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ABSTRACT

Human Growth factor ¡eceptor bound 14 (hGrbl4) belongs to the GrbT protein family, which

is comprised of Grb7, Grb10, and Grb14. These proteins share common structural features

including a conserved proline-rich N-terminal sequence, a central PH (lleckstrin Homology)

domain, a newly described intermediate BPS (between PH and gH2) domain, and a C-

terminal SH2 ($rc Homology 2) domain. The presence of SH2 and PH domains and the

apparent absence of catalytic domains in these proteins led to their classification as adaptor

proteins. These proteins may function in connecting signaling molecules to receptors or to

other molecules in the signaling pathway. Indeed we, and others, have identified hGrblO and

hGrbl4 as binding partners of the insulin receptor (IR), but the role of these proteins in

insulin signaling is unknown. The SH2 domain of hGrbl4 plays a role in this interaction, but

the involvement of the newly described BPS domain in the interaction with the IR remains to

be elucidated. In order to determine if the BPS and SH2 domains work independently or in

concert, and how they affect insulin signaling, we created wild-type and mutant, full-length

and sub-domain hGrbl4 constructs. These were tested for interaction with insulin receptor

using the yeast-two-hybrid system and cell culture based studies. The BPS plus SH2 domain

fusion protein had a seven fold greater binding aff,rnity to the IR than the SH2 domain alone,

indicating that the BPS domain plays an important role in the ability of hGrbl4 to bind to the

IR. We identified a key residue in the BPS domain (R3S7Q) that when mutated significantly

reduced the ability of hGrbl4 to bind the IR. Mutation of the BPS domain residue, R387Q,

and the SH2 domain residue, R466Q, abrogated the hGrbl4-IR interaction in the yeast two-

hybrid system and in cell culture.
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1. INTRODUCTION

1.1. Diabetes mellitus

Diabetes mellitus is a chronic metabolic disorder aflecting approximately 5%o of the world

population []. This condition is characterizedby high levels of blood glucose which can lead

to severe complications including heart disease, kidney failure, blindness, stroke, neuropatþ,

hypertension, hypertriglyceridemia, ketoacidosis, and even premature death [2]. The prevalence

of diabetes, along with its associated pathologies, makes this disorder a major health concem.

Diabetics have either a deficiency in insulin production, called type 1 or lnsulin Dependent

Diabetes mellitus IIDDM] or a reduced effectiveness of insulin activity at its receptor sites,

referred to as type 2 or Non-lnsulin Dependent Diabetes mellitus [NIDDM]. The latter accounts

for the majority of diabetic cases and is therefore a maior focus of research.

Type 1 diabetes is the most severe form of the disease and accounts for 5-10% of cases.

Although its occurrence is common in childhood, it may also occur in adults. In this form of the

disease, there is an insulin deficiency due to the destruction of insulin producing pancreatic B-

cells, which can be caused by genetic, autoimmune, and/or environmental factors. Type 2

diabetes, a more clinically heterogeneous form of the disease, accounts for 90-95o/o of diabetic

cases. This condition is often called adult onset diabetes, as symptoms generally appear at

approximately 40 years of age [3]. Type 2 diabetes, charactenzed by an endogenous resistance

to the actions of insulin is thought to result from the development of post-receptor signalling

defect(s). This polygenic, multifactorial disease is associated with several factors including diet,

weight, physical activity, and age. In both forms of diabetes treatment is aimed at regulating

blood glucose levels by controlling diet. The administration of exogenous insulin is most often

T4



used to moderate glucose levels in the case of type 1 diabetes, while drugs that potentiate the

secretion or action of insulin are used in the case of type 2 diabetes.

1.2. Insulin

Insulin is synthesized by pancreatic B-cells as a long single-chain molecule (preproinsulin).

This is then cleaved and folded þroinsulin), and lastly the connecting C peptide is removed to

yield the 5l-amino acid double-chain polypeptide that is released into the bloodstream t4l. In

response to high blood glucose levels, insulin is released from the pancreas into the bloodstream

where it is boturd by receptors on insulin sensitive tissues including skeletal muscle, adipose,

and liver tissue. When bound to its cell surface receptor, insulin mediates actions such as

glucose uptake, inhibition of hepatic gluconeogenesis, as well as stimulation of glycogen

synthesis and lipogenesis [5]. Overall, insulin has eflects on protein and fat metabolism, as well

as on protein, RNA, and DNA synthesis, acting therefore to regulate metabolic homeostasis, cell

growth, and death. Clearly, when normal insulin function is compromised, many important

anabolic and catabolic cellular fi.urctions are disrupted.

1.3. Insulin receptor

The insulin receptor is a 480 kDa heterotetrameric glycoprotein composed of cr and p subunits

that are linked by disulfide bonds (Fig. 1)t61. The IR differs from most other tyrosine kinase

receptors because it exists in the dimeric state in the absence of ligand. The structure of the

receptor consists of two extracellular cr-subunits linked by disulphide bonds to two B-subunits.

The IR B-subunits are composed of a small extracellular region, a transmembrane domain,

15
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Figure 1. Diagram of the structure of the IR. The IR is a heterotetrameric protein
consisting of two cr-subunits (grey) covalently linked by disulphide bonds (S-S) to
each other and to two B-subunits (black). The B-subunits consist of a small
extracellular region and an intracellular region, which is divided into
transmembrane, juxtamembrane, kinase, and C-terminal domains. Several
tyrosine residues undergo autophosphorylation, including: Y960,YI046, Y1050,
Y105 1. Yl 3 16. and Y1322.
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and a cytoplasmic domain that contains four functional regions: the juxtamembrane region, the

kinase catalytic region, a central regulatory loop, and a C-terminal region. The gene encoding

the IR is located on chromosome 19 [7], and is widely expressed in mammalian tissues,

however, the receptor is most prevalent in tissues instrumental in glucose metabolism, namely

the liver, kidney, skeletal muscle, and fat tissues [8]. Upon insulin stimulation, the IR becomes

autophosphorylated on B-subunit tyrosine residues in the juxtamembrane region (Tyr953 and

Tyr960), in the kinase regulatory loop (Tyrl046, Tyrl050, and Tyrl051), and in the C-terminal

region (Tyr1316 and TyrI322). Once phosphorylated, the IR activates several complex

signaling pathways.

1.4. Insulin signaling pathway

To understand the mechanism by which insulin controls glucose metabolism, as well as the

pathogenesis of type 2 diabetes, it is critical to understand the signaling pathways downstream

ofthe IR. Upon insulin binding, the IR becomes autophosphorylated on tyrosine residues

within its kinase domain. The activated receptor recruits and phosphorylates downstream

signaling proteins resulting in the initiation of a signal transduction cascade [8]. The ultimate

outcome of insulin signaling in the cell depends on which effector molecules are expressed and

recruited to the active receptor and which pathways are activated as a result [9]. The

recruitment and activation of many signaling proteins is mediated by their Src homology (SH2)

domains [10]. The activated tyrosine kinase domain of the IR recruits SH2 domain-containing

proteins including the IR substrate (IRS) and the Src-homology-collagenlike protein (Shc) (Fig.

2). Activated IRS and Shc in tum activate the SH2 domain-containing adaptor protein Crrbz.

Grb2 is constitutivelv bound

t7
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Raf 1---+M E K1---+E ¡k1 I 2 ---->

MAP KINASE PATHWAY

Mitogenesis

Figure 2. Overview of the insulin signaling pathway. Insulin binds to the c-
subunit of the IR triggering auto-phosphorylation (P) of the intracellular
tyrosine kinase domain of the adjacent covalently linked B-subunit.
Downstream signaling proteins are recruited to the activated receptor and
become phosphorylated by the activated kinase domain which leads to a
cascade of signaling events, including the activation of the MAP Kinase
and PI 3-Kinase pathways.
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by the GTP exchanger protein, Sos, which in turn becomes activated in conjunction with Grb2

[11]. The continuing cascade of reactions includes SOS activation of the Ras protein at the

plasma membrane. Ras, a potent activator of the MAP kinase pathway, can then induce a

sequential activation of Raf, MEK, and Erk-1/2 proteins, which ultimately stimulate gene

transcription. Although both the IRS and Shc molecules can function to stimulate the MAP

kinase pathway, several reports indicate that Shc is indeed the main signaling molecule of this

pathway [2].

Another signaling pathway activated by the insulin ligand is the phosphoinositide 3-kinase

(PI3-K) pathway, which functions to carry out downstream metabolic signal transduction

events [13]. Although the PI3-K pathway is separate from the MAP kinase pathway, both

can be activated by the IRS. The phosphorylated IRS recruits the p85 subunit of the PI3-K

protein through its SH2 domain. The activated p85 subunit in turn activates the pl10 subunit

of the PI3-K protein [14]. The activated PI3-K can then phosphorylate membrane bound

phosphatidylinositol phospholipids (PIP) to yield PIP3 [15] a secondary messenger that

activates protein kinase B (PKB) through interactions with its PH domain. Activated PKB

targets proteins involved in glucose-uptake and glycogen and protein synthesis [9] [16]. This

explanation of the insulin signaling pathway represents a brief overview. Below, individual

components of the insulin signaling cascade are discussed, with specific emphasis on the Grb

family of proteins which are the focus of this research.
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1.5. Proteins interacting with the IR

Type 2 diabetes is associated with signaling defects downstream of the IR. ln our work we

were interested in molecules that acted in first response to the activated receptor. IR

substrate (IRS) proteins convey signals from the activated IRs to downstream effector

molecules. Four mammalian IRS proteins have been identified and their roles have been

analyzed using transgenic and/or knockout mice. IRS-I, encoded on chromosome 2q36-37,

acts in response to insulin action in muscle and adipose tissue, and is primarily involved in

somatic cell growth [17], whereas IRS-2 carries out its functions in the pancreas. liver, brain,

and reproductive organs to regulate B-cell survival and growth, [18]. The precise roles of

IRS-3 and IRS-4 are still under investigation and will not be further discussed in this study

lIe;201.

In addition to the IRS and Shc signaling proteins, several other proteins have been shown to

bind to the activated IR. PSM/SH2-B is phosphorylated on tyrosine residues by the activated

IR and carries out stimulation of mitogenesis l2l;221. Another binding partner of the IR is

the APS (adaptor protein with a PH and SH2 domain), which is expressed in insulin-sensitive

tissues. APS is a strong binding partner of the IR, and once bound, is phosphorylated on

several tyrosine residues [23]. The APS and PSM proteins are both members of the tyrosine

kinase adaptor protein family and share similar structural features including an N-terminal

proline rich domain, a central PH domain, and a C-terminal SH2 domain[2a]. Interestingly,

there is another family of adaptor proteins that are structurally similar to APS and PSM,

called the GrbT family of adaptor proteins.

20



1.6. GrbT family of adaptor proteins

GrbT family adaptor molecules consist of Grb7, Grb10, and Grb14. Each member of the

GrbT family was originally identified using the CORT (Cloning of receptor targets)

technique, [25] in which cDNA expression libraries \¡/ere screened with the tyrosine

phosphorylated C terminus of the epidermal growth factor receptor (EGFR) 126-2Sl. The

GrbT family members do not exhibit measurable enzamatic activity and are therefore

believed to act as adaptor proteins in signaling pathways [29]. Members of this family

contain conserved protein modules known to mediate protein:protein and protein:lipid

interactions that include an amino-terminal proline rich motif (PS/AIPNPFPEL), an internal

PH (Pleckstrin Homology) domain, a newly characterized BPS (Between pleckstrin and Src

Homology) domain, and a carboxyl-terminal SH2 (Src Homology 2) domain (Fig. 3).

Although it is not well documented, an internal RA (Ras association) domain has also been

described for this family of adapter proteins, however, it will not be discussed further in this

work [30]' GrbT proteins differ in their growth factor receptor and binding partner affinities,

providing potential for specificity in their signaling. The binding specificity of GrbT proteins

is largely determined by the sequences surrounding the phosphotyrosines of the SH2 domain

[31] and these proteins appear to function in a tissue-specific manner linking certain receptor

tyrosine kinases to signaling proteins.

L6.1. Growthfactor receptor bound-7 (Grb7)

GrbT was the fìrst member of the GrbT family of adaptor proteins to be described [26]. The

human GRBT gene is located on chromosome I I I32l and is highly expressed in pancreas,

kidney, prostate, small intestine, and placenta [33]. In mammalian cells, GrbT interacts
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with the tyrosine receptors EGFR, HER2 [33], RET (Receptor Tyrosine Kinase) [34],

erbB3/4 [35], platelet derived growth factor receptor (PDGFR) [28], and the IR. Although

GrbT binds the activated IR, it is not phosphorylated by the tyrosine kinase activity of the

receptor [36]. GrbT has also been reported to interact with other signaling proteins,

including Shc [33] and SHPTP2, an SH2-containing tyrosine phosphatas e [37]. GrbT has

been found to regulate cell migration and has also been implicated in tumour progression, but

its specific mechanism of action is unknown [38;39].

1.6.2. Growthfactor receptor bound-I 0 (Grb I 0)

Grbl0 is the second member of the GrbT family of proteins to be discovered. The human

homologue of Grb10 was mapped to 7p11.2-7p12 t40l t41l and is highly expressed in

skeletal muscle, pancreas, heart, and brain tissue. Like Grb7, Grbl0 has been shown to

interact with several tyrosine kinases including EGFR, RET [42], PDGFR 1431, and, the IR

[44] 1451, but unlike Grb7, Grb10 also interacts with the IGFR-I (insulin-like growth factor

receptor) þa;a61. Grb10 proteins are phosphorylated on serine residues by activated insulin,

EGF, PDGF, and FGF (fibroblast growth factor) receptors [27]. Grbl0 has been shown to

undergo tetrameúzation in mammalian cells [47] and also interacts with MAp kinase

pathway signaling molecules, Rafl and MEKI [48]. Other Grb10 binding partners were

reported, such as an in vitro interaction with Nedd4 [49], Tec tyrosine kinase [50], and Bcr-

Abr [s1].

The function of Grbl0 remains controversial. Overexpression of Grbl0 has been reported to

have a stimulatory role in insulin signaling [52], specifically in stimulation of DNA synthesis
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[53]. However, other groups who have overexpressed Grb10 reported inhibition of IR

signaling 1441. Consistent with all of these findings was that Grb10 inhibited

phosphorylation of IRS and PI 3-kinase activity was reduced. When the BPS domain of

Grbl0 was overexpressed it was shown to inhibit insulin stimulated mitogenesi s [43;54].

1.6.3. Growthfactor receptor bound-l 4 (Grb I 4)

In this work we focused on studying the function of Grb14, the newest member of the GrbT

family of proteins. The human GRB|4 gene maps to chromosome2q22-24lslland encodes a

540 amino acid protein with a molecular mass of 58 kDa. hGrbl4 is highty expressed in liver,

kidney, pancreas, and the ovaries; it is expressed to a lesser extent in the heart and skeletal

muscle, and is present at low levels in the placenta, brain, heart, small intestine, and colon [28].

