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ABSTRACT

One of the mechanisms by which cells transmit signals is through

tyrosine phosphorylation and dephosphorylation. The signals for cellular

insulin response are carried along multiple pathways, one of which in-

volves the rapid phosphorylation of insulin receptor substrate 1 (IRS-1)

during insulin stimulation. Tyrosine-phosphorylated IRS-1 acts as a dock-

ing protein for several downstream signalling molecules, including the

ubiquitously-expressed tyrosine phosphatase SHP-2. There is some evid.ence

that the interaction between SHP-2 and IRS-I may affect downstream

insulin response. We have modified the yeast two-hybrid system to examine

the tyrosine phosphorylation-dependent interaction of human IRS-1 and

human SHP-Z in vivo. O'Neill et aI. (L994) showed that the insulin receptor

tyrosine kinase (IR) will phosphorylate IRS-1 in the yeast Saccharomyces

cerevisiae. By coexpressing IRS-1 with IR, we observed interactions

between IRS-1 and the SH2 domains of SHP-2 when all three hybrid

proteins were expressed in yeast. It was possible to demonstrate an

interaction with witd-type SHP-2, although when the phosphatase region

was inactivated or removed, the interaction was sûonger. Removal of the

IR hybrid protein completely abolished the interaction. These data suggest

that the interaction between IRS-I and SHP-2 is direct, that it occurs in

vivo, that it is dependent on tyrosine phosphorylation, and that the active

phosphatase downregulates the interaction with IRS-1 in vivo.
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SECTION I. INTRODUCTION

A. Diabetes

Diabetes, a disease that impairs the body's ability to use glucose,

affects approximately one Canadian in fifty. Non-insulin dependent

diabetes mellitus (NIDDM), also called Type II diabetes, is the most prevalent

form. Throughout the Americas the frequency and mortaliry of diabetes

tends to be increasing in aboriginal populations, where the disease was

virtually unknown prior to World War II (Young et al, I99O; Dean et aJ.

L992). As a result, many of the studies done on diabetes focus on these popu-

lations. Young et al. (1990) found that, with the exception of aboriginal

populations in British Columbia, Yukon Territories, and the Northwest

Territories, the age-related prevalence of NIDDM in canadian aboriginal

populations was 2-4 times higher than the national rate. In addition, the

distribution of diabetes among Canadian aboriginal populations was shown

to have a genetic basis as well as being triggered by environmental factors

such as changes to diet. The disease probably has both a genetic and an

environmental component in all populations.

NIDDM is characterized by insulin resistance. Insulin is a major en-

docrine hormone that regulates, in a tissue-specific manner, a multitude of

metabolic and mitogenic pathways such as giucose metabolism, potassium

[ransport, and cellular synthesis of DNA and protein. Insulin is released

into the bloodstream by the pancreas but, in NIDDM, the ceils in some

tissues do not respond normally to the insulin signal. These abnormal re-

sponses are most cleariy understood in relation to insulin's role in glucose

metabolism. Insulin resistance is said to occur when normal amounts of in-

sulin fail to induce the cellular uptake and disposal of giucose by muscle



and adipose tissue. in NIDDM, the body usua-lly compensates by increasing

the level of insulin. Muscle, adipose, and liver tissue are all highty respon-

sive to insulin, but the liver is less likely to develop insulin resistance and

tends to become over s[imulated in NiDDM. Insulin resistance is seen in

both insulin-dependent and non-insulin-dependent diabetes (FoIIi et al.

1993). When present to a lesser degree, insulin resistance is considered to

be a precursor to diabetes (DeFronzo et aL. 1992; Imai et al. 1994). In order to

understand the mechanisms behind insulin resistance, with the goal of

improving the prediction and treatment of diabetes, it is necessary to know

how the insulin signal is transmitted at the molecular level within the cell.

B. Overview of Insulin Signalling

The pancreas is the iocation of speciahzed p cells that produce

insulin and secrete it into the bloodstream when needed. Insulin is a small

protein dimer that binds with high affinity to insulin receptors, proteins

found at the surface of virtually every known vertebrate cell. Binding of

insulin to its receptor initiates a series of events that signals different

fypes of cells to respond in different ways. For example, insulin and a

closely-reiated protein called insulin-like growth factor (IGF-1) can stimu-

late a differentiated adipose cell to facilitate the uptake of glucose from the

bloodstream, which involves moving the cell's pool of specialized glucose

transport proteins (GluTa) to the ceil surface. Oniy insulin and IGF-1 can

initiate this, and the signal travels along a different pathway and uses a

different glucose transport mechanism in 3T3-L1 adipocytes than in undif-

ferentiated 3T3-L1 fibroblasts (Fingar & Birnbaum 1994; Hausdorff et al.

7994). What tells the cell which pathway to use? Part of the answer is be-

lieved to involve the amino acid ryrosine, which is incorporated into the



side chains of certain protein molecules. A cellular signalling mechanism

has evolved that makes use of tyrosine's capacity to be phosphorylated and

dephosphorylated by enzymes.

The insulin receptor is a transmembrane protein tyrosine kinase, an

enzyme that transfers phosphate groups from intraceilular ATP molecules

onto the lyrosine residues of specialized proteins (Ullricb, et al. 1985). This

is the only known cataiytic function of the insulin receptor. When insulin

binds to its receptor, it activates the receptor's kinase domain to phospho-

rylate tyrosines found on its own intracellular B subunit, which in turn

activates the kinase towards other protein substrates. Patients who have

mutations in the insulin receptor gene that cause it to produce an inactive

form of the kinase are severely insulin resistant (Taylor et al. 1992). A one-

year old child with "leprechaunism" was found to have a homozygous

deletion of the insulin receptor gene (Wertheimer et a1.1993). The fact that

these phenotypes are not lethal suggests that the insulin receptor is

important but not essential to the organism. The insulin receptor is closely

related to the IGF-1 receptor (IGF-1R), also a tyrosine kinase, which

probably provides a vital backup to the signalling pathway.

Recognition of the potential importance of tyrosine signalling to

ceilular metabolism and cell growth is increasing. In particular, enzymes

that phosphorylate and dephosphorylate tyrosine residues are now thought

to piay a role in diabetes and other diseases. Most protein kinases studied so

far are known to phosphorylate serine and threonine residues but not

tyrosine. The first protein tyrosine kinase identified was encoded by the

viral oncogene v-Src (reviewed in Cantley et al. 1991). An oncogene is a

mutant form of a gene, found in retroviruses, that can promote tumours in

the host. The v-.9rc gene encodes a nonreceptor tyrosine kinase that is



constitutively active (reviewed in Cantley et aL. I99L), so tyrosine phospho-

rylation is implicated in abnormal cell growth and tumour formation. A

highly active tyrosine phosphatase, art enzyme that removes phosphate

groups from tyrosine residues, is believed responsible for the virulence of

Yersinia pestis, the bacterial agent of bubonic plague; a simila¡ protein is

expressed in the pox viruses (reviewed in Walton & Dixon 1993). A protein

that binds tightly to a Src-family tyrosine kinase is important for the

virulence of HIV-1, HIV-Z, and SIV in acquired immunodeficiencies (Lee er

aL.7996).

Tyrosine phosphatases and kinases are believed to regulate the

phosphorylation of tyrosine residues on certain proteins, which has func-

tional significance. Phosphorylated tyrosines provide binding sites for

proteins that contain either Src-homology 2 (SHZ) domains or phosphory-

rosine-binding (PTB) domains. The protein sequence surrounding the

phosphotyrosine confers specificity to the binding. Proteins such as

Growth factor receptor bound 2 (GrbZ), which have both SH2 and Src-

homology 3 (SH3) domains, can function as SHZISH3 adaptor proteins in a

variety of pathways (reviewed in Downwa¡d 1994). SH3 domains do not bind

phosphotyrosines, instead they bind to polyproline helices (Lee et al. L996).

In the nematode Caenorhabditis elegans, Let-23, a receptor tyrosine kinase,

is linked by Sem-5, an SHZlSH3-domain-containing protein, to the activa-

tion of Let-60, a Ras homologue (Clark et aL. 7992).In Drosophila

melanogasrer, Sevenless (Sev), a tyrosine kinase, is linked to Son of seven-

less (Sos), a Ras activator containing polyproline motifs, by two separate

pathways. In one, Sev interacts with corkscrew (Csw), a tyrosine phos-

phatase, that links to Daughter of seveniess (Dos), an SH2ISH3 docking

protein. In the other pathway Drk, an SHzlsH3-domain-containing protein,



links to Sos (Olivier et al. 1993; Herbst et al. 1996; Raabe et aL. 1996). The Ras

family of membrane-bound GTP-binding proteins is implicated in control

of the cell cycle and cell differentiation, and is activated through tyrosine-

phosphorylation pathways. The human insulin receptor is also linked to

Ras activation.

Several substrates have been isolated for the insulin receptor

kinase. Two of these are Insulin Receptor Substrate-1 (IRS-i), with relative

molecular mass (M¡¡ of -185 kDa (White et al. 7985), and Src homologous and

coilagen prorein (Shc), with Mr of 46,55, and 66 kDa (Pelicci et aL. L992).

These proteins are rapidly and reversibly tyrosine phosphorylated by the

IR in response to insuiin, the hallmark of a tyrosine-signalling protein.

The Shc protein contains SHZ and PTB domains, has no known catalytic

function, and is involved in cell growth and differentiation (Peticci et aI.

7992). The IRS-1 protein has no SHZ or SH3 domains, but has PTB domains,

multiple tyrosine phosphorylation sites, a pieckstrin homology (PH)

domain, polyproline target sites for SH3 proteins, and no known catalytic

function (White er a/. 1985; Araki et aL. 1993). A third protein substrate for

the IR, Grb2-associated binder 1 (Gab1), with Mr of -115 kDa, has just been

isolated and is believed to be a compressed version of IRS-1 with multiple

tyrosine-phosphoryiation sites, an amino-terminus PH domain, and a

proline-rich region that could contain SH3 binding sites (Holgado-Madruga

et al. 1996). The study presented here wiil focus on IRS-1 only.

Once phosphorylated by the IR, IRS-1 acts as a docking site for

SHZISH3 proteins and forms a variety of protein complexes (Tobe er a1.

1993), suggesting that it may have a role in more than one aspect of insulin

response. The Dos protein in Drosophila lnas been identified as a similar

SHZISH3 docking site (Raabe et aI. i996) that may be involved in multiple



pathways involving tyrosine kinases. Transgenic mice that are lacking

IRS-1 are viable, although growth retarded and insulin resistant (Araki ef

aL. I994b; Tamemoto et aL. L994). This suggesrs that IRS-1, like the IR, is im-

portant but not essentiai for insulin signailing, and adds to the evidence

that the insulin signal is transmitted through multiple, interconnected

pathways. Like a distributed computer system where vital software is ac-

tively replicated so it can be accessed if one part of the system goes down,

building in redundancy and interconnectedness among closely-related

signalling proteins would make each pathway less vulnerable to the failure

of a single part. Some protein complexes formed with IRS-1 have been

identified, which is the first step in tracing the signalling pathways.

Once it is tyrosine phosphorylated, IRS-1 is known to bind directly to

the non-catalytic p85 subunit of phosphatidylinositol 3'-kinase (PI3'-K), to

the adaptor protein Grb?, and to Src-homology protein tyrosine

phosphatase 2 (SHP-2). The common feature of each of these downstream

proteins is that they contain SH2 and/or SH3 binding domains for specific

phosphotyrosine- or proline-containing protein sequences. Binding of

IRS-1 activates PI3'-K, a serine/threonine kinase, in animals (Folli et al.

1992), and activates SHP-2, a tyrosine phosphatase, in vitro (Sugimoto et al.

1994). PI3'-K is an enzyme that phosphoryIates lipids; its participation in

signalling is not understood (reviewed in Cantley et al. l99L; Panayotou &

Waterfield 1992). Two of the IR substrates, Shc and IRS-1, bind Grb2

(Skolnik et al. 1993). GrbZ has no known catalytic function but has SH2ISH3

domains suggesting a role as an adaptor protein, and is a mammalian

homologueof Caenorhabditis Sem-5 andDrosophilaDrk. Grb2 binds ro the

mammalian homologue of Sos (Skolnlk et al. 1993), so its interaction with

Shc and IRS-1 could link the IR by two pathways to Ras activation.



Tyrosine-phosphorylated IRS-1 immunoprecipitates with Sos in COS-1 cell

Iysates, yet Sos has no SH2 or SH3 domains with which to bind to IRS-1

directly (Baltensperger ef al. 1993) implying an intermediate such as Grb2.

Yonezawa et al. (1994) obtained results that suggest iRS-1 is necessary but

not sufficient for full Ras activation in Chinese hamster ovary (CHO) cells,

and that Shc and IRS-1 may be needed together for full activation of Ras.

The details of these signalling interactions are the subject of active

research (reviewed in Pawson 1995; Lienhard 1994; Myers et al. 1994; White

& Kahn L994; Myers & White 1993; Kahn et aL.1993). The study presented

here examines the in vivo interactions between the IR, IRS-1, and SHP-2

proteins. A more detailed examination of the structure and function of each

of these three proteins will serve to place the research objectives and

methodology into context.

C. lnsulin Receptor Structure and Function

The insulin receptor is encoded by a single gene on human chromo-

some 19pI7 (Yang-Feng et al. 1985). The first cioned insulin receptor, from

human piacental tissue, was found to encode a protein of 1370 amino acid

residues (aa), inciuding a signal peptide, an q subunit of 779 aa, ernd a B

subunit of 620 aa (Ullrich er aI. 1985). Vfhen assembled, the IR is a 300-400

kDa u2þ2 tetramer, with disulphide bonds connecting the four polypeptide

subunits. The two g subunits are extracellular, and the two B subunits ex-

tend across the cell membrane. The C-terminus of each B subunit is 4O2 aa

Iong and is located on the cytoplasmic side of the cell membrane. It

contains an ATP-binding domain and a ryrosine kinase domain (Ullrich er

a.l. 1985). The only known function for the IR is to bind insulin and act as a

tyrosine kinase.



The insulin receptor (IR) is a member of a family of related trans-

membrane growth factor receptors that includes the IGF-1R, the piatelet-

derived growth factor receptor (PDGFR), and the epidermal growth factor

receptor (EGFR). All members of this receptor family are functional

tyrosine kinases that are activated in the following manner. \¡Vhen a ligand

such as insulin binds to a receptor's extracellular binding domain it is

believed that conformational changes occur, are transmitted across the cell

membrane, and activate the kinase to autophosphorylate on tyrosine

residues (Baron et al. 199L). As a result of ligand binding, these receptors

become rapidly tyrosine phosphorylated on the cytoplasm domains and be-

come fully activated as tyrosine kinases. The structure of the receptors in

this family differ, but the IR is very similar to the IGF-1R in that both are

a2þZ tetramers activated by insulin or IGF-I binding to the ø subunit.

It is believed that the IR kinase is regulated both by tyrosine

phosphorylation and by serine/threonine phosphorylation (Tanti et al.

1994). The insulin receptor protein has a cluster of three tyrosines (aa

LI46,1150, and 1151) on the intracellular B subunit that regulate the kinase

and ¿r.re the first ones to be phosphorylated after insulin binds (Blakesley ef

aI. 1995). There have been opposing interpretations as to whether this

occnrs by receptor ffans-phosphorylation (Levy-Toledano et al. 1994) or

autophosphorylation (\tVhite & Kahn 1989). Recent structural analysis

reveals that, when the iR is inactive, blockage of the ATP site in an open

configuration prevents autophosphorylation. Phosphorylation of tyrosine

1150 (Y1150), which almost certainly is trans, occurs first and causes a

structural change which opens the other Wvo tyrosine sites for either

trans- or autophosphorylation (Johnson eú al. L996).In addition to these

three phosphotyrosines, phosphorylated Y960 (pY960) is necessary for the



IR to associate with the downstream molecules IRS-1 and Shc (O'Neill et al.

1994; Gustafson et al. 1995), and is contained in a recognition domain for

PTB proteins iike Shc (He et aI. 1995). Following insulin stimulation, the

entire receptor is rapidly endocytosed with the ligand and becomes 5-6

times more highly phosphorylated than it was at the cell surface. The

internalized receptor may be the most functionally active form towards

substrates (Kublaoui et aL. L995).

The oniy direct substrates for the IR kinase that have been isolated

and for which sequences are available are IRS-I, Shc, and Gab1. Both IRS-I

and Shc also bind the IGF-IR in vitro (Tartare-Deckert et aL. L995). The IR

site pY960 has been shown to be essential for both IRS-1 (O'Neill et al1994)

and Shc interaction via PTB domains (Eck et aL. 1996). Gabl has recentìy

been isolated (Holgado-Madruga et aL. 1996) and is most similar to human

IRS-1 in a homology search; it is tyrosine phosphorylated by EGFR and IR.

Other potentiai tyrosine phosphorylation substrates for the IR that have

been reported a-re 61 kDa phosphoprotein (pp61) (Mooney & Bordwell 1992),

pp185 unrelated to IRS-1 (Miralpeix et aL. I99Z), pplZ} (Mitarski & Saltiel

1994), pp115 (Yamauchi et aL.1995), pp190 (Tobe et aL. 1995), and

interleukin-4 (IL-4) induced phosphotyrosine substrate (4PS). The protein

4PS is detectable in hematopoietic cell lines that lack IRS-I, and has func-

tional and immunological similarities to IRS-1 (Wang et al. 1993). The pro-

tein pp190 is found in mice lacking IRS-I (Araki et al. I994b; Tamemoto er

aL. L994; Tobe et al. 1995), and has been proposed as IRS-2. None of these

proteins has been reported as isolated or cloned, although it is possible that

pp120 and pp115 are Gab1. In addition to these potential substrates the IR

cytoplasmic domain is known to bind but not phosphorylate SHP-Z, GTPase

activating protein (GAP), and the p85 subunit of PI3'-K (Staubs et aL. 1994).



