, permeablised, and incubated with anti-FLAG antibody together with an anti-JNK

antibody. As a control, the cells were also co-stained with anti-p38 antibody. The anti-

FLAG antibody was detected using an FITC-conjugated anti-mouse antibody, and the

anti-JNK and -p38 antibodies were detected using a Cy3-labelled anti-rabbit antibody.

The slides were washed and analysed by confocal microscopy (Fig 5.5). Considerable

overlap between SinRIP1 and JNK was observed at the plasma membrane and in a

cytoplasmic compartment. No colocalisation of p38 with the SinRIP proteins was

observed in cells stained with the anti-p38 antibody. SinRIP2 also co-localised with

JNK, in the nucleus, and notably, JNK was only found in the nucleus of cells expressing

SinRIP2. Interestingly, elevated levels of JNK were observed in cells expressing higher

levels of SinRIP1 and 2. These analyses indicated that SinRIP1 and 2 co-localise with

JNK in vivo, and this may affect both the levels of JNK protein, and the subcellular

localisation of JNK.

5.3.6 Activation of JNK by UV is Suppressed in Cells Expressing SinRIP1

To investigate the effect of exogenous SinRIP1 on the activation of JNK by cellular

stress, DG75-SinRIP1 transfectants or a vector transfectant were irradiated with 80 J/m2

UV-C. At 30 minutes after irradiation, these and control cells were harvested, washed

and lysed, and then analysed by immunoblot using an antibody specific for the TPY

motif-phosphorylated (and therefore activated) JNK. In addition, the activation of p38

in these cells was also investigated using an anti-phospho-p38 antibody. The blots were

stripped and the total JNK and p38 levels determined using pan-anti-JNK and anti-p38
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Figure 5.5. Co-localisation of SinRIP1 and 2 with JNK in DG75 cells. DG75 cells expressing FLAG-
SinRIP1 or 2 were fixed and permeablised, and then incubated with a solution containing anti-FLAG
antibody and anti-JNK(FL) antibody. The primary antibodies were detected with FITC-labelled anti-
mouse and Cy3-labelled anti-rabbit antibodies. Slides were washed and analysed by confocal microscopy.
(A) A field of cells expressing SinRIP1, with FITC-fluorescence to the left, the Cy3 stain in the middle,
and a merge of these to the right. As a control, cells were also co-stained with anti-p38 antibody, shown
below.  (B) Several confocal sections from a single cell expressing SinRIP1, with the Cy3 and FITC
signals merged. (C) DG75 cells expressing SinRIP2 were analysed and presented as in panel A.
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Figure 5.6. The activation of JNK by UV-C is repressed in cells expressing exogenous SinRIP1. (A)
DG75 cells expressing FLAG-SinRIP1 were irradiated with 80 J/m2 UV-C and harvested after incubation
for a further 40 minutes. Cell lysates were analysed by immunoblot with anti-phospho-specific anti-JNK
and anti-p38 antibodies (top). Membranes were then stripped and analysed with pan anti-JNK and anti-
p38 antibodies (bottom). (B) A graph indicating the relative amount of activated JNK, as detected by
immunoblot using the anti-phospho-specific anti-JNK antibody, in vector and SinRIP1 transfectants in
three experiments. These include the experiment shown in panel A, and two others not shown. (C) DG75
cells expressing FLAG-SinRIP1 were irradiated as in A, and harvested after incubation for the times
indicated. Cell lysates were analysed by immunoblot with anti-phospho-specific anti-JNK antibody.

antibodies, respectively. The results show that both the p46 and p54 isoforms of JNK

were activated by UV, and that lower levels of activated JNK were detected in cells

expressing SinRIP1 compared to the control cells (Figure 5.6A). In addition, a UV-

induced mobility shift in the total JNK protein was not observed in the SinRIP1 sample.

UV-irradiation also increased the activation of two isoforms of p38, which was not

significantly inhibited in the SinRIP1-expressing cells. 

To confirm the inhibition of JNK-activation, the same assay was repeated twice more,

and the results of the three experiments analysed by densitometry. The results showed

an approximately 50% decrease in the amount of activated JNK detected in SinRIP1
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cells compared to control cells (Fig. 5.6B), confirming that JNK activation by UV is

inhibited in cells transfected with SinRIP1. As the activation of JNK can often be

separated into transient and sustained responses, the activation of JNK at further time

points was also investigated. Again, the early activation of JNK was reduced in SinRIP1

cells, however, the degree of sustained JNK-activation was similar. These results

showed that ectopic expression of FLAG-SinRIP1 inhibited the activation of JNK by

UV radiation. 

5.3.7 A Yeast Two-Hybrid Screen Using SinRIP

A discovery-based approach was also taken to gain insights into the function of the

SinRIP1 protein, which involved the identification of SinRIP1-interacting proteins in a

yeast two-hybrid screen. A yeast expression plasmid, which expressed full-length

SinRIP1 in fusion with the GAL4 DNA-binding domain (BD), was prepared by

inserting a SinRIP1 cDNA into the pPC86BD plasmid in-frame with the BD. The

AH109 yeast strain was transformed with pPC86BD-SinRIP1, and transformants were

selected on Trp-deficient plates. The two-hybrid screen was undertaken by transforming

these cells with a colon epithelial cell cDNA library, in the pACT-II activation domain

(AD) plasmid, and selecting the transformants on plates deficient in Leu, Trp and His

(SD-LWH). Any colonies that grew were transferred to SD-LWH plates containing X-

�-Gal, with those producing blue colonies on these plates considered positives for the

screen. 

Plasmid DNA was purified from each of the positive clones and transformed into E.

coli., and restriction digests were used to identify the AD-library plasmid from each

positive yeast clone. These were then sequenced, and the identity of the insert was

determined using BLAST analysis of NR and EST databases, and translated BLAST

searches of protein databases. The results of the screen are summarised in Table 5.1.

The majority of the inserts were of mitochondrial origin, or encoded very short ORFs

(<20 amino acids), and were therefore regarded as likely false-positives. However, one

clone contained a cDNA identical to the C-terminal 240 amino acids of Sam68 protein,

in-frame with the AD (AD-Sam68(204-443)). 
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Table 5.1. Results from a yeast two-hybrid screen of a colon epithelial cell cDNA

library using SinRIP1 as the bait.

Library Clone Identity No. Transformants

Total screened 8.5 x 105

Positive colonies*: 26

 - Sam68 (aa 204-443) 1

 - Novel ORFs >20 aa 2

 - Novel ORFs <20 aa 3

 - out of frame known / hypothetical proteins 7

 - mitochondrial sequences 7

 - no insert identified in AD plasmid 1

 - not yet determined 4

Notes: * Positives were clones that produced blue colonies SD-LWH plates containing X-�-Gal.