The sub-cellular localization of hGrb14 is currently unknown, however it is assumed to be

cytoplasmic. Phosphoamino acid analysis of human Grbl4 (hGrbla) indicates that it is

phosphorylated on serine residues in response to growth factor stimulation [2S]. FurtheÍnore,

Hemming el al have shown that hGrbl4 interacts directly with the activated IR in a yeast two-

hybrid system model and in CHO-IR cells overexpressing hcrbl4. This result was also

detected with the rat homologue of füb14 (rGrbl4) which was shown to bind the IR in vivo

[56]. Grbl4 also interacts with other receptor tyrosine kinases, including IGFR-I [57], FGFR

[58], and TeWTie2 receptors [59]. Recently, tankyrase, a mitogen-activated protein kinase

substrate involved in Golgi vesicle trafficking was shown to interact with Grb14 usins a two-

hybrid screen [60].
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In this study, we were interested in the mechanism by which the hGrbl4 protein binds to the

IR. Previously, it was established that the SH2 domain of human Grb14 plays an important

role in IR binding [61]. The SH2 domain of rat Grb14 has also been shown to contribute

significantly in IR binding. However, studies using rGrbl4 suggested that the BPS domain

alone mediated the Grb14-IR interaction [56] [62]. This is consistent with studies showing

that both SH2 and BPS domains are involved in the GrblO-IR interaction [62]. Using the

two-hybrid system and cell culture assays, we examined the role of the BPS and SH2

domains of hGrbl4 in order to further elucidate the function of this protein in insulin

signaling.
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1.7. Objective

To charactenzethe role of the hGrbl4 BPS and SH2 domains in insulin signaling.

1.8. Hypothesis

The BPS and SH2 domains function co-operatively in the interaction with the IR. These

domains function in binding to the receptor to alter downstream signaling in the insulin

signaling pathway.

1.9. Aims

A. To characterize the interaction between the hGrbl4 BPS and SH2 domains and the IR.

B. To identifu, by mutation experiments, key amino acid residues in the BPS domain that

mediate its interaction with the IR.

C. To examine the roles of the hGrbl4 BPS and SH2 domains in insulin signaling using

BPS a¡rd SH2 mutation constructs.
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2. MATERIALS AND METHODS

2.1. Reagents

Cell culture reagents were from Invitrogen (Burlington, ON) and restriction and modifiing

enzymes were from NEB (New England Biolabs) (Mississauga, ON) unless stated otherwise.

suppliers of specialty reagents are given in the appropriate methods section.

2.1.1. Antibodíes

Table 1. Antibodies

Materials Source Location Working Dilution

Actin u

Donkey anti-rabbit IgG

FLAG b

Grbl4 b

Goat anti-mouse

Insulin Receptor (IRB)
c-19 o

Insulin Receptor (IRp)
2gB4u

Phosphotyrosine

GY99) "

GAL4AD U

Chemicon

Amersham

Santa Cruz
Biotechnologies

Santa Cruz
Biotechnologies

Jackson Laboratories

Santa Cruz
Biotechnologies

Santa Cruz
Biotechnologies

Santa Cruz
Biotechnologies

Santa Cruz
Biotechnologies

Temecula, CA

Oakville, ON

Santa Cruz, CA

Santa Cruz, CA

Avondale, PA

Santa Cruz, CA

Santa Cruz, CA

Santa Cntz,CA

Santa Cruz, CA

1:5,000

1:10,000

I:2,500

7:2,500

l:10,000

1: i,000

1:5,000

7:2,500

b polyclonal
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2.1.2. Yeast straíns

Yeast cells were grown and maintained using standard methods [63]. Yeast strains used in

this study are listed below in Table 2.

Table 2.

Strain Genotype

east strains

Source

KGY37 MATa, ade2, trp I -A90 l, leu2 A-inv : :pUC I 8,
his3 L-200, gal4 L, gal80, ura3 Ainv : : GALI -
lacZ, lys 2 L-inv : : GAL I - HIS 3

R.D. Gietz [64]

KGY94 MATa, ade2, trpl -L901 , teu2-3.I I 2, his3 L-200, R.D. Gietz 164l
gal80, gal4, ura3 -5 2, leu2 : :pUC l 8,

URA3 : : GAL I JacZ, lys 2 : : lexAop(x3) GAL I -
HIS3

2.1.3. Bacterial strøíns

The bacterial strain used in this study was Escherichia colí DH5cr with genotyp e: F-, recAl,

endAl, gryA96, thi, supE44, relAr, a(arg laczYA)u169 (þB}d/taczaMl5)À-.
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Table3. Oligonucleotides.
Oligonucleotide Sequence

2. 1.4. Oligonucleotídes

wPG79 (F) s'-CCC AAc CTT ATG AGA AAG AA
WPGSO (R) s'-CCC AAG CTT TTA GGA AGG ATT GGA CCG AGG C-3'
WPG1O6 (R) 5'-G TGA ACT TGC GGG GTT TTT CAG TAT CTA CGA T-3'
wPGt64 (F) 5'-ACC GCG ACC cTC TAG cCC TGT AT_3'
wPG170 G) 

a 5'-TTT CTT ccT ACA GcA TAc TCA_3'
wPG171 (R) 5'-CTC TGA CTA TCC TGT ACC AAc AAA_3'
wPG172 (R) 5'-AcA GGT AcA AcC CCC AGA ccT GC_3'

V/PG23O €) b 5'-C GGG ATC CTG CAG CTG TAC CAG AAT TAT ATG-3'
wPG234 (R) s'-Ccc cAT CCG AAA CCA Tcc CTG GcA CC_3'
wPG246 (F) s,-cAG ATc TTT CTc AGT TCA AGC ACA_3'
v/PG248 (R) 5'-ATT TTC TAT AAC TCT GCT TTT CTG G_3'
wPG251 (F) 5'-TTG TCA cCA GAC CTA TTT CCC AAA_3'
wPG252 (R) 5'-Ac CAC TTC AAT CAC CAG TTC_3'
wPG279 (R) s'-TAC CAA cAA AAC TCC ATC CAC AAc-3'
WPG294 (F) 5'-G CGA CAA TTG ATG CAG CTG TAC CAG AAT TAT ATG-3'
wPG295 (F) 5'-T TAT cTG TCA CTG GCA ccc AA_3'
wPG296 (F) 5'-A TCA CCT ATG CAA AGT ATA TCA GA_3'
wPG297 (R) s'-TC TcA TAT ACT TTG CAT Acc TGA T_3'

wPG298 (F) 5'-C CAG tuAé. AcC CAA GT ATA GAA AA_3'
wPG299 (R) 5'-TT TTC TAT AAC TTG GCT TTT CTG G_3'
wPG3l 1 (F) 5,-TGC AGT TCA CAc AGC ATA TCA CCT ATG_3'
wPG312 (F) 5'-ATG GAC TTC TCA GGC CAc AAT GcC _3'

wPG3l3 (F) 5'- ccA cTT cTG GAT GGA GTT TTC TTT GT_3'
wPG3l6 (R) s'-cAG AcC AAT CCT AcC ACA ATA ATG_3'
WPG323 5'-G GAA TTC ATG ACC ACT TCC CTG CAA GAT GGG-3'
WPG324 5'-A ACC ATG CCA TGG GCC ACT TCT ACC TTG ATA TGG ATG-3'
a 

Substitutions a.re in bold letter(s).
h" Non-complimentary sequences that generate restriction sites are underlined.

29



2.2. Transformation of E. coli

2.2.1. Preparation of electrocompetent cells

Electrocompetent cells were prepared by inoculating 250 mL of Low Salt LB medium

(Appendix 6.3.I.2) with a 40 ¡ù aliquot of previously prepared DH5g competent cells. The

culture was grown at 37oC with aeration until the absorbance (OD66s) measured 0.5-1.0,

usually 6-8 hours. After growth, the culture was cooled on ice and harvested by

centrifugation at 3300xg for 15 min at 4"C. The cell pellet was washed once with 250 mL,

and twice with a 125 mL volume of cold sterile ddH2O. After each wash step, the cell pellet

was collected by centrifugation (described above). The final cell pellet was resuspended in 5

mL of cold, filter-sterilized I0o/o glycerol. Cells were dispensed in 40 ¡Laliquots, frozen on

dry ice, and stored at -80oC. The competency of the cells was determined by transforming 1

ng of pUCl8 DNA (TA Cloning Kit, Invitrogen) into the cells by electroporation (Section

2.2.2)' Following an overnight incubation, colonies were counted and the efficiencv of the

competent cells was calculated using the following equation:

(colonies)(vo1. plated[¡rl-]X ng of DNA x 1 pe ): colonies/pg
vol. plated [¡rL] 1000 ng

Cells were considered highly competent when yielding 108-10e colonies/pg of DNA.

2.2. 2. Electroporation

Plasmid DNA was introduced into E coli cells by electroporation using an Electro Cell

Manipulator 600 (BTX Inc., San Diego CA). A frozen 40 ¡L sample of electrocompetent

cells was thawed on ice for 10 min and mixed with I prl. of I ngl¡ù of plasmid DNA. The
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mixture was then transferred into an ice-cold lmm gap Electroporation cuvette and pulsed at

2.5kV, with 129 Q. Cells were immediately resuspended in 960 pL of warm (37'C) SOC

medium (Appendix 6.3.1.3) and incubated at37"C for 60 min. Aliquots of 20, 100, and 200

pL from the transformation mixture were spread onto LB plates (Appendix 6.3.1.1)

containing ampicillin (100 ¡rg/ml) and incubated overnight at 37"C.

2.3. Preparation of plasmid DNA

Plasmid DNA was isolated using Mini, Midi, or Maxi Plasmid DNA Isolation Kits (Qiagen,

Mississauga, Ontario). DNA was resuspended in sterile water and the concentration was

determined by absorbance at 260 nm.

2.4. Polymerase chain reaction (PCR)

A standard PCR reaction consisted of template DNA, 200 ¡rM dNTPs (equal mix of dATP,

dCTP, dGTP, dTTP), 100 ng of each primer, lx PCR Buffer containing 1.5 mM MgCl2

(Invitrogen), and 5 U of Recombinant Taq Polymerase (Invitrogen) in a final volume of 100

pL. Reactions were overlaid with mineral oil and amplified using a PerkinElmer Cetus

thermocycler with the following parameters: initial denaturation at 94"C for 3 min, 30 cycles

of denaturation at 94'C for I min, annealing at T*-5oC for I min, and elongation at 72Cfor

I min/l Kb of nucleotides to be amplified. Reaction products were kept on ice or stored at -

20'C until ready for analysis.
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Mutations were introduced into the hGrbl4 constructs using a PCR-based site directed

mutagenesis method [65]. Refer to Fig. 44, for a schematic representation of PCR-based site

directed mutagenesis.

2.4. I. PcR-based mutation detection

Mutation in the hGrbl4 BPS and SH2 domains R369Q and R387Q, as well as R466Q,

respectively, (Section 3.1.8) were detected using a PCR-based strategy. To screen for the

desired mutations, relevant regions from the plasmids were amplified by PCR using specific

primers and products were digested with a restriction enzyme that only cut in the presence of

the mutation. The digested PCR products were separated on 12o/o polyacrylamide gels,

stained with EtBr, and visualized using a UV transilluminator. The R369Q mutation was

detected after amplifìcation with primers WPG3IIIWPG}79 and digestion with the

HpyCH4Y restriction endonuclease. The 317 bp amplification product was digested.to a291

bp fragment only if the R369Q mutation was present. Similarly, the R387Q mutation was

detected using the forward mutant primer WPG312 and the reverse primer WPG27ï.

Digestion of this 260 bp amplif,rcation product with Msclproduced a237 bp fragment only if

the R387Q mutation was present. For detection of the R466Q mutation, forward mutant

(WPG313) and reverse (WPG316) primers were used to amplifu a25I bp product. Digestion

of this product using .BsrGI produced a 227 bp fragment only if the R466Q mutation was

present. See Fig. 4B for a schematic diagram outlining the PCR-based mutation detection

method.
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2.5. DNA cloning techniques

2.5.1. Treatment of DNA fragments with restriction endonuclease, Klenow, and
phosphatase

Restriction endonuclease reactions were carried out according to the manufacturer's

recommendations. Nucleic acids were digested in a 20-100 pL volume containing lx

reaction buffer, restriction enzyme (5-20 Ul pg DNA), and 1-5 pg of plasmid DNA.

Each reaction was incubated for 2 hours at the optimal temperature for the restriction

enzyme.

The Klenow fragment of DNA Polymerase I lacks the 5' to 3' exonuclease activity of

intact DNA polymerase I, but contains the 3' to 5' exonuclease activity which facilitates

the removal of overhanging 3'ends and filling-in of overhanging 5'ends. The Klenow

enzyme (1 U/pg DNA) was used in the presence of 33 ¡rM of each dNTP in a 20 ¡tL

reaction volume that was incubated at room temperature for 15 min.

Re-circularization of vector DNA was prevented by treatment with CalÊintestinal

alkaline phosphatase (CIP), an enzyme that removes 5' terminal phosphates from DNA.

CIP reactions (0.5 Uipg DNA) were incubated at37"C for 60 min.

2.5.2. Isolation of DNAfrom gels

DNA fragments separated by agarose gel electrophoresis were visualized by EtBr

staining and bands were excised from the gel using a scalpel. Gel segments were

transferred to a microfuge tube and DNA was purified using the GENECLEAN III Kit
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(Q-BIOgene) according to the manufacturer's specifications. The DNA was eluted into

sterile water and the concentration was quantitatively determined by absorbance at 260

nm and qualitatively determined after separation on agarose gels; the intensity of the

fluorescence of the EtBr stained bands was compared to the DNA Mass Ladder

(Invitrogen).

2.5.3. Lígations

Plasmids were linearized by digestion with restriction endonucleases and treatment with

CIP (Section 2.5.1). For cohesive-end ligations, DNA fragments were ligated into

linearized plasmids with compatible overhang ends. For blunt-end ligations, DNA

fragments and./or plasmids with incompatible-ends were f,rrst treated with Klenow

polymerase to create blunt-ends before the ligation reaction was performed (Section

2.5.1).

For all ligation reactions, approximately 200 ng of linearized plasmid DNA was mixed

with insert DNA in a 3:1 molar ratio. Reactions contained 1.5 pL of 10x T4 DNA

ligation buffer (500 mM Tris-HCl, 100 mM Mgcl2, 100 mM DTT, 10 mM ATp, 250

¡tglmL BSA, pH 7.5) and 1 pL of T4 DNA ligase (00ulp,L) in a final volume of 15 pL.

Reactions were incubated for 16-18 hours at l4oc.

2.5.4. Manual DNA sequencing

Manual DNA sequencing was performed using a T7 DNA Sequencing Kit (usB

Corporation, Cleveland, oH). For each reaction, 32 ¡ú (2-4 pÐ of plasmid DNA was
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treated according to the manufacturer's instructions. Labeling was accomplished using

¡as3sldetP (1000-1500 cilmmol) isotope (NEN Boston, MA). DNA sequencing

products were separated by polyacrylamide gel electrophoresis (PAGE). Prior to loading,

samples were incubated in a boiling water bath for 3 min. A 4.0 ¡rL sample of each

sequencing reaction was loaded onto gels pre-waffned to 55"C in TBE buffer (Appendix

6.4.8). The DNA products \ /ere separated at 60 w for 1.5-3 hours. After

electrophoresis, the gels were transferred to Whatmarur paper (3MM) and dried at 80"C

for l-2 hours. Dried gels were placed directly onto X-OMAT AR film (Kodak, Toronto,

ON) and exposed overnight at room temperature. Film was then processed manually

using GBX Developer/Fixer (Kodak) and following the manufacturer's specifications.