All three of these proleins have SH2 domains for phosphotyrosine binding,

and GAP and p85 have SH3 domains. Unlike other members of the receptor

tyrosine kinase family, the IR does not associate strongly with SH2-domain

containing proteins (Sun er al. 1993).

In the study presented here, the IR was needed for its tyrosine ki-

nase function, not its ability to bind SH2 proteins. The kinase function was

performed by a construct that encoded the 402 aa cytoplasmic domain of the

IR B subunit fused to a LexA protein. Kuhné et aL. (L994) show thar this

fragment, aa947-L343, is a good model for the wild-type IR in vitro, and it is

evidently able to dimerize, trans-phosphorylate, and function as a

constitutively-active kinase. The unbound o subunits repress kinase

function, so removing the cr subunits from the receptor activates kinase

function in the same manner as ligand binding (Kahn et aL.1993). O'Neill er

al. (1994) use a similar fragment in a two-hybrid study of IR and IRS-1

interaction.

D. IRS-1 Structure and Function

By using anti-phosphotyrosine antibodies, the IRS-1 protein was

identified as a potential substrate for the insuiin-stimulated IR kinase

(White et aI. 1985). It was the first substrate identified other than the

kinase itself. The protein was successfully isolated by Rothenberg et al.

( 1991) after which rat IRS- 1 was cloned (Sun et al. 799I). Five other clones

have been reported: human hepatocellular carcinoma (Nishiyama & Wands

1992), human skeletal muscie (Araki et aL.1993), mouse (Keller et a1. L993a;

Araki et al. L994a), and monkey kidney (Wang et aL.1995). The reporred

sequences of the two human clones are not identical. The IRS-I gene cloned

for the purposes of the study reported here has the same sequence as the



one cloned by Araki et al. (1993) from skeletal muscle, an insulin-

responsive tissue.

The human gene was found on chromosome 2q36-37 , and encodes ¿r

1242 aa protein from a single exon (Araki et al. 1993). The protein is highly

conserved between species and has little homology to any other knorn¡n

protein, but may be related to the recently-isoiated Gabl protein (Hoigado-

Madruga et aL 1996). It has at least 14 potential tyrosine phosphoryiation

sites, and at least 30 potentiai serine/threonine phosphorylation sites

(Araki et al. 1993). It has no known catalytic activity. There is a conserved

PH domain on the N-terminus that has a membrane-association function

(Heiler-Harrison et al. 1995). A PTB domain that binds pY960 of iR is located

C-terminal to the PH domain (Eck et aL. 1,996). PXXP sequences are binding

targets for Src-famity SH3 domains (Lee er aL. 7996) and iRS-1 has at least

fifteen conserved PXXP sites concentrated near the C-terminus. iRS-l has at

Ieast eieven PEST regions that are associated with easily-degraded proteins

(Smith et aL. 1993). The estimated molecular mass of the protein is -131 kDa,

but it has been reported to migrate on SDS-PAGE from 150 kDa to 190 kDa,

apparently depending on its phosphoryiation state (Miralpeix et d. 7992;

Saad er aJ. L992; Wang et aL. L995). Other proteins that are tyrosine-

phosphorylated in response to insulin have been detected migrating

within the IRS-1 band on SDS-PAGE but none have been isolated or cioned.

Tyrosine phosphorylation of IRS-1 is integral to a number of

metabolic pathways and occurs through various means. IRS-1 phosphory-

Iation can be achieved by stimulating cells with either insulin or IGF-1

(Chuang et al. L993), and can be catalyzed equally well by either the IR or

the IGF-1R (Myers et aI. 1993). Despite this parallel behaviour, IGF-1 and in-

sulin perform different functions in organisms. Insulin is known to be re-
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quired for normal liver regeneration. Sasaki et al. (1993) report that IRS-1

exhibits a striking increase in tyrosine phosphorylation jusi prior to each

major cycle of DNA synthesis during regeneration of rat livers in vivo.

Oddly, phosphorylation of the insulin receptor B subunit lags behind, sug-

gesting that IRS-1 phosphorylation in the eariy part of the cycle is gov-

erned by another growth factor like IGF-1 (Sasaki et al. L993). Another

pathway for phosphorylating IRS-I involves the interleukin-4 receptor

(IL-4R) stimulated by either insulin or IL-4 binding (Wang et al. 1993). IL-

4R has no kinase domain so it is believed that a nonreceptor tyrosine ki-

nase is recruited to phosphorylate IRS-1. A characteristic of the IL-4R

pathway is that the downstream response differs depending on whether in-

sulin or IL-4 is the ligand (Pruett et al. 1995). Growth Hormone (GH) can

also stimuiate tyrosine phosphorylation of IRS-I but not of IR or IGF-IR in

rat adipocytes in vitro; the responsible receptor and/or kinase is unknown

(Souza et aL. 1994; Ridderstråle er aL. L995).IRS-1 is not ryrosine phosphory-

lated by growth-factor-stimulated EGFR or PDGFR (Myers & White 1993).

However the tyrosine phosphorylation of IRS-1 is achieved, it is

needed for IRS-I association with downstream molecules. Phosphorylated

IRS-1 interacts with SHP-2 (Sun er aL. 1993), Grb2 (Tobe et al. 1993),

GrbZ/dynamin complex (Ando et aL.1994), PI3'-K (Foili et al. 1993; Giorgetti

et al. 1993; Keller et al. 1993b), p85 of PI3'-K (Miralpeix et al.1992), and Nck

(Lee er aL. L993). Àrck functions as an oncogene and encodes an adapter

protein with three SH3 domains. The SH2 interactions with IRS-1 are fairly

specific to certain phosphotyrosine sites, and IRS-1 will not associate with

the SH2 domains of Ras-GAP or phospholipase c-y (Folli et aL. I99?; Myers er

aL. 7992). Nine of the phosphotyrosine sites on IRS-1 have been identified

so far as binding sites for one or more SH2 proteins; some of the sites have
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dual specificity while most are specific for one protein. IRS-1 can bind

more than one protein at the same time; in CHO-IR ceils IRS-1 simuitane-

ously binds Nck, GrbZ, and p85 (Lee et al. 1993).

Subsequent to insulin stimulation, the half-life of IRS-1 is reduced

ten-fold, from 25 hours to 2.5 hours (Rice et a1.1993; Smith eraJ. 1993). As

the level of IRS-I nRNA remains relativeiy constaiLt, this is believed to be

the result of protein degradation (Rice et aL. 7993) and would have the

effect of downregulating the insulin signal through IRS-I.

When IRS-I protein levels were decreased, the decrease correlated

with a loss of insulin-stimulated giucose uptake by 3T3-L1 adipocytes;

decreased amounts of IR, PI3'-K, and GluT4 protein did not give a similar

correlation (Rice & Garner 1994).IRS-1 is essential for mitogenesis, as mea-

sured by DNA synthesis, in response to insulin or IL-4 in 32D hematopoietic

cells that iack the protein 4PS (Wang et al. 1993). IRS-1 anribodies

completely blocked insulin- and lGF-l-stimulated mitogenesis in rat fibro-

blasts; DNA synthesis could be restored by microinjection of Ras protein

(Rose et al. 7994). Expression of anti-sense IRS-1 RNA in two CHO cell lines

significantly reduced insulin-stimulated DNA synthesis and cell growth

(Waters et al. 1993). Notwithstanding these results in cultured cells, ex-

pression of IRS-1 is not essential for mitogenesis or insulin-stimuiated

metabolism in animals.

Two strains of transgenic mice lacking IRS-I were recently devel-

oped, and the mice are viable and fertile (Araki et aL.I994b; Tamemoto et al.

1994). The IRS-1 knockout mice are small and have insulin resistance, as

measured by blood-giucose and fasting insulin levels, as well as having

impaired glucose transport in isolated adipocytes. In addition the mice are

IGF-1 and IGF-2 resistant. The IRS-1 deletion phenotype is similar ro the



effects seen in mice with IGF-2 deletion. In contrast IGF-1 deletion mice

have increased neonatal mortâ-lity, and both IGF-IR deletion mice and IGF-

1/IGF-2 double deletion mice invariably die of respiratory failure at birth

(Liu ef al. 1993). Liu ef aL. (1993) interpreted their findings to mean that

IGF-1 interacts exclusiveiy with IGF-1R while iGF-Z has a second pathway.

This reasoning suggests that insulin also has a second pathway besides

IRS-1. In support of this hypothesis, both Araki et al. (I994b) and Ta,memoto

et al. (L994) detect a protein band in cell lysates from IRS-1 knockout mice

that is not evident in the control mice. The protein, named IRS-2, has M¡

-190 kDa and is ryrosine phosphorylated in response to insulin. Like IRS-1,

it also immunoprecipitates with Grb2 and PI3'-K (Tobe et aL. L995).

Some of the functional aspects of protein interactions with phospho-

rylated IRS-1 have been characterized. SHP-2 phosphatase activity in-

creases uporl binding to three phosphopeptides corresponding to pYB95,

pY7772, or pYI222 of lRS-l(Sugimoto et aI. 1994), although a point mutation

of Y895F did not affect association of IRS-1 with SHP-2 or dephosphory-

lation of IRS-1 by SHP-2 (Rocchi et aL. 1995). This pY895 site on IRS-1 is a

dual-specificity site that binds either Grb2 or SHP-Z with the same affinity

(Case etaL.7994), and the phosphatase targets this site for dephosphoryla-

tion (Noguchi er aL. 1994). It is possible that while bound to pY1t72 and

pY1222 of IRS-I, SHP-Z dephosphorylates pY895 of IRS-I to reduce GrbZ in-

teractiorl. Grb2 shares at least two other phosphotyrosine binding sites on

IRS-1, pY727 and pY939, with pB5 of PI3'-K, so reducing Grb2 binding might

favour PI3'-K binding and activation. However, Kuhné er aL. (L994) found

that dephosphoryiation of IRS-1 by SHP-2 proceeds more slowly than the

loss of associated PI3'-K, suggesting that SHP-Z preferentially targets the

PI3'-K binding sites on IRS-1. Noguchi et al. (1994) tested one p85 binding

14



site, pY608, and found it to be a poor substrate for SHP-2. More information

on these interactions is needed before these seemingly contradictory

findings wiil be understood. Interaction of IRS-1 with PI3'-K activates the

kinase (Folti et al. 1992; Myers et al. 1992; Keiler et al. 7993b) ¿rnd acrivarion

seems to be related to association with IRS-1 rather than to tyrosine phos-

phorylation of PI3'-K itself (Okamoto et aL. L993; Lamphere er al. Ig94).

Active PI3'-K can be found in liver and muscle tissue of mice laclting IRS-1

(Tamemoto et al. L994) so there is another mechanism to activate PI3'-K

besides IRS-1 association. The IRS-1/PI3'-K interaction ¿urd rhe iRS-1/Grb2

interaction were both found to be essential for insulin-stimulated oocyte

maturation in Xenopus Laevus (Chuang et al. 7994). Grb2 is necessary for

EGFR endocytosis, and interacts with dynamin, a protein that is essential

for coated-vesicle formation (wang & Moran 1996), so it could potentially

play a role in IR endocytosis. Littte is known about either the functional

aspects of IRS-l/Nck association or the IRS-1/SHP-2 interaction. The IRS-

L/SHP-? interaction is the subject of the research presented here.

E. SHP-2 Structure and Function

T}re Drosophila gene corkscrew (csw) encodes an SH-2 domain-con-

taining intracellular protein tyrosine phosphatase (PTPase) that is known

to be involved in signal transduction. In 1992, Freeman ef a,f. searched for a

human csw homologue in a human fetal brain cDNA library and success-

fully cloned the complete coding region for a 593 aa protein they called

SHPTP-2 (SHP-Z). The gene has been localized to human chromosome 12q24

(Dechert er a.l. 1995). The protein migrates on SDS-PAGE with M, 64-70 kDa

(Kazlauskas er ¿r.1. 1993; Li et al. 7994). Two sH2 domains located at rhe N-

terminus of SHP-2 are about 100 amino acids each, and the protein tyrosine
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phosphatase region in the C-terminus is about 230 amino acids long. Within

the phosphatase consensus region, a point mutation of C459S was sufficient

to completeiy inactivate the enzyme (Bastien et aL. 1993).

The mammaJian SHP-2 protein is commonly referred to as SH-PTPZ,

or Syp. Other names given to this protein are SH-PTP3, PTP2C, PTPID, pTpLI,

PTPNl1, and PTPSH2F. Standardizatton of the name to sHp-2 was proposed

by Adachi et aL. (1996). The only other knor¡¿n member of the mammalian

PTPase family is SHP-1, an SH-2-containing protein found in hematopoietic

tissue. In contrast, SHP-2 is widely expressed in all tissues studied to date

(Vogel et a1.7993).

Because SHP-2 is tyrosine phosphorylated in cells expressing the

activated receptor kinases EGFR, PDGFR, and v-Src (Feng et al. Igg3; Case ef

aL. 7994), and because it binds to IR phosphopeptides, it was thought that

SHP-Z might be tyrosine phosphorylated by rhe IR. Staubs et al. (L994)

report that SHP-Z immunoprecipitates with purified pYI322 peptides of IR.

Phosphorylated IR will immunoprecipitate with unphosphorylated GST

fusion proteins of SHP-Z (Maegawa et aL. 1993). In addition, insulin

stimulation causes SHP-Z to associate with IRS-1 in CHO-IR ceils (Noguchi er

aL. 1994) and 3T3-Ll cells (Kuhné et aL. 1993). Nevertheless, ir seems rhat

although SHP-Z associates with IR it is not tyrosine phosphorytated by IR

in response to insulin (Kuhné et aL. 1994; Noguchi et al. 1994; Xiao et al.

1994). These findings are in contrast to results reported by Ugi et aL. (L994)

stating that they "found that wild-type insulin receptors phosphorylated

the GST-SH2 protein of SH-PTPZ". This statement is not supported by the

methodology described in their paper, in which purified insulin receptors

were incubated with GST-SH2 protein in the presence of ATP, and then

immunoprecipitated together with anti-iR or anti-GST antibodies; no data
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assessing the tyrosine phosphor¡ulation state of either protein is presented

in the paper. Maegawa et aL (1993) find that IR will weakly phosphorylate

SH2 domains of SHP-2 in vitro, but a later paper with Maegawa states that

no tyrosine phosphorylation of SHP-2 is detectable in IR/SHP-Z immuno-

precipitates (Xiao et al L994). If SHP-2 is not a substrate for the IR kinase, is

tlte IR a substrate for the SHP-2 phosphatase?

As well as binding tyrosine-phosphorylated IR, SHP-2 binds directly

to phosphorylated EGFR and PDGFR in vitro (Kazlauskas et aL.1993; Case er

al. 1994), and to partially-purified IGF-lR (Seely et al. 7995). It will not bind

in vitro or jn vivo to fibroblast growth factor receptor FGFR-I, although

this transmembrane receptor tyrosine kinase interacts with Grb2 via Shc

(Klint et aL. 1995). SHP-Z is not efficient at dephosphorylating IR, EGFR,

IGF-lR, or PDGFR in vitro (Vogel et al. 7993; Dechert et al. L994), suggesting

that these receptors are normally dephosphorylated by anoiher enzyme. A

synthetic PTPase inhibitor, 3S-peptide I, potently inhibits dephosphoryla-

tion of IR and increases mitogen-activated protein kinase (MAPK) insulin

response in intact cells (Koie et aI. 1996). Because inactivating SHP-2

reduces N,IAPK activation rather than increasing it (Milarski & Saltiel

L994), the result with 3S-peptide I suggests that a PTPase orher than SHP-2

normally dephosphorylates IR in cells and is the target of the inhibitor.

It is possible that IRS-I, rather than IR, is a substrate for SHP-2. SHP-

2 has much higher phosphatase activity towards IRS-1 than it does towards

IR (Kuhné et al. 1993, \994), and is particularly active towards pY895 and

pYII72 of IRS-1 (Noguchi er al. 1994). The binding affinity of human SHP-2

fusion proteins to IRS-1 phosphopeptides in vitro is high, in particular the

sequence pY7I72 of IRS-1 has high affinity for the N-SH2 domain, and

pYL222 of IRS-1 has high affinit¡z for the C-SHZ domain (Case et al. L994).
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Case er al. (1994) report that SHP-Z does not require phosphorylation to

bind to IRS-1, but that phosphorylation of IRS-1 is essential for binding.

Noguchi et al. (1994) also show that SHP-2 is not tyrosine phosphorylated

when it binds to IRS-1 in response to insulin stimulation of CHO-IR cells.

Binding affects the phosphatase acriviry of SHP-2. Binding ro IRS-I phos-

phopeptides activates the phosphatase, except at high concentrations of

IRS-I where it becomes inhibitory (Pluskey et al. 1995). These investigators

thought that high concentrations may allow two separate IRS-I molecules

to bind SHP-2, one at each SHZ site, and that this might interfere with the

enzyme. When one or both of its SH2 domains are removed, SHP-Z is

potently activated (Zhao et al. L994), except that its activity towards IRS-1 is

reduced by three fold (Kuhné er aL. 1994).

The result that IRS-I has the ability to activate the SHP-2 phos-

phatase, yet to inhibit the phosphatase at high concentrations, may fit with

in vivo findings that when IRS-I and IR are both overexpressed in CHO

cells it results in insulin resistance (Sun er al. 1992). These findings were

considered paradoxical (Myers & \t\fhite 1993) yet if SHP-Z has an amplifica-

tion role in the IR/IRS-I pathway like its Drosophila homologue csw, and if
it is inhibited by high concentrations of IRS-I, then overexpression of

tyrosine-phosphorylated IRS-1 could lead to insulin resistance. Considered

together with the result that activify towards IRS-1 is reduced by removing

the SH2 domains of SHP-2, despite the fact that the SH2 domains normally

repress the phosphatase towards substrates, these findings suggest that

there may be a regulatory relationship between IRS-I and SHP-Z, and that

SHP-2 may amplify a signal transmitted through IRS-1.