To confirm this result, AH109 yeast were simultaneously co-transformed with the BD-

SinRIP1 and AD-Sam68(204-443) plasmids. A pPC86BD-SinRIP2 plasmid was also

prepared and tested for interaction with the Sam68. To identify auto-activation by these

plasmids, the BD-SinRIP1 and 2 and AD-Sam68(204-443) plasmids were also co-

transformed with empty AD or BD plasmid, respectively. As a positive control for the

assay AH109 were also co-transformed with yeast two-hybrid plasmids encoding the

EBV EBNA6 and RBP-2N proteins, which have previously been shown to interact

strongly in the yeast two-hybrid system (Krauer et al., 1996). Each of the transformants

were spread onto selective SD-LWH plates, and non-selective SD-LW plates containing

X-�-Gal, and the growth and colour of colonies was noted. The results of these

experiments, summarised in Table 5.2, showed that both SinRIP1 and 2 interacted with

Sam68. No auto-activation was detected, and the interaction did not appear to be as

strong as that of EBNA6 and RBP-2N. This confirmed that the SinRIP 1 and 2 proteins

interact with the C-terminus of Sam68 in yeast.
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Table 5.2. Verification of the interaction between Sam68 and SinRIP1 and 2

proteins by yeast two-hybrid assay.

DNA-binding domain

fusion partner

Activation domain fusion

partner

Growth on SD-

LWH plates

Colony

colour

EBNA6 RBP2N (aa 159-487) + + strong blue

SinRIP1 Sam68 (aa 204-443) + blue

SinRIP1 - - white

- Sam68 (aa 204-443) - white

SinRIP2 Sam68 (aa 204-443) + blue

SinRIP2 - - white

BD AD-Sam68 (aa 204-443) - white

5.3.8 Co-localisation of Sam68 with SinRIP Proteins

To investigate whether the SinRIP1 and 2 proteins are likely to interact with Sam68 in

mammalian cells, the sub-cellular localisation of these proteins was compared. DG75

transfectants expressing FLAG-SinRIP1 and 2 were dispensed onto slides and then

fixed and permeabilised. The slides were incubated with anti-SinRIP polyclonal

antibody to detect the SinRIP proteins and an anti-Sam68 monoclonal antibody to detect

endogenous Sam68, and analysed by confocal microscopy. Sam68 was nuclear in these

cells, and no co-localisation with SinRIP1 was observed (Fig 5.7A). In contrast,

SinRIP2 partially co-localised with Sam68 in distinct nuclear bodies (Fig 5.7A and B). 

Most of the non-overlapping Sam68 and SinRIP2 stains in these cells was adjacent to

the larger nuclear domains in which co-localisation occurred. This indicated that

SinRIP2, but not SinRIP1, may interact with Sam68 in vivo.
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Figure 5.7 Sam68 and SinRIP proteins colocalise in the nucleus of cells. (A) Fixed and permeabilised
DG75-SinRIP1 and 2 cells were analysed by immunofluorescence assay using the anti-SinRIP antibody
followed by an FITC-conjugated secondary antibody, and were co-stained with an anti-Sam68 antibody
followed by a Texas red-conjugated secondary antibody. The slides were analysed by confocal
microscopy. A field from each analysis is shown, with the FITC-fluorescence on the left, Texas red stain
in the middle, and a merge of these to the right. (B) A Z-series of confocal images of an individual
SinRIP2-expressing cell, analysed as above, with the merged images shown. (C) JAM cells were grown
on coverslips, fixed and permeabilised. The slides were incubated with anti-SinRIP (rabbit) antibody in
combination with anti-Sam68, SC35 or Sam68 (mouse) antibodies, followed by an FITC-conjugated anti-
rabbit secondary antibody and a Texas Red-conjugated anti-rabbit secondary antibody, and were analysed
by confocal microscopy. A field of JAM cells is shown, with an enlargement of the nucleus of cells from
within the field.
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The endogenous SinRIP proteins displayed a complex pattern of staining in the nucleus

of JAM cells in a previous IFA analysis (see Fig. 4.9), suggesting that these cells would

be appropriate for investigating whether endogenous SinRIP and Sam68 co-localise.

JAM cells were fixed and permeabilised, and incubated with the anti-SinRIP antiserum

and an FITC-conjugated anti-rabbit secondary antibody. The slides were co-stained with

the anti-Sam68 antibody followed by a Texas red-conjugated anti-mouse secondary

antibody, and analysed by fluorescent confocal microscopy. The results showed that the

endogenous SinRIP proteins partially co-localised with Sam68 in the nucleus of the

JAM cells (Fig 5.7C). As in the SinRIP2 transfectants, a subset of the nuclear domains

containing SinRIP proteins also contained Sam68, and vice-versa. 

To further characterise these sub-nuclear structures, JAM cells were co-stained using

anti-SinRIP antibody together with either anti-SC35 or anti-SMN antibodies. The

results showed that the large domains that stained intensely with the anti-SinRIP

antibody correspond to SC35-containing nuclear speckles (Fig 5.7C). SinRIP also

colocalised with SMN, particularly within two large, intense foci of SMN, which were

observed in a fraction of cells. These analyses showed that recombinant SinRIP2 and

endogenous SinRIP proteins co-localise with endogenous Sam68, possibly in or close to

nuclear domains involved in RNA processing (see discussion).
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5.4 DISCUSSION

This chapter describes an initial investigation into the biochemical function of the

SinRIP proteins. Specifically, it was shown that SinRIP1 interacts with Ras, JNK and

Sam68, and that SinRIP2 interacts with JNK and Sam68. The likely in vivo relevance of

these interactions was explored by co-localiation studies using immunoflurescence

assays and confocal microscopy. A potential functional relationship between the SinRIP

proteins and both Ras and JNK was suggested by published studies indicating that Sin1

and RIP3, both orthologues of SinRIP from lower eukaryotes, are likely to have an

important role in the function of their prototypical binding partners, SAPK and Ras,

respectively. In contrast, the interaction between the SinRIP proteins and Sam68 was

identified by a screen for binding partners using the yeast-two hybrid assay, and

represents a novel interaction for the SinRIP family. The biochemical properties of the

SinRIP proteins will be discussed here, and their implications for the potential function

of SinRIP will be discussed in depth in the next chapter.

Several observations already outlined in this thesis were consistent with a likely

physical interaction between SinRIP and Ras. Firstly, the ability of JC310, essentially a

partial SinRIP sequence, to inhibit Ras in yeast could conceivably have been mediated

by physical interaction with Ras. Secondly, a potential RBD was identified in SinRIP1

and most of its orthologues (Chapter 3), including the Dictyostelium RIP3 protein (Lee

et al., 1999). Finally, both the Ras and SinRIP1 proteins localise at the plasma

membrane (see Chapter 4). That SinRIP1 and Ras interact was confirmed here by

showing that SinRIP1 bound to bacterially expressed K-Ras in an in vitro assay. In

addition, it was also shown that SinRIP1 precipitated with GTP
S-associated K-Ras, but

not GDP-associated K-Ras, indicating a preference for the activated form of Ras. 