2. 5. 5. Automated Sequencing

Automated sequencing of DNA was carried out at The Center for Applied Genomics

(TCAG) DNA Sequencing Facility, (Hospital for Sick Children, Toronto, ON) using an

ABI 377 sequencer. Nucleotide sequence data and electropherograms were generated

from the automated sequencing reactions. All constructs were sequenced to confirm that

no errors were introduced during pCR amplification.

2.6. Bioinformatic tools and methods

Bioinformatic tools were used to identifu protein sequences related to hGrbl4 (GenBank

accession number NP-004481). To determine if there were other protein sequences in

public databases that were similar to the hGrbl4 protein sequence the NCBI comparison

tool, BLAST (þasic Local Alignment Search Tool) was used. A standard protein-protein
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BLAST search with NP_004481 as the query sequence was performed against the nr

(non-redundant) protein database and a standard nucleotide-nucleotide BLAST search

was performed using the EST (Expressed Sequence Tag) database. The statistical

significance of the sequence matches revealed by BLAST was assessed based on the

calculated Expect values. The Expect value is a measure of the number of sequence

matches expected by chance, according to the stochastic model of Karlin and Altschul

(1990). We deemed sequence matches to be statistically significant with Expect values

exceeded the default Expect value of 10 (E:10).

To predict the boundaries and identify conserved residues in the BPS domain, we used

CLUSTALW [66] to align and compare multiple sequences. BPS domain sequences of

Grb14, Grb10, and GrbT from the human, mouse, and rat, which were matches from the

hGrbl4 BLAST guery, were aligned and compared.

2.7. Yeast two-hybrid system

2.7.L Yeast two-hybrid plasmids

An illustration of the yeast two-hybrid system is shown in Fig. 5. The yeast two-hybrid

plasmids used in this study are listed in Table 4 and are depicted in Fig. 6.

Table 4. Yeast two-hybrid plasmids

Plasmid Yeast two-hybrid domain

pGAD424

pGBT9

pBTM116

GAL4AD

GAL4BD

LexABD

anJI



Figure 5. Diagram of the yeast-two hybrid system. hGrbl4 wild type and mutant,
full-length and sub-domain cDNA fragments were sub-cloned into
pGAD424, a vector encoding the GAL4 activation domain (AD) and a LEU
selection marker. oDNA encoding the insulin receptor kinase (IRK)
cytoplasmic domain was inserted into pGBT9, a vector containing the GAL4
DNA binding domain (BD) and TRP genes. Yeast cells were co-transformed
with the pGAD424 and pGBTg vectors expressing the GAL4AD::hGrbl4
and GAL4BD::IRK fusion proteins, respectively. The transformants were
plated onto media that selects for the activation of the HIS3 reporter gene and
activation of lacZ was monitored using filter lift (blue colonies) and the
aqueous p-galactosidase (yellow colour) assay.
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c¡¡ rrE-Ec-Ee rrc cffi-ïffiTcr cc¡. eæ-m-rår
Pstr

Figure 6. Diagram of the yeast two-hybrid plasmids. plasmids pGAD424 (A),
pGBT9 (B) (continued on next page), and pBMT116 (C) contain the E. coli
DNA replication origin (ori), the B-lactamase gene responsible for ampicillin
resistance (Ap^), the yeast alcohol dehydrogenase promoter (ADHfp) and
terminator (ADH1t), and a 2 micron circle origin of replicati on (2¡t,ori). For
selection purposes pGBTg and pBTMlrr carry ihe y.urì'zÀrr and
pGAD424 contains the LEU2 gene. pGBTg and pÈrHAt 16 also contain the
GAL4 or the LEXA Binding Domains (BD), respectively, and, pGAD424
contains the GAL4 Activation Domain (AD). Restriction sites for åach MCS
are depicted below each vector. Used with permission from R.D. Gietz [64].
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2.7.2. Transþrmation of S. cerevisiae

All plasmid constructs were transformed into yeast using the high-eff,rciency LiAc

transformation protocol [67]. The pGAD 424 constructs expressing full-length hGrbl4 or

its derivatives, fused with the GAL4AD, were co-transformed into yeast with the active

or inactive pGBTg::IRK plasmid. After transformation, cells were pelleted, resuspended

in 100 pL of sterile ddHzo, plated on SC-TRP-LEU-HIS+I mM 3-AT (Synthetic

Complete Selection -TRP-LEU-HIS + 3 Amino-l ,2,3-Triazole) and SC-TRP-LEU agar

medium plates, and grown îor 72 hours at 30oC.

2.7.3 þGalactosidase filter lift assay

The B-galactosidase filter lift assay was performed using co-transformed yeast colonies

that were grou/n on selective media as described in Section2.7.2. Colonies growrl to l-2

mm in diameter were covered with filter paper (90 mm, Whatmann #3) and lifted off the

plate. Colonies lifted on filters were frozen in liquid nitrogen for 10-15 s and then

thawed. This freeze-thaw cycle was repeated two additional times. Filters were then

placed separately on a similarly sized filter paper saturated with 1 .25 mL of Z bufferlþ-

MEiX-gal (Appendix 6.4.13) and incubated in a sealed petri dish at 37"C. The

breakdown of the B-galactosidase substrate resulted in the development of blue coloured

colonies; colour development was assessed qualitatively at 15 min intervals; colour

intensity was considered directly proportional to the degree of activation of the lacZ

reporter gene [64].
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2.7.4. Liquid þgalactosidase

Quantitative measurement of B-galactosidase activity in yeast was performed using a

modification of the method reported by Miller [68]. SC-T-L broth (10 mL) was

inoculated with 5-10 co-transformed yeast colonies (Section 2.7.2) and grown overnight

at 30"C with aeration on a shaking platform (200 RPM). The overnight culture was sub-

cultured into 10 mL fresh SC-T-L broth to an absorbance (ODooo) of 0.2, and further

grown to mid-late log phase at 30oC (ODeoo :0.8). Yeast cell pellets from 9.5 mL of the

sub-culture broth were resuspended in 100 ¡tL Z-buffer (Appendix 6.4.12). Glass beads

(50% volume) were added to the suspension and cells were lysed by vortexing vigorously

for eight 20 s cycles with intermittent cooling on ice for 30 s. Glass beads were removed

by centrifugation for 30 s and supernatants (50 ¡rL) were transferred to fresh tubes

containing 750 ¡ù of warm (37"C) Z-bufferlþ-ME containing 160 pL fresh 4 mg/mL

ONPG (ortho-nitrophenyl B-p-galactopyranoside) (Sigma-Aldrich Canada, Oakville,

ON). Samples were mixed by vortex action and then incubated at 37"C until a yellow

colour developed. Reactions were terminated by adding 400 pL of I M NaCO¡ and the

reaction time was recorded. Cellular debris was removed by 1 min centrifugation at

room temperature and absorbance (ODa26) measurements were carried out on the

supernatants. The B-galactosidase activity, measured in Miller units, was determined

using the following equation:

Miller Unit: (4420X1000)
(Vol in ml)(t in minXAãõI

Theses values were reported as percentage values obtained by assigning the value

obtained between full-length hGrbl4 and the active IRK to be t00yo.
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2.7.5. hGrbl4 proteín expression in yeast

To assess the expression of the hGrbl4 proteins in yeast, cells were transformed with a

pGAD424::hGrb14 vector using the high-effrciency LiAc transformation protocol; the

transformation mixtures were plated onto SC-L plates, as only the pGAD 424 (LEU2)

vector was present in the transformation.

The transformation colonies from SC-L plates were used to inoculate 5 mL of SC-L

media and grown overnight at 30oC with aeration. The ovemight culture was then sub-

cultured into 50 mL of SC-L and growïr to mid-log phase (ODooo 0.4-0.6). Cells were

pelleted in centrifuge tubes half filled with ice at 1000xg for 5 min at 4C. Fellets were

washed with 50 mL ice-cold ddH2O and recovered by centrifugation, as above. Lysates

were prepared following the Yeast Protocol #PT3024-l from CLONTECH. Briefly,

pellets resuspended in 100 pL of ice-cold TCA (Trichloroaqetic acid) buffer (Appendix

6.4-10) were transferred to a tube containing 100 ¡rL of glass beads plus 100 ¡ù of 20%

TCA per 7.5 OD6¡¡ units of cells. Cells were lysed by eight cycles of vigorous vortexing

for 30 s followed by cooling on ice for 30 s. Supernatants were transferred to new tubes

and combined with supernatants obtained by washing the beads with 500 ¡rL of a l:1

mixture of 20%o TCA:TCA buffer. Proteins were pelleted by centrifugation at 14,000

rpm for 10 min at 4oC and resuspended in 10 ¡rL of TCA Laemmli loading buffer/ODooo

units of cells (Appendix 6.4.11). Separation of proteins was carried out on l0% SDS-

PAGE gels with transfer and detection performed as described in Section 2.8.
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2.8. Mammalian cell culture methods

2.8.1. Mammalian cell línes

Cell lines used in this study are listed in Table 5.

Table 5 . Mammalian cell lines

Cell line Tissue of Orisin Overexpressed Proteins Source

CHO-IR Chinese Hamster Orrary

CHO-42 Chinese Hamster Ovary

Human IR R. Roth

Human IR/ Human Grbl4:p Hemming
(high expression) et a1.,2001

2.8. 2. Cell transfection

CHO-KI cells overexpressing the IR (CHO-IR) were stably transfected with the

pRcCMV::hGrbl4r plasmid (Fig. 7), as described by Hemming (2001). Control cells,

named Mock cells, received only the delivery vector, pPUR (Clontech, Palo Alto, CA).

Transfected cells were selected in Ham's F12 medium (Appendix 6.3.3.1) containing

10% FBS, 100 u penicillin-streptomycin, 200 pgml- geneticin, and 10 pglmL

puromycin and were maintained in the same media, except the puromycin concentration

was reducedto 4 pglmL.

Stable cell lines expressing mutant hGrbl4 protein were created by separately

transfecting cHo-IR cells with either pRccMV::hGrbl4p R466e, pRccMV:hGrbl4n

R387Q, or pRcCMV:hGrbl4r R387Q R466Q mutant vectors (Fig. 28, shown later).

Transfection was carried out using the DOSPER transfection reagent (Roche, Laval,

QUE) according to the manufacturer's specifications with a 4:1 DOSpER:DNA ratio.

Transfection DNA consisted of 3 ¡rg of the pRcCMV::hGrbl4r based vector and 1 ¡rg of
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Figure 7. Diagram of the pRcCMV::hGrbl4n vector. The full-length hGrbl4 cDNA
was cloned into the pRcCMV vector and a C-terminal FLAG epitope, was
added that is terminated with a stop codon. Restriction sites used in cloning
strategies are indicated; the strike-out text indicates restriction sites destroyeã
during cloning. cloning ca:ried out by the research group of R. Daly[2g].

hGrbl4
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the pPUR vector. Stably transfected cells were growïr in selection medium for several

passages and then maintained in maintenance medium. The CHO-42lR::hGrbl4p cell

lines (Hemming et al, 200I) were used as control. Cells which were maintained in

maintenance medium were plated at 5 x 105 cells/ 60mm dish and grown for 48 h at37oC

or until they reached 80% confluency. Cells were collected and expression of FLAG-

tagged hGrbl4 protein from the cell lysates was assessed by immunoblotting.

2.8. 3. Insulin stimulation

Cells grown fo 80%o confluency were transferred to serum-free media for IB-24 h and

then stimulated with insulin for 2 min using 2 n:L Ham's Fl2 serum-free medium

supplemented with l0 nM Humulin R (human insulin: 27-28 U/mg protein) (Eli-Lilly

Canada, Toronto, ON).

2.8.4. Cell lysis

Cells stimulated with insulin were washed twice with ice-cold PBS (Appendix 6.4.3) to

remove any contaminating extracellular material and lysed by incubating in 500 ¡rL of

cell lysis buffer (Appendix 6.4.1) for 20 min on ice. Insoluble material was pelleted by

centrifugation for 10 min at 4 "C and supernatants were transferred to a fresh tube.

2.9. Bradford protein assay

Protein concentrations were determined using a modification of the method reported by

Bradford (1976). Samples \ /ere prepared by combining 2 ¡tL of cell lysate with 798 ¡rL

of MilliQ HzO and 200 ¡L of Bradford reagent (BioRad Life Science Group, Hercules,
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CA). Samples were mixed by gentle vortexing action and incubated for 2 min ar room

temperature to allow colour to develop. Absorbance (A5e5) was measured for each

sample and the protein concentrations were determined from a standard protein curve of

Gamma Globulin protein (5-15 pglpl,) (BioRad).

2.10. Immunoblotting

Cell lysate proteins were separated on 7.5% SDS-PAGE and transferred to nitrocellulose

filters using a BioRad Transblot apparatus and following the method reported by Towbin

(1979). Immunoblots were blocked for th in TBS-T buffer (Appendix 6.4.9) conraining

5% skim milk powder, except for anti-pTyr blots, which were blocked in TBS-T

containing 2% BSA. Primary and secondary antibodies were diluted in the same

solutions and washes were in TBS-T. Filters were incubated either with diluted primary

polyclonal antibodies (see Table 1 for Antibody dilutions) for th or with diluted

monoclonal antibodies for 1.5 h, washed three times for l0 min, incubated with the

corresponding secondary antibody for 45 min, and washed again four times for 10 min

per wash. Antibody binding was detected by enhanced chemiluminescence following the

manufacturers specifications (Amersham). The volume of the band intensities were

quantitatively assessed in Counts (CNT)*mm2 units using Fluor S-Max Multilmager and

Quantity One software.

2.11. Immunoprecipitation

Cell lysate proteins (2.0 mg) were prepared as in section 2.6.4 andthen pre-cleared with a

20% solution of Sepharose protein G beads (50 ¡rl) (Amersham) by gentle rotation of the
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samples at 4oC for 60 min. The beads were pelleted by centrifugation and the

supernatants were transferred to a new tube and incubated for 16 h with primary

antibodies and 60 prl, protein G beads supplemented with the ZYo azide, a bacteriostatic

agent. The beads were pelleted by centrifugation and placed on ice. A second capture

was performed for 60 min at 4C. The capture beads were pooled and washed twice with

500 pL of cold immunoprecipitation lysis buffer (Appendix 6.4.2) and once with 500 ¡rL

of cold PBS. The beads were then resuspended, in 22¡il of 4x SDS loading buffer

(Appendix 6.4.4), diluted two-fold with lysis buffer and boiled for 2 min. The boited

solution was then separated from the beads by centrifugation and transferred to a fresh

tube. These beads were then resuspended in l8¡rl of 4x SDS loading buffer diluted two-

fold with lysis buffer and the solution was again separated from the beads and pooled

with the loading buffer from the previous step. Proteins were separated by SDS-pAGE,

transferred to nitrocellulose, and immunoblotted.