Little is known about the functional significance of SHP-2 in vivo.

There are several possible roies it could play in insulin signalling. The



Drosophila homologue, csw, is known to amplify signals from the torso

tyrosine kinase, and is also involved in signalling from the seveniess tyro-

sine kinase (Raabe et al. 1996), which leads to a similar role being postu-

lated for SHP-Z. It is thought that SHP-2 could amplify an insulin signal by

dephosphorylating an inhibitory tyrosine in the pathway. In contrast SHP-

2 may attenuate t-l'.e signal by dephosphorylating IRS-1 or the IR directly,

but expression of SHP-Z does not seem to affect total tyrosine-phosphoryla-

tion levels of IR or IRS-I significantly in vivo (Milarski & Saltiel 1994).

SHP-2 acts as an adaptor protein linking the PDGFR and the Grb2lSos

complex in cells treated with PDGF (Li er al. 1994), although SHP-Z does nor

link the EGFR with GrbzlSos. It is possible that SHP-2 could link the IR

directly with downstream signalling molecules such as Grb2, effectively

bypassing IRS-I and Shc. Association of SHP-2 with proteins other than

tyrosine kinase receptors or IRS-1 seems to be dependent upon the

tyrosine-phosphorylation of SHP-2 itself. When tyrosine phosphorylated,

SHP-2 interacts with Grb2lSos (Li et al. L994), with GrbT (Keegan & Cooper

1996), and possibly with p85 of PI3'-K (Welham et aL. 1994). Because SHP-2

has not been detected convincingly as a tyrosine-phosphoryiation

substrate of IR, it is doubtful that it would directly link IR to GrbZ or GrbT

in a tyrosine phosphorylation-dependent manner. It might, however, link

downstream proteins indirectly to IR via IRS-I by acting as an adaptor

rather than as a phosphatase.

When a C459S mutarlt of SHP-2 is expressed in NIH 3T3 fibroblasts, it

greatly reduces insulin-stimulated DNA synthesis and MAPK activation

downstream, yet has little or no effect on tyrosine-phosphorylation levels

of either IRS-1, IR, or Shc (Mil;rski & Saltiel 7994). Deleting the active

phosphatase site (3I aa) of SHP-Z and expressing the catalytically-inactive
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SHP-2 protein in devefoping Xenopus results in normal tadpole heads but

severe posterior truncations, a phenotype that can be rescued by

coexpressing wild-type sHP-2, either xenopus or human (Tang et aL. L995).

This latter result suggests that it is the phoqphatase activity, not just

binding, that is important for signalling. Microinjections of either anti-

SHP-Z antibodies or inactive SHP-2 into rat fibroblasts reduced insulin's

abitiry to stimulate cellular DNA synthesis while having no effect on basal

DNA synthesis (Xiao et aL. L994). Yet in the sarne study, stimulation of SHP-Z

phosphatase activity by microinjection of IR.S-I pYL172 peprides was in-

sufficient to raise basal DNA synthesis levels. In insulin-resistant mice, the

mRNA and protein level of IRS-1 in isolated adipocytes is not statisrically

different than the level in control mice, but sHP-Z mRNA and protein in-

creases (Bonini et aI. L995). This could be interpreted as a compensatory

mechanism in insulin resistance. Most of these results support a positive,

amplifying role for SHP-2 in signalling padlways. Because some of the re-

sults seem contradictory, more information is needed before an adequate

hypothesis can be put forward as to the role of SHP-Z in insulin signalting.

F. Study Objectives and Rationale

The specific research objective addressed by the study presented

here is to determine whether human SHP-Z interacts in vivo with human

IRS-I in a ryrosine-phosphorylation-dependent manner. This information

is required in order to confirm the involvement of SHP-Z in insulin

signalling, before trying to determine what its role might be.

At the time that the research project was started, there was already

evidence that SHP-2 and IRS-I would bind m vitro as well as in cell lysates,

and that the binding activated the phosphatase. it was known that tryptic



peptides of rat IRS-1 Containing the pYl172 sequence would bind to a

protein containing the N-SH2 domain of SHP-Z (aa 1-105) in vitro (Sun er aJ.

1993). A small fraction of cellular SHP-Z was immunoprecipitated witl: rat

IRS-1 from insulin- and vanadate-treated 3T3 Ll cell lysates (Kuhné et aI.

L993) and the SIIP-2 was not tyrosine phosphorylated. Sodium orthovana-

date is a phosphatase inhibitor. GST fusion proteins encoding aa 1132-7235

of rat IRS-1 were immunoprecipitated with a GST fusion encoding aa I-2L6

of SHP-2 from rat fibroblast lysates, using anti-GST antibodies (TJgí et al.

L994). Using synthetic IRS-1 phosphopeptides, Case er aL. (1994) identified

in vitro binding sites on IRS-I for the N-sH2 domain of SHP-2, of which the

highest affinity sites were pY 1777, pY895, pY546, and pYI222. Another

study by Kuhné et al. (1994) showed that binding of recombinant rat IRS-I

enhanced the ability of human SHP-Z to dephosphorylate IRS-1 in vitro.

And finally, Sugimoto et al (1994) showed that rat IRS-1 phosphopeptides

corresponding to pY895, pYtI7Z, and pYI222 activated the SHP-Z

phosphatase in vitro.

In designing our study, we wanted to test the interaction of human

IRS-I. The above six studies had alt used rat IRS-I or synthetic peptides to

demonstrate interaction with SHP-2.In addition, we wanted to study the

interaction in vivo, because even the use of whole cell lysates does not

eliminate the possibility that the proteins only interact after cell lysis.

It was decided to modify the yeast two-hybrid system (Fields & Song

1989) to deterrnine if it could be used to detect phosphorylation-dependent

interactions between human IRS-1 ¿rnd SHP-Z proteins. The two-hybrid

system was known to be quite sensitive in detecting in vivo interactions

that were difficult to pick up by immunoprecipitation, but it could not

detect interactions that required post-translational modifications (Fields &
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Sternglanz 1994). The changes required to the two-hybrid system involved

the transformation into yeast of a third plasmid encoding a modifying

protein, in addition to the two interacting hybrid proteins. The third

plasmid in this study encoded the cytoplasmic domain of the human insulin

receptor B subunit, to tyrosine phosphorylate human IRS-1 in vivo. For a

general explanation of the yeast two-hybrid system please refer to

appendix 1.

Once a phosphorylation-dependent interaction could be demon-

strated, a series of plasmids encoding deletion variants of IRS-1 and SHP-2

were designed, in order to characterize the interaction further.

The results of this study indicate that the modified two-hybrid system

can be used successfuily to demonstrate tyrosine phosphorylation-depen-

dent interactions between two proteins, even though neither protein.is a

ryrosine kinase. This extends the usefulness of the two-hybrid system to

include interactions that depend on post-translational modification.

in addition, the results presented here affirm that the interactions

between full-length wild-type human SHP-Z and full{engrh wild-type

human IRS-1 occur in vivo in a eukaryotic system and are tyrosine-phos-

phorylation dependent. Inactivation of the phosphatase was not necessary

to demonstrate an interaction. This result suggests that SHP-2 has a role in

post-receptor insulin signal transduction in humans. To clarify the signif-

icance of various domains of IRS-1 and SHP-2, results are also presented for

the interactions of a series of deletion variants.
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1.

2.

3.

4.

A. Genotype of Bacterial and Yeast Strains

E. coli DH5ø (Gibco/BRL)

F-, recA7, endA7, gyrA96, thi, hsdR77, supØ44, relA7, t'çargF-

lacZYA)tJL69 (o80d/acZ LMLS) ì"

E. coli GM2163 (New England Biolabs)

F-, ara-74, IeuB6, fhuA37, 1acY7, tsx-78, supE44, gaJK2, gaJT22, hisG4,

rpsL736, (SúR), xyl-S, mtJ-7, thi-7, dam-L3, Tn9 (CmR), dcm-6, hsdR2,

mcrA-, mcrBT-

E. coli (INVaF') One Shot* Cells (Invitrogen)

endA7, recA7, hsdRl7 (fk, m*k), supE44, )', thi-7, gyrA, relA7, QgO

lacZuAMlS A ( IacZYA-argF), deoR+, F'

S. cerevisiae PJ69-4a (Gift from P- James)

MAT a, ade2, trp1-g01, 1eu2-3, ILZ, his3l-200, gal4-t, gal\}-t, IIRA3-52,

GALI - ¡IISJ :: LYSZ +

GAL2 - ADE7:: ADE2

GALT - IacZü met7

B. Culture Media

1. LBILBA

Liquid media consisted of 10 g Miller Lennox Broth Base (Difco) in

500 ml distiiled water (LB). Solid media were prepared by adding 5 g agar to

500 ml LB. Media were sterilized by autoclaving at L21"C for 30 minutes.

Bacteria harbouring plasmids were selected by adding ampicillin (50

pg/mt) to autoclaved LB media after it had cooled to 50'c (LBA).
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2. Low-salt LB

Low-salt LB medium consisted of lo/o Bacto tryptone, 0.5%o Bacto yeast

extract, and 1OO mM NaCl in distilled water, which was steriiized by auto-

claving 
^t 

121'C for 30 minutes.

3. S O C

SOC medium consisted of 2o/o Bacto tryptone, 0.5%o Bacto yeast extract,

10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, and20 mM glucose in

distilled water. The first four ingredients were dissolved in water and steri-

lized by autoclaving at I21"C for 3O minutes; 1 M glucose, 1 M MgSO 4, and

1 M MgCIZ solutions were sterilized by filtration (using a O.22 pm syringe-

filter) and added under sterile conditions to the required concentration.

4. YPAD

YPAD consisted of lo/o yeast extract, 2o/o peptone, 0.060/o adenine hemi-

sulphate, and 2o/o glucose, in distilled water. Solid media contained in

addition 10 g agar in 600 mi of YPAD. YPAD was adjusted to pH 6.0 and steri-

lized by autoclaving at IZL"C for 30 minutes.

5. Synthetic Complete Media

Synttretic Complete (SC) media (Sherman 1991) consisted of 4 g yeast

nitrogen base without amino acids (Difco), L2 g glucose, 0.28 g amino acid

mix (2.0 g argínine,2.O g aspaftate,2.0 g glutamate,6.0 g homoserine,2.0 g

inositol, 2.O g isoleucine,2.O g lysine, 2.0 g methionine, 3.0 g phenyl-

alanine, 2.O g Serine, 2.0 g threonine, 2.O g tyrosine, and 9.0 g valine), and

O.QL4 g each of one or more of the following five supplements: histidine

(his), adenine hemisulphate (ade), uracil (ura), tryptophan (trp), and/or

leucine (leu) as appropriate for selecting a particular yeast strain, in 600

ml distilled water. SC media were sterilized by autoclaving at 721"C for 30

minutes. Solid media contained 10 g agar per 600 ml of SC medium. Media for



histidine selection (SCH) contained from 1 to 25 mM 3-aminotriazole (3AT)

(Sigma Chemical Company, St. Louis, Mo), which is an inhibitor of the IIISi

gene product. 3AT was added from a 2.5 M filter-sterilized stock solution to

media that had been autoclaved and cooled to 50'C.

C. Polymerase Chain Reaction

Amplification of DNA by the Polymerase Chain Reaction (PCR)

method was first described by Saiki et aL. (1985). A general reference in

which the technique is thoroughly described is Eeles and Stamps (1993).

Each set of PCR reactions was optimized for a particular template and

primer pair by adjusting the relative concentration of DNA and primer, by

adjusting the MgCl2 concentration (ranging from 1.5 to 4 mM), by adjust-

ing the annealing temperature (ranging from 60"C to 68"C), by increasing

the units of Thermus aquaticus (Taq ) DNA polymerase, or by adding

dimethyl sulphoxide (fOo/o v/v) to the reaction mixture. In general PCR

products shorter than 2.6 kb in length were amplified as follows. Each 100

¡,Ll reaction volume contained 2 pl (-0.5 pg) of human genomic DNA, 76 p,l of

sterile deionized water, 10 ¡-rl of 10X PCR buffer (10X concentration was 100

mM tris (hydroxymethyl)aminomethane HCI (Tris HCl) pH 8.3, 500 mM KCl,

15 mM MgCl2, and O.Io/o gelatin), 1 ¡rl of each primer ( 100 ng/p'I), O.3 pl Taq

DNA Polymerase (SUlpl), and 2 pl each of 10mM dATP, dCTP, dGTP, and dTTP.

A negative control reaction without human DNA was prepared for each set

of primer pairs. Reaction mixtures were overlaid with mineral oii. The

reactions were placed in a DNA Thermocycler (Perkin-Elmer-Cetus Corp.)

programmed for thirty-five cycles of denaturation at 94C for 1 minute,

annealing at 65"C for 1 minute, and extension at 72'C for 1 minute.
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PCR products longer than 2.6 kb were arnplified as follows. Each 100

pl reaction volume contained a pl (-i.0 pg)of human genomic DNA, 76 p'l of

sterile deionized water, 10 pl of 10X buffer [lOX concentration was 200 mM

Tris HCt pH 8.8, 100 mM KCl, 100 mM (NH+)2504,20 mM MgSO4, 1o/o triton X-

100, and Lp,g/¡tI nuclease-free bovine serum albumen (BSA)1, 1 pl of each

primer (1OO nglpl), 1 pl Taq DNA Poiymerase (5 U/pt), 1 pl Taq Extender

(Stratagene), and 2 pl each of 10mM dATP, dCTP, dGTP, and dTTP. A negative

control reaction without human DNA was prepared for each set of primer

pairs. Reaction mixtures were overtaid with mineral oil. The reactions were

placed in a DNA Thermocycler (Perkin-Elmer-Cetus Corp.) programmed for

thirty-five cycles of denaturation at 94"C for 1 minute, annealing at 65"C

for 1 minute. and extension at72C for 4 mintrtes.

D. Cloning Techniques

Two general references used for many of the cloning techniques

described in this section were Sambrook et aj. (1989), and Ausubel et al.

(1987-1993).

1. Preparation of electrocompetent E. coli cells

Electrocompetent cells were prepared following the protocol sup-

piied by the manufacturer of the electroporation equipment (BTX Inc, San

Diego, CA). Cells were incubated overnight in 10 ml of low-sa-lt LB at 37"C

with shaking at 300 rpm. The overnight culture was used to inoculate 2 X

500 ml flasks of iow-salt LB, which were the¡r incubated at 37"C with shak-

ing at 300 rpm for 4-6 hours. The cells were collected by centrifugation at

4"C for 15 minutes at 4000 x g, then washed extensively to reduce conduc-

tivity. During the remainder of the preparation the cells were kept chilled

on ice. The cell pellet was resuspended in one volume (-1 titre) of sterile



deionized O"C water, and the cells were collected by centrifugation at 4'C

for 15 minutes at 4000 x g. The pellet was resuspended in 0.5 volume (500

mt) of sterile deionized 0"C water, and the cells were collected by centrifu-

gation at 4'C for 15 minutes at 4000 x g. This step was repeated once. After

the fourth centrifugation the pellet was resuspended in 0.02 volumes (20

mi) of steriie deionized O"C water, and the cells were collected by centrifu-

gation at 4C for 15 minutes at 4000 x g. The cell pellet was finally resus-

pended in 0.002 volumes (2 ml) of 0'C filter-sterilized LOo/o glyceroi, then

frozen immediately in 40 pl aliquots on dry ice and stored at -83'C. The cell

competence was tested by transforming an aliquot with 1 ng of pUC18 DNA,

and calculating the number of colonies per pg DNA. Competence for DHScr

and GMZ163 cells was in the range of 5.0 x 107 to 1.0 X 108 colonies per pg

DNA.

2. Transformation of E. cofi cells

a. Electroporation

High voltage electroporation (Dower et aI. 1988) was used to intro-

duce plasmid DNA into competent DHScr and GM2163 E. coli cells. From 1 to 5

pl (-100-500 ng) of plasmid DNA was added to a 40 pl aliquot of electro-

competent cells thawed 10 minutes on ice. This mixture was transferred to a

chilled electroporation cuvette (1mm gap), and placed in an Electro Cell

Manipulator@ 600 (BTX Inc., San Diego, CA). The instrument was set for a I.3

kV charge and 129 o resistance, which gave a pulse length of 4.5 to 5.5

msec and an estimated field strength of 12.25 kV/cm. CeIIs were transferred

immediately to 960 pl of 37"C SOC medium, mixed gently, and incubated at

37"C for one hour. From 1-200 pl was spread onto LBA agar plates and growrl

at 37'C overnight.
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b. Heat shock

Ligations prepared using the TA Cloning* kit (Invitrogen

Corporation) were transformed by heat shock, following the manufactur-

er's protocol for the One Shotfr competent cells. Each 50 pl vial of cells was

thawed on ice, then mixed with 2 pl 0.5 M 2-mercaptoethanol and 1 pl of the

TA Cloning* ligation reaction. After incubation on ice for 30 minutes, the

cells were incubated at 42C for 30 seconds, cooled on ice, then added to 450

ul of 37'C SOC medium. The cell mixture was incubated in a 37"C waterbath

for one hour. From 1-200 pl was spread onto LBA agar plates and grown at

37'C overnight.