BHK cells were used to explore the potential functional relationship between SinRIP1

and Ras, as these cells have previously been used to study signalling by Ras (Li et al.,

1997; Roy et al., 2002). In these cells, ectopic SinRIP1 was found at the plasma

membrane, consistent with the localisation of SinRIP1 in DG75 Burkitt’s lymphoma

cells. This was in contrast to transfected Raf, which was cytoplasmic in the BHK cells

(Fig 5.2), and normally only translocates to the plasma membrane when activated by
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Ras (Stokoe et al., 1994; Roy et al., 2002). This suggested that any functional

interaction between Ras and SinRIP1 is not likely to involve translocation of SinRIP1

from the cytosol to the plasma membrane. Intense staining of SinRIP1 was also

observed in an internal compartment close to the plasma membrane in the BHK cells.

This was again similar to the localisation of SinRIP1 observed in DG75 cells, and the

SinRIP1-associated intracellular structures observed in the DG75 and BHK cells may

therefore be related.

Providing support for the in vivo relevance of the binding of SinRIP1 to Ras, SinRIP

partially co-localised with both H- and K-Ras in co-transfected BHK cells. Most of the

co-localisation between SinRIP1 and both H- and K-Ras occurred at the plasma

membrane. K-Ras was also shown to localise in a perinuclear region, which is likely to

have been the endoplasmic reticulum, as K-Ras has been shown to traffic through this

organelle, but not the Golgi apparatus (Choy et al., 1999; Apolloni et al., 2000). As

SinRIP1 partially colocalised with K-Ras in this region, SinRIP1 may also be present in

the endoplasmic reticulum. It was unclear whether the internal structures in which H-

Ras and SinRIP1 co-localised were distinct from the endoplasmic reticulum. These may

also have been Golgi-apparatus, given that H-Ras has previously been shown to signal

from the Golgi (Chiu et al., 2002), and that SinRIP1 was also found to be Golgi-

associated in DG75 cells (see Fig 4.5C).

A potential functional interaction between SinRIP and Ras was also investigated by

testing whether SinRIP1 modulated the ability of activated Ras to induce signalling

through the downstream PI3K pathway. In these experiments, expression of the

activated K- and H-Ras proteins, but not SinRIP1 alone, stimulated phosphorylation of

Akt on Ser473, as detected in the soluble fraction of the cell lysate by immunoblot. The

ability of the Ras proteins to activate this pathway was not affected by co-expression

with SinRIP1, and thus SinRIP1 was not a Ras-inhibitor in this assay. However,

activated Rap also induced a lower molecular weight Akt isoform, detected in the

insoluble fraction, and this was partially inhibited by SinRIP1. Although the identity of

this isoform is unclear, it was also activated by K-Ras, which was not inhibited by

SinRIP1. Unlike the recombinant Ras proteins used, the activated Rap protein expressed

was not GFP-tagged, and therefore co-localisation with SinRIP1 could not be

investigated in this experiment. 
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While further work is required to identify the lower molecular weight Akt isoform and

confirm its regulation by the Ras, Rap and SinRIP proteins, these data suggested that

SinRIP might potentially be a Rap-inhibitor in mammalian cells. Thus, a potential

interaction with Rap should be investigated in future studies. The presence of an RBD

in SinRIP1, and the preferred binding of SinRIP1 to the activated form of Ras is

suggestive of an Ras-effector function for SinRIP1. However, negative regulators of

Ras, such as RasGAP, also show preferential binding to activated Ras, and as only the

PI3K signalling pathway was tested here, the possibility that SinRIP is also a Ras-

inhibitor in mammalian cells cannot be excluded. 

The S. pombe orthologue of SinRIP, Sin1, is a SAPK-interacting protein. In this study,

SinRIP1 was also demonstrated to interact with JNK, a mammalian SAPK. This was

shown in vitro by using GST-SinRIP1 to precipitate endogenous JNK, and in vivo using

an anti-JNK antibody to co-precipitate FLAG-tagged SinRIP1. Importantly, the

interaction was demonstrated to be specific for JNK, as SinRIP1 could not be

immunoprecipitated by anti-p38 or -ERK antibodies. While isoform-specific roles for

the JNK proteins have been described, SinRIP1 bound to the p46 and p54 JNK isoforms

with equal affinity. These data provide strong evidence for a specific interaction

between SinRIP1 and JNK proteins.

In addition, SinRIP2 could be co-immunoprecipitated with the anti-JNK antibody,

indicating that it too is capable of binding JNK. As the SinRIP2 isoform lacks residues

321-522 of the full-length protein but retains the capacity to bind JNK, this region of the

SinRIP1 C-terminus is dispensable for binding to JNK. Notably, the S. pombe Sin1

protein was isolated in a yeast two-hybrid experiment using Sty1 as the bait, with the

shortest clone identified encoding the C-terminal 244 amino acids. Thus, this region of

Sin1, which is homologous to residues 272-493 of SinRIP1, contains the Sty1-binding

site. The location of the JNK-binding site in SinRIP1 can be therefore be narrowed

down to the overlapping part of the regions identified in these two studies: residues 272-

320 of SinRIP1, which extensively overlaps with the RBD (see Figure 3.7). 

The characterised docking sites of JNK-interacting proteins such as the SAPKKs, the

JIP adaptor protein and most substrates contain basic residues followed by a hxl motif,

where h and l are hydrophobic and aliphatic residues, respectively, with leucine usually

found at both positions (Jacobs et al., 1999; Sharrocks et al., 2000). The potential SAPK
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docking site of the Sin1 and SinRIP proteins do not contain a conserved hxl motif, but

contain many basic residues. This is similar to MPK1, in which the docking site

contains a block of basic residues, but not the hxl motif (Enslen and Davis, 2001).

Alternatively, the Sin1 and SinRIP proteins may contain multiple JNK-binding sites,

and multiple potential JNK-docking motifs are found either side of residues 272-320 in

the SinRIP1 protein. The region between residues 272-320 should be targeted by

deletion mutagenesis to further map the JNK-binding site.

Experiments to investigate whether SinRIP1 affects the activation of JNK showed that

UV-irradiation induced lower levels of activated JNK in cells over-expressing SinRIP1

compared to vector transfectants. Although JNK is negatively regulated by cell-density

(Lallemand et al., 1998), the control and SinRIP cells were both in log-phase growth at

the time of harvest. The degree of inhibition reflected the proportion of cells in which

some SinRIP1 expression could be detected (approximately 40-50%; data not shown).

Thus, the residual activation detected in the SinRIP1 transfectants may have been due to

normal activation in non-expressing cells in the population. Attempts to further test the

correlation between SinRIP1 expression and the inhibtion of JNK activation at the

single cell level, which involved analysis of these cells by IFA using the anti-FLAG and

anti-phospho-JNK antibodies, were unsuccessful. Consistent with the idea that the

activation of JNK may be bisphasic (Mielke and Herdegen, 2002), only the early

activation of JNK was suppressed in SinRIP1 cells, with normal levels of sustained

activation observed. This suggested that SinRIP1 over-expression only interfered with

the early events in JNK activation.

