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ERRATUM

Figure 1.8 additional sentence "The orange arrows indicate the interaction surface on

the protein domains."

page 56 and 57 additional reference for the NMR experiments required: for review

please see Evans 1995
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may be assigned to the indole of a Trp lesidue and is indicative of a folded protein."

Page 89 paragraph 3 line 3 should read "strong NOEs are designated as being 2.0-2.5
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Page 95 paragraph 2line 3 additional sentence "Assignment of Tec SH3 domaln was
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SUMMARY

The Tec family of intracellular tyrosine kinases includes Tec, Btk, Itk, Bmx, Txk and

Dsrc29. There are four isofoms of Tec kinase (Tec I, Tec II, Tec III and Tec IV) generated

by alternative splicing; Tec IV is the full-length transcript whereas the other major isoform,

Tec III lacks 22 amino acids in the SH3 domain. These proteins contain the Src homology

domains SH3, SH2 and the kinase domain (SHl) coÍrmon to the Src kinases. In addition,

Tec family members contain a Pleckstrin homology and Tec homology (PHTH) domain.

The TH domain is a signature of this family of kinases and consists of a Btk motif followed

by a proline rich region (PRR) where the Btk motif has a globular core that chelates a zinc

atom by a HCCC motif and the PRR contains SH3 domain binding consensus sequences.

Many studies have shown that Tec kinase binds to and is activated by a variety of

receptors in response to ligand binding. Tec kinases are crucial downstream targets of the T

cell and B cell antigen receptors leading to activation and tyrosine phosphorylation of PLC-

y subunits. PH domains of Tec family proteins bind to the membrane through an interaction

with PI(3,4,5)P3, a product of PI3K activation. Following membrane localisation, Src

family kinases phosphorylate Tec kinases within the kinase domain (Tyr 551 in Btk).

Autophosphorylation of Tyr 223 in the SH3 domain follows. Activated Btk binds to a

phosphotyrosine in SLP-65 resulting in the phosphorylation of PLC-Y2.

' Protein tyrosine kinases are important regulators of cell differentiation and growth

and comprise the largest group of known oncogenes. Src kinases are maintained in an

inactive conformation through interactions between the SH2 domain and the C-terminal

regulatory tyrosine and between the SH3 domain and the SH2-kinase linker. Tec kinases

lack that regulatory C-terminal tyrosine and recent evidence suggests that Itk and Btk exhibit

a novel mechanism of kinase activity regulation via interactions between the SH3 domain

and the adjacent PRR. Itk PRRSH3 protein contains one SH3 binding consensus site (site 1)

that contributes to a stable but weak intramolecular interaction. Btk, in comparison, has two

consensus SH3 binding sequences within the PRR. Site 1 ("u KPLPPTP"') can bind Src

family kinases and the SH3 domain of Btk, while binding partners for site 2 ('*KPLPPEP'*)

are currently unknown. Tec PRR also has two class I SH3 binding consensus sequences: site

1 tttKT1-ppAptut and site 2 'utKRRPPPPIPttt. There is currently no information regarding

the affinity of these sites for the Tec SH3 domain.

The aim of this work was to derive NMR structures of Tec PHTH and SH3 domains

and further investigate interactions between the SH3 domain and PRR of Tec kinase as
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potential mechanisms of kinase activity regulation. Although a variety of different coding

regions, expression systems and purification schemes were tested, structure determination of

Tec PTITH domain was not successful. The solution structure of Tec SH3 domain was

determined using two and three dimensional NMR techniques and the iterative approach of

Nilges for NOE assignment. The Tec SH3 domain resembles a subclass of SH3 domains

that includes Hck and Fyn tyrosine kinases. Each are composed of a six stranded, two p-

sheet B-banel with the second strand shared between the two sheets and a small C-terminal

3,0 helix. Chemical shift perturbations that occurred upon ligand (SH2-kinase linker peptide

like) binding were used to identify residues of the ligand binding site. This binding site is a

shallow cleft on the surface of the protein and is consistent with those of other SH3 domains.

Tec PRRSH3 protein was generated as a GST fusion. Biophysical characterization,

through analytical ultracentrifugation, BIAcore and NMR spectroscopy of wild-type and

mutant Tec PRRSH3 proteins, was performed. Tec PRR site 1 formed an intramolecular

interaction with the adjacent Tec SH3 domain. In contrast, PRR site 2 was involved in an

intermolecular interaction with the SH3 domain of a neighbouring PRRSH3 molecule. Site 2

promoted the formation of PRRSH3 dimers and tetramers with a dimer dissociation constant

of the order of 50 pM. In the wild-type PRRSH3 protein, more of the dimer/tetramer

species existed than the intramolecularly associated monomer.

The observations described in this thesis indicate that the two SH3 domain binding

consensus sequences within the PRR of Tec kinases perform distinct functions that are

conserved between the different Tec family members. Tec PRR site 1 mediates

intramolecular interactions and interactions with other cellular proteins whereas PRR site 2

is responsible for the dimerisation of the PRRSH3 region of Tec family proteins. Thus, Tec

family members may be maintained in an inactive conformation through a mechanism

involving the SH3 domain and the PRR of these proteins. This mechanism would differ

depending on the presence or absence of SH3 consensus sites within the PRR.
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CHAPTER 1:

INTRODUCTION



1.1 SIGNAL TRÄNSDUCTION

Protein kinase cascades are an effective method for amplifying an extracellular signal

that ultimately results in cell differentiation or cell proliferation. Transmembrane tyrosine

kinase receptors contain extracellular regions of protein sequence that participate in ligand

binding, a single span transmembrane region and intracellular regions of protein sequence.

Signals are transmitted through extracellular ligands that, upon binding to the receptor,

induce homodimerisation or heterodimerisation between receptor subunits and subsequent

cross phosphorylation of multiple tyrosines within the intracellular catalytic portion of the

protein. Various intracellular proteins then bind the phosphotyrosine residues including

intracellular tyrosine kinases, phospholipase C -y (PLC-y) and phosphoinositol-3 kinase

(PI3K) and transmit a signal through a series of protein-protein interactions to the nucleus

(Karin, 1992); (Fantl et a1.,1993).

1.2 INTRACELLIJLAR PROTEIN TYROSINE KINASES

There are currently 26 members of the intracellular tyrosine kinase family separated

into eight groups. All tyrosine kinases are modular proteins, consisting of a series of

independently folding and independently acting domains that together modulate signal

transduction pathways involved in transcription regulation, cell growth and apoptosis. All

tyrosine kinases contain a hallmark catalytic or kinase domain. All, with the exception of

the Jak and Fak kinases contain SH2 or SH3 domains with the majority containing both

(Bolen, 1993). Figure 1.1 shows a schematic diagram of several families of tyrosine kinases

with their modular domains highlighted'

1.3 THE SRC FAMILY OF INTRACELLULAR TYROSINE KINASES

The largest and most characterised group of tyrosine kinases is the Src family. Yes,

Fgr, Lck and Src were isolated based on the ability to induce growth in the absence of

growth factors in culture (Erpel and Courtneidge, 1995). The remaining Src family

members, Fyn, Lyn, Blk, Hck and Yrk were isolated by homology screening (Erpel and

Courtneidge, (1995) and references therein). Src family kinases contain a glycine at position

2 that is myristylated, and therefore anchor these kinases to the membrane. Src family

kinases are predominantly responsible for the signal transduction immediately following

receptor activation and membrane association is essential for their function (Toyoshima ef

1



Figure 1.1

A schematic of the modular domains in Src, Jak, Syk, Csk and Tec families of intracellular

tyrosine kinases. These proteins are composed of independently folding domains. The

kinase domain (Src Homology 1 -SH1) is shown in pink. The regulatory domains include

the SH2 domain, shown in orange, SH3 domain in green, Proline Rich Region (PRR) in red

and the PIITH domain in blue. Jak kinases have several additional domains termed Jak

Homology domains (JH) and these are presented in cyan. Although there are two kinase

domains indicated for Jak kinase, only the most C-terminal kinase domain has catalytic

activity (Heindrich, et al., 1993). The non-functional kinase domain (JH2) is shown in dark

pink.
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al., t992). The N+erminal regions are unique to each Src kinase and there is no evidence of

a functional domain. Following the unique region is the Src Homology 3 (SH3) domain, Src

Homology 2 (SH2) domain and the kinase domain. Src kinases contain a negative

autoregulatory tyrosine at the C-terminus that is important in maintaining the kinases in an

inactive conformation (section 1.6. 1).

The Src family members Lck, Fgr, Hck and Blk are expressed solely in

haematopoietic lineages in the adult while Src, Yes, Lyn and Fyn are expressed in a wide

range of tissue types (Bolen, 1993). The functions of all Src family members have been

investigated by generation of mice lacking these proteins. Lyn tyrosine kinase has been

shown to physically associate with B cell antigen receptor through immunoreceptor tyrosine

based activation motifs (ITAMs) and functions downstream of the receptor as mice lacking

Lyn have reduced numbers of recirculating B cells (Chan et aI., L997). Sre'- mice have a

severely reduced survival rate following weaning, with surviving animals developing

osteoporosis. This phenotype is more severe in mice that lack Src and Prck (Src-''lHcE'-)

(Lowell et a1.,1996). Hck can therefore compensate for a lack of Src kinase during mouse

development but presumably only in the haematopoietic lineages. Src'''/Fyn-'- and Src'''fYei'-

mice die at birth (reviewed in Lowell and Soriano, (1996)). Yes kinase is expressed during

neural development, however, Yes deficient mice exhibit no obvious phenotype. Fyn kinase

is also expressed during neural development and mice lacking Fyn show defects in the

hippocampus and consequent impaired long term memory. Lck protein has been shown to

act downstream of the T cell receptor by gene targeting experiments in the mouse (reviewed

in Lowell and Soriano, (1996)). Thus, there is an overall redundancy in Src family kinases

that is facilitated by the presence of at least two Src family members in every cell type

(Abram and Courtneidge, 2000).