3. Growth and purification of plasmid DNA

a. Plasmid miniprep

Plasmid minipreps were done using the alkaline lysis method

(Birnboim & Doly 1979). Using a sterile toothpick, single colonies from LBA

plates were inoculated into 4 ml of sterile LBA. This was followed by

incubation overnight at 37'C with shaking at 300 rpm. Each overnight

culture was transferred into n¡¿o 1.5 mI microcentrifuge tubes, leaving

approximately 1.0 ml remaining for storage at 4C. The cells were collected

by centrifugation at 4"C for 3 minutes at 14,000 x g, and the cell pellet was

resuspended in 200 ¡rt 0'C buffer [50 mM Tris Cl, 10 mM ethylenediamine

rerraacerate (EDTA), pH 8.Ol containing boiled RNAse (100 pglmt). To each

tube was added 200 ¡rl of room temperature lysis buffer [200 mM NaOH, 1%

sodium dodecyl sulphate (SDS)I and cells were left to lyse at room tempera-

ture for 5 minutes. The lysed cells were mixed with 200 ¡rl of 0'C neutraliz-

ing buffer (2.6 M K acetate, pH 4.8) and the mixture was incubated on ice

for 5 minutes. The resulting precipitate was removed by centrifugation at

4"C for 3O minutes at 14,000 x g. The supernatant" containing the plasmid
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DNA was transferred to a new tube. If required, phenol/chloroform ex-

traction was performed at this stage, otherwise an ethanol precipitation

followed.

b. Ouick screen olasmid oreparation

This procedure was used when large numbers of colonies were being

screened. It depended on the insert being large enough so that recombi-

naut plasmids could be identified on an agarose gel without the need for

restriction enzyme digestion. Bacterial colonies from a transformation

were picked and patched onto an LBA plate and grown overnight at 37"C.

Sterile toothpicks were used to scrape a portion of each overnight growth

into 40 pl of STE (100 mM NaCl, 20 mM Tris HCI pH 7.5, 10 mM EDTA). To this

resuspension was added 20 p"l of buffered phenol and 20 ¡rl of chloroform.

Each tube was mixed and then centrifuged for 1 minute at 14,000 x g. The

aqueous phase was transferred to a new tube containing 1 ¡_Ll of RNAse

(Iug/tt"l). After 2 minutes,4 VI of 10X agarose loading dye (0.25o/o

bromophenol blue, O.25o/o xylene cyanol, 3Oo/o gLycerol in distilled water)

was added, and the DNA was loaded onto an agarose gel for visualization.

c. Nucleobond column oreoaration

Single colonies were inoculated into 4-10 ml of sterile LBA and incu-

bated at 37"C with shaking at 300 rpm for several hours. The inoculum was

added to 50-250 ml of LBA and incubated overnight at 37"C with shaking ar

300 rpm. Plasmid purification was done using either a Nucleobond@ AX-100

or AX-S00 kit and following the protocol of the manufacturer (Machery-

Nagel). Briefly, the cells were prepared in the same manner as for the

alkaline lysis miniprep method (section 3.a. above) except that the volume

was larger. The DNA solution, collected after removal of the precipitated

cell debris, was loaded onto a Nucleobond column. Nucleobond columns are
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silica based anion-exchange columns, in which the plasmid DNA elutes in a

high pH buffer (100 mM Tris, 15%o ethanol, 1 M KCl, pH 8.5) after proteins

and RNA have been eluted in a mid pH buffer (l0O mM Tris, 15% ethanol,

1.15 M KCl, pH 6.3). DNA elution was followed by precipitation with 0.7

volumes of room temperature isopropanol. The mixture was centrifuged at

4'C for 20 minutes at 12,000 x g. The supernataflt was discarded and the DNA

peilets were washed with 7oo/o ethanol, dried briefly, and resuspended in

steriie deionized water.

d. Phenol-chloroform extraction of DNA

Phenol-chloroform (P/C) extractions (Patrmiter I974) were used to

remove modifying enzymes and to eliminate degradation by nucleases. An

equal volume of buffered phenol was added to the DNA solution. This was

mixed and centrifuged at 4'C for 4 minutes at 14,000 x g. The aqueous Layer

containing the DNA was carefully transferred [o a new tube by pipette.

Water (-0.5 volumes) was added to the remaining organic layer and the

exfaction was repeated. Chloroform was added (0.5 volumes) to the aqueous

Layer, mixed, and centrifuged at 4"C for 4 minutes at 14,000 x g. The aqueous

layer was removed to a new tube. Extraction was followed by ethanol

precipitation.

e. Ethanol precipitation of DNA

DNA preparations were further purified and concentrated by

ethanol precipitation. Ligation reactions were routinely ethanol precipi-

tated to remove salts prior to electroporation. The DNA sample was mixed

with 0.1 volume of 3M Na acetate pH 4.8, and 2.5 volumes of chilled 95%o

ethanol. This mixture was left to precipitate at least one hour at -20"C, then

centrifuged at 4'C for 30 minutes at 14,000 x g. The supernatant was re-
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moved and the DNA pellet was washed with 7}o/o ethanol, then dried briefly

¿lnd resuspended in sterile deionized water.

4. Agarose gel electrophoresis of DNA

Horizontal agarose gei electrophoresis was used to visualize and

quaxtify DNA, or to separate DNA fragments by size, following the method

of McDonell er aL. (1977). Agarose gels were prepared by using a microwave

oven to melt powdered electrophoresis grade agarose in 1X TBE ( 10X stock

TBE was 108 g Tris, 55 g boric acid, and 40 ml0.5M EDTA pH 8.0, in 1 litre

deionized water). The agarose concentration ranged from 0.60/o to \.8o/o w/v

agarose, depending on the size of the DNA fragment being visualized, with

higher percentage gels being used for small DNA fragments. Approximate-

ly 50 pg of ethidium bromide (EtBr) was adde'd to the melted agarose for

each 100 ml gel. Once cooied to 50"C, the agarose solution was poured into a

gel casting tray fitted with Teflon combs and allowed to set.

An appropriate voiume of loading dye ( 10X loading dye was O.25o/o

bromophenol blue, O.250/o xylene cyanol, and 3Oo/o glycerol in distilled

water) to give a 1X concentration was added to each sample before Ioading

into the wells. Usually 4 ¡rl of a 1 kb DNA ladder (Gibco BRL) that had been

diluted to 100 ng/p"I [30 rrl 1 kb DNA ladder (l p,g/pl),90 ui 10X loading dye,

and 180 ul distilled waterl was loaded into one lane to allow estimation of

DNA sizes. Geis were run in 1X TBE electrophoresis buffer in either a hori-

zontal electrophoresis chamber or a minigel apparatus. Voltages ranged

from 5OV to 150V depending on ihe size of the DNA fragment to be

separated.

The EtBr was added to the agarose because of its propensity to inter-

calate with DNA. DNA on gels was visualizedby ultraviolet (W) light at 300

nm, which caused the EtBr to fluoresce at a visible wavelength of 560 nm
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(orange). Gels were photographed with a Polaroid Land Camera equipped

with a Wratten #22 orange filter and Polaroid Type 667 (ASA 3000) film.

5. Restriction elazyme digestion of plasmid DNA

Cleavage of plasmid DNA by restriction endonucleases was done to

facilitate subcloning of the DNA, or to confirm the length and/or orienta-

tion of a specific DNA sequence. The prepared DNA was incubated with the

appropriate restriction enzyme(s) in reaction conditions generally as

described by the enzyme supplier. The amount of DNA, arnount of enzyme,

selection of buffer, reaction temperature, and duration of the digest was

varied depending on the specific requirements. The enzymes and reaction

conditions used in this study are listed in table 1. Restriction enzymes were

supplied variously by New England Biolabs (NEB), Gibco BRL, Boerhinger

Mannheim, and Promega. Buffers and BSA were all from NEB except for

Promega buffer E.

6. DNA fragment isolation

Two different methods were used to isolate and purify DNA fragments

following cleavage by enzymes and separation by agarose gel elec-

trophoresis.

a. Geneclean II'M isolation

DNA fragments between approximately 0.4 kb and 5.0 kb were

isolated with the Geneclean IIm kit using the protocol supplied by its man-

ufacturer (Bio 101, Vista CA). The DNA fragments were separated on a 0.8%

agarose/ ethidium bromide gel and the target band was cut out under long

wavelength UV light, keeping IJV exposure to a minimum. The DNA-

containing agarose was meited at 55"c in a solution of 4.5 volumes sodium

iodide and 0.5 volumes of TBE Modifier (supplied) in 1.5 mI microcentrifr.rge

tubes. To each tube was added 5.0 ul of a silica matrix solution (Glassmilk@)
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TABLE 1

RESTRICTION ENZYN4ES AND REACTION CONDITIONS USED

Enzvme Recognition Site "C Buffer BSA

Acc B7I

Bam HI

Bgl II
Bsa HI

Bsm FI

Bsp EI

Bsr BI

BsT UI

Dra I

Ear I

Eco RI

Eco RV

Hind III
Nco I

Nde I

Pfl MT

Psr I

Sal I
Sca I

sfiI
Sma I

Sna BI

Stu T

Xho I

Xma I

CCANNNN/NTGG

G/GArcC

A/GATCT

GR/CGYC

GGGAC(10/14)

T/CCC'GA

GAG/CGG

CG/CG

TTT/AAA

CTCTTC(1/4)

G/AATTC

GAT/ATC

A,/AGCTT

C/CATGG

CAlTATG

CCANNNNiNTGG

gfGCA/G

G/TCGAC

AGT/ACT

C'GCCNNNN/NrcCC

CCCltr'G

TAC/GTA

AC'G/CCT

C/TCGAG

C/CCC'C,G

37
)-JI

37

37

60-65

37

60

JI

37

37

37

37

37

37

37

JI

37

JI

50

25

JI

37

37

Promega E

NEB2or3
NEB 3

NEB 4

NEB2or4
NEB 3

NEB 3

NEB2or4
NEB 4

NEB 1

NEB2or3
NEB 2

NEB 2

NEB 2

NEB 4

NEB 3

NEB 3

NEB 3

NEB 3 or Sca

NEB 2

NEB 4

NEB 4

NEB 2

NEB 2

NEB 4

No

opt
No

Yes

No

No

No

No

No

No

opt

Yes

No

Yes

No

No

No

opr
Yes

Yes

No

Yes

Yes

Yes

Yes

NOTE: NEB 1 (10 mM bis Tris Propane-Hcl, 10 mM MgCl2, 1 mM
DTT, pH 7.0); NEB 2 (LO mM Tris-HCl, 10 mlvl MgCl2, 50 mM NaCl, 1 mM DTT, pH

7.9); NEB 3 (50 mM Tris-HCl, 10 mM MgCl2, 100 mM NaCl, 1mM DTT, pH7.9);

NEB 4 (20 mM Tris-acetate, 10 mlvl Mg acetate, 50 mM K acetate, 1mM DTT, pH
7 .9) , Sca I Buffer ( 100 mM NaCl, 10 mM Tris-HCI, 10 mN{ MgCl2, 1 mM DTT, pH

7.4);Promega E (6 mM Tris, 6 mM MgCl2, 100 mM NaCl, 1 mM DTT, pH 7.5).

BSA refers to 100 pg/mL bovine serum albumin.
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to which the DNA binds. DNA was incubated with the Glassmilk@ at 0"C for 5

minutes before being pelleted by centrifugation at 4C for ?O seconds at

14,000 x g. The pellets were washed three times (using wash solution

supplied in the kit), then resuspended in -15 ¡rl of sterile deionized water

and incubated at 55"C for 5 minutes. After centrifugation at 4"C for 60

seconds at 14,000 x g, the resulting supernatant, containing the DNA

fragment of interest, was transferred to a new tube.

b. Electroelution

Electroelution was used to purify DNA fragments that were not in the

optimum size range for tÌe Geneclean II " kit. The method was modified

from the one described by Girvitz et al. (1980). Following a restriction

enzyme digest, DNA was concentrated by ethanol precipitation and then

separated on a 0.8% agarose/ethidium bromide gel. A long wavelength IIV

light was used to visualize the DNA bands, keeping IfV exposure to a

minimum. When the bands were sufficiently separated, a slit was cut into

the gel just beiow the band of interest and any higher bands were excised.

A strip of filter paper (Whatman 3mm) backed by a strip of rehydrated

dialysis membrane, was inserted into the slit. The electrophoresis buffer

was replaced with fresh TBE buffer. Electrophoresis was continued at 1O0V

until the DNA band completely migrated into the filter paper, beyond

which the dialysis membrane prevented further migration. The eiectrodes

were reversed for a few seconds to remove any DNA adhering to the

membrane. The DNA was eluted from the filter paper in three 100 pl washes

with elution buffer (200mM NaCl, 5O mM Tris pH 7.5, I mM EDTA, andO.Lo/o

SDS) using the centrifugation technique described by Girvitz et al. (1980),

then ethanol precipitated.
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7. Enzymatic preparation of DNA fragments for cloning

Once the DNA fragments were isolated, further eîzymatic prepa-

ration was often needed before the recombinant molecuies could be

constructed.

a. Fillins in overhangins ends

Incompatible 5' overhangs were filled in by DNA Polymerase I large

(Klenow) fragment. This enzyme polymerizes in the 5' to 3' direction and

has exonuclease activity in the 3' to 5' direction. In the presence of non-

Iimiting concentrations of dNTPs, the polymerization reaction is favoured.

A rypical 20 p"L reaction volume contained l to 4 ug DNA, 1 ¡rl each of 0.5 mM

dATP, dCTP, dGTP, and dTTP, 2 pl 10X buffer (1X Klenow buffer was 10 mM

Tris-HCl pH 7.5, 5 mM MgCl2, and7.5 mM DTT - although standard NEB

buffers I to 4 were also used) and 1 to 5 U Klenow fragment. The reactions

were incubated at 30"C for 15 minutes and, if not used immediately, heat-

inactivated at 75'C for 10 minutes before the DNA was P/C extracted.

Whenever possible, the Klenow reaction was done in the same tube

and immediately prior to the ligation reaction. In this case T4 DNA Ligase

buffer was substituted for Klenow buffer and the heat inactivation and P/C

extfaction steps were omitted.

b. Dephosphor]¡lation of linearized vectors

Linearized plasmid vectors were routinely treated with calf

intestinal alkaline phosphatase (CIP) to remove the 5' phosphate groups

and to reduce the possibility of vectors recircularizing without an insert

being present. Following a restriction digest and/or Klenow reaction,

typically 1 ¡rl of high concentratiorl CIP (400 U/p.L, Boerhinger Mannheim)

was added directly to the reaction mixture and incubated at 37"C for one

hour. This was followed bv P/C extraction of the DNA.
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c. Phosphor.vlation of inserts

DNA fragments to be ligated into plasmids, in particular PCR

products, were sometimes treated with T4 Polynucleotide Kinase (T4 PNK), to

ensure 5' phosphates were available for the ligase. The reactions contained:

1-10 ug DNA, 1X buffer (50 mM Tris-HCl pH 7.5, 10 mM MgCl2, and 5 mM DT'f),

lmM ATP, and 20 units T4 PNK, and were incubated at 37"C for one hour.

8. Ligation of DNA

a. DNA with one or more compatible cohesive ends

The concentration of vector and insert DNA was estimated by agarose

gel electrophoresis to ensure that there were approximately equal numbers

of cohesive ends in the ligation reaction. The vector was treated with CiP to

reduce the possibility of vector self{igation. A typical ligation reaction was

in a 20 pl volume and contained approximately 400 ng total DNA, 4 ¡rl of 5X

ligation buffer (lX concentration: 50 mM Tris-HCl pH 7.8, 10 mM MgCl2, 10

mM DTT, 1 mM ATP, and 25 ug/m1 BSA), and 1 pl of T4 DNA Ligase (400 NEB

units/pl, or 6 Weiss units/¡rl). This mixture was incubated at 16'C overnight.

A control reaction was set up to test the level of self-ligation of the vector,

using identical conditions except that the insert DNA was omitted.

b. DNA with incompatibie 5' overhangs

The ends of the DNA were filled in by Klenow fragment before

proceeding with blunt-end ligation; this was done in the same reaction

tube as the ligation whenever possible. DNA concentrations were estimated

by agarose gel electrophoresis. A typical reaction was in a 20 p"l volume

with 200 ng of ClP-treated vector, 400-600 ng of insert DNA, 2 ¡rl of 10X blunt

ligation buffer (1X concentration was 50 mM Tris-HCl pH 7 .2, arrd 10 mM

MgCl2), 1 ¡r.l of 2mM dNTP mix (all 4 dNTPs in equal amounts), and 0.6 ¡rl

(ZU/¡II) of Klenow fragment. The reaction was incubated at room tempera-

36



ture for 20 minutes. Added 20 minutes into the reaction were 0.5 ul 250 mM

DTT, 0.5 ¡rl 50 mM ATP, and 5 Weiss units of T4 DNA Ligase (Boerhinger

Mannheim). The reaction was incubated for 12 hours at L2-I4C. Control

reactions were set up to test self-ligation of the vector, using identical

conditions including the Klenow treatment except that the insert DNA was

omitted.

c. DNA with blunt ends

A cypical reaction was in a 20 p"L volume with 200 ng of ClP-treated

vector, 400 to 600 ng of blunt-ended insert DNA, 2 p.I of 10X blunt ligation

buffer (1X concentration: 50 mM Tris-HCl pH 7.2, 10 mM MgCl2), 0.5 ¡rl 250

mM DTT, 0.5 ¡ri 50 mM ATP, and 5 Weiss units of T4 DNA Ligase (Boerhinger

Mannheim). The reactions were incubated for 12 hours at L2-\4'C. Control

reactions were set up to test self-ligation of the vector, using identical

conditions except that the insert DNA was omitted.

g. Description of plasmid vectors used

a. Cloning vectors

i. pBS- (2.9 kb)

The Bluescript M13- plasmid pBS- (Stratagene, San Diego CA) was used

to clone the 3.6 kb PCR product encoding IRS-1 to give Clones 37 and 37R5.