2.12. Transgenic experiments

2.12.1. Animals

The strain of breeder mice used in the transgenic experiments was 8l/6 from Jackson

Labs (Bar Harbor, Maine), the transgenic mice were 8l/6 x CBA from the CGDN Core

Transgenic Facility (University of British Columbia), and the progeny mice are

derivatives of these strains. Once the founders were identified, they were shipped to the

University of Manitoba Animal Care Facility where they were then ear tagged for

identification, housed, and bred.

49



2. I 2.2. Transgenic construct preparation

The hGrbl4 fragment used for microinjection to create hGrbl4 transgenic mice was

isolated by digesting the pRcCMV::hGrbl4p plasmid with MfeVBamHI and purifying the

resulting 2.8Kb fragment (Fig. 8A) using a Gel Extraction Kit (eiagen).

2.12.3. MÌcroinjection of mouse embryos

To create hGrb14 transgenic mice, mouse embryos were microinjected with the purified

hGrbl4 fragment at the CGDN Transgenics Core Facility in Vancouver, BC, under the

direction of Dr. Frank Jirik. The Fl (C57By6 x CBA) females were superovulated at3-4

weeks of age with injections of Pregnant Mare Serum (PMS) and Human Chorionic

Gonadatropin (HCG) hormones, with a 46 h interval between injections. After the HCG

injection, the Fl females were mated to Fl studs (l female/male). The females were then

collected at 0.5 d post coitus for embryo harvesting at the l-cell stage.

The collected embryos were incubated in an environment of 90% N2, 5o/o Oz,5%o COzfor

pronuclear microinjection. F2 embryos (306) were injected with 1-5 ng of purified

hGrbl4p DNA construct and surviving embryos (257) were incubated ovemight. The 2-

cell stage embryos were then implanted into a 0.5 d pseudopregnant female. Gestation

period was approximately 18 days. A mouse-tail biopsy was taken from the pups at 3-4

weeks of age and this sample was shipped to our laboratory for screening.

2.12.4. Preparation of mouse-tail DNA

DNA was extracted from l-2 mm of the tail biopsies by digestion in 300 pL of modified
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STE buffer (Appendix 6.4.5) plus 18 pL of 20 mglmL Proteinase K at 55oC for 1.5 h.

Samples were mixed by vortex action and boiled for 10 min to denafure residual protein.

The resulting DNA was used for pCR amplification.

2. I 2.5. Founder screening

2.12.5.1. PCR reactions

DNA prepared from the mouse-tail samples was screened for the hGrbl4 transgene by

PCR' Control DNA from the tail of a non-transgenic mouse was prepared as described in

Section 2.10.4. PCR primers W?G164IWPG160 that ampliff a 400 bp region of mouse

Hyal2 were used to as a control to verif,i the quality and integrity of the DNA. Two sets

of human Grbl4 specific PCR primers, V/PG246|WPG24B and WpG251/WpG252,were

used in separate PCR reactions to identiff DNA samples that harboured the hGrb14

transgene. Successful PCR amplifications yielded 494 bp and 24I bp pCR products,

respectively. PCR reactions were carried out in duplicate for all primer sets using 2 pL

of template DNA and following the pcR protocol (Section 2.10.5.1).

2.12.5.2. Southern blot analysis

Non-transgenic control and putative transgenic mouse-tail DNA was further purified by

phenol/chloroform extraction followed by ethanol precipitation. pellets were washed

with 70%o ethanol and resuspended in 20 ¡rL ddH2o. Fifteen pg of DNA from each

sample was digested with EcoRI, an enzyme that cuts intemally in the MfeVBamHI

hGrbl4 fragment at base pair 1659 (Fig. S).
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Estimated equivalents of (1), (2), (5), and (10) copies of the hGrbL4 gene were loaded in

separate wells on a 0.8o/o TAE agarose gel along with EcoRl-digested control and

transgenic mouse-tail DNA samples. The concatemerized WVBawHI hGrbl4 fragment

was cut with EcoRI resulting in a 2.8 Kb fragment (Fig. 8B). This fragment can only

ligate with the vector in the correct orientation. The approximate amount of DNA

required to represent a single copy gene, in micrograms of DNA, for the MfeUBamHI-

digested pRcCMV::hGrbl4r was calculate to be:

1 copy: (J196bp of MfeVB.amHldigestedpRcCMV::hGrbl4r) x l5pg : 36pe
3 x lOe bp in haploid mouse genome

The size of the DNA (7196 bp) includes the 2799 bp MfeVBanHI digested hGrbl4 insert

plus 4397 bp from the pRcCMV vector, as the MfeVBamHI fragment was not isolated in

the generation of samples used for the copy number standards. However, only the

hGrbl4 HindIlUEcoRI (541-1659) region would be hybridized by the HindIIVEcoRI

probe DNA (Fig. 8B). The gel was nm at 100V for 3 h in lx TAE buffer and transferred

to nitrocellulose following the standard Southern blotting protocol outlined by Sambrook

et al. [691. DNA was fixed to the filter by cross-linking using the Spectrolinker XL-1000

UV Crosslinker at the Optimal Crosslink setting. Filters were then incubated in pre-

hybridization solution (Appendix 6.6.4) for 2h at 65"C, probed (see below for preparation

of probe) overnight in hybridization solution, washed, and exposed to X-OMAT AR film

(Kodaþ for 20 min, 1.5, 4.5, t6, and 68 hours. A 1119 bp probe was prepared by

digesting pRcCMV::hGrbl4¡ with HindIIVEcoRI, separation by agarose gel

electrophoresis and purification with a GENECLEAN Kit. This fragment was then re-

purified following the same procedure. The purified DNA fragment (75 ng) was labeled
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overnight with [cr-32P]dATP and isolated using a Nick Column (Amersham pharmacia,

Piscatavay, NJ) [70]. The resulting probe had a specific activity of L.25 x lg8cpmr¡rg.

2.12.5.3. Protein expression analysis

hGrbl4 transgenic founder mice were bred,

following tissues were immediately collected

kidney, brain, heart, pancreas, fat, lung, spleen, large intestine, small intestine, blood, and

gonads. Each tissue was homogenized separately in tissue lysis buffer (Appendix 6.4.6)

on ice for 15 s using a Kinematics PGA Polytron and sonicated twice at 40 W for 15 s on

ice with a Braun-sonic 1510 Sonicator. Cell lysates (S0 pg) were immunoblotted using

the FLAG antibody.

the

and

progeny were sacrificed, and the

frozen on dry ice: liver, muscle,
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3. RESULTS AND DISCUSSION

In order to charactenze the role of hGrb14 BPS and SH2 domains in insulin signaling, we

employed the yeast two-hybrid system to test the binding of BPS and SH2 sub-domains

with the IR. The results of the yeast two-hybrid hGrbl4-IR interaction analysis served as

a guide for mammalian cell culture experiments to analyze the interaction between the IR

and hGrbl4 BPS and SH2 domains and the effects of this interaction on insulin signaling.

3.1. Analysis of the interaction of hGrbl4-IR in the yeast two-hybrid system

3.1.1. Analysis of the interaction offurt-rength hGrbI4 with the IR

To use the yeast two-hybrid system for the analysis of the hGrbl4 domains, it was first

necessary to confirm that the system could detect the interaction between full-lensth

hGrbl4 and the active IRK, as had been demonstrated previously [56;61].

Full-length hGrbl4 oDNA was cloned into the GAL4 Activation Domain (AD) yeast

two-hybrid vector, pGAD424 (Fig. 6A), by blunt-end ligation of the hGrbl4 HindIIIlBclI

fragment (aa 1-540) into the XmaI-digested pGAD424 vector, to generate the

pGAD424::hGrbl4 vector (Fig. 9). The cytoplasmic domain (aa 953-1343) of the IR

(Fig' 1) was cloned into the GAL4 Binding Domain (BD) yeast two-hybrid vector,

pGBT9 (Fig. 6B), to generate the pGBTS::IRK vector. The pGAD 424::hGrbr4 and

pGBTS::IRK vectors were co-transformed into the KGY37 yeast strain (Section 2.7.2)

and selected on SC-T-L-H plates. If there was an interaction between the

GAL4AD::hGrbl4 fusion protein expressed from the pGAD424::hGrb14 plasmid and the

GAL4BD::IR fusion protein expressed from the pGBTS::IRK plasmid, thenthe HIS3
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hGrbl4

pGAD424

Figure 9. Diagram of the pG{D424z:hGrbl4p vector. The HindIlIlBcilfragment (aa
1-540) from pRcCMV::hGrbl4p was blunt-end ligated into the XmaI-
digested pGAD424 vector that contained the GAL4 Activation Domain
(AD). The hGrbl4 oDNA contained a C-terminal FLAG epitope that ended
with a stop codon. A segment of the pRcCMV vector was included in the
HindIIUBcll fragment sub-cloning. The R369Q BPS substitution was
introduced into the pG\D4}4::hGrbl4e vector by PCR amplification.
Forward primer WPG295, with reverse mutant primer WPG279 and reverse
primer WPGl06 with forward mutant primer V/PG296 were used in separate
PCR reactions to generate PCR products of 531 bp and 682 bp, respectively,
from pGAD424::hGrbl4r. These products were then used as templates in a
PCR reaction containing only the outer primers, WPG295 and WPG106, to
create a fused 913 bp product. This product was cloned into pCR2.1, the
PspOMUNcoI fragment excised, and used to replace the wild-type fragment
in the PspOMVNcol-digested pGAD424::hGrb14¡ vector. The R387Q BPS
substitution was generated as described for the pGAD424::hGrblft R369Q
construct, except the reverse mutant primer was WPG299 and the forward
mutant primer was WPG298. The PspOMIlNcol R369Q or R387Q mutant
fragments were also inserted in the PspOMl/Ncol-digested
pGAD424::hGrb14¡ R466Q vector to create the pGAD424::hGrbl4r R369Q
R466Q or R387Q R466Q constructs, respectively. The positions of the
R369Q, R387Q, and R466Q substitutions are indicated by solid triangles; the
strike-out text indicates restriction sites destroyed during cloning.
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gene will be transcribed, thus allowing growth of these colonies on SC-T-L-H plates (Fig.

4). The interaction between full-length hGrbl4 and the IR was tested by filter-based and

aqueous B-galactosidase yeast two-hybrid assays. A very strong interaction between

hGrbl4 and the IR was shown using the filter-lift assay where colonies developed an

intense blue colour after only 15 min at37"C (Fig. 10). The hGrbl4-IR interaction was

also found to be very strong using the aqueous B-galactosidase assay; the colour change

for this colorimetric assay occurred at 1 min. The B-galactosidase activity from the

aqueous assay of the hGrbl4-IR interaction was set to 100%. the standard to which all

other interaction values were compared (Fig. 11).

To veriff that neither the product of the GAL4AD vector, pGAD424, nor of the

GAL4BD vector, pGBT9, could independently activate the expression of the His or B-gal

genes in the yeast two-hybrid system, the empty pGAD424 vector was co-transformed

with pGBT9::IRK and plated on SC-T-L-H media. No growth was observed after 3 days

of incubation at 37oC, indicating that the pGAD424 vector was not self-activating in the

presence of the GAL4BD::IRK fusion protein (data not shown). The empty pGBTg

vector was also tested for self-activation by co-transformation with pGAD424::hGrbl4r,

and again showed no selÊactivation (data not shown).

3.1.2 Coniirmøtíon that hGrbl4 interacts with the IR ín ø kinøse dependent mønner

To confirm previous analyses that showed hGrbl4 interacts with the IR in a kinase

dependent manner [56;6I], we tested for an interaction between GAL4AD::hGrbl4

fusion protein and the kinase active and inactive forms of the IR. The cytoplasmic
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domain of the IRK was inactivated by substituting the tyrosines (Y) at positions 1046,

1050, and 1051 with phenylalanine (F) residues [71]. The GAL4BD::IRK-inactive

fusion protein showed no interaction with full-lenglh hGrbl4 (Fig. 11), indicating that the

IR must be autophosphorylated for hGrbl4 to bind.

3.1.3 Analysis of the role of the SH2 domain in the hGrbl4-IR interaction

Several lines of evidence suggest the SH2 domain of hGrbl4 plays an important role in

binding to the IR. First, the initial hGrbl4 fragment that was identified to bind the IR in a

yeast two-hybrid screen was primarily comprised of the SH2 domain [61]. Second, when

the R466Q of the SH2 domain was introduced into full-length hGrbl4, it significantly

reduced the ability of hGrbl4 to interact with the IR. The expression levels of the wild-

type and mutant hGrbl4 proteins were similar in yeast (Fig. 26A, shown later). Third,

Kasus-Jacobi et ol (1998) showed that the SH2 domain of the rGrbl4 could mediate the

interaction with the IR. Finally, because SH2 domains recognize pTyr, they are explicitly

involved in tyrosine kinase signaling pathways and proteins containing SH2 domains

bind selectively to autophosphorylation sites on tyrosine kinase receptors 172].

Previously, we demonstrated that the C-terminal region (aa 373-540) of human Grb14,

which encodes the SH2 domain, showed a strong interaction with the IR [61]; however,

this construct unknowingly contained a portion of the BPS domain. We referred to this

construct as GAL4AD::bps+SH2 and it was designed before the identification of the BPS

domain. Therefore, to avoid any interference from residual BPS regions, we created a

GAL4AD fusion construct that contained solely the SH2 domain (Fig. 12) and tested its
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Figure 12. Diagram of the pGAD424::SH2 vector. To create the GAL4AD::SH2
domain (aa 439-540) construct, the pGLD424::hGrbl4e vector was
digested with l/col and the ends were filled with Klenow. This linearized
plasmid was then digested with EcoRr, treated with Mung Bean
exonuclease, and re-circularized. The pGAD424::hGrbl4 R466e was
treated similarly to create the pGAD424::SH2 R466Q construct. The
position of the R466Q substitution is indicated by a solid triangle; the
strike-out text indicates restriction sites destroyed during cloning.

pIìcCll.l\z
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ability to bind to the IR in the yeast two-hybrid system. Yeast two-hybrid experiments

showed that the SH2 domain of hGrbl4 alone interacted with the IR, albeit at a

significantly reduced level (7.2%o), compared to that of full-length hGrbl4 (Fig. ll). In

terms of protein expression, levels of the SH2 sub-domain protein were much higher that

that of the full-length hGrbl4 (Fig.27A, shown later).

In order to confirm the importance of the SH2 domain in the interaction with the IR, the

contribution of this domain to the binding ability of hGrbl4 to the IR was eliminated

using mutagenesis experiments. Previously, it has been shown that substitution of the

arginine 466 of the conserved FLVR(D/E)S motif of the SH2 domain with a glutamine

(Q) residue in the full-length hcrbl4 protein reduced the interaction with the IR to 26.3%o

[61]. Interaction of the pGAD424::hGrb14 R466Q construct with the active IRK was

repeated in this experiment to allow for comparison with other two-hybrid interaction

values; it was found to have a similar interaction value (26.3%)(Fig. 11). In contrast, the

Kasus-Jacobi group reported a much stronger interaction for the rat Grbl4 R466e and

the IR (93% of the level of wild-type rGrbl4 and the IR) t561. In the previous yeasr rwo-

hybrid assay carried out by Hemming et at (200I), the R466Q mutation was also

introduced into the GAL4AD::bps+SH2 construct, which contains a portion of the BpS

domain. In this experiment, the interaction of this fusion protein with the IR was reduced

by fourteen fold, but the interaction was not abolished as the partial BpS region encoded

in this construct could still actively interact with the IR t6tl. Therefore, in this work the

R466Q mutation was introduced into a newly constructed GAL4AD::SH2 fusion protein

that did not include any portion of the BPS domain (Fig. 12). When the R466e mutation
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in the SH2 domain was introduced, this modification abolished the interaction with the IR

(Fig. 11), a finding consistent with that for the rGrbl4 SH2 R466Q mutant interaction

with the IR [56]. The expression levels of the mutant SH2 sub-domain proteins were

greatly reduced compared to the wild-type SH2 domain levels and SH2 mutant protein

levels more closely resembled those for the wild-type full-length hGrbl4 proteins (Fig.