Co-immunofluorescence studies also showed that transfected SinRIP1 and SinRIP2 co-

localised with endogenous JNK. Strikingly, the over-expressed SinRIP proteins

appeared to recruit JNK to their own sub-cellular compartment. Thus, JNK co-localised

with SinRIP1 at the plasma membrane and in the cytoplasmic Golgi-associated

structure, and with SinRIP2 in the nucleus, while in normal cells, JNK was generally

cytoplasmic. These results, together with the experiments showing that SinRIP and JNK

bind to each other, provide strong evidence of a functional interaction between SinRIP1

and 2 and the JNK proteins. Interestingly, cells expressing high levels of the SinRIP1

protein also appeared to contain elevated levels of JNK, as detected by

immunofluorescence. Thus, recruitment by SinRIP may stabilise the JNK proteins,
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however it is unclear whether this is a normal activity of the SinRIP proteins, or an

artefact due to over-expression.

Importantly, the association of the SinRIP proteins with JNK occurred in cells that had

been cultured under normal conditions, and in which JNK activation could not be

detected (Fig. 5.6). This interaction is therefore likely to be constitutive, and to involve

the inactive form of JNK. As SinRIP1 recruited JNK to anomalous sub-cellular

compartments, the inhibition of JNK activation may therefore have occurred because

JNK was sequestered at these sites, and therefore inaccessible to other components of

the MAPK module activated by UV. The stabilisation of JNK protein in cells

expressing high levels of the SinRIP1 protein may similarly have occurred through

suppression of the targeting of JNK for degradation. However, as elevated constitutive

Sty1 activation occurred in �Sin1 S. pombe cells (Wilkinson et al., 1999), other

mechanisms may also be involved. It is still unclear whether SinRIP1 lies upstream or

downstream of JNK in stress pathways. However, studies of the yeast orthologue, Sin1,

showed that it does not interact with upstream components of the Sty1 SAPK cascade.

This study also indicated that the S. pombe Sin1 was required for Sty1 to function

normally (Wilkinson et al., 1999). The studies described here suggest functional

conservation, and therefore SinRIP1 may also be required for some aspects of the

function of JNK in mammalian cells. 

As SinRIP1 expression alone did not appear to activate JNK or Ras signalling

pathways, and the SinRIP proteins do not contain obvious catalytic domains, we

speculated that they may function as adaptor proteins. If so, insights into the function of

SinRIP would be gained by the identification of novel protein-binding partners. To this

end, a yeast two-hybrid screen was undertaken, using SinRIP1 as the bait, which

identified Sam68 as a likely SinRIP-binding protein. The clone isolated was a C-

terminal fragment that encoding amino acids 204-443 of Sam68. This result was

confirmed in yeast with the inclusion of appropriate controls to ensure that auto-

activation by the plasmids had not occurred (Bartel et al., 1993). In addition, it was

shown in these experiments that SinRIP2 also interacted with Sam68. Thus, the Sam68-

binding region is likely to be in amino acids 1-301 of the SinRIP proteins, which

includes the CRIM, but not the RBD or PHL domains.
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Sam68 was originally identified as a 68-kDa Src-associated substrate during mitosis,

and is a member of the Signal transduction and activation of RNA (STAR) family.

(Fumagalli et al., 1994; Taylor and Shalloway, 1994; Di Fruscio et al., 1999). It binds to

polydU RNA through an RNA-binding KH domain, embedded within a larger region

known as the GRP33, Sam68, GLD-1 (GSG) domain (Jones and Schedl, 1995). It was

recently shown that Sam68 may function in alternative splicing regulated by Ras

(Matter et al., 2002). Sam68 may also function as an adaptor protein in signal

transduction. It contains several tyrosine residues and proline-rich regions that can

associate with the SH2 and SH3 domains, respectively, of signalling proteins. These

include the phospholipase C
1, the PI3K p85 subunit, SOS, RasGAP, Grb2, SHP-1,

Cbl, Jak3, and Src family kinases (Finan et al., 1996; Sanchez-Margalet and Martin-

Romero, 2001; Najib and Sanchez-Margalet, 1903; Jabado et al., 1998; Fusaki et al.,

1997; Kim et al., 2000; Martin-Romero and Sanchez-Margalet, 2001). Interestingly,

many of these are also known to function in Ras pathways.

Both SinRIP2 and endogenous SinRIP proteins partially co-localised with Sam68 in the

nucleus. No-colocalisation was observed with cytoplasmic SinRIP2 or with SinRIP1.

Interestingly, the non-overlapping nuclear SinRIP2 and Sam68 stains were adjacent to

regions of co-localisation (see Figure 5.7B, confocal-section 2), suggesting a close

association of SinRIP2 and Sam68 in these cells. Sam68 is normally found to be diffuse

in the nucleoplasm, as well as in distinct Sam68 nuclear bodies (SNBs), which are

generally only found in tumour cell lines (Chen et al., 1999; Denegri et al., 2001). The

majority of endogenous SinRIP in the nucleus of JAM cells was shown to co-localise

with SC35, a marker for nuclear speckles in which splicing factors accumulate (Spector,

2001). SinRIP also colocalised with SMN, the protein mutated in spinal muscular

atrophy (Lefebvre et al., 1995). This occurred in foci that may have been cajal bodies or

GEMs, which are nuclear structures involved in the biogenesis of small nuclear

ribonucleoprotein particles (snRNPs) (Gall, 2000; Charroux et al., 2000). These

observations suggest a potential role for SinRIP in splicing or other pre-mRNA

processing events.

The co-localisation studies are consistent with a possible in vivo interaction between

Sam68 and endogenous SinRIP proteins. A potential interaction between SinRIP2 and

Sam68 in vivo should be investigated by co-immunoprecipitation experiments, as these

are both normally nuclear proteins. An experiment attempting to co-immunoprecipitate
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SinRIP1 and Sam68 in DG75 cells expressing FLAG-SinRIP1 was undertaken, with a

negative result, which was probably due to the localisation of these proteins in distinct

sub-cellular compartments. However, Sam68 and SinRIP1 may still interact after the

nuclear envelope breaks down during mitosis, as shown for the interactions between

Sam68 and other signalling molecules (Guitard et al., 1998). In addition, cytoplasmic

localisation of Sam68 has been described in response to insulin receptor signalling

(Sanchez-Margalet and Martin-Romero, 2001; Najib and Sanchez-Margalet, 2002).

Thus, it may be useful to investigate the localisation of Sam68 and the SinRIP proteins

in cells blocked in mitosis, or stimulated with insulin. 

The poorly defined Ras/JNK pathway may be important in the progression of several

diseases such as cancer and cardiac hypertrophy, as well as the normal response of cells

to a variety of signals. We have shown here that SinRIP1 is a potential novel component

of this pathway. Interestingly, Ras and JNK have also been shown to interact directly,

resulting in the activation of JNK (Adler et al., 1995; Adler et al., 1996). Given that

SinRIP1 is capable of interacting with each of these proteins, it is possible that SinRIP1

may facilitate or modulate the interaction between JNK and Ras. Although further work

is required to address the potential role for SinRIP1 in signalling from Ras to JNK, and

its relationship to Sam68 and splicing, potential functional roles for the SinRIP proteins

can be postulated based on the studies described in this thesis, and will be discussed in

the next chapter.
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CHAPTER 6

Conclusions
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While the function of a novel protein can be inferred from homologous proteins with

known functions, homology can be difficult to detect, and this represents a major hurdle

to a complete understanding of molecular pathways. This thesis describes the

identification and characterisation of a novel human gene, designated SinRIP, and its

encoded products. SinRIP displays identity with JC310, a partial human cDNA that was

identified as a candidate Ras-inhibitor in a study over 10 years ago, but not

characterised further (Colicelli et al., 1991). In this chapter, the potential function and

regulation of SinRIP is discussed, as well its possible involvement in human disease.