It contained a muiti-cloning site (MCS) flanked by T7 and T3 promoter

sequences.

ii. pBTM116 (s.s kb)

The pBTM116 vector (Bartei et aL. L993) had origins of replication

that ailowed growth in both yeast and E coli.It contained a TRPL gene that

allowed the plasmid to be selected in trp- yeast. It also contained a yeast

promoter and the binding domain (BD) of t}:e LEXA gene followed by a MCS,

so that insertiou of a gene in the MCS would express a LexA fusion protein



in yeast. It was used as a cloning vector for the 3.7 kb PCR product encoding

IRS-1 to give clone 15 (see page 54), and was also modified, as described

beiow, for use in our system as pBTM116/URA3. The pBTM116 plasmid was

provided by Dr. R.D. Gietz.

iii. pBluescript SK+(5.O kb)

The full-length SHP-Z and sHP-2 c459s human cDNA crones were

both supplied in the pBluescript SK+ vector by Dr. c. Ramachandran

(Merck-Frosst, Montreai).

iv. pCRfrII (3.9 kb)

This vector was supplied with the TA cloningrM kit (Invitrogen), and

used for subcloning three of the smaller PCR-produced fragments of IRS-1,

as well as the human insulin receptor PCR product. The MCS is flanked by

two EcoR I sites.

b. Two-hvbrid s.vstem vectors

The plasmid vectors used for the two-hybrid system alt shared

several features. The vectors contained both yeast and bacterial origins of

replication. They included tt'e Amp R gene that conferred, ampiciltin-

resistance when grown in E. coli, allowing selection on LBA plates. They

contained a nutritional marker gene for selection when grown in yeast,

eitlrer URAS, TRPl, or LEU2. They contained either a GAL4 activation

domain or a binding domain sequence at the 5'end of the MCS, so that a

hybrid protein could be expressed when a second gene was inserted in

frame into the MCS.

i. pBTMIL6/ URA3 (6.6 kb)

This plasmid was constructed from pBTM116 (see page 37) for use

in the modified yeasr rwo-hybrid system. The yeast URAS gene [1107

basepairs (bp)l was inserred into the xbal sire of rhe TRpf gene. This



disrupted the IAPI marker, converting the plasmid to a frpl mutant, and

left a URA3 marker. Cloning of the URA3 marker into pBTM116 was done

by K.Wyant. The pBTM116 plasmid was provided by Dr. R.D. Gietz.

ii. pGAD424 (6.6 kb)

The plasmid pGAD424 (Bartel et al. 1993) contained the yeast GAL4

activating domain sequence [encoding amino acids (aa) 768-881 of GaI4

proteinl followed by a MCS and a LEU2 selectable marker sequence. It was

used as a controi plasmid. The pGAD424 plasmid was provided by Dr. R.D.

Gíeu.

iii. pACTII (7.9 kb)

The plasmid pACTII (Durfee et al. 1993) contained the yeasr GAL4

activating domain sequence (encoding aa 768-881) dor,r¿nstream of the

constitutively-expressed alcohol dehydrogenase (ADH1) promoter sequence

and upstream of a MCS and a terminator cassette. There was a small HA tag

(denoting a hemaglutinin antigenic epitope, aa sequence YPYDVPDYA)

included before the MCS. The selectable marker was a LEU2 sequence. The

pACTIi piasmid was provided by Dr. R.D. Gietz.

iv. pASl (7.L kb)

This plasmid pASl (Durfee et aL. 1993) contained the yeast GAL4

binding domain sequence (encoding amino acids 7-747 of Gal4 protein)

downstream of the ADHL promoter and HA tag, and upstream of the MCS and

terminator. The seiectable marker sequence was TRPI. The pASl plasmid

was provided by Dr. R.D. Gietz.

v. pASICYH2 (8.5 kb)

The plasmid pASICYH2 (Harper et al. 7993) was derived from and

included the same features as pAS1, as well as a CYH2 gene which
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conferred cyclohexami.de sensitivity to the yeast (Sikorski & Boeke I99L).

The pASICYH2 plasmid was provided by Dr. R.D. Gietz.

vi. pGBT9 (s.4 kb)

The plasmid pGBT9 (Bartel et al. L993) contained the yeast GAL4

binding domain sequence (encoding amino acids I-I47) and a TRPL

selectable marker sequence. The pGBT9 plasmid was provided by Dr. R.D.

Gietz.

E. DNA Sequencing

DNA Sequencing was done with either the T7 Sequencingfr kit

(Pharmacia Biochemicals Inc.) or the Sequenase Deaza G/AT7 Sequencingru

kit (Amersham International) using the protocols supplied by the manu-

facturers. Both kits use the Sanger (chain termination) method of sequenc-

ing (Sanger et al. 1977).In brief, the protocol involved denaturing -2 ug of

double-stranded plasmid DNA with 250 mM NaOH, then precipitating it with

500 mM NH4 acetate and 2.5 volumes of 95%o ethanol. An oligonucleotide

primer (10 to 20 ng) was annealed to the resuspended single-stranded DNA

in annealing buffer (7X concentration: 1M Tris-HCl pH 7.6, IO)nM MgCl2,

and 160 mM DTT) at 65"C for 5 minutes, after which the temperature was

reduced gradually to room temperature. Table 2 gives a list of the

sequencing primers, some of which were also used for PCR. The DNA was

labelled by T7 DNA Polymerase at room temperature with [a-3551 dATP in

the presence of limiting concentrations of all four nucleotides (i.e. dATP,

dCTP, dGTP, and dTTP). tabelled DNA was split into four separate 7.0 ¡-rl

reaction mixtures each of which contained additional amounts of all four

nucleotides plus one of fotr 2',3'-dideoxynucleotide triphosphates (ddATP,

ddCTP, ddGTP, or ddTTP). T7 DNA Polymerase extended the labelled DNA at
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Primer Sequence
5'CTTCGTCAC.CAGAC,CTTC3'

5'GGAATTAACCCTCACTAAAG3 t

5'ATC,C,CGACCCCTCCC,GAGAC.CGAT3'

5'CCCC,rcACGAC,CACTTTC,CCATCæ3'

5'GCATTC AAAG AGGTCTCCCAAGTG 3'

5'ffiCAGACC3'
5 TGCAGGTC.GATGACTCTGTCCT3'

5'TCCAGTGACC.C.CGAAC,CCACCAT3'

5'TCCACGACAGACTGACCffi CTG3'

5'C,CAC,CCAGTCCTC,CAGATCTC.GAT3'

5'ATCAGATS| C,CAC,CACTrcCTrc 3'

5 AGTCCTCAGTC,C,CTTCCATTGAG3'

5'CTCAATGGAArcCACTGAGGACT3'

5 CCTGACATTC.GAGGTG{.CCCCAG3'

5'CTTACCACCCCTCCTCrcCACTG3'

5'GGACCCCCAC.CACAAC.CCAGTC 3'

5'TCTTCCACCAC,CAC,CGACAæCTC,G3'

5'C,CCCGAC'GTAAæTC'CTC,C,CCTTG3'

5'CATATGAGTGATCATCTffi TAC3'

5'CTGACATC,CGAACAGC,CATTC.CTG 3'

5'G AAGCAGAGCCTC.CTGAC,GATGA3'

5'GAC.C.CA'TAMCCGAGACTTTCT3'

5'GTTGACCTACTGACTTCTS|C,GCT3'

5'TAATACGACTCACTATAGGG3'

TABLE 2

PRIMERS USED FOR lRS-] SEOUENCING

Label Location on I,R.S-I
5' of lAS-f ; forward

5' of IRS-I; forward

1021 to LO44; forward

1283 to I3O7; forward

1495 to 1518; forward

1506 to 1529; reverse

1733 to 1754i forward

2005 to 2027; forward

2181 to 2203; reverse

2551 to 2571; forward

2551to 2574; reverse

2644 to 2667; forward

2664 to 2667; reverse

3O38 to 3060; forward

3I7L to 3 193; reverse

3283 to 3304; forward

3446 to 3470; forward

3619 to 3642; reverse

3726 to 3744; forward

4058 to 4081;forward

4176 to 4L48; reverse

4311 to 4333; forward

4730 to 4755; reverse

3' of /ÃS-J; reverse

Lex A BD

T3

WPG 70*

WPG 88

WPG 78

WPG 71

WPG 81

WPG 82

WPG 94

\NPG 74

WPG 73

WPG 95

WPG 89

WPG 83

WPG 90

WPG 84

WPG 76

WPG 72

WPG 65

WPG 68

WPG 91

WPG 85

WPG 75*

T7

NOTE: Numbering of IÃS-f is from the sequence published by Ara-lii

et aL. (1993). Primers used for PCR as well as for secluencing are indicated

with an asterisk (*).
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37'c until a ddNTP was randomly incorporated. thereby terminating the

extension at variable iengths. The 7.0 pl reactions were stopped after 5

minutes by adding 5 ¡rl of stop soiution (o.3o/o bromophenol blue, 0.3%o

xylene cyanol, 10 mM EDTA pH 7 .5, and 97 .So/a deionized formamide).

The polyacryiamide sequencing gel mix consisted of ZIO g trea, TS

ml 38% acrylamide/Zo/o N,N'-methylenebisacry.lamide solution, 50 ml 10x

modified TBE (162 g Tris-Cl, 27.5 g Boric acid, and 9.6 g Na2 EDTA.2H2O in 1

litre deionized water) and deionized warer to 500 ml. To 7s mI of the

sequencing gel mix was added 250 pl of r5o/o ammonium persulphate (Aps)

and 40 pl of N,N,N',N'-tetramethylethylenediamine (TEMED). The acrylamide

solution was immediately poured between glass plates that had been sepa-

rated by o.4 mm spacers and sealed on three sides with gel sealing tape.

After pouring, the tops were clamped and the gets were allowed to polymer-

ize at least two hours. Sharkstooth combs (Lif,e Technologies, Gibco BRL)

were used to define the wells prior to loading 4.0 ¡rt samples of each

sequencing reaction. The electrophoresis buffer was 1x modified rBE.

Sequencing samples were boiled for 5 minutes immediately prior to

loading onto a sequencing gel that had been pre-run at 60 watts for 30

minutes. Samples were separated by electrophoresis for 2-8 hours at 60

watts constant power (approximately 1200-1&00 volts) in a vertical

sequencing apparatus (Life Technologies, Gibco/BRL). Gels were subse-

quently fixed by soaking in a solution of 5o/o methanol and 5o/o acetic acid,

then placed onto gel drying paper (Interscience), vacuum dried at 8o'c,

and autoradiographed on Koda-li x-oMAT fihn for 24 hours or longer.
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F. Yeast Techniques

1. High-efficiency yeast transformation

Yeast transformations were done in accordance with the protocol of

Gietz et al. (1995), and modified for our laboratory. PJ69-4a yeast were

streaked from frozen 7Oo/o glyceroi stocks onto either YPAD piates or, if

they already harboured one or two rypes of plasmid, onto SC medium plates

lacking 1-2 amino acids (ura, leu, or trp) to allow for selection of plasmids.

After 48-72 hours growth, a single colony from the streaked plate was

inoculated into 5 ml of YPAD or the appropriate SC selection medium. This

was incubated at 30"C with sha-king at 220 rpm for L6-24 hours. An optical

densiry reading of a 1:10 dilution of the cuiture was taken at a wavelength

of 600 nm (OD66g) using a dual-beam spectrophotometer. A 1:10 dilution of

the growth medium was the reference blank for this reading. The cell

density in cells/ml was calculated as follows (Gietz et aL. L995):

ODOOO reading X 10 (dilution factor) X t(1X106 ceils,/ml)/0.1 ODI

Enough of the culture was added to a 50 ml flask of sterile pre-

warmed media to give a cell density of approximately 5.0 X 106 cells/ml,

confirmed by a second OD6gg reading. Cells were incubated at 30"C with

shaking at 2OO rpm until ODOOO readings showed the cells had doubled at

least twice.

Cells were coliected by centrifugation at 4"C for 5 minutes at 3000 x

g, the supernatant was removed, and the cells were washed in 20 mi of 0'C

steriie deionized water. The cells were collected again by centrifugation at

4'C for 5 minutes at 3000 x g. The supernatant was removed and the ceils



were resuspended in 1..0 ml of 100 mM lithium acetate (LiAc), then trans-

ferred to a 1.5 mi microcentrifuge tube. The cells were collected by cen-

trifugation at 4"C for 15 seconds at 14,000 x g, the LiAc was removed, and

the pellet was resuspended in 100 mM LiAc to a final volume of 500 mI. The

cells were incubated at 30"c for 30 minutes, then mixed, and split into s0 ¡rt

aliquots. The cells were collected by centrifrlgation at 4C for 15 seconds at

14,000 x g and the LiAc was removed. To each tube to be transformed was

added 24O p"l polyethylene glycol (5Oo/o sterile-filtered PEG 3350), 36.0 pl 1.0

M LiAc, 25 ¡rl boiled sheared salmon-sperm DNA (2.O p,g/p.l), approximately

500 ng of each plasmid to be transformed, and 45 pl sterile deionized water.

The suspension was mixed to resuspend the cells, then incubated at 30"C for

30 minutes. Following incubatiorL, a 42C heat shock was applied for 20

minutes, and then the cells were collected by centrifugation for 15 seconds

at 14,000 x g. The supernatant was removed and each tube of cells was

resuspended in 1.0 ml of sterile deionized water. A 200 ¡rl volume of each

resuspension was spread onto agar plates of the appropriate SC medium to

select for plasmids. Plates were incubated at 30'C for 72-96 hours untii the

yeast colonies had grown to -lmm in diameter.

After gaining some experience in working with three different

Vpes of plasmids in PJ69-4a yeast, it was found that the best results were

achieved by transforming two of the plasmids simultaneously, checking

the phenotype of the resulting colonies on SC double selection plates

(either SC ura-trp-, SC trp-leu-, or SC ura-leu-), then regrowing in the

same media to prepare cells for transformation of the third plasmid.

2. Preparation of yeast cell lysates

Yeast cell lysates were prepared for electrophoresis foltowing a

protocol modified from O'Neill et aL. (1994). From freshly-grown plates,



yeast colonies were inoculated by sterile toothpick into 5-10 ml of the

appropriate YPAD or SC selection medium and incubated at 30"C with

shaking at 200 rpm for 16-36 hours. The yeast cultures were transferred

into 1.5 ml microcentrifuge tubes and the ceils were collected by centrifu-

gation at 4"c for 2 minutes at 14,000 x g. The supernatant was removed and

the cell pellets were resuspended in 1.0 mI of 0"C sterile deionized water.

The cells were collected by centrifugation at 4'C for 2 minutes at 14,000 x g

and the supernatant was removed. A 950 ¡rl aliquot of SDS sample buffer (3%o

SDS, 575 mM Tris-HCl pH 6.8, IOo/o glycerol, and O.25o/o bromophenol blue )

was mixed with 50 ¡rl of 2-mercaptoethanol; 50 pl of tì'.is mixture was then

added to each tube of cells. CelI pellets were mixed vigorously in the SDS

sample buffer, then placed in a boiling water bath for 15 minutes. After

cooling on ice, the cellular debris was pelleted by centrifugation at 4C for

30 seconds at 14,000 * g, ¿urd the supernatant was removed to new tubes.

Lysates that were not used immediately for electrophoresis were stored at

-83"C.

3. Polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE electrophoresis of yeast cell lysates was done following the

method of Laemmti (1970). A MiniProtean (BioRad) verticai gel casring

appafatus was used to pour 8.5 cm x 5.5 cm X 0.75 mm acrylamide resolving

gels. The gel mixture for t\,vo 10%0 acrylamide resolving gels consisted of 4.0

ml water, 3.3 ml 3oo/o acrylamide,/N,N'-methylene-bis-acrylamide 29:I, 2.5

ml 1.5 M Tris pH 8.8, and 0.1 tt'tl lOo/o SDS. Polymerization was initiated by the

addition of 0.1 r¡'tl IOo/o APS and 5 ¡ri TEMED. The poured geis were overlaid

with water-saturated isobutanol and they were allowed to poiymerize for at

least 2 hours or overnight.

45



Stacking gels were poured on top of the polymerized resolving gels

as follows. AII traces of isobutanol were rinsed out with distilled water and

the apparatus was dried. One lO-well Teflon comb was inserted in each gel

as a well-maker before pouring. The stacking gel mixture for two gels con-

sisted of 2.7 ml deionized water, 0.67 mt 30o/o acrylamide,/N,N,-methylene-

bis-acrylamide 29:1, 0.5 ml 1.0 M Tris pH 6.8, and 0.04 ml 10% SDS, wirh

polymerization being initiated by the addition of 0.04 rnl 10%o APS and 5 pt

TEMED. Gels were poured and allowed to polymerize 30-60 minutes before

the combs were removed. Yeast cell lysates were placed in a boiling water

bath for 5 minutes, centrifuged briefly, and cooled on ice immediately

prior to loading. Up to 25 p"l of lysate was loaded into each well. Generally, 1

pl of protein standard (BioRad SDS-PAGE Standard, low-range) in 20 ¡rl of

SDS sample buffer was also placed in a boiling water bath as described

above and loaded for each gel. The gels were run at 100V at room tem-

perature in lX SDS buffer (25 mM Tris, 250 mM glycine, and 0.1%o SDS).

4. Estimation of protein concentration

If the SDS-PAGE gels were being used for the purpose of standardiz-

ing total protein, exactly 20 pl of each lysate was loaded in each well. After

electrophoresis the gels were stained with Coomassie Blue solution (I.25 g

coomassie R250, 225 ml methanol, 50 ml glacial acetic acid, and deionized

water to 500 mI), by shaking at room temperature for at least one hour. The

gels were then destained by repeatedly washing in destain solution (125 ml

ethanol, 50 ml glacial acetic acid, and deionized water to 500 ml) until bands

were clearly seen. The gels were transferred onto gel-drying paper

(Interscience) and dried in a vacuum gel-dryer at 80"c. The protein sample

with the least intensity was used as the baseline against which all other

samples were compared. Sample volumes for the next set of sDS-PAGE gels
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were then estimated sq that the total protein concentration in each lane

was similar.