1.4 TTIE TEC FAMILY OF INTRACELLI,JLAR TYROSINE KINASES

The Tec family of tyrosine kinases includes tyrosine kinase expressed in

hepatocellular carcinoma (Tec), Bruton's tyrosine kinase (Btk), Interleukin-2 responsive T

cell kinase (Itk; also called Emt), bone marrow tyrosine kinase gene in Chromosome X

(Bmx; also called Etk), T cell expressed kinase (Txk; also called resting lymphocyte kinase

Rlk) and Dsrc29. Figure 1.24 shows the modula¡ structure of the Tec family of tyrosine

kinases, which is the second largest family of tyrosine kinases. With the exception of Bmx

which is also expressed in epithelial and endothelial cells, Tec kinases are predominantly

expressed in haematopoietic lineages (Robinson et aI., 1996); (Tamagnone et al., L994);

2



Figure 1.2

A. Modular domains of Tec family kinases. The kinase domain is shown in pink, SH2

domain in orange, SH3 domain in green, PRR in red and PIIIH domain in blue. Tec, Btk

and Itk all have the same domain structure. Txk lacks the PHTH domain, which is replaced

with a string of six cysteines. Bmx contains an atypical SH3 domain, which is represented in

cyan. The two main isoforms of Tec kinase are shown in the boxed area.

B. Summary of currently known information about Tec family kinases. The expected size

of the produced proteins, the tissue and cell lineage expression, chromosomal localisation,

the activating pathways to which the proteins have been linked and phenotypes of single

mutants as determined by gene targeting experiments in mice. The chromosomal locations

of mouse Bmx and Itk are currently not determined (indicated with ?).

(Taken from Yang et a1.,2000)
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(rweil et aI., 1997). The expression of Btk is restricted to B cells, while T cells express Itk

and Txk. Tec kinase expression is more widely detected in myeloid lineages, T cells and B

cetls (Figure 1.28) (reviewed in Schaeffer and Schwartzberg, (2000)).

There are four isoforms of Tec kinase (Tec I, Tec II, Tec III and Tec IV) generated

by alternative splicing (Merkel et aI., 1999). Tec IV kinase is the full-length transcript

whereas Tec III arises from the splicing out of the 66 bp exon 8 in the Tec cDNA resulting

in the loss of 22 amino acids in the SH3 domain. The protein generated from the Tec III

transcript is proposed to be a constitutively active isoform of the Tec protein. It is

interesting to note that in some tissues the Tec III transcript is the major isoform expressed

(Merkel et a1.,1999). Tec I protein arises from the use of an alternative exon 4 producing a

41 bp deletion in the PH domain causing a frameshift in the protein resulting in the

production of a 100 amino acid protein. This protein has not been detected in a range of

adult and embryonic tissues. Tec II protein is produced with alternate 2l amino acids in the

C-terminus of the protein generated by the use of an alternate exon 18. The biological

significance of these alternate transcripts is not clear (Merkel et a1.,1999).

Tec family proteins do not contain a regulatory tyrosine residue near the C-terminus

nor a N+erminal myristylation sequence found in Src kinase, known to be important for

regulation of the kinase activity and membrane localisation, respectively. Tec family

proteins contain the Src homology domains SH3, SH2 and the kinase domain (SHl)

common to the Src kinases (reviewed in Schaeffer and Schwartzberg, (2000)). Tec family

SH2 and SH3 domains perform complex functions that result in both activation and

repression of the proteirìs catalytic activity making them important regulators of these

proteins. The kinase domain of Tec is structurally similar to Src and exhibits approximately

507o amino acid identity to that of other tyrosine kinases (47.8Vo to v-Abl and 47.47o to v-

Src) (Mano et a1.,1990). Like other kinase domains, the Tec kinase domain contains the

hallmark regions 3s3TlRIìL386, *'DFG*t, *'SDVIVS* in addition to an activating tyrosine

position at 4t5 (equivalent to 416 v-Src) and an ATP binding site "'X-G-XX-Gttt and "ol.yt

(Mano et aL,1990). Like Src kinase, phosphorylation of tyrosine 415 (tyrosine 551 in BtÐ

in the loop of the Tec kinase domain results in stimulation of catalytic activity (Rawlings er

al.,1996).

In addition to the modular domains shared with Src kinases, Tec family members

contain a Pleckstrin homologylTec homology (PIITII) domain. PH domains are lipid-

binding modules that participate in protein signalling by initiating membrane relocation of

the protein. The TH domain is a signature of this family of kinases and consists of a Btk

I
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motif followed by a proline rich region (PRR). The Btk motif is also present in the human

interferon-y binding protein (IGBP) and Ras GTP activating protein (Ras Gap) proteins and

contains ten conserved amino acids of which seven amino acids are invariant (Vihinen et aI.,

Igg4). The TH domain has a globular core that chelates a zinc atom by the coordination of

three cysreines and a histidine (Cys 132, Cys 133 and Cys 143, and H.lzI in Btk) (Hyvonen

and Saraste, L997). The Btk motif is a novel protein fold unique to this family of tyrosine

kinases.

1.4.1 The function of Tec family members

Btk, Itk/Txk and Tec are critical for downstream signalling from the B cell, T cell

and Fcy receptors, respectively (reviewed in Yang et a1.,2000) (Figure 1.3)' X-linked

agammaglobulinemia ()l-A) is an inherited humoral disease that manifests as recurrent

infections early in life (Rawlings and Witte, 1994). Bruton first described )(LA in 1952 and

in 1993 the gene was isolated and termed Bruton's tyrosine kinase or Btk. This was the first

Src-related gene implicated in human genetic disease (Vetrie et a1.,1993). Patients suffering

from XLA have severely reduced B cell levels and decreased levels of circulating

immunoglobulins but exhibit normal myeloid and T cell function (Tsukada et al., L994);

(Tsukada and'Witte, L994). Mutations that cause XLA encode Btk proteins with altered

structural and functional characteristics (Vihinen et a1.,1999). Mutations that result in XLA

have been mapped and can occur in all domains of Btk (Vihinen et al., L997). A naturally

occurring Xlinked immunodeficiency ()ilD) in mouse has also been localised to the Btk

gene; however, the phenotype is somewhat less severe (Rawlings et a1.,1993). There is no

evidence of similar hereditary disease caused by the other Tec family members.

Tec family members interact with many different binding partners. The unique

pIITH region in Tec kinases was found to bind intracellular proteins including the guanine

nucleotide exchange factor Vav, Protein kinase C and the py subunits of G-proteins (section

3.1.1) (Machide et a1.,1995); (Yao et a1.,1994); (Touhara et aI., t994). The PH domains of

Tec family members was found to bind the PI(3,4,5)P, group of phosphoinositols and it is

through this interaction that these proteins become membrane bound (section 3.1.1).

Binding partners for Tec family SH3 domains have also been isolated and these include Vav,

Src-associated in mitosis-68 kDa (Sam68), SH3-domain binding protein that preferentially

associates with Btk (Sab) and Wiskott Aldrich associated protein (WASP) (section 4.1.1)

(Guinamard et al., L997); (Yamadori et al.,1999); (Bunnell et al., L996). Tec kinase binds
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Figure 1.3

A. A schematic representation of the function of Tec family member Itk downstream of the

T cell receptors CD4|CD8, TCR and CD28. Tec family members are relocated to the

membrane following activation of PI3K and the subsequent production of PI(3,4,5)P' the

ligand for Tec family PH domains. Here, Tec kinases are phosphorylated (shown by stars)

by Src family members (Lck in T cells and Src in B cells) within the kinase domain resulting

in activation of the tyrosine activity. Subsequent phosphorylation of the tyrosine in the SH3

domain leads to complete activation of Tec family members. Following engagement of the

receptors, SLP family adaptor proteins (SLP-76 in T cells and Blnk/SLP-65 in B cells) are

phosphorylated by Zap 70 (T cells) or Syk (B cells) protein tyrosine kinases. A complex is

formed between these adaptor proteins and Lat, Gads, Vav and Rac. Tec kinases bind to the

phosphotyrosine on the SLP adaptor proteins via their SII2 domains (shown by star indents)

which facilitates phosphorylation of PLC-y by Tec family kinases. Activation of PLC-y

initiates Ca'* mobilisation and activation of gene transcription.

B. A schematic representation of the function of Tec family member Btk downstream of the

B cell receptors BCR and FCyRII. Rac can also facilitate Ca'* production via a pathway

utilising PIP, kinase. Shipl phosphatase can regulate the production of calcium through

hydrolysis of PIP,.

(Adapted from Schaeffer and Schwartzberg 2000)
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proline rich regions in the CD28 protein following TCR/CD3 or CD28 receptor activation

(Yang et a1.,1999). This links Tec kinase family members downstream of a variety of cell

surface receptors. Immunoprecipitation and kinase assays have shown that Tec kinase is

activated in response to the activation of a variety of receptors including the cytokine

receptors granulocyte colony stimulating factor (G-CSF), erythropoietin (Epo),

thrombopoietin (TPO) and interleukins-3 and 6 (IL-3 and IL-6) and the antigen receptor for

T cells (Machide et aI., 1995); (Laffargue et al., 1997); (Mano et aL, 1995); (Matsuda et aL,

1995); (Takahashi-Tezuka et al., L997); (Yamashita et a1.,1997); (Yang et aL,1999). There

is also evidence for the activation of Tec downstream of the receptor tyrosine kinase c-Kit

(Tang et al., L994). Several ligands for the kinase domain of Tec kinase have been

identified by yeast-2-hybrid. These include Grbl0/GrblR, suppressor of cytokine

signalling-l (SOCS-l) and BCR downstream signalling 1 (BRDGI) (Mano et al., 1998);

(Ohya et a1.,1997); (Ohya et a1.,1999).

Recently, ligands for the SH2 domains of Tec family members were isolated. The

association of Tec family SH2 domains with the Src homology 2 domain containing

Leukocyte Protein (SLP) adaptors (SLP-65/BLNK/BASH and SLP-76 in B and T cells

respectively) was shown in GST pull down experiments (Su et a1.,1999). In T cells, SLP-

76 is phosphorylated following T cell activation by Zap70 or Syk tyrosine kinases and, thus,

provides the binding sites for the guanine nucleotide exchange factor for the Rho/Rac family

of GTPases, Vav, the adaptor protein Nck and Itk (reviewed in Myung et al., (2000). The

importance of SLP-?6 in T cell signalling has been shown in SLP-76 deficient jurkat cells.

These cells failed to induce PLC-11 phosphorylation, calcium influx, extracellular signal-

regulated protein kinase (ERK) activation or the upregulation of IL-2 after T cell activation.

Zap70 has been shown to phosphorylate SLP-76 in jurkat cells and does so in the acidic N-

terminal region at YESP/YEPP sites. This results in calcium mobilisation and initiation of

transcription (Bubeck Wardenbur g et aI., 1996).