The molecular cloning of SinRIP involved deducing a putative full-length cDNA

sequence from ESTs (Chapter 2). PCR primers encompassing the full SinRIP ORF were

then designed, allowing a cDNA containing the full-length SinRIP ORF to be obtained

by RT-PCR. Investigations of SinRIP mRNA expression indicated a widespread and

possibly ubiquitous distribution. However, the levels of SinRIP detected varied greatly

between cell-types, and sequence analysis suggested that SinRIP expression is likely to

be regulated at multiple post-transcriptional levels. This includes differential

polyadenylation, which results in the production of both a 2.6 kB and a 3.8 kB SinRIP

mRNA. The stability of these mRNAs are likely to be different as a potential ARE,

which is a sequence element that targets mRNAs for rapid degradation (Wilusz et al.,

2001), is only present on the 3.8 kB SinRIP transcript. In addition, SinRIP mRNA also

contains a long 5’-UTR that contains stable secondary structure and multiple upstream

ORFs, which suggest it is likely to be translated inefficiently by the normal cap-

scanning mechanism. An alternative mechanism for translational initiation is the

presence of a potential IRES in the 5’-UTR of SinRIP mRNA.

Probably the most important type of post-transcriptional regulation identified in this

study was the alternative splicing of SinRIP mRNA (Chapter 4). This results in the

production of SinRIP protein isoforms, which could be detected in most cell types by

immunoblot analysis using a polyclonal anti-SinRIP antibody. Three alternatively

spliced isoforms, SinRIP2-4, were confirmed by full-length cloning. SinRIP2 is C-

terminally truncated,  lacking the C-terminal 202 amino acids of SinRIP1, and may be

highly expressed in the kidney, while SinRIP3 and SinRIP4 contain smaller internal

deletions (see below). SinRIP3 is likely to be widely expressed and abundant, while

SinRIP4 does not appear to be as common. The programmed expression of the SinRIP
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protein isoforms was observed as specific patterns in an immunoblot analysis of LCLs

and PHA blasts derived from the same individual. While, this may have been due to

cell-type differences or to distinct mitogenic responses, it suggests that strict regulation

of isoform expression is a mechanism by which the function of SinRIP might be

regulated in a specific cell context. 

As SinRIP1 was not isolated in a functional screen, the identification of structural

homology to other proteins was an important way of gaining insights into its potential

function. In addition, detailed characterisation of any structural similarities could also

help clarify the extent to which any functional correlation can be made between species.

SinRIP is clearly a member of an orthologous family of proteins, which is present at a

single copy in all eukaryotic organisms from yeast to mammals. Three potential

modular domains, which have also been conserved in the SinRIP orthologues, were

identified in human SinRIP1 (Chapter 3). These are a conserved region in the middle

(CRIM; residues 134-265), a Raf-like Ras-binding domain (RBD; residues 279-354),

and a pleckstrin homology-like domain (PHL; residues 376-487). A short motif has also

been conserved in the N-termini, a position in which targeting signals are often found,

and SinRIP1 contains three potential nuclear localisation signals. Notably, alternative

splicing disrupts the RBD in SinRIP3, and the PHL in SinRIP4, with both regions

absent from the SinRIP2 isoform. Thus, the biochemical properties of the smaller

SinRIP isoforms are likely to be distinct from that of full-length SinRIP1.

SinRIP1 localised at the plasma membrane and on cytoplasmic membranes when

expressed in a B-cell line, and may therefore be capable of binding to membrane lipids

(Chapter 4). In contrast, SinRIP2, which lacks the PHL domain, was not found to be

membrane-associated, and localised predominantly in the nucleus. As the PH domain,

and related domains, can bind to phosphoinositide lipids, thereby recruiting the host

protein to specific membrane compartments (Blomberg et al., 1999; Lemmon et al.,

2002), these results suggest that the PHL domain could be responsible for the

membrane-association of SinRIP1. Alternatively, PH domains can also be involved in

protein-protein interactions, and a role for the RBD in the membrane association cannot

be excluded, as is it also disrupted in SinRIP2. The endogenous SinRIP proteins were

found in both the nucleus and cytoplasm, and are thus likely to have functions in both of

these compartments. The CRIM is the most highly conserved region in SinRIP and its
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orthologues, and as it is present on all of the SinRIP isoforms identified so far, probably

mediates a function common to all of the isoforms.

At this stage, any hypothesis on the potential function of human SinRIP should include

a careful consideration of the function of its orthologues in other species. The SinRIP

family is structurally conserved from yeast to man, indicating that it contributes an

important and conserved function to these organisms. Importantly, deletion mutants

lacking SinRIP orthologues have been characterised in S. cerevisiae, S. pombe and

Dictyostelium, and the phenotypes of these mutants provide strong evidence for their

normal function (Loewith et al., 2002; Lee et al., 1999; Wilkinson et al., 1999). In

considering potential mechanisms by which human SinRIP functions, this discussion

focuses on pathways and mechanisms consistent with both the experimental data

presented in this thesis and the already described functions of SinRIP orthologues.

Doing this excludes signalling systems that involve ‘classical’ tyrosine kinases, such as

growth factor receptors and Src-family kinases, as they do not occur in yeast or

Dictyostelium (Manning et al., 2002). However, it is likely that the metazoan SinRIP

family proteins, as with the Ras and MAPK families, have become integrated into these

pathways as they were acquired and expanded in the metazoan lineages. 

A great deal of the evidence presented in this thesis suggests that SinRIP1 is important

for the function of Ras. Firstly, full-length SinRIP1 binds to the active, but not inactive,

form of K-Ras in vitro, and also co-localised with activated H- and K-Ras in transfected

cells. Secondly, the partial SinRIP protein JC310 could suppress a phenotype of

activated Ras in yeast (Colicelli et al., 1991). Thirdly, the SinRIP orthologue in

Dictyostelium, RIP3, is a Ras-binding protein that is likely to be important for the

function of Ras (Lee et al., 1999). Finally, the Ras and SinRIP families show a close

pattern of co-inheritence in eukaryotes. One caveat to this last observation is the likely

deletion of the potential RBD in the closely related Drosophila and Anopheles

orthologues of SinRIP. It seems therefore possible that the Drosophila orthologue may

not function in Ras pathways.