274, shown later). The results from the SH2 domain R466Q mutation experiment

suggest that arginine 466 plays a critical role in the interaction between the SH2 domain

of hGrbl4 and the IR. The significance of this finding lies in the principle that single

amino acid substitutions provide insights into the native function of the protein; if the

single amino acid substitution abolishes a certain function of the protein or the domain of

a protein, this is an indication of the role of this protein or its protein domain [65].

3.1.4. rdentíficøtion of a second hGrbl4 domain involved ín IR bínding

Since the SH2 domain alone accounted for only a fraction of the ability of hGrbl4 to bind

to the IR there was likely another region of hGrbl4 involved in this interaction. This idea

was consistent with findings by Kasus-Jacobi et at (1998) who identified the BPS domain

as a second binding domain of rGrbl4 [56]. Previously, it was shown that both the SH2

and BPS domains of hGrbl0 interact with the IR [43] and the rGrbl4 BPS domain alone

interacted strongly with the IR [56]. To test the ability of regions of hGrbl4 other than

the SH2 domain to interact with the IR, we created constructs encoding hGrbl4 sub-

domains. In order to clone the individual hGrbl4 sub-domains, it was necessary to define

their respective boundaries using a multiple alignment of the sequences of the GrbT
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family of proteins (Fig. 13) (Section 2.6). The hGrbl4 sequence (aa l-540) was aligned

against the human (h), rat (r), and mouse (m), GrbZlr}ll4 protein sequences. The

alignment of the hGrbl4 protein sequence with mouse and rat Grbl4 showed 86%o and,

85% amino acid identity, respectively. hGrbl4 bears 5l-52%;o and 45-46% amino acid

identity, respectively, with the Grb10 and GrbT protein members. Based on the identity

of family members, a dendrogram for the GrbT family of proteins was constructed (Fig.

14). With the multiple alignment strategy, The PH, BPS, and SH2 domain boundaries

were identified in a similar fashion as was described previously for the PH and SH2

domain alignment of hGrb14, mGrb7, and mGrbr0 by Daly et at (1996).

3.1.5. Bioinformatic analysis of the BpS domain

When seeking to elucidate the function of an uncharacterized protein, the first step is to

determine if the protein has sequence identity to other sequences in a protein database. If

protein sequences are very similar, and that matched protein has an assigned function,

one can infer a similar function for the unknown protein. To determine if the BpS

domain of the hGrbl4 protein was similar to any other known sequences, we performed a

protein-protein BLAST search (Section 2.7). The BLAST search of the non-redundant

(nr) protein database and EST database using the hGrbl4 BPS domain sequence (aa360-

438) resulted in matches to the Grb7, Grbl0, and Grbl4 protein sequences from human,

mouse' and rat. This indicated that other than in the GrbT protein family, the BpS

sequence is not conserved in any other known proteins (Fig. 15).
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Figure 13. Multiple sequence alignment of GrbT/10114 protein sequences. An
alignment of human (h), rat (r), and mouse (m) GrbTl10/14 Jequences was
generated using CLUSTALW. The GenBank Accession numbers for the
aligned sequences are: hGrbl4 (NIp_0044g1), mGrbl4 (NM_016719),
rGrb 1 4 (NP_l I 3 8 1 I ), hGrb 1 0 (xM_03 3 762), mGrb 1 0 (Np_034 47 5), hGúZ
(xP_012695), mGrbT (NP_034476), rGrbT (NIp_445s55). The N-terminal
conserved (P(S/A)IPNPFPEL) region is boxed, the PH domain is shown in
blue, the BPS domain in red, and the SH2 domain in green text. The
consensus sequence is indicated below the aligned sequence using symbols
for (*) conserved residues, (:) conserved substitutions, (.) semi-õonserved
substitutions.
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l1:??99:BIreflNP-113811.11 (NM-O31623) growth factor recept.or bound prorein 14 [Rartus norvegicusj117!003?lreflNP-O51928.L1 (NM-O16719) growth factor receptor bound protein 14 [Mus musculus]1912!999lreflNP-o34416.r1 (NM 010346) growth factor receptor bound protein 7 [Mus muscutus]
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12736153 lpirl 1t39175 S¡12-domain protean crb-IR - human
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X'igure 15. BPS domain BLAST query output. This query was performed using the standard protein-protein BLAST program
with the default Expect value (E:10). The hGrbl4 BPS sequence (aa 360-438) (Accession number: Np_-004431)
was compared to the nr (non-redundant) protein database and the output is shown.

Score E
(bits ) Val-ue

140 3e-33
138 9e-33
L26 5e-29
108 Le-23
10 5e-L2
by te-11
o t Je-t_L
b / Je-l L

o t Je--LI
o / Je-11
o I Je-]I
þ / Je--LI
o I ¿1e-11

o / 4e-1_L
65 1e-10
65 1e-10
olt 4e--LU
62 1e-09
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Since the BPS domain sequence was only coÍìmon between members of the GrbT family

of proteins, we wanted to determine the extent to which the BPS sequence was conserved

between protein family members. Generally, protein domain sequences that are highly

conserved between individual members of the same protein family encode functionally

important domains. Using a multiple alignment, we tested the degree to which sequence

identity was conserved between the BPS domain sequences from human, rat, and mouse

GrbTll}ll4 BPS protein sequences (Fig. 16). This alignment showed that the hGrbl4

BPS domain had an amino acid identity of 87-89o/o with mouse and rat Grbl4 arñ, a 4l-

53% sequence identity with human, mouse, and rat GrbT and Grblg BpS protein

sequences. Since the BPS domain is highly conserved among members of the GrbT

family of proteins, it could be inferred that this domain plays an important functional

role.

3.1.6. Analysis of the role of the Bps domain in hGrbl4-IR interaction

To test for an interaction between the BPS region of hGrbl4 and the IR, the BpS domain

alone (aa 360-438) was cloned into the GAL4AD plasmid (Fig. 17) and interaction of the

GAL4AD::BPS fusion protein with the active IRK was tested using the yeast two-hybrird

system. The BPS domain boundaries used in preparing this clone were selected based on

the alignment of the GrbT protein family members. No interaction between the

GAL4AD::BPS fusion protein and the IR was detected. All two-hybrid experiments we

carried out using the KGY37 yeast strain, which contained the yeast GAL4 operaror to

regulate lacZ exptession (Fig. 6A). Since no interaction was detected between the BpS

domain alone and the active IRK using the KGY37 strain, we also tested the same
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Figure 17. Diagram of the pGAD424I:BPS vector. The BPS domain construct was
created by amplifuing the BPS domain region (aa 360-438) using rhe
WPG230/WPG234 primers that contained 5' BamHI restriction sites. This
PCR fragment was inserted into pCR2.1, and then excised at the flanking
BamHI sites. The resulting fragment was ligated into the Bam[I-digesteã
pGAD424 vector.
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interaction using the KGY94 yeast strain. This yeast strain contained bacterial lexA, a

strong promoter that is recognized by the lexA Binding Domain (BD) encoded within the

pBTMl16 vector (Fig.6C), allowing ahigher expression level of reporter genes. After

transforming the GAL4AD::BPS construct along with the pBTM116:IRK active plasmid

(a gift from Dr. RD. Gietz) into the KGY94 yeast strain no interaction between these

proteins was found. These results suggested that we had not yet identified the minimal

BPS domain had not yet been identified or that the isolated BPS domain was not properly

folded. Subsequent studies that showed that the expression of the isolated BpS domain

was very weak compared to the full-length hGrbl4 protein expression supported the idea

that this fusion protein was unstable and potentially poorly folded (Fig. 278, shown

later).

In another approach to test for the BPS-IR interaction, we reversed the bait and target

proteins in the two-hybrid system by inserting the BPS domain region into the GAL4

Binding Domain vector, pGBTg (Fig. 1S). Consistent with our other findings, we

observed no interaction between the GAL4AD::IRK and GAL4BD::BPS fusion proteins.

Our results showed no interaction between the hGrbl4 BPS domain alone and the IR

which is contradictory to several findings including those from Kasus-Jacobi et al (1998)

showing that the rGrbl4 BPS domain alone (aa 358-436) interacted strongly (73%) with

the IR [56], those from He et at (1998), which reported that the BPS domain alone (aa

358-434) of the hGrb10 protein did indeed interact with the lF.(44%)t431, and those from

Kasus-Jacobi et al (2000) showing an lil%ointeraction between the BPS domain of GrbT

(aa345-438) and the IR [36].
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Figure 18. Diagram of the pGBTg::BPS vector. The pGBTg::BPS domain construct
was created using the pCR2.1::BPS clone from the pGAD424::BPS cloning
strategy (Fig. 17). The insert was excised at flanking EcoRI restriction sites
and inserted into the EcoRl-digested pGBTg vector. The pGBTg vector
contained the GAL4 Binding Domain (BD).
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Since the BPS domain alone showed no interaction with the IR in the two-hybrid system,

we created pGAD424 constructs containing either the complete or partial PH domain

region adjacent to the BPS domain (Fig. 19,20) to test whether the region upstream of

and including the BPS domain interacted with the IR. Once carried out, these

experiments showed that neither the PH+BPS nor the % PH+BPS GAL4AD fusion

proteins showed any interaction with the kinase active IR in the yeast two-hybrid system

(data not shown).

Since our results showing that neither the BPS domain alone nor the isolated PH+BPS

region produced any interaction with the IR, we wanted to test the effect of deleting the

BPS domain from the full-length hGrbl4 on hGrbl4-IR binding. The BPS domain was

therefore removed from the fult-length hGrbl4 cDNA and the resulting BPS dropout

fragment was inserted into the pGAD424 vector (Fig. 21). When tested in the two-hybrid

system, the interaction between the hGrbl4 BPS dropout fusion protein and the IR in was

found to be much weaker (12%) than that of the full-length hGrbl4 protein (100%);

however, it was only marginally stronger than that with the SH2 domain alone

(7.2%)(Fig. Il). Expression levels of BPS dropout fusion protein were similar to those

measured for full-length hGrbl4 (Fig.27A, shown later). This result suggested that by

removing the BPS domain from full-length hGrbl4 it compromised the ability of hGrb14

to bind with the IR, indicating that the BPS domain plays a significant role in binding or

cannot fold as an isolated peptide. However, as we were unable to detect an interaction

between the isolated BPS domain and the IR. it seems that the hGrbl4 BPS domain

requires the SH2 domain to effect binding. When the SH2 domain was completely
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Figure 19. Diagram of the pGAD424::PH+BPS vector. The PH+BPS region (aaL26-
465) was PCR amplified from the pRcCMV::hGrbl4F vector using the
V/PG246IWPG279 primers and inserted into the pCR2.1 vector. The
PH+BPS region insert was excised from pCR2.1 using SpeIlEcoRY
restriction sites and then blunt-end ligated into the BamHI-digested
pGAD424 vector.
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Figure20. Diagram of the pGAD424z:% PH+BPS vector. The % PH+BpS region
(289-465 aa) was PCR amplif,red from pRccMV::hGrbl4r using rhe
WPG295iV/PG279 primers and excised into the pCR2.1 vector. The %
PH+BPS region insert was then excised from pCR2.1 with SpeIlEcoRY and,
blunt-end ligated into the BamHl-digested pGAD 424 vector.
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Figure 21. Diagram of the pGADAZ ::BPS dropout vector. A construct encoding
the hGrbl4 cDNA sequence lacking the BPS domain was created by PCR
amplifuing the PH domain region (aa 236-359) using forward primer
WPG314 containing an EcoRI overhang site and reverse primer V/PG324
containing anNcoI overhang site. This 1076 bp PCR-product was digested
with EcoRIlNcoI and inserted into the EcoRl/Ncol-digested
pG{D4}4::hGrbl4p vector, which upon digestion contains only the SH2
domain (439-540 aa) of hGrbl4. The PCR amplified EcoRlJNcol-digested
PH region (aa 236-359) was also inserted into the EcoRl4Ncol-digested
pG{D424::hGrbl4e R466Q vector to generate the pGAD424::BPS dropout
R466Q construct. The position of the R466Q substitution is indicated ty a
solid triangle.
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inactivated by introducing the R466Q substitution into the hGrbl4 BpS dropout

construct, there was little or no (0.6%) interaction with the IR. The expression levels of

the BPS dropout fusion protein containing the R466Q mutation were reduced compared

to levels of the non-mutated BPS dropout (Fig27A, shown later). This result suggested

that when the BPS domain was deleted and the SH2 domain was functionally inactivated

by mutagenesis, the binding ability of the hGrbl4 molecule was abolished. This was a

novel approach for the examination of the hGrbl4-IR interaction and has not been tested

with other GrbT familv members.

3.1.7. Analysis of the interaction of the B?S+SH2 domainfusionproteinwÌth the IR

Having been unable to demonstrate an interaction between the BpS domain and the IR,

we continued to study this interaction by creating a construct encoding both the BpS and

SH2 domains (Fig. 22). The pGAD424::BpS+SH2 construct was transformed along with

the pGBT9::IRK active plasmid into yeast and two-hybrid studies showed that the

BPS+SH2 fusion protein only accounted for approximately half (47.6%) the interaction

between hGrbl4 and the IR (Fig. 23). However, this interaction was significantly

stronger than that for the sH2 domain alone (7.2%)(Fig. Il). Expression levels of the

BPS+SH2 fusion proteins were similar to those measured for full-length hGrb14 (Fig.