Tec kinases are crucial downstream of the T cell and B cell antigen receptors.

Activation and tyrosine phosphorylation of PLC-1(the PLC-YI subunit in T cells and PLC-

y2 in B cells) is required for hydrolysis of phosphatidylinositol 4, 5 bisphosphate (PIP') to

inositol l, 4, 5 triphosphate (PI(3,4,5)P'), a major mediator of calcium mobilisation and to

diacylglycerol (DAG), an activator of protein kinase C (reviewed in Schaeffer and

Schwartzberg, (2000). Calcium is required by the cell to initiate transcriptional and growth

responses such as proliferation and apoptosis (reviewed in Kurosaki and Tsukada, (2000).

In T cells the Tec kinase proteins involved in the response to antigen include ltk, Txk and
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Tec while in B-cells Btk and Tec are important (Sommers et al., 1995); (Bunnell et aI.,

2000); (Schneider et aL,2000); (Yang et al., 1999); (Fluckiger et al., 1998); (Kitanaka et

al., 1998); Rawlings, 1999).

Early experiments hinted at an important role for Tec family members in B and T

cells. An increase in the tyrosine kinase activity and the phosphorylation of Btk was

observed following stimul4tion of B cells with an anti-immunoglobulin antibody

(Hinshelwood et aI., 1995); (Aoki et aI., 1994) and DT40 cells deficient in Btk showed a

decrease in the phosphorylation of PLC-f2 in response to receptor stimulation resulting in

loss of phosphatidylinositol hydrolysis and no Ca'* mobilisation (Takata and Kurosaki,

1996). Functional PLC-Y2 is essential in B cell function (Wang et a1.,2000). Btk and Tec

kinase have been shown to restore Ca2* mobilisation through the activation of PLC-Y2 in the

absence of Syk (Venkataraman et al., 1993); (Fluckiger et al., 1998) and tyrosine 551 (in

Btk) is absolutely required for this activation (Kurosaki and Kurosaki,1997).

The signal transduction pathway has now been elucidated (Figure 1.3). Following

receptor activation PI (4,5) P, is phosphorylated by PI3K to produce the high affinity ligand

for the Tec family PH domains. In the case of Txk, which lacks a PH domain, there is in its

place, a palmitoylated cysteine string that facilitates membrane localisation (Schneider et aI.,

2000). Increased PI (3,4,5)P, results in relocation of Tec family proteins to the membrane.

This is the first step in the activation of Tec family kinases and may be regulated by SIIP-I,

an SH2 domain containing tyrosine phosphatase which removes phosphates from PI(3,4,5)P,

causing the release of Btk from the membrane (Bolland et a1.,1998).

Membrane localisation of Tec kinases facilitates activation of these kinases by Src

family kinases such as Lyn, which phosphorylate Tec kinases on the tyrosine in the kinase

domain (551 in Btk) (Li et al.,1997), the second step and the critical step in the activation of

Tec kinases. Autophosphorylation of tyrosine 223 in the SH3 domain follows, resulting in

an active protein. This model differs slightly for Itk that has been shown to be constitutively

attached to the membrane. In order for Itk to be activated,ZapT0 must also be activated and

the transmembrane adaptor, linker for activated T cells (Lat) must be phosphorylated

permitting a Lat-Itk association (Yang et a1.,2000). During the timeframe for the activation

of Tec family members, Syk kinase has phosphorylated the adaptor protein SLP-65 in B

cells and Zap 70 has phosphorylated SLP-76 in T cells. The phosphotyrosine on SLP-

65/SLP-76 can then bind directly to, and partially activate, PLC-Y2{PLC-y1. However, a

phosphotyrosine within SLP-65/SLP-76 also provides a ligand for binding to the SII2

domain of Tec family members. Activated Btk binds to the phosphorylated tyrosine in SLP-
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65 and places it in close proximity toPLC-Y2. Btk then phosphorylates PLC-y2 resulting in

the full activation of PLC-{2, Ca" mobilisation and gene transcription. A similar pathway

involving Zap 70 tyrosine kinase, SLP-76 adaptor protein and Itk results in the activation of

PLC-yl (described in Figure 1.3) (Shan and Wange, 1999).

Targeted gene disruption of the Tec family members has revealed a degree of

redundancy in the function of Tec kinases. In T cells, the most highly expressed Tec protein

is Itk. Mice null for ltk show a reduction in mature thymocytes and a reduction in the

responses following T cell receptor cross-linking (Liao and Littman, 1995). However, mice

null for Txk exhibit no major defects in T cell functional responses. Northern blot analysis

of lymphoid organs from Txk'- mice revealed a slight upregulation of ltk expression

suggesting a compensatory role of Itk for Txk function (Schaeffer et al., 1999). Mice

lacking Txk and Itk had severely compromised responses to T cell activation due to a loss of

mature T cell function. This is the same phenotype observed in the ltk t' mice. Itkt' I Txk"-

mice resemble that of the SLP-76 knockout mice again suggesting that Tec kinases, Txk and

Itk and SLP-76 are a part of a complex that activates PLC-y. This gene targeting

information places Txk downstream of Src family kinases, as a second stage of activation in

the initiation of transcription of n--2 (Schaeffer et aI., 1999). It is interesting to note that

Tec kinase has also been linked to T cell signalling and may also perform an analogous role,

however, the authors suggest the function of Itk and Tec might differ in T cells as n--2

promoter activity differed in Jurkat cells transfected with both of these proteins (Yang et aI.,

1999). A similar redundancy of Tec kinases has been observed in B cells. The knockout of

Tec kinase produced mice that were viable and fertile and had no obvious affect on the

immune system. The production of Tec and Brft null mice produced a phenotype of

increased severity as compared with that of Btk u' mice. The numbers of peripheral B cells

were reduced compared with Btk'- mice and a defect during B cell development was also

observed. In mice lacking both Tec and Btk, very few pre B cells can develop into immature

B cells. Myeloid cell function has not yet been investigated in the Tec''' mice. Thus, Btk can

compensate for Tec, however, Tec can only partially compensate for Btk (Ellmeier et al.,

2000). Overexpression of Tec family members Bmx and Txk can reconstitute Btk signalling

in human DT40 B cells (Tomlinson et aI., 1999). Both of these proteins can reconstitute

PLC-y calcium mobilisation and restore the ERK MAPK signalling pathways in Btk

deficient DT40 cells. Bmx but not Txk rescued the function of Btk in BCR-induced

apoptosis. The ability to rescue the apoptosis phenotype was isolated to the PH domain of

Tec family members, consistent with the inability of Txk that lacks a PH domain
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(Tomlinson et aL, 1999). Thus, in both B cells and T cells Tec family members can

compensate for each other to differing degrees. The gene disruption of the predominant Tec

family member expressed in B cells and T cells (Btk and Itk respectively) produces a severe

phenotype in comparison to the gene disruption of the secondary expressed Tec family

member (Tec and Txk respectively).

The atypical Tec family members, Bmx and Txk differ in their modular structure

compared with other family members. Bmx lacks a PRR and a consensus SH3 domain

(Tamagnone et al., 1994). The function of Bmx is unclear, however, there is strong

evidence for a role in prostate cancer. Bmx is required for IL-6 induced differentiation of

prostate epithelial cells. In response to IL-6 receptor complex activation, Bmx protein is

phosphorylated activating its kinase activity (Qiu et al., 1998). Like the other Tec family

members, Bmx has been shown to function downstream of PI3K and kinase activation is

dependent on PI3K (Qiu er al., 1998). Bmx contains a PH domain and the dependence on

PI3K activation is not surprising as PH domains have been shown to associate with PIP,

(Tomlinson et a1.,1999). However, Bmx activation is likely to differ compared with that of

other Tec family members as anE42K mutation within the PH domain of Bmx reduces the

kinase activity while the corresponding mutation in Btk (E41K) increases kinase activity

(Qiu er at., 1998). Bmx has also been linked to increased phosphorylation of Signal

Transducer and Activator of Transcription (Stat) proteins 1, 3, and 5 and subsequent DNA

binding activity (Saharinen et al.,1997).

1.5 MODI,JLAR DOMAINS CRITICAL FOR SIGNAL TRANSDUCTION

1.5.1 Src Homology 2 domains

Proteins including Src family kinases, Raf, PI3K, PLC-y1 and GTP activating protein

(GAP) interact with the stimulated Platelet-Derived Growth Factor (PDGF) or Epidermal

Growth Factor (EGF) receptors (reviewed in Koch et al., 1991). Although the biological

activities of these proteins differ they all share a common region of homology known as the

Src homology 2 (SHz) domain (reviewed in Koch et al., (1991).

SH2 domains are well documented as a protein-protein interaction module that binds

to phosphotyrosine residues. The SH2 domain has been shown to be indispensable for

binding to activated growth factor receptors (Moran et a1.,1990). Gapl and PLC-y1 which

both contain two StI2 domains, may bind activated receptors via a cooperative method
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(reviewed in (Koch et al., (1991). Src family members also bind activated receptors through

the SH2 domain (Kypta et a1.,1990).

SH2 domain interactions with cellular ligands have also been reported. Following

activation, STAT proteins dimerise through reciprocal SH2 domain-phosphotyrosine

interactions allowing entry into the nucleus and subsequent activation of transcription (Chen

et aL,1998).

Deletion of the N or C-terminal regions of the Src SH2 domain increase tyrosine

phosphorylation of Src by 14-30 fold. This increase in the tyrosine phosphorylation

correlates with an increase in transforming potential of these proteins (Seidel-Dugan et al.,

1992). The phenotypes produced from SH2 domain mutations led researchers to postulate

that the SH2 domain maintains Src in an inactive conformation. Liu and co-workers were

able to show an intrinsic affinity of the SH2 domain for the C-terminal regulatory tyrosine

(section 1.6.1.) (Liu et a1.,1993)

The three dimensional structure of SH2 domains have been solved using proteins in

solution and in crystals. The solution structure of the p85 regulatory subunit of PI3K (P85ø)

was one of the first structures of an SH2 domain published (Booker et aI., 1992). This

structure can be described as a three-stranded antiparallel p-sheet with a kink at the end of

the third strand leading into a two stranded antiparallel p-sheet. An additional p-sheet is

present at the C-terminus that lies along the face of the central p-sheet. Two o-helices

present on opposing faces of the SH2 domain pack on either side of the central p-sheet

(Booker et aI., L992). SH2 domain structures in complex with phosphotyrosine peptides

have also been determined and the binding surface on the SH2 domain has been described as

a two pronged plug (Pasca| et aI., 1994). The binding surface is composed of two

components, one accommodating the tyrosine phosphate moity and the other the +3 amino

acid residue (Hensmann et aI., L994). In some instances, the second pocket is a long groove

along the surface of the protein that accommodates amino acids +1 to +6 from the

phosphotyrosine (Pasc al et aI., 1994), The amino acids flanking the phosphotyrosine confer

binding specificity. These sequences can be broadly separated into two classes; those that

bind a motif of pTyr-hydrophilic-hydrophilic-IleÆro (class I) and those that bind

pTyr-hydrophobic-X-hydrophobic sequences (class II). SH2 domains that bind class I

phosphotyrosine moieties contain an aromatic residue in the fifth position of p-strand O

(PD5) and include members from the tyrosine kinase family. The class II binders are

composed of SH2 domains of p85ø, pTyr-phosphatases and PLC-y and contain an Ile or Cys

at the PD5 position (Songyang et aL, 1995). Thus, SH2 domains interact with
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phosphotyrosine residues on the receptors and facilitate the transfer of signals from the

cytoplasm to the nucleus.