JC310 was isolated as an inhibitor of Ras in yeast (Colicelli et al., 1991), and it was

therefore of interest to determine whether full-length SinRIP1 inhibits Ras in

mammalian cells. In co-transfection assays, SinRIP1 did not inhibit the activation of
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Akt by Ras (Section 5.3.3), suggesting that it is not likely to be a Ras-inhibitor. The

JC310 protein was truncated at both the N- and C- termini, but other important regions

such as the CRIM, RBD and PH domain remained intact (Chapter 4). As yeast Avo1p

also contains these domains, as well as additional sequence in the N-terminus that is not

present in JC310 or human SinRIP1, it is possible that JC310 suppressed the phenotype

of Ras2pG19V by interfering with a function of Avo1p. Alternatively, this may have

occurred by competing with adenylyl cyclase for binding to Ras. The RBD is a module

so far only found in known and candidate effectors of Ras, and the presence of an RBD

in SinRIP is more consistent with a Ras-effector role for SinRIP. Ras effectors have

been defined as proteins that specifically bind to the GTP-bound form of Ras (Ras-

GTP), and become activated as a consequence (Marshall, 1996). SinRIP1 fulfils the first

of these criteria, but its biochemical function must be clearly determined before the

second criterion can be assessed properly.

Ras activates most of its effectors by recruiting them to the plasma membrane (Reuther

and Der, 2000). While the localisation of ectopic SinRIP1 in the plasma membrane was

constitutive, activated Ras may still recruit SinRIP to specific plasma membrane micro-

domains or protein complexes. Interestingly, while SinRIP did not inhibit Ras, it did

partially inhibit the ability of Rap to activate Akt. SinRIP was localised at internal

membranes that may have been Golgi apparatus (Chapter 4), and Rap1 is thought to

normally localise and function on this organelle (Beranger et al., 1991). The SinRIP

RBD is similar to the RBD of Raf, which is known to bind to Rap in addition to Ras,

suggesting that SinRIP1 may also be capable of binding to Rap. The functions of Ras

and Rap are thought to be antagonistic in most cell contexts, and it might be possible

that this antagonism is mediated in part by the binding of SinRIP to both proteins. A

potential functional interaction between the SinRIP and Rap proteins should therefore

be considered in future studies. 

Ectopically expressed SinRIP1 interacted and colocalised with the endogenous JNK

proteins in vivo (Chapter 5). An in vitro experiment showed that SinRIP1 binds to both

the p46 and p54 isoforms of JNK. In addition, SinRIP2 also interacted and colocalised

with JNK, which indicated that the C-terminal region does not contain the JNK binding

domain. A potential JNK-binding site was identified in a region of SinRIP2 that

overlaps with the shortest SAPK-binding clone of the S. pombe SinRIP orthologue, Sin1
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(see below). None of the alternative splicing events identified in this study affect the

JNK-binding site, and therefore all of the SinRIP isoforms could be expected to interact

with JNK. Importantly, the SinRIP proteins were capable of altering the sub-cellular

localisation of JNK, with SinRIP1 and JNK co-localising at the plasma membrane, and

SinRIP2 recruiting JNK into the nucleus. Thus, the SinRIP proteins may function by

regulating the localisation of JNK, which is consistent with a scaffolding role.

Overexpression of SinRIP1 partially suppressed activation of JNK by UV, an effect

which may have been an experimental artefact, as inhibition of signaling due to

overexpression has been proposed as a criterion for defining scaffold proteins (Burack

and Shaw, 2000). 

The S. pombe orthologue of SinRIP, Sin1, is critical for the function of Sty1, a MAPK

closely related to JNK (Wilkinson et al., 1999). Sin1 was proposed to lie downstream of

Sty1, since Sty1 was activated normally in �Sin1 cells, however the mechanisms

involved are unclear. While a temperature-sensitive phenotype of �Sin1 cells was

rescued by the expression of full-length Sin1, a deletion mutant that lacked the C-

terminal 164 amino acids was not capable of rescue. Importantly, fusion of the C-

terminal 182 amino acids of chicken Sin1 to the C-terminally truncated S. pombe Sin1

protein partially rescued the temperature sensitivity phenotype of �Sin1 cells

(Wilkinson et al., 1999). This region, which corresponds to residues 272-493 of

SinRIP1, is therefore functionally conserved in the SinRIP family, but does not include

the JNK-binding domain. Thus, while splicing may not affect binding to JNK, it

removes important regions in the C-terminus, and the isoforms may still have distinct

functions in JNK signalling.

During the preparation of this thesis, a paper was published that has important

implications in considering the function of SinRIP (Loewith et al., 2002). In the study

described, Avo1p, the S. cerevisiae orthologue of SinRIP, was shown to copurify with

the yeast target of rapamycin 2 (TOR2) protein. These proteins were present in a large

complex named TORC2, which signals to the actin cytoskeleton. A distinct complex

isolated in this study, TORC1, regulates translational processes in response to the

nutrient status of the cell and, unlike TORC2, was sensitive to the drug rapamycin.

Deletion of the Avo1p gene also resulted in defective polarisation of the actin
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cytoskeleton. This defect could be suppressed by the over-expression of MSS4, ROM2,

RHO2, PKC1, MKK1 or MPK1, which all lie in a linear pathway that regulates the

actin cytoskeleton. Thus, MKK1 and MPK1 are components of the cell wall integrity

MAPK pathway, which is stimulated by the binding of PKC to the small GTPase

RHO1. To initiate signalling through this cascade, MSS4 catalyses the formation of

phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2), which activates ROM2, a GEF for

RHO1. Thus, Avo1p and TOR2 are likely to function upstream of MSS4 in the control

of phosphoinositide metabolism and Rho/MAPK signalling. 

Mammals contain a single TOR gene, mTOR, also known as RAFT or FRAP. As with

the yeast TOR proteins, mTOR regulates translation and G1 cell cycle progression

(Gingras et al., 2001; Schmelzle and Hall, 2000). The high degree of structural

conservation between SinRIP1 and Avo1p demonstrated in this study, suggests that

SinRIP1 may functionally interact with mTOR. Loewith et al. tried unsuccessfully to

identify a TOR2C-like complex in humans by attempting to co-purify mTOR and

SinRIP. However, the SinRIP protein used in this study was the SinRIP3 isoform rather

than SinRIP1, and this experiment should be replicated using full-length SinRIP1. If

successful, this would suggest that the region deleted in SinRIP3, which includes part of

the RBD, is necessary for an interaction with mTOR. As yet, neither a link between

mTOR and actin regulation nor the existence of a rapamycin-insensitive mTOR

pathway has been demonstrated. However, as most of the proteins isolated in TORC2

have human homologues, a TORC2-like complex may be conserved. For example, the

uncharacterised human protein, KIAA1999, is a close human homologue of Avo3p and

pianissimo (data not shown). 

The SinRIP orthologue in Dictyostelium, RIP3, is required for chemotaxis and the

induction of adenylyl cyclase or guanylyl cyclase activity by the extracellular cAMP

receptor. Aimless, a GEF for Ras, is also required for these processes, suggesting that

RIP3 and Aimless they lie in similar pathways. RIP3 specifically interacted with

Dictyostelium RasG, with no binding to the other Dictyostelium Ras isoforms detected.