27A, shown later). Our results for the hGrbl4 BPS+SH2-IR interactions were

considerably lower than previously reported between the IR and the Bps+sHz domain

constructs for rGrbl4 (134%) [56] and hGrbl0 (129%) 1431.
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Figure22. Diagram of the pGAD424::BPS+SH2 vector. The BPS region (aa344-
438) was PCR amplified from pRcCMV::hGrbl4r using forward primer
WPG294, which contains a 5' Mfel site, and reverse primer WPG234.
The 304 bp PCR product was digested with MfeIlNcoI and ligated into the
EcoRI/ Ncol-digested pG AD424::hGrb I 4e vector, which contains the SH2
domain (az 439-540). The EcoRI and Mfel restriction sites are
compatible with each other. The BPS domain R369Q substitution was
introduced into the pGAD424::BPS+SH2 by PCR amplification.
Forward oligonucleotide WPG294 containing a 5' MfeI site and reverse
mutant oligonucleotide WPG279 as well as reverse oligonucleotide
V/PG106 with forward mutant primer WPG296 were used to ampliflz the
307 and 682 bp PCR products, respectively, from pGAD424::hGrbl4r.
These products were used as templates in a PCR reaction containing only
the outer primers WPG294 and WPG106 to create a fused 722 bp
product. This PCR product was inserted into pCR2.1 and the 290 bp
MfeUNcoI fragment was excised, and used in place of the wild-type BPS
domain from the EcoRl/Ncol-digested pG\D424::hGrbl4r vector to
create the pGAD424::BPS+SH2 R369Q construct. The R387Q BPS
mutation was generated as described for the pGAD424::BPS+SH2
R369Q plasmid except that the PCR amplification was carried out using
the reverse mutant WPG299 primer and the forward mutant WPG298
primer. The positions of the R369Q and R387Q substitutions are
indicated by solid triangles. The pGAD424::BPS+SH2 R466Q construct
was created by inserting the WUNcol-digested PCR product from the
BPS+SH2 cloning strategy into the EcoRlJNcol-digested
pGAD424::hGrbl4p R466Q vector. BPS+SH2 constructs which contain
R369Q or R387Q plus the R466Q SH2 domain substitution were created
as described above except that the MfeUNcoI fragment cleaved from the
pCR2.1 \¡/as used to replace the BPS domain fragment in the
pGAD424::hGrb14p R466Q SH2 mutant vector.
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To separate the relative contributions of the individual BPS and SH2 domains we tested

the BPS+SH2 construct encoding the R466Q SH2 mutation, which essentially

deactivated the SH2 domain. Our results revealed almost no interactions (0.8%) between

the mutated BPS and SH2 R466Q construct and the IR (Fig. 23), indicating that although

the hGrbl4 BPS domain was involved in the binding of the protein to the IR, it required a

functional SH2 domain to bind effectively. These findings, however, differed

considerably from other studies measuring IR interactions with the BPS+SH2 R466e

construct from rGrbl4 (62%) [56] and hGrblO (1U%) 1431. As discussed above, the

discrepancy between our results and published work for rGrbl4 and hGrblg may be

explained by a cooperative relationship between hGrbl4 BPS and SH2 domain binding to

the IR that is not present in rGrbl4 or hGrbl0. Taken together, the results for the

BPS+SH2 domain fusion protein in the yeast two-hybrid system suggest that the hGrbl4

BPS and sH2 domains function cooperatively in binding to the IR.

3' 1.8. Identifying a key interacting restdue in the Bps domain

In this work we have provided evidence establishing the importance of the hGrbl4 BpS

domain in its interaction with the IR. First, when we introduced the R466e SH2 domain

mutation into the full-length hGrbl4, the resulting fusion protein still showe d a 26.3%o

interaction with the IR, indicating that another hGrbl4 domain was involved in binding,

namely the BPS domain. Second, the BPS dropout protein showed decreased ability to

bind the IR compared to full-length hGrbl4. Finally, we showed that the BPS+SH2

firsion protein had a stronger binding ability that the SH2 domain alone. We therefore

concluded that the BPS domain played an important role in the interaction of hGrbl4
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with the IR and we wanted to identifu key amino acid residues within the BpS domain

that mediated this interaction.

As a stafing point for mutagenesis experiments to identify a critical residue in the BpS

domain, we focused on the R466 residue of the SH2 domain, which belongs to a

conserved FLVR(DÆ)S motif. Since the hGrbl4-IR interaction is IRK dependent, the

actual binding interaction likely involves a negatively charged phosphorylated tyrosine

residue from the IRK and a positively charged residue, such as an arginine from the

hGrbl4 protein. As previously shown, the R466 residue of the SH2 domain, when

mutated, disrupts the interaction of hGbl4 with the IR [61]. Since a positively charged

arginine residue of the hGrbl4 SH2 domain played a key role in the interaction with the

IR, we identified conserved arginine residues in the BPS domain using a multiple

alignment of the BPS sequence (Fig. 16) which might play akey functional role for the

BPS domain. Positively charged, conserved arginine (R) and lysine (K) residues were

identified in the following positions: R369, R3g7, Ft407, K40g, K40g,R413, and R435.

Two major conserved motifs in the BPS alignment were found, the first motif was

P(M/V/L)RS(VÆ)S(DÆ)D(T/S)LVAMDFSG (aa 367-352), in which the R369 arginine

residue was conserved and the second motif was RVI(DiE)NP, in which the R3g7

arginine residue was conserved. To assess the importance of these conserved residues,

we created BPS mutant R369Q and R387Q constructs in the pGAD424::hGrb14 (Fig. 9)

and pGAD424::BPS+SH2 vectors (Fig. 22) in which charged amino acids were

substituted for two uncharged glutamine residues. Constructs were also created that

contained the R369Q or R387Q BPS mutations along with the SH2 R466e mutation to
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determine if we could completely abolish the binding ability of hGrbl4 by incorporating

these two mutations.

For each mutant construct utilized for further experimentation, we first confirmed the

presence of the BPS domain R369Q or R387Q substitutions and/or the R466Q SH2

domain substitution, using a PCR-based mutation detection strategy. PCR products

encompassing the region of the target mutation site were digested with restriction

enrymes having cut sites near the mutation and resulting DNA fragments were separated

by PAGE. PCR products that were successfully cut using the appropriate restriction

enryme contained the desired mutation and could be distinguished from the larger wild-

type products in which the same cut sites were absent resulting in larger uncut DNA that

migrated more slowly during gel separations. This detection method showed that the

desired R369Q, R387Q, and R466Q mutations were successfully generated in both the

pGAD424 vectors containing full length or sub-domain hGrb14 inserts (Fig.2Ð.

3. 1.9. Analysß of BPS-mutant hGrb I 4 fusion protein interaction with the IR

Having successfully created the BPS domain arginine to glutamine mutations in the full-

length hGrbl4 protein, we tested the effectiveness with which the mutated proteins could

interact with the IR using the yeast two-hybrid system. Beginning with the full-length

hGrbl4 pGAD424::hGrb14 R369Q, we detected a strong (92%) interaction with the IR

compared to the wild-type hGrbl4 (Fig. 25). Mutation of the other conserved arginine

residue in the BPS domain (R387Q) resulted in a much more attenuated interaction

(26.4%) with the IR. When the R369Q BPS mutation was combined with the R466Q
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Figure 24. Detection of hGrbl4 substitution mutants by PCR-based methods. pCR
products encompassing the target mutation site were digested with restriction
enzymes. (A) The region from the pGAD424 vector containing the hGrbl4
insert containing the R369Q mutation was PCR u-p1ift"d using
wPG3 rl/wPc279 primers and digested with HpycH4y. (B) The region
encompassing the R3s7e mutation was pcR amplified uiing
wPG312lwPG279 primers and digesred with Mscr. (c) The region
encompassing the R466Q mutation region was PCR amplified using the
WPG313/WPG316 primer set and digested with BsrGI. Lanes are labeled as
follows: 100 bp DNA ladder (L), wild-type PCR amplification products
(V/T), and mutant (m) PCR amplif,rcation products treáted with restriction
enzymes.
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SH2 mutation, hGrbl4 interaction with the IR was further reduced to I3.5%o of the value

for the wild-type hGrbl4 protein (100%). In the presence of the R3S7Q BPS mutation,

the SH2 mutation almost eliminated all interaction (1 .5%o) between hGrbl4 and the IR.

These results demonstrate that the R387Q residue of the BPS domain plays a much

greater role in the hGrbl4-IR interaction than does R369e.

'We also sfudied the effects of substituting the conserved arginine residues of the BpS

domain in the isolated BPS+SH2 domain constructs. The BpS+SH2 R369e mutant

showed a decreased interaction (33.3Yo) with the IR compared to the wild-type

BPS+SH2-IR construct (47.6%). In a similar fashion, the R387Q mutation in the

BPS+SH2 construct decreased the ability of this fusion protein to interact with the IR

protein by half (23.6%) compared to the wild-type BPS+SH2 construct (47.6%).

Introducing the SH2 R466Q mutation along with the BPS R387Q mutation in the

BPS+SH2 fusion protein essentially eliminated (0.8%) the interaction with the IR,

suggesting that destroying the binding function of both the BPS and SH2 domains

renders the hGrbl4 molecule incapable of binding to the IR.

3. I . 1 0. Analysis of the hGrb t 4 protein expression levels in yeast

In order for us to confidently compare protein-protein interactions between full-length

and sub-domain or wild-type and mutant hGrbl4 constructs, we measured the levels of

hGrbl4 protein expression in yeast to verify that expression levels were similar between

the hGrbl4 fusion proteins that were compared for their interaction with the IR (Section

2.7.5). These protein expression levels have been referred to throughout, but the overall
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outcome is discussed here. Expression levels of wild-type and mutant fulI-length hGrbl4

and BPS+SH2 sub-domain proteins were found to be similar in yeast (Fig. 26). The

wild-type SH2 domain protein expression levels were 100-fold greater than those for the

SH2 protein containing the R466Q mutation, and were comparatively much higher than

full-length hGrbl4 levels. Expression levels of the BPS dropout protein were similar to

those for the full-length hGrbl4 fusion proteins; however, protein expression levels of the

BPS dropout containing the R466Q SH2 mutation were reduced compared to the non-

mutated BPS dropout proteins (Fig.27 A). Protein expression of the isolated BPS domain

was very weak, which may explain why no interaction was observed between this protein

and the IR. The relative consistency of expression levels for the different hGrbl4 fusion

proteins in our yeast model indicated that we could conf,rdently apply the two-hybrid

interaction results for designing interactions assays in mammalian cells.

3.2. hGrbl4-IR interaction in mammalian cells and effect on downstream insulin
signaling

Using the yeast two-hybrid model, we demonstrated that both the BPS and SH2 domains

were involved in mediating interactions between hGrbl4 and the IR. In addition, we

carried out mutagenesis experiments to identify the individual amino acids within the

BPS and SH2 domains critical for interaction. Our next step was to move to a more

physiologically relevant model and determine if these results could be reproduced in

mammalian cells. The cell model we chose for these experiments was the Chinese

hamster ovary cell line overexpressing the IR (CHO-IR).
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Figure 26. Western blot analysis of GAL4AD::hGrbl4r and GAL4AD::tspS+SH2r
fusion proteins. Fusion proteins isolated from yeast expressing wild-type
or mutant (R466Q, R369e, R3s7e) (A) GAL4AD::hGrbt4e and (B)
GAL4AD::BPS+SH2¡ fusion proteins were resolved by SDS-PAGE and
immunoblotted with anti-FLAG antibodies. hGrbl4 and Bps+sH2 protein
bands are indicated alongside the gels. The BPS domain construct protein
served as a negative control, as it did not contain a FLAG epitope.
Exposure times for these f,tlms were 15 min þanel A) and 5 min lpanet nj.
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Figure 27. 'Western blot analysis of GAL4AD::SH2, BPS dropoutn and BpS fusion
proteins. Extracts from yeast expressing wild-type or mutant (A)
GAL4AD::SH2 or BPS dropout (BPS dr.) compared to wild-type full length
hGrbl4 and (B) GAL4AD::BpS fusion proteins rvrr. ,"roived by sos-
PAGE and immunoblotted. The anti-FLAG antibody was used to detect
FlAG-tagged hGrbl4 proteins in panel A, with the BPS domain construct
serving as a negative control because it was not tagged with a FLAG
epitope. The anti-Grbl4 antibody was used to detect tne gpS domain fusion
protein in panel B with non-transformed yeast extracts serving a negative
control. Band identities are indicated alongside the blots. Fil-r *er"
exposed for 15 min.
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3.2.1. Transfection of hGrbl4 into CHO-IR celts

In order to introduce the full-length hGrbl4 containing the R387Q BPS domain and

R466Q SH2 domain mutations in our cell culture model, it was necessary to insert

hGrbl4 cDNA encoding the BPS and/or SH2 domain mutations into the pRcCMV

mammalian expression vector (Fig. 2S). This vector system was used because it was

thought to provide strong expression of our hGrbl4 protein in the CHO-IR cell line. The

presence of the mutations we introduced was verified by PCR-based methods (section

2.4.r).

After separately transfecting CHO-IR cells with BPS (R387Q) and/or SH2 (R466e)

mutant pRcCMV::hcrbl4 plasmids, we assessed the levels of hGrbl4 protein expression

by immunoblotting the cell lysates with the anti-FLAG antibody. Given that we observed

different protein expression levels between clones, we chose individual clones from each

of the constructs, hGrbl4 R387e, hGrbl4 R3g7e, and hGrbl4 R3g7e R466e, that

displayed protein expression levels that were similar to the CHO-IR cell line previously

stably transfected with wild-rype pRccMV::hGrbl4 (Table 5, section 2.6.2) t6ll.

Having selected clones for each construct, we tested that hGrbl4 protein expression

levels remained constant over subsequent cell passages and this established that, we had

successfully created CHO-IR cell lines stably transfected with the full-length hGrbl4

containing BPS and SH2 mutations (Fig. 29).
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containing

BPS (R387Q) and/or SH2(R466e) muration
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pRcCMV::hGrbl4

pRcCMV
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Figure 28. Diagram of the pRccMV::hGrbl4p R369e R466e or R3g7e R466e
vector. The PspOMI fragment (aa 315-540) was excised from pGAD424::
hGrbl4¡ containing the R369Q or R387Q BPS andior R466Q SH2 domain
mutation and used to replace the wild-type PspOMI fragment from
pRcCMV::hGrb14p. The positions of the R387Q and R466e iubstirutions
are indicated by solid triangles.
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Figure 29. Immunoblot analysis of proteins from CHO-IR cell lines stably
overexpressing wild-type and mutant hGrbl4 (A) Expression of hGrb14
in mock transfected CHO-IR cells (M) and four CHO-IR cell lines stably
transfected with wild-type hGrbl4r, hGrbl4 R466e, R3g7e, or R3g7e
R466Q cDNA was assessed by immunoblotting with anti-FLAG antibodies.
Cell lysates (35 ¡rg protein) were separated (mutant samples were loaded in
duplicate) by SDS-PAGE. The film was exposed for I min. The hGrbl4
mutant samples were loaded in duplicate. (B) Uniform loading was assessed
by blotting the filter from panel (A) with an anti-actin antibody. The film
was exposed for 5 sec.
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Table 6. Quantitative protein expression levels. (A) A crude estimation of the level
of hGrbl4 protein expression from the immunoblot in Fig. 29A was obtained
using a Fluor S-Max Multilmager, in counts (cNT)*mm2 using a 10 s
exposure. The mean for the immunoblot CNTxmm' values were calculated
and shown as percentage^ values based on the full-length value (100%). The
percent of all CNT*mm'lmean values were then calculated. The standard
deviations were derived for the hGrbl4 mutant samples, which were loaded in
duplicate on the gel in Fig. 29. (B) The actin band intensities from the
immunoblot in Fig. 298 were measured in the same fashion.

A

Percent of
Sam CNTxmm2 CNT*mm2lmeart
Mock
hGrbl4
R466Q 0.07
R

R387Q 0.00
R3

R387Q, R466Q 0.03
R3870" R4

37002. r00.0%

CNT*mm2
Percent of

CNT*mm2 /mean
Mock
hGrbl4
R466Q

0.04R

R387Q
0.0sR387

R387Q, R466Q
0.10R387Q, R

Mean 60361. T00.0%

SD

Anti-FLAG Immunoblot Values

39777.1

23852.3

27534.8
64.s%
74.4%

3s009.
34805.