5. Protein detection

Many of the fusion proteins expressed by plasmids used in the two-

hybrid study contained a small antigenic epitope, called a hemaglutinin

antigen or HA tag, that could be detected using 12cAS mouse monocional

antibody (BABCO, Richmond, CA). In addition, mosr of the binding domain

plasmids could be detected using Gal4 BD antibody (rabbit polyclonai IgG aa

I-I47, Santa Cruz Biotechnology).

The immunoblotting was done subsequent to separation of proteins

by SDS- PAGE, and essentially following the method of Towbin ef aL. (1979).

Transbiotting was done using the MiniProtean apparatus (BioRad). The gel

containing tìe proteins was washed in cold 1X SDS buffer. A nitrocellulose

membrane was cut to the same size as the gel, pre-soa-lied. in cold transfer

buffer (25 mM Tris, 19 mM Glycine, and 2Oo/o methanol), and then placed in

a sandwich clamp assembly facing the gel, and between layers of gel dry-

ing paper (Interscience) enclosed by pre-soaked sponges. The proteins

were transblotted to the membrane at 90V for 2 hours at 0'C, in cold

transfer buffer which was continuously stirred.

Following transblotting, the non-specific binding sites on the nitro-

celluiose membranes were blocked in a solution of 50 ml Tris Buffered

Saline (TBS) (20 mM Tris and 500 mM NaCl, pH 7.5) wirh 5 g skim milk pow-

der (carnation), shaking at room temperature for 2 hours. The membranes

were washed in 5-10 ml TBST (1 litre of TBS and 0.5 ml Tween-2O), with 5-6

changes of buffer over a 60-minute period. Membranes were incubated for

1-12 hours in the primary antibody which had been diluted in TBST.

Primary antibodies used were 12c45 (mouse monoclonal antibody, BABCO,
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Richmond, CA), Gai4 BD antibody (rabbit polyclonai IgG aa I-147, Santa Cruz

Biotechnology), and Gal4 AD antibody (rabbit polyclonal IgG aa 768-881,

Santa Cruz Biotechnology). The primary antibody solution was removed and

the membranes were washed in TBST with 5-6 changes of buffer over a 60-

minute period. The secondary antibodies, conjugated with horseradish

peroxidase (HRP), were ¿rnti-rabbit HRP (Amersham) and anti-mouse HRP

(Jackson Immunoresearch Laboratories Inc., West Grove, PA). Secondary

antibodies were also diluted in TBST. The membranes were incubated with

the secondary antibody for t hour, then removed. The membrane was then

washed in TBST with 5-6 changes of buffer over a 60-minute period.

Proteins were detected using an enhanced chemiluminescence (ECL)

kit (Amersham Life Sciences, U.K.). Equal volumes of the two detection

solutions were mixed and used to cover the protein side of the membrane

for 60 seconds, then blotted with paper towels. The membrane was wrapped

in plastic vwap and autoradiographed, using a film cassette equipped with

an ECL detection screen and autoradiography film (DuPont "Reflection").

Initial exposures were generally for 15 seconds, 60 seconds, and 10 minutes.

Further exposure times depended on the results after developing the first

three exposures. Films were manually developed immediately after

exDosure.

The antibody diiutions that gave the best results were:

Primary antibody: Gal4 BD 1:2,5@

Secondary antibody: anti-rabbit HRP 1:10,000

Primary antibody: 12C45 antibody 1:5,00O

Secondary antibody: anti-mouse HRP 1:10,000

No results were obtained with Gal4 AD primary antibody.
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Foliowing ECL exposures, the membranes were stained with Ponceau

S stain (.025 g Ponceau S dissolved in glacial acetic acid, then brought to 5

ml with water) to visualize tlle molecular weight marker proteins. The

membranes were destained in deionized water until marker bands were

visible.

6. Two-hybrid system assays

The B-galactosidase assay is the method used in most yeast two-

hybrid studies to detect interacting proteins. The PJ69-4a yeast strain,

which was the only strain immediately available that met all of the criteria

for this study, was found to constitutiveiy express p-galactosidase from its

GALT promoter / lacZ reporter gene combination. Fortunately, there were

two other reporter genes available in the strain, but this necessitated the

use of prototrophy assays for the HISJ and ADE2 gene products instead of

the faster B-galactosidase assays for the lacZ gene product. Colony growth

on SC his- (SCH) and SC ade- (SCA) plates provided evidence that the

reporter genes were being transcribed from the GAL1 and GAL 2 promoters

respectively. The I1l.93 assay is more sensitive than a B-galactosidase assay

(Durfee et aL. L993, Alexandre et al. 1993, Estojak et al. 1995), but gives

somewhat higher levels of background activation. The background could

be eliminated by the use of 1-25 mM 3AT, an inhibitor of imidazole glycerol

phosphate dehydratase, the HIS3 gene product.

Each strain tested for IRS-1/SHP-2 interaction was assayed for

growth along with three conffols specific to the strain. The first control

was one in which the pIRK/URA3 plasmid was omitted. The second control

was one in which the Gal4AD fusion plasmid was replaced with the empty

Gal4AD plasmid. The third control was one in which the GaI4BD fusion

plasmid was replaced with the empty Gal4BD plasmid. Four different media



were used for each asqay; all other conditions were kept constant. At least

two sets of assays were completed on colonies from the test strain and the

controi strains before the transformations were repeated. At least two sets

of assays were done with colonies from the second transformation, giving a

minimum of four sets of data for each strain.

Strains containing three plasmids were tested on the following solid

media:

SC (ura- leu- trp-)

SCA (ura- leu- trp- ade-)

SCH1 (ura- leu- trp- his- with lmM 3AT)

SCHS (ura- leu- trp- his- with 5mM 3AT)

The positive control was SC medium that selected for the presence of the

three plasmids and conta,ined both histidine and adenine. The assay plates

contained the same SC medium as the positive control but with the omission

of either histidine or adenine. Two different concentrations of 3AT were

used on the SCH plates because this can help to distinguish relative III,S3

activity (Alexandre et al. 1993). Strains with less than three plasmids were

assayed in the sarne way, except that the four media were supplemented as

required to compensate for the missing plasmid(s), i.e. with ura, trp, and./or

leu.

The assays for the HISS and ADE2 gene products were done as

follows. From the original yeast transformation plate, four representative

colonies were picked and patched onto the appropriate sc selection

medium. The plates were incubated at 30'C for three days. Using four sterile

toothpicks, approximately equal quantities of cells were picked from each

of the colonies and resuspended together in 1 ml of sterile deionized water.

This stock solution of yeast was further diluted 1:10 in sterile deionized
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water and its OD6OO reading was taken using a dual-beam spectrophoto-

meter with a water reference blank. Based on this reading, the cells/ml

were ca-lculated (see page 43 for formula) and an aliquot of the stock

solution was mixed with deionized sterile water to give a concentration of

-4 x 103 cells per 200 pt. Because oDooo ¡s¿clings can vary from strain to

strain, the concentrations of stock solutions were confirmed from time to

time by a manual hemocytometer count done by personnel in Dr. R.D.

Gietz's laboratory, the results of which were found to be within 10%o of the

ODOOO calculations.

Each plate was visually inspected for contamination before being

spread evenly with 200 pl of the yeast dilution, which represented -4 x 103

cells/plate. Plates were allowed to dry for 30 rninutes, then incubated at

30"C" Colonies were counted on each plate after 3 days and after 8 days. The

size and appearance of the colonies was also noted.

In addition to the method described above where an equal cell

density was plated, transformed strains were a.l.so tested by streaking

several different strains onto the same plate in order to do a direct compar-

ison of growth. Yeast colonies that had been stored at -83"C were placed on

dry ice momentarily and returned to storage immediately following use. A

sterile toothpick was pressed into the frozen yeast stock, and used to lay Z

cm long patches at the perimeter of plates containing the appropriate

assay media. These were allowed to dry. Using a sterile wire loop the

patches were streaked once into the centre of the plate. The loop was

resterilized, and t-l'e colonies were streaked from the centre back to the

perimeter which gave single colonies of yeast on the plate (see photograph

5. on page 108). Results obtained in this fashion were not used for the

quantitative analysis.
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a' Statistical Anal)¡ses

Mean number of colonies was shown t Standard Error, according to

the format in which B-galactosidase assays are coÍlmonly reported in two-

hybrid studies (Gustafson et aI. 1995; He er al. 1995; Tartare-Deckert er a'l'

1995). Calculation of 95%o confidence intervals was done using the formula

Ft 1.96 (o/^/n).

Analysisofvarianceoftherawdatacomparinggrowthofastrain

on the four different media was done using ü=O'05 as the level of signifi-

cance.Thehypothesistestedwas¡r1:p"2:p3:p4'andtheteststatistic(F)

was the computed ratio of the four means. The hypothesis was rejected if F

was greater than the critical value of F for the degrees of freedom given'

Whenreportedinthetext,thedegreesoffreedomforFareshownalong

with the value of the test staListic. ANOVA tables were calculated using

Microsoft@ Excel Version 4'O for Macintosh@'

When anaTyzíng growth aS a proportion of a positive Contfol, the SC

plateinagivensetofexperimentswasgivenavaiueofl.00andeach

individual observation from the same set of experiments was erpressed as a

proportion of the SC plate with a value from 0-1.00' Because the values in a

proportionafeconstrained,itdoesnotrepresentanorma]'distributiorr.The

proportions were therefore individually converted to 0 (in radians) using

an arcsin transformation function (sino='/x) where the proportion of SC

growth was x. This transformation imposes a normal distribution (Bishop

Lgl1), and allows statistical analysis by ANOVA or t-test, as both of these

tests require normally distributed data. once statistical analysis was

complete, the mean of the values for 0 thus obtained was then converted

back to a mean proportion using the same function (sino='ix) in reverse'

giving results as shown on table 8 (page IOZ)' The resulting mean
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proportions afe differènt than those obtained from the raw data' especially

when individual proportions in the data set lie close to 0 or 1'00'

Whencomparingmeansofpairedtreatments,suchasYPADvsSC

selection media, or kinase present vs kinase absent strains, analyses were

done using a paired two-sample for means t-test, also with Microsoft@ Excel

Version 4.0 for Macintosh@'

G. Storage of strains

L. Yeast strains

Transformed yeast strains were stored (Sherman, 1991) by streaking

four representative colonies onto the appropriate sc plate' After streaking'

theplateswereincubatedat3O.CforT2_g6hours.Anydifferencesin

growth were noted. The yeast colonies were scraped off and added to loo/o

w/v sterile-filtered glycerol in 1.5 ml autoclaved microcentrifuge tubes'

The tube contents were mixed, labelled, and stored at -83"C.

2. Bacterial Strains

Bacterial stfains were grown on LB or LBA plates at 37"C Overnight'

then scraped off and added to 3}o/o sterile-filtered glycerol in 1'5 ml auto-

claved microcentrifuge tubes. The tube contents were stored at -83'C after

being mixed and labelled'
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III. RESULTS

A. PCR of human IRS-1

Because the human IRS-1 coding region is contained within a single

exon, it could be amptified from human genomic DNA rather than from

mRNA.TheentirecodingregionofhumanlRs-fwasamplified,using

primers WPG 7O-WPG 75 and the PCR conditions described in Section II C

(page25)forfragmentsover2.6kb.SeetableZ(page41)foradescription

of the sequencing and PCR primers used for IRS-1. The resulting 3'7 kb PCR

fragment was used to prepare each of the IRS-1 constructs described below

(i.e.37R5,IRS1a,IRSlc,andIRS1e).Seefigurelforarepresentationofthe

IRS-1 gene and the fuil-length PCR product WPG 70-WPG75'

B. Construction and Mapping of Two-Hybrid System

ExPression Plasmids

1. pIRS- 1a

(Full length, wild rype IRS-1 in pACTII)

a. Clones 15 and 37

Asnotedabove,PCRwasusedtoemplifyhumangenomicDNA

encoding the IRS-1 protein. A 3.7 kb PCR product, containing the complete

coding region of the lRS-t gene, was first blunt-end cloned into a sma I site

on rhe wo-hybrid LEXA binding domain plasmid pBTM116 to create a 9'2 kb

plasmid. one clone was isolated and named clone 15' It contained the lRS-1

sequence from bp 102 L-4753, encoding amino acids 1-L?42 and including

both the start and stop codons of 1RS-1'
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Figure 1. IRS-1. (Top) Representation of the futl-length human IAS-I

gene showing the location of the region thought to be critical for insulin

receptor kinase interaction plus the three phosphotyrosine-coding regions

that are important for interaction with sHP-? in vitro. (Below) Represen-

tation of the IRS-1 PCR product, showing restriction sites relevant to this

study, and below it the three fragments used to construct clones pIRS-la'

pIRS-1c, and PIRS-le.
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Because lRS-f was amplified by PCR from human genomic DNA it was

necessary to sequence the entire 3.7 kb PCR product to identify PCR errors

or poiymorphisms. The primers used to sequence IRS-I ar.e described in

table 2. DNA sequencing of clone 15 identified nine deviations from the

published sequence: TL248C (GCT ala to GCC ala, silent);42306G (GAT asp 430

ro GGT gly);C2383T (CCA pro 456 to TCA ser); GCA 7551,2552,2553 CAG (ala 512

ro gln); G33534 (GGG gly 779 to AGG arg); 43570G (CAG gln 851 to CGG arg);

C3594T (CCC pro 859 to CTC leu); C3956T (CCC thr. to CTC thr, silent); and

T4431G (cTG val 1139 ro GGG gly). Seven of the errors resulted in amino acid

changes, and therefore Clone 15 could not be used'

Because of difficulties obtaining additional IRS-Í clones in pBTM116,

a second cloning strategy was used. An independent IRS-1 product was

amplified by PCR using primers wPG 70 and'vVPG 75, treated with Klenow

polymerase to form blunt ends, and restriction enzyme digested with Xåo I'

XhoI cuts lRS-f at bp 1150 (See figure 1). A smaller plasmid vector, pBS-,

was selected to improve transformation efficiency. The vector was digested

with Eco RV and Xho I to give one cohesive and one blunt end' The prepared

vector was treated with CIP and ligated with the IRS-I fragment' The

resulting 6.5 kb plasmid was named Clone 37, and' contained bp lI57-4755 of

the /RS-l gene, encoding amino acids 45-1242 of the human IRS-I protein'

DNA sequencing of Clone 37 identified seven deviations from the

published sequence: G2337T (CGG a-rg to CGT arg, silent); C33104 (TCC ser to

TCA ser, silent); T3442C (TCT ser to TCC ser, silent); G37584 (GTG val to GTA

val, silent);T4128A (TCC ser to ACC thr; conservative mutation of aa f038);

T4621C (CCT pro to CCC pro, silent); and a single bp insertion mutation

giving a sequence of 9 G's instead of B G's starting at bp 2804' Because the

first six mutations in Clone 37 were either silent or Conservative, it was



decided to replace the region containing the single G insertion mutation'

As the error rate of Taq polymerase' which was used to produce the original

pcR fragment, is estimated to be three errors per 1000 bp (Sanger et al'

Lg77) most PCR products of this length (3.7 kb) would be likely to contain

errors.

b. Reoairins Clone 37 to form 37RS

In order to replace the region containing the single G insertion, the

restriction enzymes PfI MI and Acc B7I were identified, which are

isoschizomers and cut IRS-I at bp 2704 and bp 2999 on either side of the

insertion site. Using either one of these enzymes would remove a 795 bp

fragment from clone 37 that contained the insertion mutation. clone 15 was

error free in this same 295 bp stretch and was used to replace the region in

Clone 37.

The restriction eîzyme Acc B7I was initially chosen for this

procedure because the manufacturer's specifications indicated that it would

cut at dcm methylation sites whereas PfI MI is known to be dcm

methylation sensitive. The second site on the lRS-l sequence (bp 2999) is a

dcm methylation site, and the DH5cr strain from which the plasmid DNA was

prepared is dcm+. Nonetheless, Acc B7I behaved no differe¡tly than its

isoschizomer, PflMI. Both enzymes linearized the plasmids grown in DH5s

cells, showing that only one site had been recognized'

To obtain plasmid DNA that was not dcm methylated, Clones 15 and 37

were transformed into competent E. coli cells prepared from a newly-

obtained dcm- srfain, GM2163. Plasmid DNA preparations isolated from

GM2163 cells could be fully cut at both sites using PflMI enzyme' After

digesrion, the 295 bp fragment from clone 15 was isolated by electroelution,

as was the 6.3 kb fragment from Clone 37. The fragments were cohesive-



end ligated, and an aliquot of the ligation reaction was transformed into

GMZ163 cells. Plasmid DNA was prepared from single colonies to identify

tlre corrected clone. See figure 2 for a map of the completed clone, which

was named p37R5. The presence of the insert was verified by digestion with

BsaHI, which cuts once in /RS-l at bp ?975 and once in the vector,

releasing a3.7 kb fragment. if the 295 bp fragment was not present, the

plasmid would have linearized. Fusion junctions for the replaced segment

were tested by cutting with PflMI,which again released a295 bp fragment.

Three clones containing an insert were isolated and labelled 37R4,37R5,

and 37R7. DNA prepared from these clones was transformed into DHScr cells

for sequencing and further manipulation. The entire PflMI insert area of

Clone 37R5 was sequenced to confirm the structure of the completed clone.

c. Subclonine into PACTII

Once the replacement of the ?95 bp fragment had been verified, the

37R5 ptasmid was digested with ,Sca I and Eco RI to remove the lRS-l insert.