The simplest interpretation of these results is that Aimless activates RasG resulting in

the stimulation of RIP3. However, while �RasG cells have defects in polarity and

organisation of the actin cytoskeleton, they do not exhibit a defect in chemotaxis, and
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RIP3 and Aimless are therefore likely to regulate an additional RasG-independent

pathway (Tuxworth et al., 1997). This may involve Pianissimo, the Dictyostelium

homologue of the Avo3p, given the link between Avo1p and Avo3p in yeast, and

because Dictyostelium cells lacking pianissimo, like �RIP3 cells, exhibit defects in

chemotaxis and activation of adenylyl cyclase (Loewith et al., 2002; Chen et al., 1997). 

For a cell to migrate, it must coordinate spatial asymmetry and cytoskeletal

rearrangements (Lauffenburger and Horwitz, 1996; Pantaloni et al., 2001).

Lamellipodia are protrusions in the plasma membrane that result from polymerisation of

the actin cytoskeleton at the leading edge, during chemotaxis. As endogenous SinRIP

localised in the lamellipodia of migrating cells (Section 4.3.9), SinRIP may be involved

in the regulation of these structures, or perform a function within them during

chemotaxis. Thus, human SinRIP may be involved in cell polarity and/or regulation of

the actin cytoskeleton. The chemotactic mechanisms used by Dictyostelium and

leukocytes are conserved (Parent and Devreotes, 1999). Chemokines usually bind to

GPCRs, resulting in the activation of intracellular signalling pathways, with the G��

subunits likely to be critical for chemotaxis (Parent and Devreotes, 1999). Although

SAPKs are activated by RTKs, they are best characterised as downstream effectors of

signalling by GPCRs, which can also activate Ras, and SinRIP and its orthologues may

therefore be functionally linked to GPCRs.

 

Filamentous growth in yeast requires GPCRs, Ras, a MAPK pathway, and the

establishment of polarity. In a wide-scale analysis of protein-protein interactions in

yeast, Avo1p was purified as part of a complex that contained KSS1, the MAPK in the

filamentation pathway. As filamentation is initiated by nutrient deprivation and requires

polarisation of the actin cytoskeleton, this raises the intriguing possibility that Avo1p,

TOR2 and KSS1 may act in a similar pathway to induce filamentation. It is unclear

whether Avo1p lies upstream or downstream of TOR, however, the co-purification of

Avo1p with the high-affinity hexose transporter HXT6 suggests that Avo1p lies

upstream of TOR. This interaction represents a potential mechanism for nutrient sensing

by Avo1p/TOR, as HXT6 is only expressed under conditions of low glucose

availability. The S. pombe Sin1 protein appeared to be constitutively phosphorylated,

and became hyperphosphorylated after stress (Wilkinson et al., 1999). As Sty1 could
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not phosphorylate the S. pombe Sin1 protein in vitro, other stress-responsive kinases

may have been involved. Chemotaxis and signalling by stresses and TOR proteins

requires Akt in yeast and mammals (Blume-Jensen and Hunter, 2001), and it is

therefore interesting that the conserved Thr86 residue of SinRIP1 was predicted with

high probability in a sequence analysis to be a target site for Akt (Section 3.3.7).

While S. pombe Sin1 was required for the activation of the well-characterised Sty1

targets Atf and Pap1 by stress, it was also required for normal cellular processes such as

proper mitotic initiation and sexual conjugation, which are not dependent on Atf1 and

Sty1 (Wilkinson et al., 1999). Thus, S. pombe cells lacking Sty1 or Sin1 were

elongated, which is consistent with a delay in progression through the G2/M stage of the

cell-cycle. Inactive JNK has an important role in the normal proliferation of cells by

targeting proteins such as p53 for degradation (Fuchs et al., 1998; Zhang et al., 2002).

The SinRIP proteins bind to the inactive form of JNK (Section 5.3.4), suggesting that

they may potentially contribute to this function of JNK. As the nuclear accumulation of

stress-activated Sty1 was incomplete in �Sin1 cells, Sin1 may be important for

translocation of Sty1 into the nucleus (Gaits et al., 1998). The established model for

both Sty1 and mammalian JNK suggests that the inactive SAPK is cytoplasmic, and

then translocates to the nucleus upon activation. Thus, the SinRIP proteins, which bind

inactive JNK, may play a role in the shuttling of JNK into the nucleus upon activation.

The dual cytoplasmic/nuclear localisation of recombinant SinRIP1 and SinRIP2 and the

endogenous SinRIP proteins observed in this study is consistent with such a hypothesis.

The small GTPase Ran regulates nuclear import and export, and the nuclear import of

Sty1 is known to require a RanGEF.

A yeast two-hybrid screen identified Sam68 as a binding partner of SinRIP1, and further

analyses showed that SinRIP2 also binds Sam68 (Section 5.3.7). Although the

interaction between Sam68 and SinRIP1 could not be confirmed by co-

immunoprecipitation from mammalian cells, co-immunofluorescence studies showed

that SinRIP2 colocalised with Sam68 in the nucleus. SinRIP2 is therefore likely to be

the relevant binding partner of Sam68 in vivo, and the co-immunoprecipitation

experiments should be repeated using SinRIP2 and possibly other isoforms. The

endogenous SinRIP proteins colocalised with Sam68, as well as with SMN and SC35.



147

SMN is involved in the biogenesis of small nuclear ribonucleoprotein (snRNPs), while

SC35 is a member of the serine/arginine-rich (SR) family of splicing factors (Lefebvre

et al., 1995; Meister et al., 2002). Interestingly, yeast Avo1p was isolated in complexes

using either of two RNA-binding proteins, RRP9 or the mRNA guanylytransferase

MCE1, as baits (Gavin et al., 2002). These observations suggest that SinRIP1 may have

a role in RNA metabolism. 

The region of Sam68 shown to bind SinRIP1, amino acids 204-443, overlaps with its

RNA-binding KH domain, as well as with binding sites for SH2 and SH3 domains of

signalling proteins. Sam68 may act as a scaffold for the Ras signalling pathway by

binding to proteins such as Sos, p120RasGAP and Grb2 (Jabado et al., 1998; Najib and

Sanchez-Margalet, 1903; Finan et al., 1996). These interactions occur in response to

receptor activation and during the G2/M transition and Sam68 is predominantly nuclear

in interphase cells. Sam68 may have a role in cell-cycle progression as it is a substrate

of Cdc2 in mitosis, and disruption of the Sam68 gene in DT40 cells resulted in

decreased growth and an elongated G2M phase (Li et al., 2002; Guitard et al., 1998;

Barlat et al., 1997). Phosphorylation of Sam68 by Src-family non-receptor tyrosine

kinases decreases the RNA-binding capacity of Sam68. It was recently shown that

Sam68 lies downstream of Ras and the ERK1/2 MAPKs and stimulates the alternative

splicing of specific mRNAs (Matter et al., 2002). Sam68 is also a functional homologue

of the essential HIV accessory protein, Rev, and is required for the replication of

complex retroviruses including HIV (Reddy et al., 1999; Reddy et al., 2000; Li et al.,

2002). As hypothesised for the JNK protein, SinRIP may play a role in the nucleo-

cytoplasmic transport of Sam68. 