37609.
39213.

r01.6%
106.0%

Anti-actin Immunoblot Values

61032.

s7642.5
62277.

9s5%
103.2%

rrl.0%
125.8%
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3.2.2. Interaction of hGrbl4 wild-type and mutantforms with the IR

The interaction between hGrbl4 and the IR in CHO-IR cells stably overexpressing wild-

type or mutant (R466Q, R387Q, R387Q R466Q) Grbl4 protein was assessed by

immunoprecipitation using an anti-IR antibody and immunoblotting with an anti-FLAG

antibody. The immunoprecipitation-immunoblot experiments measured the ability of the

Grb14 protein to interact with the IR protein in response to insulin-stimulation. Mock-

transfected cells, which did not express hGrbl4 protein, served as negative controls. The

clearing fraction sample from the mock-transfected cells served as a background control

for these immunoprecipitation experiments, and showed no background in the

immunoblot.

CHO-IR cells overexpressing wild-type hGrbl4 showed the highest level of hGrb14-IR

association. When the R466Q SH2 mutation was introduced, we observed variable results

showing 2-, 5-, and 100 fold reductions in hGrbl4-IR interactions in the three analysis

carried out (Fig. 30 represents the assay with the s-fold reduction). Although variable,

the SH2 mutation results in this system were consistent with our yeast two-hybrid results,

which showed that, the GAL4AD:: hGrbl4 R466Q fusion protein induced a four fold

decrease (26.3%) in the interaction with the IR (Fig. 11). These findings in our

mammalian cell model fuither confirmed the importance of a functionally active SH2

domain in binding of the hGrbl4 protein to the IR.

The R387Q mutation in hGrbl4 produced a very weak or non-existent interaction with

the IR protein compared to the wild-type hGrbl4 interaction with the IR. In comparing

the effect of the R387Q BPS mutation between the mammalian and veast models. we
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Figure 30. hGrbl4r-IR immunocomplexes from CHO-IR cells overexpressing
hGrbl4. hGrbl4e-IR immunocomplexes were eluted from CHO-IR cells
overexpressing wild-type or mutanr (R387Q, R387Q R466e) hGrbl4 and
accompanying mock-transfected (M) cells using anti-IR antibodies followed
by protein G beads and separated by SDS-PAGE. The mock transfected
sample collected at the clearing stage of the experiment (M Clear) was
loaded as a background control. (A) To assess the amount of hGrbl4-IR
immunocomplexes in each sample, the membrane was immunoblotted with
anti-FLAG antibodies, as the hGrbl4 protein is tagged with a FLAG epitope.
(B) To assess the effrciency and consistency of capture of hGrbl4-IR
immunocomplexes the membrane from panel A was probed with anti-IR
antibodies. The blots were exposed for 15 min.
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observed a four-fold reduction of the hGrbl4-IR interaction in the yeast model consistent

with the reduction in the mammalian cell model findings, although the reduction was

more drastic in this model. These finding indicate that even with a functionally active

SH2 domain, the R387Q BPS domain mutation greatly hindered the ability of hGrbl4 to

interact with the IR. These results put further emphasis on the importance of the hGrbl4

BPS domain in hGrbl4-IR interactions.

CHO-IR cells stably expressing hGrbl4 with both the BPS R3S7Q and SH2 R466Q

mutations consistently showed no interaction with the IR. This f,rnding was coÍrmon

with those from yeast two-hybrid experiments, which showed the GAL4AD::hGrbl4

R387Q R466Q fusion protein had only 1.5 + I .5Yo interaction with the IR protein. We

therefore concluded that when both the BPS and SH2 domains were mutated, the ability

of hGrbl4 to bind to the IR was destroyed. The results from these experiments

established thata minimal binding region of the hGrbl4 protein includes both the BPS

and SH2 domains.

The efflrciency and consistency of hGrbl4-IR immunocomplex capture (Fig. 31) was

tested by immunoblotting those membranes originally probed with FLAG antibodies with

anti-IR antibodies. This procedure allowed us to quantifu the degree to which the IR was

bound and then eluted during the immunoprecipitation proceduÍe, representing the

overall effrciency of capture. By comparing the results between immunoprecipitation of

different hGrbl4 constructs, we were able to normalize the results obtained by probing

with the FLAG antibodies.
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Figure 31. Tyrosine phosphorylation of proteins from CHO-IR cells overexpressing
hGrbl4. Proteins from CHO-IR cells overexpressing wild-type (hGrbl4) or
mutant R466Q, R387Q, R387Q R466Q hGrbl4 (mutant samples were loaded
in duplicate) and accompanying mock-transfected cell clones (M) were
immunoblotted with anti-pTyr antibodies. The blot was exposed to f,rlm for 1

min. An arrow denotes the tyrosine-phosphorylated B-subunit of the IR and
an asterisk indicates the 42-kDa protein band whose tyrosine phosphorylation
increases with decreasing hGrb 1 4-IR interaction.
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The quantity of IR was similar between the mock-transfected, hcrbl4 R466Q, and

hGrbl4 R387Q samples, whereas the wild-type hGrbl4 and hGrbl4 R3S7Q R466Q

samples showed slightly higher levels of IR protein capture (Fig. 30). Because IR protein

levels were almost constant over the different hGrb14-IR immunocomplexes, we took the

relative intensities of the hGrbl4e probed bands to be accurate approximations of

hGrbl4-IR interaction. The wild-type protein appeared to have the strongest interaction

with the IR followed by a reduced interaction for the hGrbl4 R466Q mutant. The R387Q

and R387Q/R466Q hGrbl4 mutants showed very little and no interaction, respectively,

with the IR. These findings are consistent with those from the yeast two-hybrid model

that also showed reduced interactions in the presence of the BPS and SH2 mutations.

Taken together these results suggest that if the function of the SH2 or BPS domains of the

hGrbl4 protein is destroyed by mutagenesis, the hGrbl4-IR interaction is reduced.

Furthermore, by mutating both domains in the hGrbl4 molecule, the hGrbl4-IR

interaction is completely abolished, indicatingthat both the SH2 and BPS domains play

important roles in the interaction between hGrbl4 and the IR.

3.2.3. Tyrosine phosphorylation of proteins in CHO-IR cells overexpressing wild-type
hGrbL4

Previous findings by Hemming et al (2001) demonstrated that three proteins known to

undergo insulin-stimulated tyrosine phosphorylation, Shc [73], IRS-1 [74], and Dok [75],

showed a decrease in phosphorylation in CHO-IR cells also overexpressing the hGrbl4

protein. Therefore we wanted to test the levels of insulin-stimulated tyrosine

phosphorylation in CHO-IR cells overexpressing hGrbl4 with BPS and/or SH2 domain

mutations compared with cell expressing wild-type hGrbl4. Using immunoprecipitation
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with anti-IR antibodies and immunoblotting with anti-pTyr antibodies (Fig. 31), we

measured the levels of tyrosine phosphorylation in CHO-IR cells expressing either the

wild-type or mutant hGrbl4 proteins. Consistent with previous findings, we observed an

overall decrease in the levels of tyrosine phosphorylation for proteins from cell lysates

overexpressing hGrbl4 compared to untransfected cells (Fig. 31) t611. Other studies

have similarly shown a decrease in insulin-stimulated tyrosine phosphorylation of

proteins from cell lysates overexpressing hGrbl} l44l or rGrbl4 [56]. These results

suggests that hGrbl4 may be a negative regulator of insulin signaling, consistent with

findings for the rGrbl4 [56].

We found that, the levels of tyrosine phosphorylation of the B-subunit of the IR protein

did not show a drastic change between Mock, wild-type and mutant hGrbl4 transfected

cells (Fig 32). However, the level of tyrosine phosphorylation of a 42-lÐa protein was

increased in cell lines transfected with mutant compared to wild-type hGrbl4, with the

greatest effect observed in cells overexpressing the hGrbl4 protein encoding both the

BPS (R387Q) and the SH2 (R466Q) domain mutations. Of the three trials that were

carried out for this experiment, one trial did show no difference in the intensity of this

band between wild-type and mutant hGrbl4 samples. Overall, these results suggested

that the mutations in the BPS and SH2 domains of the hGrbl4 reduced the ability of

hGrbl4 to bind the IR, resulting in decreased tyrosine phosphorylation of downstream

proteins. Therefore, it appears that BPS and SH2 domain mutations abolish the function

of hGrbl4 as a negative regulator in the insulin signaling pathway.
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Figure 32. Assessment of DNA integrity in mouse-tail samples. The 394 bp PCR
products were amplified from mouse-tail DNA using the Hyal2
WPGl64/WPG170 primers. Samples were labeled as follows: Ladder (L),
control non-transgenic tail DNA (c), Lanes l- sample I1980.1(F), 2-
r1980.2(F), 3- 11980.3(M), 4- 11981.1(M), s_ r1981 .2(M),6_ I1981.3(M),7_
n982.1(F), 8- n982.2(M), 9- r1982.3(M), 10- rr982.4(M), I 1- 11983.1(F),
12- r1983.2(F), 13- r1983.3(F), 14_ I1983.4(F), 1s_ I1983.5(M), 16_
I1983.6(M), 17- I1983.7(M), 18_ r1983.8(M), T9- I1983.9(M), 20_
rr97 6.t (F), 2 1 - rr 97 6.2(M), 22- rr 97 6 .3 (M), 23 - n 97 8 . | (F), 24 - n 97 8 .2(M),
25- 11978.3(M),26- I1978.4(M). The sample designations were assigned at
the Transgenic Core Facility; the numbers preceding the period (1930-19S3)
represent groups of pups from mothers 1980-1983, the numbers following
the period are the numbers of litter mates (1-9), and the sex is designated
male (M) or female (F). The blank water sample (Bl) served as a negative
control.

<-394 bp
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3.3. hGrbl4 transgenic mice

In these and previous studies using cell culture models [61] there is evidence that

overexpression of the hGrbl4 protein inhibits tyrosine phosphorylation of some

downstream proteins in the insulin signalling pathway while stimulating the tyrosine

phosphorylation of others. To further test the physiological relevance of these findings in

an animal model, we endeavored to create a transgenic mouse that overexpressed

hGrb14.

3.3.1. Strategtfor creating hGrbL4 transgenic mice

The hGrbl4 gene was introduced into the mouse genome in the form of a 2.8 Kb

MfeUBamHI hGrbl4 DNA fragment, which included an N-terminal CMV promoter and

C-terminal FLAG tag (Fig. 8). The purified fragment was microinjected into mouse

embryos as described in Sections 2.10.2-3. This procedure yielded twenty-nine pups,

three of which were stillborn. Viable mice were screened using PCR and Southern blot

analysis to identiff the hGrbl4 transgenic founders (Section 2.10.5.1-2).

Before testing for the presence of the transgenic hGrbl4 gene in the mouse genome, we

wanted to verify the integrity of the genomic DNA extracted from mousetail clippings.

A control PCR reaction was devised using WPG164iWPG170 oligonucleotides to

amplify a394 bp region of the mouse Hyal2 gene. This PCR amplification revealed that

the integrity of the mouse DNA was maintained during preparation for both the control

and putative transgenic groups (Fig. 32).
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In order to identifr hGrbl4 transgenic mice, we used two sets of primers

(WPG246|WPG248 and WPG251/WPG252) that would specifically ampli$, only the

human Grbl4 transgene and not the mouse genomic Grb14, from mouse-tail DNA. In

transgenic mice, we expected a 497 bp amplification product using the

WPG246/WPG248 primer set, and a 241 bp fragment from the WPG251/WPG252 set

(Fig. 33). In the PCR amplification using the WPG251iWPG252 pÅmer set, a 400 bp

band was observed in negative samples, this was likely amplification of mouse Grb14,

because an additional intron likely present in the mouse genomic DNA would result in

the larger PCR product. Although the PCR primers were designed to be specific for

human and not mouse Grb14, the presence of this extra amplification band is not

completely unexpected given the high degree of sequence conservation (86%) between

human and mouse Grb14. Our screening experiments, carried out in duplicate, detected

five mice, I1980.3(M), 11983.1(F), 11983.5(F), 11976.3(M), I1978.3(M) that showed

positive results using PCR amplif,rcation with two different primer sets

(WPG246|WPG248 and WPG25 l/wPG252).

To substantiate our results from PCR screening for hGrbl4 transgenic founders, the five

samples that showed positive results by PCR analysis were then tested for the presence of

the transgene using Southern blot analysis (Fig. 34). Fifteen micrograms of DNA from

each of the five mouse-tail DNA samples was digested with EcoRI and separated by gel

electrophoresis. Copy number standards of MfeVBamHl-digested pRcCMV::hGrbl4r at
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Figure 33. PCR screen of candidate hGrbl4 transgenic mouse DNA samples. PCR
amplification products from mouse-tail DNA using the hGrb14
WPG246/WPG248 primers (panel A) and the hGrbl4 V/PG251/WPG252
primers (panel B) are shown. The sample order and labeling is identical to
Fig. 32. Successtul amplif,rcation products 497 bp (A) and 241 bp (B) in
lanes 3, 11, 15, 23,26, indicated by asterisks above the lanes, correspond to
putative transgenic amplification products. In panel B, the low abundance
400 bp amplification products coffespond to genomic amplification from
negative hGrbl4 transgenic mouse samples.
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Figure 34. Southern blots of the hGrb14 transgenic mouse DNA samples that were positively identified by PCR analysis.
Mouse-tail DNA was digested with EcoRI and separated on an agarose gel in the foltowing order: Lane 1- I1980.3(M), 2-
I1983.1(F), 3- I1983.5(F), 4- I1976.3(M), and 5- I1978.3(M). Copy number standards of the 2.8 Kb A,{feVBamHl-digested
hGrbl4r region were loaded on the gel, in 36 pg equivalents of (1), (2), (5) and (10) copies. The Southern blot was
exposed to film for 16 h,4.5 h, and 20 min.
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estimated equivalents of (1), (2), (5) and (10) copies were loaded in separate wells on the

gel alongside the positively identified DNA samples. A HindIIVEcoRI digested

pRcCMV::hGrbl4¡ fragment was labeled with [P32] radioisotope and used to probe the

Southern blot membranes. Results showed that the genomic DNA of the I1980.3(M),

I1983.1(F), and I1983.5(F) mice contained high hGrbl4 transgene copy numbers,

whereas theIl976.3(M) and I1978.3(M) mice had low copy numbers. All f,rve of these

mice were therefore established as founders and were bred to produce F2 generation

litters that could then be used to test for hGrbl4 protein expression in various tissue

samples.

3.3.2. hGrbl4 protein expression in mouse tíssues

Five hGrbl4 transgenic founder mice were bred and the progeny were sacrificed in order

to examine hGrbl4 protein expression in the following tissues: liver, kidney, muscle,

pancreas, brain, heart, fat, lung, spleen, large intestine, small intestine, blood, and gonads

(Fig. 35, data not shown for the lung, spleen, large intestine, small intestine, blood, and

gonad tissue). Using immunoblot analysis of the mouse tissue samples with anti-FLAG

antibodies, no hGrbl4 protein expression was detected from any of the progeny of

founder mice that were initially positively identified by PCR and Southern blot screening.