1.5.2 Src Homology 3 domains

SH3 domains were first identified as a conserved sequence in the N-terminal region

of Src family tyrosine kinases. Another conserved region in Src family kinases, the SH2

domain, is often found adjacent to SH3 domains (Pawson et a1.,1993). SH3 domains have

since been identified in a large number of proteins with a wide array of functions. They are

present in proteins involved in cytoskeletal rearrangement (spectrin), clathrin mediated

endocytosis (amphiphysins) and intracellular signalling (Src and PLC-y). SH3 domain

containing proteins involved in intracellular signalling can be further categorised into the

two largest and well studied of SH3 domain groups, those with enzymatic activity and

adaptor proteins that lack enzymatic activity (Pawson et al., 1993). Proteins with tyrosine

kinase activity or guanine nucleotide exchange activity generally only contain one SH3

domain (Pawson et aI., L993). In comparison, adaptor proteins commonly have more than

one SH3 domain. For example, intersectin, an adaptor protein potentially involved in

endocytosis, contains five SH3 domains (Yamabhai et al., 1998). SH3 domains are

structurally independent and are not found in fixed topological positions within proteins,

implying an independent functionality (Morton and Campbell, 1994).

SH3 domains are often referred to as molecular 'Velcro' or molecular adhesives

(Morton and Campbell, 1994). They bind to proteins containing hydrophobic and proline

residues, to promote the formation of specific protein-protein interactions responsible for

signal transduction (Morton and Campbell, 1994); (Parrini and Mayer, 1999). Earlier work

suggested that SH3 domains of proteins such as PLC-y and growth factor receptor bound-2

(Grb2) protein target proteins to cytoskeletal microfilaments and to membrane ruffles,

respectively (Bar-Sagi et al., 1993). SH3 domains have now been shown to regulate the

kinase activity of Src family kinases through an allosteric mechanism. The crystal structure

of the kinase domain, SH3 and SH2 domain of Src and Hck kinases have revealed that the

SH3 domain forms an intramolecular interaction with the polypeptide sequence connecting

the SH2 and the kinase domains (Stl2-kinase linker) (Xu et a1.,1997); (Sicheri et aI., L997).

This interaction, along with an interaction between the SH2 domain and the C+erminal

regulatory phosphotyrosine prevent full kinase activation of these proteins. Mutations in the

SH3 domain of Src can affect the stability of the inactive protein conformation and result in
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a constitutively active protein (Xu et al., t997). Regulation of the Abl tyrosine kinase is

also modulated through the SH3 domain, as mutation or deletion of the SH3 domain

activates the transforming ability of this proto-oncogene (Gosser et a|.,1995) (section 1.6.3).

SH3 domains are small (-50-75 amino acids) independently folding protein domains

that are amenable to structural studies. SH3 domains contain four regions of similar protein

sequence. The first of these regions contains an ALYDY motif that forms a component of

the SH3 domain ligand pocket (Booker et al., 1993). Although this motif is not fully

conserved among all known SH3 domains, the amino acid properties are conserved (Figure

1.44). The second region is the least similar but again conservation of the amino acids with

similar properties is seen at most sites. Motif three of SH3 domains contains the only

invariant amino acid (Trp 2I5 in full length Tec). In the case of Tec and Src family

members, there are often two consecutive tryptophans at this position. Tryptophan 215 is

crucial for the formation of the hydrophobic ligand binding surface of SH3 domains. The

most C-terminal region contains the motif GYIPSNY that is present in many SH3 domains

and incorporates the final p-strands of the protein (Musacchio et al., 1992). Individual

amino acids that are conserved include amino acids Ala 185, Tyr 187, Leu I97 ,Ile 207 ,Leu

208 and Gly 226 in the Tec SH3 sequence (Figure 1.44). The aspartic acid residue present

in region 1 is conserved and forms a salt bridge to the ligand upon binding (Tzeng et al.,

2000).

There are many published structures of SH3 domains ranging from the muscle

protein nebulin, through to the adaptor proteins Grb2 and Gab. Of interest to this thesis are

the published structures from the tyrosine kinase family of enzymes (see an example in

Figure 1.4B). Three dimensional structures of SH3 domains from the tyrosine kinase family

have been reported, including those of Src, Fyn, Hck, Abl and Btk (Morton et al., 1996);

(Yu et aI., L992); (Horita et aI., 1998); (Gosser et aI., 1995); (Tzeng et a1.,2000). SH3

domain structures published as an isolated domain, bound to a proline-rich ligand, as

SH3S[I2 complexes (Lyn) and in the context of the whole protein (Grb2) have been reported

(kk et al., 1994); (Maignan et a1.,1995); (Yuzawa et a1.,2001).

SH3 domains have a five or six stranded Ê-barrel topology comprising two p-sheets

of three strands arranged antiparallel to each other, and a single turn of 3,0 helix. The SH3

domain of Src consists of six strands forming two sheets with the first sheet having a strong

right handed twist (Yu et a1.,1992). Other SH3 domains that have six strands include GAP

(Yang et aL, 1994) and PLC-y (Kohda et aI., 1993). SH3 domains with five p-strands

include those of the p85 subunit of PI3K (Booker et aI., 1993), a-Spectrin (Musacchio et al.,
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Figure 1.4

A. Alignment of SH3 domains from the Tec family members, Tec, Btk, Itk and Txk, Src

family members Src, Fyn, Blk and Hck, Csk and the adaptor protein Grb2. Conserved amino

acids are shown in blue (Ala 185, Leu I97 Trp 216, Gly 226 and Pro 229 in the Tec

sequence), same amino acid functional group is red. The regions of similarity are boxed in

black. The stars indicate conserved amino acids and : represents same amino acid functional

group. The sequence alignment was conducted using a ClustalV/ algorithm (Thompson er

a1.,1994).

B. Structure of the SH3 domain from Hck tyrosine kinase. Both tryptophans have been

highlighted in yellow. The p-strands are shown in red and 3,0 helix is blue (Horita et al.,

1993). The conserved autophosphorylated tyrosine is shown in green. The figure was

produced using Molscript and Raster3D (Kraulis et al I99I); (Merritt et a1.,1997).

Hck SH3 domain PDB accession number is 5HCK.
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1992), Fyn (Morton et a1.,1996), Amphiphysin (Owen et a1.,1998) and Lck (Hiroaki et al.,

L996). In several five stranded SH3 domains, including those of Fyn (Morton et a1.,1996)

and a-Spectrin (Musacchio et al., L992), p-strand B is split between the 2 sheets. This

group of SH3 domains contain a large loop between p-strands A and B, termed the RT-Src-

loop, that is broken in Src by the additional p-strand (Hiroaki et al., 1996). The SH3

domain of P85c¡ contains a large loop, termed the N-Src-loop between strands B and C,

which is smaller in other SH3 domains (Booker et al., 1993). Most SH3 domains also

include a 3,0 helix at the C-terminal end of the SH3 domain structure, absent in the SH3

domains of Lck and PLC-y (Hiroaki et a1.,1996). Despite these differences, SH3 domains

retain a similar overall structure. Differences between SH3 domains may account for the

specificity of binding to their distinct substrates.

The structure of the combined regulatory domains of the tyrosine kinase Lck has

been determined by crystallography, and although there is very little contact between the

adjacent SH3 and SH2 domains, there is an intermolecular interaction between two SH3SH2

molecules @ck et al., 1994). This structure indicates that two SH3SH2 molecules are

aranged in a head to tail arrangement in which the SH3 domain binds to the SH2 domain of

the other molecule. The solvent excluded surface area consists of the AB loop, the helical

DE turn and the BC loop on the SH3 domain with the corresponding region on the SH2

being portions of the PD', PE and pF strands. The authors regard this interaction as a crystal

packing artefact, however, it is an interesting interaction that if it were possible could have

biological implications for the binding of both the SH3 and SH2 domains (kk et al., 1994).

The structures of Src and Hck SH3 domains, solved in the intact enzyme lacking the

N-terminal unique region, do not differ from those structures published as the SH3SH2

dimers in Abl and Lck, however, the relative orientation is very different (Xu et al., L997);

(Sicheri et al., 1997). Within the whole molecule, there are very few interactions between

the SH3 and SH2 domains, except for residues 142-146 at the N-terminus of the StI2

domain of Src. Residues 142-t46 form a 3,0 helix that lies between two small clusters of

hydrophobic amino acids on the surface of the Src SH3 domain. This interaction determines

the relative orientation of the SH3SH2 domains and is dependent on the backbone

orientation of the two amino acids adjacent to the 3,0 helix, Asp 141 and Ser I42 (Xu et aI.,

reeT).

The adaptor molecule Grb2 mediates the Ras-signalling pathway through its

interaction with Son of Sevenless (SOS) and is composed of two SH3 domains with an

intervening SH2 domain. The crystal and the solution structure of Grb2 in its entirety have
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been determined (Maignan et a1.,1995); (Yuzawa et a1.,2001). In contrast to the Src family

kinase Lck, in the crystal structure there is no intramolecular contact between the SH3

domains and the SH2 domain although there is a shared surface between two SH3 domains.

This intermolecular interaction is likely to be weak as this structure is maintained by only

five hydrogen bonds and 1000Ä.' of the surface is buried (Maignan et aL,1995). The ligand

binding sites of both SH3 domains are exposed and predicted to still bind the proline rich

peptide present in SOS. It is not known if this interaction occurs in vivo or if it has

physiological function (Maignan et al., 1995).