SinRIP may also have a role in vertebrate development as chicken Sin1 mRNA was

specifically expressed in the R3 and R5 rhombomere segments of the developing

chicken hindbrain (Christiansen et al., 2001). Interestingly, mTOR mRNA was also

detected at elevated levels in the analogous regions of mouse hindbrain during

development, and deletion of mTOR results in forebrain defects (Hentges et al., 1999;

Hentges et al., 2001). The elevated levels of SinRIP expression detected in heart and

skeletal muscle is also consistent with a potential function in striated muscle. With this

in mind, it is interesting that in a microarray screen, SinRIP expression was elevated 3-

fold in DMD muscle biopsies compared to normal muscle (Chen et al., 2000). This may
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have been a response of the cells to the absence of dystrophin, which binds to the actin

cytoskeleton in its role in organising synapses. GPCRs, Ras, JNK, and mTOR have

been implicated in pathogenic states of muscle tissues such as cardiac hypertrophy,

which may involve SinRIP (Frey and Olson, 2003).

The SinRIP gene, located at the cytogenetic position q34 on chromosome 9, is

comprised of a non-coding exon followed by eleven coding exons. It is an unusually

large gene, at 280 kbp in length, which is predominantly due to one very large intron

(>70 kbp). As a result, the SinRIP gene occupies over a quarter of a 1 Mb region that is

thought to contain approximately 9 genes (http://bip.weizmann.ac.il/g.html). This

suggests that the SinRIP gene has a relatively high probability of being affected by

chromosomal rearrangements involving 9q34. The molecular interactions observed for

SinRIP1 and its orthologues suggests that SinRIP may have a role in tumourigenesis.

The association between cancer and the Ras and JNK protein is well established, as

discussed in Chapter 1. The drug rapamycin, for which mTOR is thought to be the

major target, is a candidate chemotherapeutic agent, and mTOR signalling may

contribute to renal cell carcinoma (Gingras et al., 2001). It has also been shown that

Sam68 deficiency in murine fibroblasts induces a tumourigenic phenotype, and these

cells form metastatic tumours when injected into nude mice (Liu et al., 2000).

Intriguingly, in a wide-scale analysis of mRNA expression in 60 tumour-derived cell

lines using micro-array chips, the Pre B-cell leukaemia factor 3 (PBX3) gene, which is

immediately adjacent to the SinRIP gene, showed the highest degree of correlation with

SinRIP expression levels. The significance of this potential co-regulation is unclear,

however, as PBX3 deregulation is associated with leukamias, it would be worthwhile to

determine whether the SinRIP gene is deregulated in these tumours.

Yeast Avo1p was also isolated in a complex, detected only in the presence of the DNA-

damaging agent hydroxyurea, using YKU80 as the bait (Ho et al., 2002). YKU80 is the

yeast orthologue of the mammalian Ku80 protein, which bind to sites of DNA damage,

and is involved in DNA repair by non-homologous end joining (Smith and Jackson,

1999). JNK activity is stimulated by DNA damage, and therefore the YKU80/Avo1p

interaction raises the possibility that the SinRIP family may function in a DNA-damage

pathway that leads to the activation of JNK. In support of this, sequence analysis

suggested that ATM, a DNA damage response protein known to activate JNK, and
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DNA-PK, a protein related to ATM that also binds to Ku80 in mammalian cells, may

target Ser186 of SinRIP1 (Section 3.3.7). Interestingly, mTOR, ATM, and DNA-PK,

together with other DNA-damage response proteins, are all part of the PIK family of

kinases, which share several domains as well as displaying homology within the kinase

domain (Blume-Jensen and Hunter, 2001).

The genetic locus linked to an autosomal recessive human neuro-degenerative disorder

known as Non-Friedreich type 1 spinocerebellar ataxia (SCAR1) has been mapped to

9q34, although the gene responsible has not yet been identified. Mutations responsible

for similar syndromes often occur in genes encoding DNA-damage response proteins,

and it is possible that SinRIP may mediate a stress pathway activated by DNA-damage.

Some of the symptoms of SCAR1 overlap with a dominantly inherited

neurodegenerative disorder known as amyotrophic lateral sclerosis 4 (ALS4), which

also maps to an unidentified gene at 9q34 (Bomont et al., 2000; Nemeth et al., 2000).

Interestingly, endogenous SinRIP colocalised with the SMN protein, mutations in which

cause spinal muscular atrophy and has also been implicated in ALS (Newbery and

Abbott, 2002). As SinRIP mRNA is highly expressed in the peripheral nervous system,

the primary affected tissue in SCAR1 and ALS4, the SinRIP gene is a reasonable

candidate for both of these disorders.  Interestingly, Alsin, the gene responsible for

another form of ALS, encodes a protein containing GEF domains for the Ras, Rho and

Ran small GTPases (Yang et al., 2001; Hadano et al., 2001). 

Thus, the SinRIP gene, which is widely expressed, produces a set of SinRIP protein

isoforms that are likely to have multiple functions downstream of GPCRs and Ras,

including regulation of JNK and possibly mTOR pathways. These proteins are also

likely to function in the nucleus, possibly in the regulation of mRNA processing and the

response to DNA damage and other stresses, or in nucleo-cytoplasmic shuttling of its

binding partners such as JNK and Sam68. Key questions about the biochemical

properties of SinRIP that should be answered in order to decipher its function include,

for example, is SinRIP1 capable of interacting with Ras and JNK simultaneously? Is

SinRIP protein and activity polarised during chemotaxis? Does SinRIP interact with

mTOR and affect rapamycin-sensitive mTOR functions? What kind of stresses and

receptors induce SinRIP activity? Future studies should also investigate the biochemical

properties and expression of the SinRIP isoforms. Such comparisons of the properties of
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full-length SinRIP1 and the isoforms are critical to understanding the function of the

SinRIP gene, and particularly any potential contribution of SinRIP to human disease.
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Appendix I: ESTs Corresponding to SinRIP Isoforms 

SinRIP isoform Tissue of Origin EST Gene Identifier Numbers

SinRIP2 kidney (8) 2066571; 3840043; 3836721; 4326939; 3133808;

6709198; 3151434; 2432648*

lymphocyte (3) 2877605; 12945835; 19181438 

pooled (2) 3835759 (melanocyte, fetal heart, and pregnant

uterus); 15342748 (colon, kidney, stomach)

prostate (3) 4629646; 5445271; 4890279

uterus 5804183

brain 12357239

SinRIP3 colon (3) 7947635; 7947629; 7947699

pancreas (2) 1108290; 10396252

cervix 14807631

lymphocytes 19209854

lung 6589608

eye 19004807

ovary 8048714

skin 19365746

SinRIP�exon1 retina 21760418

brain 15745831

testis 14084174

neuroblastoma 13914121

Notes:
* - Wilm’s tumour sample
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