Sca I cuts 37R5 at bp 479a and Eco RI cuts in the MCS of the plasmid pBS-'

This digest produced a 3.6 kb IRS-1 fragment, encoding aa 47-1242, which

was isolated using a Geneclean II * kit. See figure 1 for a representation of

the insert fragment, which was used to produce pIRS-la. The two-hybrid

vector pACTII was cut with Xma I, the ends were filled in with Klenow

polymerase, then it was cut with Eco RI, treated witl. CIP, and

phenot/chloroform extracted. Both Xma I and Eco RI have unique sites in

the MCS of pACTII. A cohesive-end ligation was done so that /RS-l was

inserted in frame with the GAL4 AD sequence on pACTII. Clones were

digested with Hind III, which yields a 4.5 kb insert if the lRS-f insert is

present and linearizes the plasmid if the lRS-t insert is not present. Clones

were also digested with Nco I and Eco RV, which gives rise to fragments of
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Figure 2. Plasmids p37R5 and pIRS-la. (Top) Representation of the

plasmid p37R5, which contained the full{ength human IRS-Í coding

region. (Below) Representation of the plasmid pIRSla which encoded a

Gal4AD fused to aa 47-L242 of human IRS-I.
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6.L,2.5,1.9 and 1.1 kb if there is an insert in the forward orientation, and

fragments of 6.1, 2.8, 7.9, and O.7 kb if there is an insert in the reverse

orientation. Plasmid pIRS-la was isolated and the 5' fusion junction of the

clone was sequenced to confirm that it was in frame. See figure 2 for a map

of the completed piRS-1a plasmid, which represented bp 1156-4755 of IRS-Í

(aa47-1242).

2. pIRS-1e

(De1etion mutant of IRS-1 in pACTII)

The deletion mutant called pIRS-le was derived from pIRS-1a by

digesting with S¡na I enzyme. The 8.5 kb vector fragment was separated

from several. smaller SmaI fragments, purified by elecroelution, and

blunt-end religated. This resulted in an in-frame fusion that was verified

by sequencing. This procedure deleted the centre of the lRS-f gene from

bp 7286-4354 inclusive. The pIRS-1e plasmid encoded amino acids 47-89 and

ILI3-L242 of IÃS-f , or a total of 173 amino acids of IRS-1. There was one

silent mutation in the sequence, T462IC. The calculated molecular mass of

the expressed IRS-le protein was 19.2 kDa, not including the Gal4AD

domain. See figure 1 for a representation of the pIRS-le fragment.

3 . pIRS-lc ( 10.7 kb)

(FuIl length, wild-rype IRS-1 in pASl)

The lRS-f insert was removed from Clone 37R5 by digesting with

Xho I and Eco RI. The ends were filled in by Klenow polymerase and then

the 3.6 kb insert was isolated using a Geneclean IIrM kit. Unlike pIRS-la or

piRS-1e, this insert started ar bp 1151 of the IRS-1 gene resulting in two

additional amino acids (Glu45, Tyr46) ar rhe 5' end of the protein. See figure

1 for a representation of tÌle IRSIc insert. The target vector pASl had been

linearized at the MCS with Nde I, treated with CIP, and phenol-chloroform



extracted. A blunt-end.ligation was done so that the lRS-1 DNA fragment

was inserted into the Nde I site of pASl to give an in-frame fusion with the

GAL4 BD sequence. Plasmid DNA was prepared from DHSct cells. Restriction

analysis of the clones was performed with Eco RI and Sa1I, which should

yield a 3.8 kb fragment from the vector if the insert is present. Orientation

was then checked by digestion with .Sfi I which will give rise to a 2.8 kb

fragment in the correct orientation and a 0.6 kb fragment in the reverse

orientation. Three forward clones, 500C, 500J, 14,'and one reverse clone,

500D, were sequenced to verify the fusion junctions. See figure 3 for a map

of the completed clone pIRS-lc.

4. pS4L7

(SHP-2 full length, wild-type, in pASICYHZ)

Both the human wild-type and the human C459S mutant SHP-2

coding sequences were provided by Dr. C. Ramachandran (Merck-Frosst,

Montreal) in pBluescript SK+ vector (Stratagene). A 1.9 kb fragment of

wild-type SHP-2 was cut out of the vector by digestion with Bsr UI and Dra I,

which cleaved the SHP-2 gene at bp 162 and 2099 respectively. This

fragment was blunt-end ligated into t}re Bam HI site of the pASICYHZ two-

h¡zbrid expression vector. The resulting plasmid, named pS4L7, encoded the

yeast Gal4 BD and an HA tag in frame with amino acids 4-593 of SHP-2. The

numbering of the SHP-2 sequence is from Bastien et al. (1993).

The pS417 plasmid was constructed by Anne Robbins (R.D. Gietz

laboratory, University of Manitoba). The calculated molecular mass of the

5417 protein was 67.7 kDa, not including the Gal4BD domain. See figure 4 for

a representation of the pS417 fragment and all of the other SHP-Z

fragments used in this study.
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Figure 3. Plasmid pIRS-lc. Representation of the plasmid pIRS-lc

which encoded a GaI4BD fused to aa 45-1242 of human IRS-I. This plasmid

was found to be self-activating in PJX yeast, thus it was not usable for two-

hybrid screening purposes.
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Figure 4. SHP-2. (Top) Representation of the full-length human

SHp-Z gene showing the location of restriction sites used in this study.

(Below) Representation of the SHP-2 fragments used in this study' The

relative interaction level of each fragment with pIRS-la or pIRS-le is

shown on the right. Note that pS418 refers to Clone D, which was tested

only with pIRS-la and not with pIRS-le.
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5. pS418

(SHP-Z SH2 domains in pASICYH2)

The pS418 plasmid contained 1.2 kb of human SHP-Z DNA. The SHP-2

DNA was removed from each of the original pBluescript SK+ vectors (one

vector contained the wildtype DNA, the second vector contained the c459S

mutant DNA) by Bsr BI enzyme digestion, which cuts the SHP-Z gene at bp

119 and 1330. The BsrBI inserts from both sources of SHP-Z were sepa-rately

blunt-end ligated into the SmaI site of pASICYH2 plasmids. The resultant

pS41B plasmids contained 1.2 kb of human SHP-Z DNA, encoding the Gal4 BD,

an HA epitope, and amino acids I-397 of SHP-2. The phosphatase domain and

the C-terminus of SHP-Z were deleted in both of these constructs. Plasmid

pS418 Clone L was isolated from the original wildtype DNA, and pS418 Clone

D was isolated from the C459S mutant DNA.

The pS418 plasmids were constructed by Anne Robbins (R.D. Gietz

laboratory, University of Manitoba). The calculated molecular mass of the

S418 proteins was 46.7 kDa. See figure 4 for a representation of the pS418

fragment.

6. pSmut

(SHP-Z full-length, C459S mutant phosphatase, in pcBT9)

pSmut was constructed from SHP-2 cDNA harbouring the C459S

mutation. The insert was removed from the pBluescript SK+ vector by

digesting first with BsrUI at 60'C and then DraI at 37"C,which cut the SHP-

2 gene at bp L62 and 2099 respectively. The insert was isolated using a

Geneclean IIrM kit. The plasmid pGBT9 was Bam Hl-digested and treated with

CIP. The Bst UI-Dra I fragment was then blunt-end ligated into the Bam HI

site of pGBT9. The blunt-end ligation protocol was followed, with Klenow

polymerase being used to blunt the ends as the first step of the ligation
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reaction. The ligation reconstitutes a BamHI site at the 5'end of the SHP-Z

fragment.

Restriction enzyme digestion using Hind III gave fragments of 4.5 kb

and 2.8 kb when the insert was present. Digestion with PstI enzyme was

used to confirm the presence of the C4595 mutation, as the mutation

destroys the Psr I site in the insert. Thus the Psr I site in the MCS of pGBTg is

unique, resulting in a linear fragment of 7.3 kb. Bam HI and .Eco RI sites

are both unique sites in the MCS of pGBT9. Double digests with Bam HI and

Eco RI allowed the determination of the orientation of the insert. The

correct forward orientation gives rise to an apparently linear fragment of

7.4 kb as the 10 bp fragment cannot be seen on an agarose gei, whereas the

reverse orientation yields the entire 1.9 kb insert. When the double digest

was done sequentially with Bam lll added first, the Bam HI digest also tested

the 5'fusion junction which recreates a Bam HI site. The 5'fusion junctions

were later sequenced to confirm that the insert was fused in frame with the

Gai4 BD.

The pSmut plasmid encoded the Ga14 BD in frame with amino acids 4-

593 of SHP-Z C459S mutant. The calculated moiecular mass of the pSmut

protein was 67.7 kDa, not including the Gal4BD domain. See figure 4 for a

representation of the pSmut fragment. See figure 5 for a map of the pSmut

plasmid.

7. pSmut2

(SHP-Z full-length, C459S mutant phosphatase, in pASl)

pSmut2 was constructed in exactly the same way as pSmut, except

that the vector used was pASl instead of pGBT9. This was done in case the

expression levels in pGBT9 were inadequate to demonstrate an interaction

with IRS-I. The pASl vector was linearizedby BamHI digestion and treated



Figure 5. Plasmids pSmut2 and pSmut. (Top) Representation of the

plasmid pSmut2, encoding a Gal4BD fused to aa 4-593 of an SHP-2 protein

containing the point mutation C4595. (Below) Representation of the plasmid

pSmut, encoding a similar protein to pSmut2 but in a different Gal4BD

vector.
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with CIP. As in pSmut,, the cloning of the pSmut2 fragment into pASl

reconstituted the BamHI site at the 5' end of the SHP-2 fragment.

Restriction elrzyme mapping with Bg] II was used to identify clones with

the SHP-2 insert, which gave fragments of 1.8 and 7.2kb if an insertwas

present in the forward orientation, compared with 2.6 and 6.4 kb in the

reverse orientation. Restriction enzyme mapping using Bam HI tested the 5'

fusion junction which recreated a Bam HI site. Unique sites for BamHI and

.sal I are both in the MCS of pASl. Double digestion using Bam Hr and sa.l I

further tested orientation by yielding the entire 1.9 kb insert in the

forward orientation compared with a 9.O kb linear fragment and, a 6 bp

fragment that cannot be seen in the reverse orientation. The 5' fusion

junction was sequenced to confirm an in-frame fusion with GA¿4 BD.

The pSmut2 plasmid encoded the Gal4 BD in frame with amino acids 4-

593 of SHP-Z C4595 mutant. See figure 4 for a representation of the pSmut2

insert, and figure 5 for a map of the completed pSmut2 clone.

8. pSADI

(SHP-Z full-length, wild rype, in pACTII)

The insert was cut out of the pBluescript SK+ vector containing the

wild lype SHP-Z gene, by digesting first with Bsf UI at 60'C and then Dra I at

37"C. The insert was isolated by Geneclean IIfr method. See figure 4 (page

66) for a representation of the pSadl insert which is identical to the pS4I7

insert shown. The pACTII plasmid vector was first linearized with Bam HI

then treated with CIP. The BstUI-Dra I fragment was blunt-end ligated into

the Bam HI site of pACTII. The ligation reconstitutes a BamHI site at the 5'

end of the SHP-2 fragment.

Digestion witl] Hind III yielded a 2.8 kb fragment if an insert was

present. Digestion with Bam HI tested the 5' fusion junction that was



reconstituted. There is. a unique Bsm FI site in the SHP-Z insert. A double

digest with Bam HI and Bsm FI tested orientation, yielding 1.3 kb and 8.5 kb

fragments in the correct orientation, and 0.7 kb and 9.1 kb fragments in

the reverse orientation. Bgl II digests were also used to verify orientation,

giving fragments of 7.8, 1.5, and 0.5 kb in the correct orientation and 9.3

kb, 0.5 kb, and 35 bp in the reverse orientation. The 5' fusion junction was

later sequenced to confirm these results.

The pSADI clone encoded the Gat4 AD in frame with amino acids 4-

593 of wild type SHP-Z. See figure 6 for a map of the completed psadl clone.

9. pSctt

(S.HP-2 C-germinus lruncated, wild type, in pGBTg)

The pSctt plasmid was constructed by digesting the pBluescript SK+

plasmid containing the wild-type SHP-2 gene with Bsr UI and Bsm FI, which

cut the SHP-2 gene at bp L62 and bp 1566 respectively. A 1.4 kb Bsf UI-Bsm

FI fragment was isolated using the Geneclean IITM method. See figure 4 for a

representation of the pSctt insert. This Bsr UI-Bsm FI fragment of SHP-2 was

Iigated into a Bam HI site of pGBT9, reconstituting two B¿m HI sites on

either end of the insert.

Digestion with Bam HI enzyme identified clones with an insert. This

procedure also tested the Bam HI sites at the 5'and 3'fusion junctions,

yielding an insert of I.4 kb in either orientation. Sequencing the 5' fusion

was necessary to determine orientation of the fragment. The pSctt plasmid

encoded the Gal4 BD in frame with amino acids 4-472 of SHP-2. This

fragment included. both SH2 domains of SHP-2 and most of the catalytic

tyrosine phosphatase consensus region, including seven amino acids 3' of

the active phosphatase site of SHP-Z. The calculated molecular mass of the
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Figure 6. Plasmid pSadl. Representation of the plasmid pSadl, which

encoded the Gal4AD fused to aa 4-593 of human SHp-z.
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Figure 7. Plasmids psctt2 and psctt. (Top) Representation of the

plasmid psctt2, encoding a Gal4BD protein fused to aa 4-4Tz of SHp-2.

(Below) Representation of the plasmid pSctt, encoding a similar protein to

pSctt2 but in a different Gal4BD vector.
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Sctt protein was 54.7 kDa, not including the additional mass of the Gal4BD

(-16 kDa). See figure 7 for a map of the completed pSctt clone.

10. pSctt 2

(SHP-2 C-.¡qerminus lruncated, wild type, in pASl)

The pSctt2 plasmid was constrtrcted in an identical manner to psctt

except that the vector used was pASl that had been linearized using BamHI

enzyme. The Bsr UI-Bsm FI fragment of SHP-2 was blunt-end ligated into a

BamHr site of pASl, reconstituting the BamHr sites at either end of the

insert. Digestion with Bam HI enzyme was done to identify clones with an

insert, which yietded a r.4 kb insert and tested both 5' and 3' fusion

junctions. Double digestion with Psr I, which cuts SHp-2 , attd Eco RI, which

cuts the vector, yields 1.5 kb and 8.0 kb fragments in the forward

orientation and yields 9.4 kb and 115 bp fragments in the reverse

orientation. The 115 bp fragment is notreadily visible on an agarose gel.

See figure 4 for a representation of the pSctt2 insert and figure 7 lor a map

of the completed pSctt2 clone.

11. pSpct

(SHP-Z gartial C-terminus, wild type, in pGBTg)

The pSpct plasmid was constructed from the pBluescript SK+ vector

containing the wild-type sHP-Z gene, by digesting with Bsf uI and Ear r.

This removed a 1.6 kb fragment, which was isolated by Genecrean IIffi

method. The BsrUl-Ear I fragment was blunt-end ligated into pGBTg vector

that had been digested with Bam HI. See figure 4 for a representarion of the

pSpct2 fragment which is identical to pSpct as shown. The ligation

reconstituted a unique BamHr site at the 5'end of the SHp-Z fragment.

Digestion with the enzyme Bam HI was used to test the 5' fusion

junction. Sa,l I is a unique site in the MCS of pGBT9. When Bam HI
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linearization had been confirmed by agarose-gel electrophoresis, Sal I was

added to the reaction mixture. Sa-l I either yielded a fragment representing

the 1.6 kb SHP-Z insert in the forward orientation or removed 3 bp in the

reverse orientation which could not be detected on an agarose gel. The 5'

fusion junction was not sequenced to confirm the fusion junction, but was

presumed to be correct because of the reconstituted Bam HI site. This

plasmid was not used in the analysis. See figure 8 for a map of the

completed pSpct clone.

12. pSpct2

(!HP-Z gartial C-.¡qerminus, wild type, in pASl)

The pSpct2 plasmid was constructed in an identical manner to pSpct

except that the vector used was pASl. A Bsr UI-Ear I fragment of SHP-2 was

blunt-end ligated into pASl that had been digested with Bam HI. The

ligation reconstituted a BamHI site at the 5'end of the SHP-2 insert.

Digestion vøth Bam HI was used to test the 5' fusion junction, and yielded a

8.7 kb linear plasmid. Sa-l I has a unique site in the MCS of pASl. When Bam

HI linearization had been confirmed by agarose-gel electrophoresis, Sa,l I

was added to the reaction mixture. Sal I either yielded a fragment

representing the 1.6 kb SHP-2 insert in the forward orientation or removed

3 bp in the reverse orientation which could not be detected on an agarose

gel.

The pSpct2 plasmid encoded the Gal4 BD in frame with amino acids 4-

529 of SHP-2. This fragment included both SHZ domains of SHP-Z and the

complete tyrosine phosphatase consensus region, but sixty-four of the C-

terminus amino acids were removed. The cal.culated molecular mass of the

Spct protein was 60.5 kDa, not including the Gat4BD. See figure 4 for a
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Figure 8. Plasmids pspcr2 and pspct. (Top) Represenration of rhe

plasmid pSpctZ, encoding a Gar4BD protein fused to aa 4-szg of sHp-2.

(Below) Representation of the plasmid pspct, encoding a similar protein to

pSpct2 but in a different Gal4BD vector. Plasmid pSpct was not tested in this

studv.
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representation of the pSpct2 insert, and figure 8 for a map of the completed

clone.