1.5,2.1 SH3 domøin ligand interactíons

Ligands capable of binding the SH3 domain of c-Abl tyrosine kinase, termed 3BP1

and 38P2, were originally isolated by screening a cDNA expression library with the SH3

domain (Cicchetti et aI., 1992). Ren and co-workers, using an alanine screen, identified a

ten amino acid hydrophobic PRR within 3BP1 and 3BP2 that was required for binding to the

SH3 domain (Ren et a1.,1993). Further analysis identified three proline residues essential

for SH3 domain binding; the consensus sequence derived from this was XPXXPPPTyXP

where X is any amino acid, y is a hydrophobic amino acid and the essential prolines are in

bold. The SH3 domain of Src also binds 3BP1 and 38P2, but at a reduced affinity,

suggesting that there is another component influencing specificity of SH3 domain ligand

binding (Ren øf at., 1993). NMR spectroscopy of these peptides in complex with the SH3

domain of Src revealed that the binding site is a hydrophobic depression on the domain's

surface (Yu et aI.,1992). Structural experiments conducted with PI3K SH3 domain bound

to a synthetic peptide (based on the GTP-hydrolysing microtubule-associated enzyme

dynamin) confirmed the presence of a hydrophobic platform with charged residues at the

periphery (Booker et a1.,1993). The authors propose that charged residues might impose

specificity on the SH3-ligand interaction. The SH3 domain ligand has been minimised to a

px)¡p motif and the three dimensional structure of the complex of PI3K and RLP1 peptide

(R'-A'-L3-P4-P5-R6-P7) demonstrated that this motif forms a polyproline type 2 helix (Yu et

a1.,1994).

There are two orientations of SH3 domain ligand binding due in part to the

pseudo-symmetric nature of the polyproline type 2 helix (Saraste and Musacchio, 1994).

Class I binding motifs contain a RXL motif and the established PX)G (where X is any

amino acid) motif and bind in the same orientation as Src and PI3K SH3 domains with
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affinities in the low micromolar range. These peptides take the form R,-42-L3-P4-P5-R6-P7

where Pro 4 to Ala and Pro 7 to Ala substitutions significantly reduce binding. Arginine in

position 1 and Leu 3 substitutions were also shown to reduce binding (Yu et a1.,1994). Pro

4, pro 7 and Arg 1 form one of the faces of the polyproline helix and the prolines sit in

hydrophobic pockets on the surface of the SH3 domain (Feng et al., 1994). Arginine 1

forms a salt bridge with the highly conserved aspartic acid (amino acid 21) in the variable

loop in PI3K SH3 domain (Yu et al., 1994). This salt bridge is proposed to be the major

binding determinant for class I ligands (Feng et a1.,1994). The arginine in position 1 can be

replaced with a lysine in some peptides and can still form the salt bridge (as in the case of

Itk), however, in the Caenorhabditis elegans protein Sos the arginine to lysine substitution

abolishes binding to Grb2, as does the corresponding mutagenesis of the carboxylic acid

(Asp-Asn) (Andreotti et al.,1997). Thus, the consensus for binding in the class I orientation

has been minimised to +XXPXXP, where + is an amino acid with a positive charge (lysine

or arginine), X is any amino acid and P is a proline.

Class II peptides have a consensus sequence of XXXPPLPPXR that binds in the

reverse orientation where the arginine would still form a salt bridge with Asp 21 in Src

kinase SH3 domain (Yu et al., L994). Amino acids required for class I binding are also

critical for binding in a class II orientation. Substitution of the aspartic acid to asparagine in

Src reduces the affinity of the interaction from 0.45 pM to 18 pM (Feng et a1.,1995). The

class II binding sequence has been minimised to PXXPX+. It was initially suggested that

these two ligand conformations might exist in equilibrium, however, the arginine-aspartic

acid salt bridge is predicted to contribute a substantial portion of the binding energy,

implying they probably do not exist in equilibrium, but rather one reaction will be favoured

(Saraste and Musacchio, 1994). Table 1.1 summarises the ligand data for several SH3

domains. ì

The SH3 domain binding region is composed of three sections. The first is the

arginine binding pocket that packs the legend's arginine residue against the indole ring of the '.'" ,

conserved tryptophan in the SH3 domain. This interaction is strengthened by a salt bridge

formed between the guanidinium group of arginine and the acidic side chain of the aspartic

acid (amino acid 99 in Src) in the SH3 domain. This interaction also exists with class II

ligand binding. The second and third interactions occur in binding pockets for the two

essential prolines. The second pocket is composed of amino acids Tyr 92,Trp 118, Pro 133

and Tyr 136 in the Src sequence that bind proline 7, andthe third pocket, made up by Tyr 90

and Tyr 136, binds proline 4 (Figure 1.54) (Feng et aI., L994). Van der Waal contacts form
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Table 1.1 Overview of SH3 ligand sequences from a selection of different SH3 domains

SH3
domain
nrotein

Binding
protein

Binding
class

Affrnity Sequence Reference

Src N/D (Cheadle et a1.,1994)
(Sparks et a1.,1995)
(Sparks et aL,1994)
(Rickles et a1.,1994)XXXRPLPPLP)(P

KPRPPRPLPV
"oKPqrq"'

,O'RRQEPLPPPPPP'"

'''TGRSGPLPPPP,,.
,'UKGRSGPLPPVRL,O,

ttPPLPPLV"'
o"APTIvPPPLPPGGK

RALPPLPRY
AFAPPLPRR
RXLPPLPR

RPLPPLP

P85c¿

Src SH2
kinase linker

WASP*

3BP1

1

1

2

N/D
N/D
N/D

U2 N/D
N/D
N/D
N/D

N/D
8.OpM
59pM
<1Oum

(Xu et aL,1997)

(Finan et a1.,1996)

(Yu ef al.,1992)

(Feng et al.,1994)
(Feng et aI.,1994)

1

1

2
1 (Yu et aI.,1994)

P85c¿ N/D
N/D
N/D

300pm

1

1

t2
1

1

RXLPPRPXX
RSLRPLPPLPPRPXX

RXXRPLPPLPPP
,',PAVPPARPGSRGPAF,'

(Yu er a1.,1994)
(Rickles et a1.,1995)
(Rickles et a1.,1994)
(Booker et a1.,1993)
(Gout er al., t993)

Dynamin

1 <10uM RXLPPRPXX (Yu et al., 1994)

Sem5/Grb mSOS

hSOS

2

,)

2

N/D PPPVPPRRR

2
54¡rM
5-6¡.lm

''*sPLLPKLPPKTYKRE""
VPPPVPPRRR

(Wittekind et ø1., 1994)
(Goudreau et a1.,1994)
(Terasawa et al.,1994)

(I-im et al.,1994)
(Guruprasad et al., 1995)

(Gout e/ al., L993)
3BP1

Dynarnin
2 N/D

N/D
PPP)GPR

,''PAVPPARPGSRGPAPG

PPPAG'''

Fyn
Btk

PI-3K
P85o

3BP1

N/D
N/D

20pM

1

2

1

1

2
1

)OORPLPP(VL)PXX
"tKKPLPP'PEE''n

''RPqVPLR"

(Rickles et al.,1994)

Fyn R96I 5OpM
N/D
N/D

PPRPLPVAPGSSKT
,NPPTPKPRPPPPLPOU

t.'PAPAI PPKPPK*'.
APTMPPPLPP

(Cheng et a1.,1994)
(Lee et q1.,1996)
(Lee et al.,1995)

(Morton et al., t996)
@rasad et a1.,1993)

34
ruO(RPLPPLP)(P
tssKKPT.pPIPg¡'ea

(Musacchio et al.,1994
et al., 1994)Lyn U2

1

N/D
N/DBtk (Chene et al.- 1994\\

Yes
Abl

N/D2 GAAPPLPPRNPPR et al. 1

3BP1
N/D

34pM

100x>
3BP1

1

PPPYPPPP(YÐPXX
o"APTIvPPPLPP."

APTYSPPPPP

et al.,1994)
(Ren et al., L993)

(Musacchio et al., L994)

@isabarro and Serrano,

Btk
HIV-INEF

Ras Gap

1

2
2

2

N/D
0.3pM

10-

5OpM

''TPqVPLR"
"'GFPPLPPPPPeLPTLG' 

44

1

et al., t994)
(Grzesiek et al., t996)
(Horita et a1.,1998)

2 N/D
et al 1

(Owen et 1Amphiphy
sin-2

PRD of
dynamin

Svnaotoianin ,) N/D PSRPIP (Owen et al 1998)

* Also been observed for binding to Fgr and PLC-1SH3 domains. N/D affinity constant not determined



between the prolines and the hydrophobic pocket on the SH3 domain. Class II ligands bind

with less affinity due to a decrease in hydrophobic contacts and the fact that the prolines that

bind each pocket are reversed (Feng et a1.,1994). Both class I and class II complexes have

been studied by NMR and it is apparent that there are significantly fewer NOEs between the

SH3 domain and the ligand in class II complexes than there are between class I complexes

(Figure 1.58) (Feng et a1.,1995).

There is one important exception to the observations described above. The sequence

'onKpQTQ"' found in the SH2 kinase linker of Src kinase can form an intramolecular

interaction with the SH3 domain of Src. Although this sequence does not conform to either

PX)¡p motif, within the context of the intact protein it does form a polyproline type 2 helix

and interacts with the SH3 domain of Src (Xu et aL, 1997) and Hck tyrosine kinase (Sicheri

et aI., 1997). Thus, while the two motifs described above fit the majority of cases, there are

exceptions to the rule.

1.5.2.2 Sìgnølling through SH3 domain

The Ras signalling pathway is one of the most studied pathways involving SH3

domain containing proteins. The SH3 domain in this pathway utilises protein-protein

interactions to bring protein partners together at specific subcellular sites. The Ras

signalling pathway ultimately results in the mitogenic control of cell growth, and in the case

of C.elegans, vulval development and sex myoblast migration. The N-terminal SH3 domain 
l

present in Grb2 constitutively binds it's protein partner SOS thereby recruiting SOS to the 
I

activated EGFR complex at the membrane (Rozakis-Adcock et aI., 1993); (Egan et al.,

1993). SOS is a guanine-nucleotide releasing protein that activates guanine nucleotide

exchange of Ras, promoting an interaction between Ras and the C-terminal region of the

Rafl serine/threonine kinase, facilitating downstream signalling. In this system, the SH3

domain is required to bind and localise SOS to a subcellular position that in turn facilitates

an interaction between SOS and Ras and subsequent activation of Ras (Gale et a1.,1993).