Since the FLAG epitope is not endogenously present in the mouse genome, the bands

seen in the immunoblot in the control lanes must have represented cross-reacting

proteins. Therefore, bands appearing at the same position in test samples were assumed

to represent the same cross-reacting proteins. Expressed transgenic proteins, in contrast,

would only have appeared in the test lanes and at positions different from those of the
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Figure 35. hGrbl4 protein expression in mouse tissues. Proteins from founder mouse
progeny tissues were separated on SDS-PAGE and detected using the anti-
FLAG antibody. The control samples (C) were collected from non-
transgenic mouse tissues. Blots were exposed to film for either 10 min (A)
or 5 min (B). The identities of the mouse tissue samples are indicated below
their respective lanes.
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cross-reacting bands in the control lanes. One possible explanation for the lack of hGrb14

transgenic protein expression from mouse tissues could be that the hGrbl4 gene may

have been inserted in a silenced chromosomal region and thus was not expressed.
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4. CONCLUSION

Using the yeast two-hybrid system and cell culture experiments we confirmed that

hGrbl4 interacts with the IR in a kinase dependent manner. We also confirmed that the

SH2 domain of the hGrbl4 protein played an important role in binding to the IR, as the

R466Q SH2 domain mutation caused a reduction in binding to the IR.

Another domain of hGrbl4, the BPS domain, was found to mediate the interaction with

the active IR. Although, in the yeast two-hybrid system the BPS domain alone showed no

interaction with the IR, we demonstrated its importance in the IR interaction using

additional two-hybrid experiments. First, the hGrbl4 protein with the deleted BPS

domain showed a substantial reduction in IR binding. Further, the BPS plus SH2 domain

fusion protein exhibited a much greater binding to the IR than the SH2 domain alone,

indicating that the BPS domain played a key role in the hGrbl4-IR binding. More

striking was the yeast two-hybrid interaction finding that hGrbl4F R387Q GAL4AD

fusion protein that showed a 4-fold reduction in the interaction with the active IR

compared to wild-type hGrbl4, similar to that of the hGrbl4 R466Q fusion protein. The

interaction of hGrbl4 encoding both the R3S7Q and R466Q mutations with the active IR

was essentially abolished. Therefore, if you eliminate function of both the BPS and SH2

domains of hGrbl4, you destroy the ability of hGrbl4 to bind the IR, suggesting that the

BPS and SH2 act cooperatively to facilitate the hGrbl4-IR interaction.

The IR-hGrbl4 immunocomplexes from CHO-IR cells stably overexpressing hGrbl4

R387Q formed a very weak interaction compared to that with wild-type hGrbl4. The
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immunocomplexes formed between the IR and the hGrbl4 protein encoding both the

BPS, R387Q and R466Q mutations, in stably transfected CHO-IR cells, showed no

interaction. This indicated that the BPS domain played an important role in the binding

function of hGrbl4 with the IR, as did the SH2 domain. These domains seemed to act in

concert to bind to the IR, a finding that validated our original hypothesis. The conserved

R387 residue also proved to be critical in interaction of hGrbl4 with the active IR. These

findings represent a novel discovery of a critical residue of the BPS domain. that when

mutated abolishes the binding ability of the BpS domain.

Overexpression of hGrbl4 in CHO-IR cells resulted in a decrease in tyrosine

phosphorylation of proteins, which was consistent with previous findings. This effect

was more pronounced with mutations of the hGrbl4 BPS and/or SH2 domains, as these

mutations led to decreased hGrbl4-IR interaction. This observation was supported by

results from R387Q BPS mutations and to an even greater extent when the R466Q SH2

mutation was combined with the R387e BpS domain mutation.

Results from the mammalian cell culture experiments that showed that overexpression of

the hGrbl4 protein has a negative effect on downstream tyrosine phosphorylation of

insulin-stimulated proteins, prompted us to examine the effects of overexpressing the

hGrbl4 protein in an animal model. Unfortunately, the putative hGrbl4 transgenic

founder mice we created did not appear to express the hGrbl4 protein. One possible

explanation for this was that the hGrbl4 transgenic gene was inserted in a silenced

chromosomal region and thus was not expressed. An hGrbl4 transgenic mouse would be
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beneficial to studying the effects of hGrbl4 overexpression in an animal system and to

study arry effects on insulin signaling. Our results show that both the BPS and SH2

domains play important roles in hGrbl4-IR binding, and these domains appea.r to act in

concert in the hGrbl4 protein.

A study conducted by the World Health Organisation in 2000, reported that I42 million

people in the world suffer from diabetes mellitus, and this number is expected to double

by the year 2025. Therefore, further understanding the malfunction of the IR and insulin

signal transduction will aid in the discemment of diabetes, a major health concern.

111



5. FUTURE DIRECTIONS

Through mutagenesis studies using the yeast two-hybrid and cell culture models, we

identified a residue of the BPS domain (R387) that was critical for binding of the hGrbl4

protein to the IR. This finding suggests that the hGrb14 BPS mutant construct can be

used to assess the role of the BPS domain in any similar model system studying other

receptors such as IGFR-I and FGFR to which hGrbl4 has been shown to bind. As the

BPS domain is unique to the GrbT family of proteins, it is important to further analyze its

function to understand the functional purpose of this conserved protein domain. Further

studies might include inhoducing the R387Q mutation into other GrbT protein family

members and testing for changes in the binding of GrbT proteins to receptor tyrosine

kinases. In future work, CHO-IR cells stably transfected with hGrbl4 BPS and SH2

mutant proteins can be used in studies to determine the effects of phosphorylation of

other downstream insulin signaling proteins such as Shc, Dok, IRS-I, and PKB. This

work would undoubtedly clariff the role of the BPS domain of hGrbl4 in altering insulin

signaling downstream of the receptor.

At present, solution of the X-rcy crystal structure of the hGrbl4 BPS domain is

underway. If we could understand the structural interaction of the hGrbl4 and the IR. we

would be better equipped to study the effect the hGrbl4-IR interaction on insulin

signaling.

112



6. APPENDIX

6.1. Mutation Analysis

6.1.1. Electropherogram of pGAD424::hGrbI4r R3s7g using the GAL4AD reverse
primer.

The R387Q substitution of the nucleotide sequence is as follows:

Forward strand
AGA ) C.A,A

Wild type ) Substitutions

Reverse strand
TCT ) TTG

Wild type ) Substitutions

Electropherogram of the reverse strand using the GAL4AD primer:

The boxed codon sequence in the diagram indicates the R387Q substitution from the

complementary strand in the reverse direction.

The remainder of the automated sequencing sequence did not contain any unwanted

substitutions.
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6.1.2. Mutation analysis of pGAD424::hGrbl4e R3s7g R466e using the GAL4AD
reverse primer.

The R387Q substitution for the pGAD424::hGrb14¡ R3S7Q R466Q plasmid is the same

as above. The R466Q substitution of the nucleotide sequence is as follows:

CGG ) CAG

GCC ) GTC
Wild type ) Substitution

Electropherogram data not shown. The remainder of the automated sequencing sequence

did not contain any unwanted substitutions.

6.2. Peptide mass analysis

Table 7. Peptide molecular weight* and pI values for the GAL4AD::hGrbl4r fusion
proteins

protein sequences pr .YlÎ::lï, -.yol.,.TllWeight (Da) Weight (kDa)

GAL4AD + hGrbl4 + FLAG 6.46 77892.80

GAL4AD + BPS Dropout + FLAG 6.32 69205.07

GAL4AD + BPS+SH2 + FLAG 5.76 38781.24

GAL4AD+SH2+FLAG

GAL4AD

FLAG

s.20 28282.45

4.42 t5212.64

3.97 1388.32

78

69

39

28

15

r.4
*Mo1ecularweightvaluesweregeneratedusingthePeptidetvtas@

web site. All mass values are average mass, not monoisotopic mass.
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6.3. Media

6.3.1. Bøcteriøl medía

6.3.1.1. Luria Bertani (LB) medium
Difco bacto-tryptone 10 gll
Difco bacto-yeast extract 5 g/L
NaCl l0 glL
* Difco-bacto agar 16.7 glL
Dissolve reagents in 800 mL deionized HzO, adjust the pH to 7.0 with 5N
NaOH, fill to a final volume of lL, and sterilize by autoclaving.
*Omit agar for liquid medium

6.3.1.2. Low Salt LB medium
Difco bacto-tryptone 10 g/L
Difco bacto-yeast extact 5 glL
NaCl 5 g/L
* Difco-bacto agar 16.7 glL
Dissolve reagents in 800 mL deionized H2O, adjust the pH to 7.0 with 5N
NaOH, add water to a final volume of 1L, and sterilize by autoclaving.
xOmit agar for liquid medium.

6.3.1.3. SOC medium
Difco Bacto-trypt one 20 glL
Difco Bacto-yeast 5 gL
NaCl0.5 g/L
Mix the above reagents in lL of deionized H2O, autoclave, allow to cool to
60oC, add20 mM glucose, and sterilize by filtration through a0.22-micron
f,rlter.

6.3.2. Yeøst media

6.3.2.1. YPAD media
Difco bacto-peptone 20 glI-
Difco yeast extract 10 glL
Glucose 20 glL
Adenine hemisulphate 0.1 glL
*Difco-bacto agar 16.7 glL
Dissolve reagents in 800 mL deionized HzO, adjust the pH to 6.0 with 5N
NaOH, add water to a final volume of lL, and sterilize by autoclaving.
*Omit agar for liquid medium
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6.3.2.2. SC media
Difco yeast nitrogen base (minus aa) 6.65 glL
Glucose 20 glL
SC -TRP or SC-LEU or SC-HIS mix 0.668 g/L
*Difco-bacto agar 16.7 gI-
Dissolve reagents in 800 mL deionized H2O, adjust the pH to 5.6 with 5N
NaOH, add water to a final volume of 1L, and sterilize by autoclaving. If using
solid medium, pour plates and allow drying 1-3 days in the dark, as this medium
is light sensitive.
*Omit agar for liquid medium

6.3.3. Mammølian cell culture medía

Ham's F12 medium was used for the culture and maintenance of the CHO-IR, and CHO-

IR transfected cell lines. A prepared powder mixture was purchased from Invitrogen-

and prepared according to manufacturer's specifications. The medium was sterilized by

filtration through a}.22-micron filter and stored at4C. Fetal-calf serum was added to a

final concentration of l\Yo (v/v). Various antibiotics were used for selection.

6.3.3.1. Ham's Fl.2 media

Amino Acids (mg/liter): l-Alanine 8.9,I-Arginine2ll(HCl),I-Asparagine 13.2,1-
Aspartic acid 13.3, l-Cysteine, l-Glutamic acid 14.7,I-Glutamine 146, Glycine 7.5,1-
Histidine 1g(HCl), l-Isoleucine3.9,l-Leucine 13.1,l-Lysine 36.5(HCl), l-Methione 4.5,
l-Phenylalanine 5, l-Proline 34.5, l-serine 10.5, l-Threonine 1 1.9, t-Tryptophanz,l-
Tyrosine 5.4, l-Valine II.7

Vitamins (mg/titer): Biotin (H) 0.0073, Choline l4(Cl),Cyanocobalamin(812) 1.36,
Folic acid(M) l.32,Inositol 18, Nicotinamide 0.037,pantothenic acid0.477(ca),
Pyrodoxine(86) 0.062(HCl), Riboflavin(82,c) 0.038, Thiamine(B1) 0.337(HCl)

salts (mg/liter): cacl244(2Ezo),cusoa.5Hzo 0.0025,FeSo¿.7Hzo 0.834, KCL224,
MgCl2 122(6H2O), NaCl 7 597, NaHCOs 1 I 76, NazHPO 4 268(7H2O), ZnSOa .7HzO
0.863

Miscellaneous (mg/liter): Glucose 1800, Hypoxanthine 4.08, Linoleic acid, 0.084,
Lipoic acid,0.206, Phenolsulfophthalein 1.17, Putrecine dihydrochloride 0.161, Sodium
pynrvate 110, Thymidine 0.726
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6.4. Buffers

6.4.1. Cell lysis buffer
l%oTritonx-100
25 mM Tris-HCl pH7.5
150 mM NaCl
10 mM EDTA
1x protease inhibitor cocktail (Sigma)

6.4.2. Immunoprecipitation lysis buffer
l%ioTriton X-100
25 mM Tris-HCl pH 6.8
150 mM NaCl

6.4.3. PBS buffer
4.3 mM Na2HPO4.7H2O
1.47 mM KHzPO¿
137 mM NaCl
2.7 mM KCl, pH 7.5

4x SDS loading buffer
4% SDS
250 mM Tris, pH 6.8
0.1% Bromophenol blue
40%o glycercl
2.8 M B-mercaptoethanol (or 20Vo vlv)

STE buffer
50 mM Tris-HCl, pH 8.0
10 mM EDTA
100 mM NaCl
0.1 % SDS

6.4.4.

6.4.5.

6.4.6. Tissue lysis buffer
250 mM sucrose
25 mM Tris-HCl, pH 6.8
1 mM EDTA
lx protease and phosphatase inhibitor cocktail (Sigma-Aldrich)

6.4.7. TAE buffen
40 mM Tris-acetate (pH 7.6)
I mM Na2EDTA

6.4.8. TBE buffer
89 mM Tris-borate (pH 8.3)
2rîNINa2EDTA

117



6.4.9. TBS-T buffer
10 mM Tris-HCl, pH 7 .4
150 mM NaCl
0.1%ioTween20

6.4.10. TCA buffer
20 mM Tris-HCl, pH 8.0
50 mM ammonium acetate
2 mM EDTA
1x protease inhibitor cocktail

6.4.11. TCA Laemmli loading buffer
20o/o þ -mercaptoethanol (v/v)
80 mM Tris
8 mM EDTA
3.5% SDS
T4%o glycercl
40 mM Tris
1x protease inhibitor cocktail

6.4.12. Zbuffer
NaH2PO4.H2O 13.79 glL
KCl0.75 slL
MgSOa.7H20 0.246 glL
Dissolve reagents in 800 mL deionized H2o, adjust the pH to 7.0 with 5N
NaOH, and add water to a final volume of lL.

6.4.13. Z buffer/þ-MED(-gal
27 p,L of B-mercaptoethanol
0.167 mL of 20mglmLX-gal aqueous solution
10 pL Z-buffer

6.5.

6.6

6.6.1.

Sequencing gel
105 g Urea
37.5 mL (38% Acrylamide: 2YoBisacrylamide)
50 mL 10x TBE buffer
162.5 mL ddH20
Dissolve by immersing solution in a 60oc water bath and mix by stining.
Solution is light sensitive.

Southern blotting analysis solutions

Denaturation solution
1.5 M NaCl
0.5 M NaOH
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6.6.2.

6.6.3.

6.6.4.

for 5 min)

6.6.5. Wash #1
2xSSC
0.5% SDS

6.6.6. \ilash #2
2xSSC
0.1% SDS

6.6.7. \ilash #3
0.1 x SSC
0.5% SDS

Neutralization solution
1 M Tris pH7.4
1.5 M NaCl

20 x Standard Saline Citrate (SSC)
3 M NaCl
0.3 M sodium citrate, pH 7.0

Hybridization buffer
6xSSC
5 x Denhardt's Reagent
0.5% SDS
100 pglml, single-stranded salmon sperrn DNA (denatured by heating to 100'C
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