13. pIRK/URA3

(Insulin Receptor Kinase in pBTM116, with URA3 marker)

The pIRK/URA3 plasmid was constructed by first PCR-amplifying a

1.2 kb fragment from the 3' end of the human insulin receptor cDNA (a gift

from Dr. Bei W*g) using the oligonucleotides WPG79

(5'CCCAAGCTTATGAGAAAGAGGCAGCCAGATGGGC3') and \ /PG80

( 5' CCCAAGCTTTTAGGAAGGATTGGACCGAC,GC 3' ) . The PCR fragment encoded

amino acids 94I-I343 of the insulin receptor, which represented the

intraceilular portion of the B subunit including the catalytic domain. The

PCR product was cloned into pCRII'" using the TA Cloning kit and

sequenced to assure that it contained no PCR errors. This fragment

containing the insulin receptor kinase was removed with an Eco RI

digestion, which cut on either side of the insert. The Eco RI fragment was

cloned into Sma I site of pBTMl16 by blunt-end ligation. the 5' fusion

junction to LexA was confirmed by DNA sequencing. For this study, the

URA1 ma¡ker was needed and subsequently cloned into Xba I site of TRPL as

described earlier (see pBTM116/URA3). Construction of pBTM116/IRK was

done by Adam Cheng using a PCR clone constructed by Dr. Barbara Triggs-

Raine.

Before use in this study, the plasmid structure was confirmed by

digestion with Eco RV, which cuts twice on pBTM116 and once on the IRK

sequence, to verify the presence of both inserts and the orÍentation of the

/RK insert, which gave 5.3, 2.I, and 0.6 kb fragments to confirm the correct

orientation of IAK.

82



C. Nomenclature of Transformed Yeast Strains

Yeast transformants were given a laboratory strain number for easy

retrieval, and a strain label that would identify the plasmids introduced by

transformation. The strain label also provided information on the type of

media on which to grow the strain. Because as many as three plasmids could

be present, each with a different selectable marker, the labet consisted of

three components. The first component of the tabel represented the URAï

plasmid, the second component represented the LEU? plasmid, and the third

component represented the TRPL plasmid. The absence of one of the three

selectable piasmid types was designated by 0, for exampie the PJ69-4a yeast

strain was labelled 0.0.0. A strain where the label indicated the URAJ

plasmid pBTM116/URA3 and ttre TÃPJ plasmidS4l7, but no LEU2 plasmid,

such as (#728) pBTMI 16IURA3.0 .54L7 , would be grown on SC (Ura-, Trp-).

Some of the piasmid narnes were shortened for the labels, for example

pIRK/URA3 was shortened to K for kinase, and pIRS-1a, piRS-1e, and pIRS-

1c were shortened to la, 1e, and 1c respectively. A summary of plasmids

used in this study is inciuded as table 3.

Ninety yeast strains were assayed and given strain numbers and

strain labels during this study. A list of the yeast strains is included as table

4.

D. Background Expression in Pl69-4a

PJ69-4a yeast (#38; 0.0.0) was tested for growth on SC(His-) media

(SCH) and on SC(Ade-) media (SCA). The strain did not grow on SCH

containing as little as 1 mM 3AT (SCHI) even after incubation for eight days

at 30"C. PJ69-4a did grow on SCA media, in that smali coionies (< 0.1mm in



TABLE 3

SUMMARY OF YEAST PLASMIDS.

URA ds

Labei Piasmid Name Parent Plasmid Fusion Protein Expressed
K pIRK/URA3

pBTM116/URA3

pBTM116/URA3

pBTM116/URA3

LexA BD + IR Kinase (aa94I-L343)

LexA BD

LEUZ olasmids

Label Plasmid Name Parent Plasmid Fusion Protein Expressed

Ia

1e

Sadl

Radl

Sir3

pACTiI

pIRS-1a

pIRS-1e

pSADI

ñ4D424
pDG663

pDG661

pACTII

pACTII

pACTII

pACTII

pGAD424

pGAD3F

pGAD3F

Gal4AD

Gal4AD + IRS-1 (aa47-1242)

Gal4AD + IRS-1 (^ 90-1112)

cal4AD + SHP-Z (aa 4-593)

Gal4AD

Gat4AD + Radl (control)

Gal4AD + Sir3 (control)

Plasmid Name
pASICYH2

pS417

pS418

pASl

pIRS- 1c

pSmut2

pSpct2

pSctt2

pGBT9

pSmut

pSctt

pASICYHZ

pASICYH2

pASICYH2

pASl

pASl

pASl

pASl

pASl

pGBT9

pcBT9

pGBT9

1c

Smut2

Spct2

Sctt2

Fusion Protein
Gal4BD

cat4BD + SHP-2 (aa 4-593)

Gal4BD + SHP-Z (aa l-392)

Gal4BD

Gal4BD + IRS-I (aa, a5-L242)

Gal4BD + SHP-Z C459S (aa4-593)

cai4BD + SHP-Z (aa4-529)

Gal4BD + SHP-2 (aa 4-472)

GaI4BD

Gat4BD + SHP-2 C459S (aa 4-593)

Gal4BD + SHP-2 (aa 4-472)
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TABLE 4

YEAST STRAINS TESTED BY HISJ AND AD¡'Z ASSAYS

1+î Label Í Label 4Í Label

38

39

¿ll)

4I

43

45

Æ

48

49

50

54

59

&
b5

6
67

6B

69

72

73

74

75

76

77

80

81

87

83

0.0.0

0.1a.0

0.1a.S417

0.1a.S418

K.1a.S418

0.0.s417

0.0.s418

K.0.0

K.1a.0

K.0.s417

K.0.s418

K.1a.S4l-7

0.pACTII.0

O.O.pAS1CYH2

0.1e.0

K.1e.0

O.pACTII
.pAS1CYH2
K.pACTII.0

K.1e.541B

0.1e.S417

0.1e.S418

0.1e.pAS1CYÍI2

K.1e.S417

K.1e.pAS1CYH2

K.pACTII.S417

K.pACTIi.S41B

K.pACTII
.pAS1CYH2
O.O.pAS1

u
85

86

87

88

89

90

93

%

95

96

I
100

106

ro7

108

109

110

111

712

113

rt4
115

116

TL7

118

119

120

O.pGAD424
.pAS1CYH2
0.O.pGBT9

0.pG4D424.0

0.pGAD424.pGBT9

O.pACTII.pASl

O.pGAD4Z4.pAS1

0.pACTII.pcBT9

O.SAD1.0

K.SAD1.O

pBTM116/URA3
.0.0
K.O.pAS1C}TIZ

K.1a.Smut

K.1e.Smut

K.1a.Smut2

K.1e.Smut2

K.1a.Sctt

K.1e.Sctt

K.1a.Sctt2

K.1e.ScttZ

K.1a.pAS1CYH2

K.SAD1.1c

K.SAD1.pAS1

K.pACTII.lc

O.SAD1.1c

0.1a.Smut

0.1e.Smut

O.1a.Smut2

0.1e.SmutZ

721

r22

123

724

125

126

128

L29

130

131

L32

133

134

135

136

r37

138

139

Iq
747

r42

743

T4
I45

146

147

t48

t49

0.1a.Sctt

0.1e.Sctt

0.1a.Sctt2

0.1e.Scn2

K.0.Smut

K.0.pGBT9

pBTM116/URA3
.0.s417
0.0.Spct2

O.pACTII.S418

0.1a.SpctZ

0.1e.Spct2

0.pACTII.Spct2

K.pACTII.pcBT9

K.pACTII.Smut

K.pACTII.Smut2

K.pACTIi.Sctt

K.pACTII.Spct2

K.1a.pGBT9

K.1a.Spct2

K.1a.pAS1

K.1e.pGBT9

K.pACTII.Sctt2

K.pACTIi.ScttZ

K.1e.pAS1

0.0.1c
(Clone 500c)
0.0.1c (Clone 14)

K.RADl.Smut

K.SIR3.Smut
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diameter) were detectable after three days of incubation. Unlike normal

colonies, these colonies showed no increase in size after incubation for

eight days at 30"c, although they were confirmed to be yeast colonies by

examining them under a microscope.

Because of this result, colonies of less than 0.5 mm in diameter were

not counted for the purposes of this study when grown on scA plates, as

they could be att¡ibutable to the yeast strain alone.

Each of the parent plasmids used for the two-hybrid study was

transformed singly and in combination into PJ69-4a and tested for evidence

of growth on SCA and SCH media. Growth assays were done as described in

Section II. (pages 49-51). Eleven sffains containing various combinations of

parent plasmid (i.e. plasmid with no insert) were created: [(#64) O.pACTII.O;

(#6s) 0.0.pAS1CYH2; (#68) O.pACTII.pASICYHZ; (#83) O.O.pAS1;

(# 84) O.pGAD4 24.pAS 1 CYH 2; (# 8 5) 0.0.pcBT9 ; ( #S 6) O.pG AÐ 424.O;

(#87 ) 0.pGAD424.pGBT9; (#89) O.pG AÐ424.p4S 1 ; (#90) 0.pACTII.pGBTS; and

(#9s ) pBTMI 16lUR43.0.01.

When tested on SCH1 media none of tl'e eleven strains grew after

three days. If left for eight days at 30"c, six strains continued to show no

growth but the five strains that included the plasmids pASl or pASlcyH2

showed some colonies on SCH1 media. For example strain (#65)

O.pACTII.pAS1cYH2, after eight days at 30'c had colonies - 0.5 mm diamerer,

compared with colonies of -2 mm diameter on the positive control SC plates.

The percentage of colonies on SCH1 was 4o/o compared with the number on

the SC plates (SCH1 mean colony number: 19 x.12, n:6; SC mean colony

number: 455 t 16, n =6).Increasing the concentration of 3AT to 5mM (SCHs)

was sufficient to eliminate growth of four of these five strains. The

exception was strain (#65) 0.0.pAS1cYH2 which, after eight days at 30'c on



SCHS plates, had colonies of -0.5 mm diameter compared with colonies of -2

mm diameter on the positive control sc plates. The percentage growing on

SCHS was 57o compared with the number on the SC plates (SCH5 mean

colony number: 9 * 2, n :5; SC mean colony number: 190 t 26, n:7).

None of the eleven sffains showed colonies > 0.5 ûrn on SCA plates at

three days, but if incubated for eight days the five strains with pASl or

pASICYH2 plasmids showed growth that was comparable in size and mean

number of colonies to the SC positive control plate. For example, after eight

days strain (#88) O.pACTII.pAS1 had a mean colony number of 800 * 6, n:Z
(-2 mm diameter) on SCA media and776 * 8, n :2 (-2 mm diameter) on SC

media.

Because of these results, for strains transformed with the pASl or

pASICYHZ plasmids, growth of colonies on SCH or SCA was considered to be

attributable to the parent plasmid unless colonies >0.5 mm diameter were

seen within three days.

No growth was seen on SCH or SCA plates after eight days with the

plasmids pGAD424, pGBT9, pACTII, or pBTM116/URA3 unless rhey were

transformed in combination with pASl or pAS1CYH2.

E. Growth Effects of Two-Hybrid System Plasmids in PJGg-4a

Yeast

Alexandre et aI. (1993), in describing the design of yeast reporter

gene assays, suggest that the toxicity of heterologous proteins can

influence the results. They state "if two proteins activate the IllSi reporter

equally well but one is more toxic than the other, the less toxic protein will

generate more robust colonies in a HlSi assay". In order to have some

indication of the toxicity inPJ69-4a yeast of the proteins used in this study,



a comparison was done of the growth of strains that had been transformed

with a single expression plasmid. Fourteen strains were tested, using the

same transformation protocol and the same growth assay protocol for every

srain (see pages 49-SI for details on the protocols). Table 5 gives the results

of this comparison, and a brief summary of the assay protocol.

Although the number of observations was small, a normal

distribution was assumed and the 95%o confidence intervals were calculated

for the transformed strain that had the highest mean colony number and

the one with the lowest mean colony number. The 95%o confidence interval

for the mean of strain (#86) O.pGad424.0 ( 1688 t 91 with n : 2) was 1436,

I94O. The 95% confidence ínterval for the mean of strain (#65)

0.0.pAS1CYH2, (190 t 26 with n : 7) was 15I,229. There was at least a 6-fold

difference in the means. In all but six of the thirteen strains containing

single plasmids, the assays were repeated on a second independent

transformation as a control. Of the five sffains containing the pASl or

pASICYH2 plasmid, four ranked lowest in terms of number of colonies

when equal cell densities were plated, suggesting that there may be some

toxicity effects from the pASl and pASICYH2 plasmids. In addition it was

noted that strains containing the pASICYHZ plasmid were generally slower

growing than other strains.

The binding domain plasmid pASICYH2 was used initially in this

study. This is a high-level expression vector; the ADH-I promoter in

pASICYH2 expresses 10-100 fold higher than pGBT9 (Clonrech, 1995).

Because of the apparent toxicity problems and the high background

expression levels with pAS1CYHZ, all of the binding domain plasmids that

were constructed later in the study used pGBT9 and pASl binding-domain

vectors instead. \tVhile the pASl plasmids shared the same problems with
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TABLE 5

EFFECT oF SINGLE PIASMIDS ON THE GROWTH oF PJ69-4a YEAST

NOTE: Yeast colonies were picked from fresh plates and diluted to a

cell density of 4X103 ce[s per 2OO pt as described (page 49-5L). A voiume of
200 pl was spread on each plate and then incubated at 30'C for 3 days. The

mean number of colonies is shor,r¡n t standard error. Strain 38 contained no

plasmids and was grown on YPAD. All other strains were grown on either

SC (ura-), SC (leu-) or SC (trp-) as appropriate to select for the plasmid.

(n : number of assays, T : number of transformations assayed,
* = pASl- or pAS1CYH2-containing strains)

S train Label Mean colonies + S.E. n: T:
38

86

(A

48

95

39

85

83*

93

6
L29 *

46*

45*

65"

0.0.0

O.pGad424.O

0.pACTII.0

K.0.0

pBTM116/URA3.0.O

0.1a.0

O.O.pGBT9

0.0.p4S1

O.Sad1.0

0.1e.0

0.0.Spct2

0.0.5418 Clone D

0.0.s417

0.0.pAS1CYfI2

I8L9 ¡257

1688 t 91

1529 ¡I74

1281 t 123

1126 x.246

1111 t75

808 t4O

74O x.3L

735 ¡14I

62I x.76

388 t31

251x.28

24O x.26

t9O ¡76

3

')
L

+

^

5

3

2

2

4

3

IL

4

3

7

0

1

1

?

2

2

1

1

2

1

1

2

2

2
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background expression as pAS1CYHZ, they appeared somewhat less toxic in

PJ69-4a yeast.

In addition to the effects noted above with single plasmids, the

transformation of two or more types of plasmid reduced colony density in

PJ69-4a yeast. A sample of 38 PJ69-4a strains with two or more plasmids (28

with three plasmids, and 10 with 2 plasmids) were assayed for growth on

YPAD compared with the sarne strains on SC omission media. An equal

volume of the same dilution of cells was plated under identical conditions

on both media in each paired sample, in accordance with the assay

procedure described in section II F (page 49). The experiment was repeated

twice for each strain, giving 76 paired observations that were then

analyzed using a paired two-sample for means t-test. The mean colony

number for all strains tested on YPAD (14LI t L92) was significantly higher

than the mean on SC media (567 ¡ 166) (p=.O01, one-tailed test).

F. Two-hybrid Assay Results

A comparison was done of the number of colonies from an individual

strain grown on SC, scA, scH1, and scH5 media under the same conditrons.

The assay protocol is explained in section II F (page 49). Briefly, freshly-

grown cells representing four colonies of the same strain were suspended

in sterile water to give an OD66g reading corresponding to a cell d.ensity of

4 X IO3 cell per 2OO pl. Plates representing the four assay media were each

spread with 200 pl of this suspension and incubated together at 3O'C for 3-8

days, after which colonies were counted manually. The strain was

subsequently compared with its three control strains which had been

given tfre same treatment. If a strain grew on all four assay media while its

three conü'ol strains only grew on SC media, this was considered to be
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evidence of an interaction between the Gal4AD fusion protein and the

Gal4BD fusion protein.

There were fifteen strains considered to be potential candidates for

IRS-1/SHP-2 interaction, in that they carried three plasmids encoding all

or part of IRS-I, sHP-2, and IRK. Results of assays from fourteen of these

are presented here. Assays from the fifteenth strain (#72) K.1e.S418 were

unable to be completed for reasons related to problems with the s418

plasmid that are described in Section IV.B.2.

As stated, fifteen strains carried three plasmids encoding all or part

of IRS-I, SHP-Z, and IRK, and fourteen of these were fuily tested. seven of

the strains showed growth after three days on scA, scHl, and scHs plates

compared with no growth of any of the control strains on the same media.

All seven of these strains contained the pIRS-1a plasmid. They were (#43)

K.1a.S418, (#99) K.la.Smut, (#106) K.la.Smut2, (#IO8) K.la.Scrr, (#110)

K.1a.Sctt2, (#59) K.1a.S417, and (#74O) K.la.Spct2. Phorograph 1 shows an

example of strain (#99) K.la.Smut vs one of its control strains (#r39)

K.1a.pGBT9 after three days growth. In this photograph the growrh or @99)

K.la.Smut can be seen to drop off slightly from the SC plate (far left) ro the

SCH and SCA plates. This slight variance was found to be significant (cr:.05).

The fifth strain mentioned above (#110) K.1a.Sctt2 was the only srrain in

which there was no significant variance in mean colony number after

three days on SC plates vs SCA, SCHI, or SCHS when tested by ANOVA

(F 3/12:0.8459 when s:.05).

One strain resulted in a clear false positive when tested with its

controls. This strain was (#113) K.Sadl.1c. It grew after three days on SC,

SCA, SCHI, and SCHS but so did two of its control strains (#116) 0.Sad1.1c and

(#7I5) K.pACTII.1c. The third control srrain (#114) K.Sadl.pASl did not
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Photograph 1. Growth of the test strain (#99) K.la.Smut (top row of

four plates) vs its conrrol süain (#L39) K.la.pGBT9 (bottom row of four

plates) after three days. An equal density solution from each strain was

spread on each of the plates, which were then incubated together at 30"C

for three days. The test strain grew on all four media. Media (from left to

right): SC, SCHI, SCH5, and SCA.
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