Another well cha¡acterised SH3 domain interaction occurs between a variety of

tyrosine kinases including Hck and Fyn and the HIV-1 protein, Nef. Contacts made outside

the traditional SH3 ligand binding site in these interactions increase the strength of

interaction. HIV-I Nef is a non-catalytic protein critical for enhancing viral infectivity,

replication in primary cells and the development of Acquired Immune Deficiency Syndrome

(AIDS). HIV patients carrying virus with a defective NEF gene experience long term non-

progressive HIV-I infection. The interaction between the PRR of Nef and Hck is the
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Figure 1.5

A. The structure of the Src SH3 domain bound to Class I ligand RALPPLPRY. The

p-strands are shown in cyan. Arg 1 in the ligand is shown in pink and Asp 99 (shown in

blue) and Trp 118 form the binding pocket. A salt bridge exists between the Asp 99 and Arg

1. Trp 118, Tyr 92, Pro 133 and Tyr 136 (shown in red) form the second pocket

accommodating the first proline, Pro 4 (cyan). The second proline, Pro 7 (yellow) binding

pocket is formed by Tyr 90 (shown in green) and Tyr 136 (Feng et a1.,1994).

PDB accession number for Src SH3 domain and a class I ligand islRLQ.

B. The structure of Src SH3 domain bound to Class II ligand AFAPPLPRR. The amino

acids shown on the surface of the SH3 domain correspond to those shown in A. The amino

acids participating in the interaction differ in the ligand, the two proline binding pockets bind

Pro 4 and Pro 7 a¡d Arg 9 forms a salt bridge to Asp 99 on the surface of the SH3 domain

(Feng et al.,1994).

PDB accession number for Src SH3 domain binding a class II ligand is IPRM.

These figures were generated in MOLMOL (Koradi et a1.,1996)
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strongest observed for any SH3 domain with a Ç of 0.25 pM (Lee et al., 1996). Hck may

act downstream of Nef in HlV-infected macrophages (Briggs et al., 1997). The Hck-Nef

interaction increases Hck activation through an SH3 domain mediated process suggesting a

novel method of regulation (Moarefi et aI.,1997).

1.5.3 Pleckstrin Homology domains

Pleckstrin Homology (PH) domains were first described in 1993 as conserved

regions in Pleckstrin, the major Protein kinase C substrate in platelets (Haslam et a1.,1993);

(Mayer et al., 1993). This approximately 100 amino acid domain has since been found in

many proteins of diverse function in vertebrates, Drosophila melanogaster, C.elegans and

Saccharomyces cerevisiae (reviewed in Shaw, 1996). Identification of this domain was

hindered by the low primary sequence identity shared between individual PH domains. New

computer-based methods for identifying protein patterns or profiles were used to find

previously unidentified PH domains (Musacchio et al., 1993); (Shaw, 1993). PH domains

have now been found in over 100 different proteins from a wide range of different

subfamilies, including GTPases, serine/threonine kinases and the Tec family of tyrosine

kinases (reviewed Shaw, L996). The primary sequence is so divergent that some PH

domains share as low as 4.2Vo identity (Musacchio et al., L993). Although there is only one

invariant amino acid in all PH domains, corresponding to Trp 123 in the Btk sequence and

Trp I02 in Tec, there are several regions that contain conservative amino acid substitutions

and these map to p-strands of the PH domain structure (Figure 1.64). PH domains are often

present in proteins that also contain SH2, SH3 or Dbl-homology (DH) domains and these

proteins can therefore form various protein-protein interactions. Such signalling proteins are

capable of binding many different substrates via their different domains leading to activation

of different signalling pathways.

While the primary structures of PH domains are not well conserved, their tertiary

structures are very similar. Solution structures of PH domains from human Pleckstrin,

mouse Spectrin, and human Dynamin (Macias et al., 1994); (Yoon et al., 1994); (Downing

et al., L994); (Fushman et al., 1995) and the crystal structure of the dynamin PH domain

have been determined (Figure 1.68) (Ferguson et al., L994); (Timm et aI., L994). PH

domains are modular domains and can retain their function even with large insertions. For

example, the PH domain of Phospholipase C-y (PLC-y) contains an insertion of two SH2

domains and one SH3 domain between p strands and still retains its functionality
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(Musacchio et al., 1993). The structure of Drosophila p-Spectrin contains an cr-helical

insert between strands B3 and þ4 (Zhang et a1.,1995). Three dimensional structures of PH

domains determined thus far consist of a seven-stranded antiparallel B-barrel, which packs

against a capping cr,-helix (Hyvonen and Saraste, 1997). The arrangement of the p-strands is

such that strands 1,2,3 and 4 form one sheet and strands 5, 6 and 7 form the other sheet

(Yoon et al., 1994). In p-Spectrin however, Bl-strand is shared between both sheets. The

hydrophobic amino acids present in the capping o-helix point into the core of the protein

and include the invariant tryptophan. This tryptophan appears to have a structural role as it

makes contacts with many of the other hydrophobic amino acids that make up the core of the

domain (Zhang et aL,1995). The hydrophobic core of the PH domain from BTK kinase is

composed of amino acids Leu 5, Leu 30, Leu 36, Tyr 38, Ile 45, Ile 60, Phe 101, Val 103,

Leu 109, Val 111 and Try Í23 (Figure 1.64) andinteractions involving these amino acids

create a strong bend in the PH domain structure (Macias et al., 1994); (Downing et al.,

1994). In the N-terminal PH domain of Pleckstrin the hydrophobic core is capped by six

lysines, four of which are conserved in most other PH domains (Yoon et al., L994). The

three dimensional structure of Dynamin showed capping of the core by the presence of four

tyrosine residues (Downing et a1.,1994), suggesting that polar or charged residues shield the

hydrophobic PH domain core.

In more recent years, several structures of PH domains and adjacent regions have

been determined such as the PH domain and Btk motif of Btk and the Phospho-Tyrosine

Binding domain (PTB) and the PH domain of insulin receptor substrate (IRSI) (Hyvonen

and Saraste, 1997); @he-Paganon et a1.,1999). The PH domain structurally resembles the

Enabled/VASP Homology (EVHI) domain and PTB domains (Prehoda et al., 1999); (Eck et

at., 1996). EVHI domains bind to proline rich regions and are involved in targeting actin

assembly machinery to sites of cytoskeletal remodelling while PTB domains bind

phosphotyrosine residues and are found in adaptor proteins such as IRS-I and Shc (Fedorov

et aI., 1999); (Prehoda et al., L999); @he-Paganon et al., L999). These three families of

protein domains are now grouped into the PH domain superfamily. The ability of PH

domains to bind different substrates suggests that the overall structure has some plasticity

(Blomberg et aI., 1999).

The PH domain structure shows very strong polarisation. The more conserved face

of the Dynamin PH domain, encompassing the cr-helix, has a strong negative charge whereas

the surface including the variable loops þI-þ2, P3-P4 and p6-p7 is positively charged

(Ferguson et al., L994). The structures of Pleckstrin and Spectrin PH domains show a
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Figure 1.6

A. Alignment of PH domains from a series of proteins including the Tec family member

Btk, SOS-1, PLC-ô, p-Spectrin, Dynamin and p-Ark. The only conserved amino acid in the

pH domain is a conserved tryptophan represented in blue. Amino acids shown in blue

represent conserved amino acids while those shown in red are members of the same amino

acid group. The boxes highlight the regions of secondary structure. The sequence alignment

was conducted using a ClustalW algorithm (Thompson et a1.,1994).

B. The structure of Dynamin PH domain. PH domains are composed of a p-barrel with a

capping cr-helix. The two p-sheets a¡e shown in red (sheet 1) and blue (sheet 2) and the cr-

helix is shown in green. The N and C termini have been indicated (Fushman et al., 1995);

(Ferguson et al., L994). The figure was generated using Insightll (MSI).

Dynamin PH domain PDB accession number is IDYN.
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similar electrostatic potential (Ferguson et al., 1994). The positive electrostatic potential

near the variable loops led Ferguson and co-workers to propose that some PH domain

ligands may be negatively charged.

The crystal structure of the PH-PTB region of IRS-I has been determined and the PH

region has a topology that is comparable to other PH domains. Juxtaposition of the PTB and

pH domains does not alter the three dimensional structure of either domain compared with

the isolated structures. The sheet comprising P5, P6 and p7 in the PH domain is packed

against the back Pl, P2, p3 and a2 of the PTB domain. There is, however, a shared surface

between the two protein domains. The interaction is stabilised by hydrogen bonds between

the two domains including those between PTB Phe160 - PH Asn71 and PTB Asp242 - PH

Ser78/Asp77 and several potential salt bridges between PTB Glu162 - PH Arg75, and PH

Lys79, pTB Asp242 and PH Asp241 and PTB Glu200 - PH Arg89. Ligand binding to

either domain does not affect the structure of the other domain (Dhe-Paganon et al.,1999).

1.5.3.1 Interactíons and sígnøllíng through PH domaíns

proteins containing PH domains are key players in many signalling pathways

particularly those that result in the reÍurangement of the actin cytoskeleton but also those

involved in glucose regulation. PH domains can confer their action through protein-protein

interactions or protein-lipid interactions and consequently PH domains have many diverse

roles. pH domains have been shown to participate in interactions between proteins and

within proteins. Btk PH domain has been extensively analysed for its ability to bind to PKC,

which has a major role in calcium regulation. oPKC, a mixture of a, p and y isoforms, binds

to the pH domain of Btk in a concentration dependent manner with a dissociation constant of

39 nm. The minimal binding region of the PH domain encompasses p-sheets 2 and 3 and

this binds the cl regulatory region of PKC (Yao et aI., 1997). The PKC binding site of

BTK's PH domain can be projected onto the PH domains of Pleckstrin and PLC-y, which

shows there is overlap with the binding sites for phosphatidylinositol (4,5) bisphosphate

(pl(4,5)pr) and inositol (3,4,5) triphosphate (I(3,4,5)PJ. Furthennore, competition

experiments suggest that PI(4,5)P, but not other phosphatidyl compounds such as

phosphatidylserine, phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol or

phosphatidylinositol 4 phosphate, compete with PKC for binding to the PH domain of Btk

(Yao et a1.,1997).
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There is evidence that PH domains can also interact intra-molecularly with other

protein domains to modulate protein activity by an allosteric mechanism. Vav, a Dbl-family

guanine nucleotide exchange factor and proto-oncogene, activates Rho family GTPases in

response to PI3K ultimately resulting in actin cytoskeleton remodelling and gene expression

changes. The PH domain of Vav is proposed to form a critical intramolecular interaction

with the catalytic Dbl Homology (DH) domain that inhibits downstream signalling (Das er

al., 2000). This intramolecular interaction is promoted by the major PI3K substrate

(PI(4,5)Pr) that binds the PH domain of Vav and promotes intramolecular contacts with the

unphosphorylated DH domain. The PH-DH domain interaction prevents Rac, a Rho family

GTPase, from binding the DH domain and, thus, prevents phosphorylation of Rac, and

subsequent signalling. Conversely, products of PI3K such as PI(3,4,5)P3 which bind to the

PH domain of Vav with greater affinity than PI(4,5)P, prevent the inhibitory intramolecular

interaction and promote the interaction of Rac and the DH domain. Thus, the PH domain of

Vav can participate either in an inhibitory intramolecular interaction or in protein activation

by interacting with PI3K substrates or products, respectively (Das et a1.,2000).

Extensive studies have also been conducted on the interaction of PH domains and py

subunits of G-proteins. Studies have been conducted on PLC-y, AKT (also known as protein

kinase B), p-Spectrin, Insulin receptor substrate IRS-I and p-adrenergic receptor kinase-l

(P-tuk) binding to the py subunit of G-proteins. The PH domain-py subunit interactions

vary in binding affinity for the different protein partners. PLC-y and AKT interact strongly

with the py subunit while the interaction of the PH domain of p-Spectrin and IRS-1 with the

ÊV subunit is comparatively weak (Touhara et al., 1994). p-Ark is involved in

phosphorylating and desensitizing G-protein coupled receptors which influences G-protein

coupled receptor downstream pathways. The p-Ark PH domain-py subunit interaction is

required for relocation of p-fuk to the membrane resulting in increased phosphorylation of

agonist-occupied G-protein coupled receptor substrates (Pitcher et al., 1995). Localisation

of p-Ark to the membrane is required for substrate phosphorylation. The C-terminal cr-helix

and adjacent C-terminal amino acids of the PH domain make up the G-protein py subunit

binding surface. A mutagenesis screen revealed that the most deleterious mutants were the

W643A and L647G changes (Touhara et aI., 1995), highlighting tþe importance of the

conserved tryptophan in the C-terminal a-helix for the interaction with py subunits of G-

proteins. The interaction of the PH domain of p-Ark with the py subunit inhibits the

interaction between the py subunit and c subunit (Touhara et al., t994). However binding
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to both PIP2 and py subunits of G-proteins is required to achieve effective membrane

localisation and enhancement of the rate and extent of p-Ark substrate phosphorylation

(Pitcher et a\.,1995).

A similar example of PH domain function in protein-protein and protein-lipid

interactions involves the G-protein coupled receptor kinase (GRK) proteins. The GRK

family regulate G-protein coupled receptor activity through phosphorylation, which in turn,

promotes the activation and dissociation of heterotrimeric G-proteins and regulation of the

various downstream pathways including internalisation. The PH domains of GRK2 and

GRK3 can bind to negatively charged membranes and G-protein py-subunits and this is

required for GRK2 function in cells. These two interactions in conjunction with affinity for

the receptor itself may work cooperatively to recruit GRK2 to the membrane. Although

inhibitions of either interaction results in dramatic loss of receptor phosphorylation, binding

of Gpy subunits is the limiting step for GRK2-dependent receptor phosphorylation (Carman

et a1.,2000). Thus, the PH domain of GRK2 functions to recruit the kinase to the membrane

via two cooperative interactions.

pH domain-lipid interactions lead to membrane localisation via the PH domain.

Adaptor proteins such as B cell adaptor molecule of 32kDa (Bam32) and Grb2 associated

binder 1 (Gabl) are relocated to the membrane upon protein activation due to PH domain

interactions. Gabl is a scaffolding protein that acts downstream of the Met receptor. The

interaction of the pH domain of Gabl and PI(3,4,5)P, in epithelial cells is crucial for

subcellular localisation of Gabl and efficient morphogenesis downstream of Met (Maroun er

at., t999). Ban32 acts downstream of B cell receptor ligation where it is recruited to the

membrane by binding 3'-phosphoinositols (Marshall et a1.,2000).

Several PH domains show clear preference for binding to particular phospholipid

while others do not. PH domains exhibiting preference for PI(3,4,5)P, include those of Btk,

T lymphoma invasion and metastasis protein (Tiam) and Son of Sevenless (SOS) (Rameh ¿l

aI., 1997). The PH domain of Dynamin exhibits preference for PI(4)P and p-Ark, PLC-y

and pleckstrin pH domains bind PI(4,5)P'(Zheng et al.,1996). The binding site also varies

among different PH domains. The PI(4)P binding site of the Dynamin PH domain is a

depression bounded by the first p-sheet (p strands 1-4) and the loop between p3 and p4

(Zheng et al., Lgg6) while the binding site of PI(4,5)P, to the PH domain of Pleckstrin is in

the N-terminal region of the protein near the lip of the p-banel. Positively charged lysines

may contribute to the binding of the Pleckstrin PH domain to negatively charged

phosphoinositols (Haflan et al.,Ig94). PLC-ô interacts with Ins(l,4,5)P3 (the PI(4,5)P, head

20



group) through the positively charged surface made up of the p1p2 and p3pa loops.

Binding of PLC-y to Ins(1,4,5)P, and Btk to Ins(1,3,4,5)Pn involves similar molecular

interactions suggesting that, although the ligands differ, the mechanism by which the PH

domain binds is very similar. PH domains that show specificity for 3'-phosphorylated

inositol derivatives may also be downstream targets of PI3K (Blomberg et a\.,1999).

1.6 REGI.JLATION OF TYROSINE KINASE ACTIVITY

Protein tyrosine kinases are important regulators of cell differentiation and growth

and comprise the largest group of known oncogenes (Rodrigues and Park, 1994).

Overexpression of receptor tyrosine kinases can result in neoplastic transformation. The

receptor is otherwise normal and may or may not associate with ligand indicating that

overexpression is sufficient to increase the transforming ability of these proteins. This has

been seen for epidermal growth factor receptor and colony stimulating factor 1 receptor.

Increased kinase activation of Src family members has been associated with many different

cancers, including those originating from Rous sarcoma virus (v-Src) and Moloney Murine

Leukemia Virus (Lck) (Punt, 1992). Viral forms of Src family kinases possess deregulated

tyrosine kinase activity that results in constitutive activation of the cellular pathways

controlling cell growth and differentiation. A fusion protein of BCR and Abl kinase formed

through translocation of the Abl sequence from its normal location on chromosome 9 to the

breakpoint cluster region on chromosome 22 is oncogenic. This protein has intrinsic protein

tyrosine kinase (PTK) activity and has a higher transforming ability than the wild-type

protein (reviewed in Punt, 1992). Thus, tight regulation of the enzymatic activity of tyrosine

kinases is critical for maintaining normal cellular function and preventing oncogenic

activation.

1..6.1 Src family tyrosine kinases

Src family tyrosine kinases are tightly regulated proteins. v-Src encoded by the Rous

Sarcoma Virus (RSV) was first discovered by it's ability to augment cellular transformation.

The discovery of an almost identical cellular counterpart that was unable to initiate cellular

transformation prompted research into Src kinase. The major difference between the v-Src

and cellular Src (c-Src) proteins is that the C-terminal 19 amino acids of c-Src have been

replaced by L2 amino acids unique to v-Src (Takeya and Hanafusa, 1983). Early analysis

determined that these proteins were tyrosine phosphorylated on different tyrosines. c-Src
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was predominantly phosphorylated on Tyr 527 in the C-terminal tail whereas v-Src is

phosphorylated at Tyr 416 in the kinase domain (Smart et a1.,1981); (Cooper et a1.,1986).

The phosphorylation status of the C-terminus of c-Src was discovered to modulate the

tyrosine kinase activity and transforming activity of Src kinase. Three papers published in

1987 showed that phosphorylated tyrosine 527 at the C-terminus of Src kinase suppresses

the tyrosine kinase activity. In comparison, tyrosine 416 in the kinase domain of Src kinase

enhances the transforming ability of Src kinase (Kmiecik and Shalloway, 1987); (Piwnica-

Worms et a1.,1937); (Cartwright et aI., 1987). The SH3 and SH2 domains of c-Src were

implicated in the maintenance of the inactive state of the kinase by deletion and mutagenesis

studies. Mutations within the SH2 domain in the conserved FLVRES sequence resulted in

an increase in transformation ability in both c-Src and also mutatedYs2TF Src suggesting a

positive role for the SH2 domain in regulation of the inactive conformation (Hirai and

Varmus, 1990). The discovery that the SH2 domain of Src kinase could in fact bind the

phosphorylated tyrosine in the C-terminal tail confirmed the inhibitory role of the SH2

domain (Liu et aI., 1993). A deletion of the SH3 domain also results in constitutive

activation of Src kinase, however, until recently, the mechanism by which this occurred was

unknown (Seidel-Dugaî et al., 1992). The crystal structures of the SH3, SH2 and catalytic

domains of the Src kinases Hck and Src shed light on the intramolecular interactions in the

inactive kinases (Xu et al., 1997); (Sicheri et aI., 1997). These papers confirmed an

interaction between the SFI2 domain and the regulatory tyrosine and also revealed an

interaction between the SH3 domain and the polypeptide sequence between the SH2 domain

and the kinase domain termed the SH2-kinase linker, that would participate in increasing the

stability of this conformation @gure 1.7). This compact domain organisation pushes the

two lobes of the catalytic domain close together and promotes a conformational change in

the small lobe that disables the active site. The SH2-kinase linker contains only one proline

and yet forms a polyproline type 2 helix that interacts with SH3 domains (Xu et aI., L997).

The amino acids present in this region ('*TSKpQTQGLAKDA"'¡ do not match the

consensus SH3 domain ligand (Xu et aL,1997).

Following the publication of the structures of Src and Hck, the role of the SH2-

kinase linker in this closed conformation has been further established. Interactions between

the linker and the kinase domain have been shown to be crucial to maintain the inactive

state. I-eu 255 forms an interaction with the catalytic domain and mutation of this amino

acid to valine, alanine or proline increased Src kinase activity whereas mutation to

methionine repressed Src kinase activity. Thus, a hydrophobic interaction of a large amino
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Figure 1.7

The crystal structure of the SH3, SH2 and the kinase domains of chicken Src kinase. The

SH3 domain is represented in blue, the SH2 domain is shown in cyan. The kinase domain is

shown in green and red. The intramolecular interactions between the SH3 domain and the

SH2-kinase linker and the SH2 domain and the C-terminal tyrosine are shown. The structure

surrounding the activation loop could not be determined and is highlighted by the dashed

circle (Xu er a1.,1997). The regulatory tyrosine Tyr 527 is shown as a ball and stick model.

This figure was adapted from the NCBI structure file. PDB accession number for the crystal

structure of Src kinase is 1FMK.
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acid is required for the interaction with the kinase domain and maintenance of the closed

conformation (Gonfloni et al., 1999).

The activation of the Src family member Hck by SH3 domain displacement holds

intriguing possibilities for the activation of all Src kinases. Moarefi and co-workers have

shown a marked increase in the activation of Hck when the high affinity ligand Nef binds to

the SH3 domain. The activation of Hck is more pronounced through this SH3 domain

interaction than an interaction of the SH2 domain. Thus, the authors propose that activation

of Src family kinases by high affinity ligands maybe a general mechanism for cellular

activation of these kinases (Moarefi et a1.,1997).

There are other factors at play that affect the activity of the Src protein. The C-

terminal tyrosine must be phosphorylated for the closed conformation to form. c-Src kinase

(Csk) a tyrosine kinase that selectively phosphorylates tyrosine 527 is a negative regulator of

Src activity. Mouse embryos lacking Csk a:rest after 9-12 days post coitum and were shown

to have increased tyrosine kinase activity of Src family kinases Src, Fyn and Lyn (Nada er

at., 1993). Therefore, in the absence of Csk, Src family kinases become derepressed and

their tyrosine kinase activity is increased (Nada et a1.,1993). The SH3 and SH2 domains of

Src were shown to be critical for the repression of kinase activation through a Csk dependent

mechanism. c-Src SH2 domain mutants were insensitive to Csk action and could not rescue

a fatal phenotype in Saccharomyces-Pombe (Superti-Furga et a1.,1993). Csk was, however,

able to partially rescue the phenotype from SH3 domain mutants. Thus, this work confirms

the importance of the SH2 and the SH3 domains in the maintenance of Src in an inactive

conformation. The authors proposed that the SH2 domain interacts with the C-terminal

tyrosine that is phosphorylated by Csk. The SH3 domain would stabilise this interaction

(Superti-Furga et al., 1993).

Other effectors for the tyrosine kinase activity of Src family members include the

interplay between the phosphorylation and dephosphorylation at the C-terminal tyrosine.

The phosphate is removed from Tyr 527 by Protein Tyrosine Phosphatase PTPcx, which

therefore controls Src kinase activity. PTPcr, like Src, is widely expressed with the most

abundant site of expression being the brain. Overexpression of PTPcr has been shown to

activate Src kinase and lead to neoplastic transformation through the dephosphorylation of

Tyr 527 (Zheng et al., 1992); (den Hertog et al., 1993). There is evidence to suggest that

Src may phosphorylate Tyr 789 in the C-terminus of PTPø, which in turn affects the binding

of Grb2 to PTPq (Zheng et a1.,2000). A mutation within PTPcr of Tyr 789 to Phe blocks

transformation through an inability to dephosphorylate and activate Src kinase (Zheng et aI.,
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2000). Following phosphorylation of Tyr 789 within PTPc, by Src kinase, the SH2 domain

of Src forms an interaction with this phosphotyrosine. The authors propose that partially

activated Src phosphorylates Tyr 789 of PTPcr, which promotes an interaction between Src's

SH2 domain and PTPcr phosphotyrosine 789 therefore removing the intramolecular

interaction between Src SH2 domain and the regulatory tyrosine at the C-terminus. This

positions Tyr 527 of Src in a location where the Dl catalytic subunit of PTPcr can bind and

dephosphorylate it leading to complete activation of Src (Zheng et a1.,2000).

Another possible method of regulation of Src family kinases includes allosteric

effectors of tyrosine kinase activity. One such protein has been isolated and termed Src

interacting (SIN) protein. This protein binds to the SH3 domain of Src and becomes

tyrosine-phosphorylated. Phosphorylated SIN can now interact with the SH2 domain of Src

rendering Src kinase active and suggests that SIN is both an activator and a substrate of Src

kinase (Alexandropoulos and Baltimore, 1996).

I.6.2 Tec family tyrosine kinases

Recent evidence suggests that Itk and Btk exhibit a novel mechanism of kinase

activity regulation via intramolecular interactions between the SH3 domain and the adjacent

pRR. Tec kinases do not contain a C-terminal regulatory tyrosine or a myristylation

sequence at the N-terminus and it is therefore likely that their regulation is different to that

of Src family members (Figure 1.8). Oncogenic activation of Tec family members occurs

through several different mechanisms. Deletion of the SH3 domain (186-233) of Tec family

kinases results in constitutive kinase activation (Yamashita et al., 1996); (Zhu et al.,1994)

as determined by transient expression in293 cells and anti phosphotyrosine immunoblotting.

Activation of wild-type Tec proteins requires phosphorylation of Tyr 551 in the

activation loop of the kinase domain by a Src kinase family member and membrane

association of the protein via the PH domain (Mahajan et aI., 1995); (Afar et aI., 1996);

(Rawlings et a1.,1996). PI3K-y increases the kinase activity of Btk and relocates Btk to the

membrane by an interaction between the Btk PH domain and lipid products of PI3K activity

[-i et at., 1997). A constitutively active form of Btk has been isolated from a retroviral

random mutagenesis screen, which contains a point mutation in the PH domain F/lK (Li et

a1.,1995). Over expression of Btk with the BtlK mutation in the PH domain invivo results

in a severe phenotype in which the development of follicular recirculating B cells is blocked

@ingian et al,, 1998). The increase in transforming ability and phosphorylation of the
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Figure 1.8

A schematic diagram of the possible regulatory mechanism of Tec family kinases. One

method represents the mechanism analogous to that of Src family members. The other

method could be an interaction between the SH3 domain and the PRR of Tec that would

maintain these kinases in a closed conformation. The kinase domain is shown in orange with

both lobes highlighted, the SH2 domain in green, the SH3 domain in dark blue, TH in light

blue and the PH domain in yellow.

Taken from Yang et al (2000).
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B+lK form of Btk has been shown to correlate to an increase in the membrane localisation

of the Btk protein (Varnai et a1.,1999). Structurally, the phenotype observed with the BllK

mutant can be explained due to the ability to bind two molecules of PI(3,4,5)P3 suggesting a

possible mechanism for the enhanced membrane localisation (Baraldi et aI., 1999). The

substituted lysine residue contacts the second molecule of Ins(1,3,4,5)Pn through an exposed

surface and makes minimal contacts with the sidechains of Lys 26, Lys 41 and Lys 53

(Baraldi et aI., L999). The E41K mutated Btk PH domain binds to Ins(1,3,4,5)Po at a two

fold lower affinity compared with the wild-type.

Coexpression of Btk with Lyn, Fyn, Blk, and Hck tyrosine kinases was shown to

increase the tyrosine phosphorylation of Btk 5-10 fold, a level equivalent to that observed in

response to cross-linking of FceRI on mast cells, membrane IgM on B cells and IL-5

receptor on pro B cells (Mahajan et a1.,1995); (Rawlings et aL,1996). Btk has been shown

to directly associate with Fyn, Lyn and Hck through an interaction modulated by the TH

region of Btk and the SH3 domain of the Src family proteins (Cheng et aL, 1994). No single

protein domain in Lyn or Blk has been shown to be required for phosphorylation of Btk,

although kinase activity, an intact ATP binding site and the myristylation site were required

for Lyn activation of Btk (Mahajan et a1.,1995); (Rawlings et aL,1996). The region in the

kinase domain of Tec kinases surrounding Tyr 551 is similar to the activating tyrosine in

Src's kinase domain. The SH3 and SH2 domains, but not the PH domain, are required for

Btk activation by Lyn (Mahaj an et a1.,1995). Rawlings and co-workers found that the SH3

and SH2 domains of Btk were not required for the activation by Src family members

(Rawlings et aI., 1996). Overexpression of the Csk protein indirectly diminishes Src

dependent activation of Btk through inhibition of Src family kinase activation (Afar et al.,

1996). Syk kinase was not shown to effect tyrosine kinas activation of Btk, indicating other

tyrosine kinases could not substitute for Src family kinases (Matrajan et al., 1995);

(Rawlings et aI., 1996). Rawlings and co-workers suggested that, in response to Lyn

mediated phosphorylation of Btk, a second autophosphorylation event occurs. Subsequently,

tyrosine 223 withinthe SH3 domain was found to be autophosphorylated (Park et a1.,1996).

Mutation of tyrosine 223 to a phenylalanine potentiates the transforming ability of the

protein, however, this does not correlate to an increase in kinase activity. This implies an

alteration in signal transduction mediated by the SH3 domain (Park et aI., t996).

Recent evidence has suggested a novel mechanism for maintenance of the Tec family

kinases in an inactive form incorporating the SH3 domain. Andreotti and co-workers

showed a weak but stable intramolecular interaction between the PRR and the SH3 domain
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of Itk (Andreotti et al., 1997). The PRRSH3 region of Itk is monomeric and following

structure determination was shown to form an intramolecular interaction (Figure 1.9). The

internal tttKPLPPTPtu' ligand of Itk forms a left handed polyproline type II helix where the

dipeptides 
1s7LPr58 andt*IPtut contact the SH3 domain pocket. NOEs from the ligand can be

clearly seen and show the ligand interacts in a class I orientation. The prolines are critical

for this interaction because if they are mutated to alanine a polyproline structure does not

form and there is no interaction with the SH3 domain. A panel of Itk-GST fusion proteins

were tested in vitro for their ability to bind cellular ligands of Itk's SH3 domain. Sam68 is a

protein that interacts with the Itk SH3 domain (Bunnell et aI., t996). The SH3 domain of

Itk preferentially binds Sam68 over the adjacent intramolecular PRRSH3 interaction. The

interaction between Sam68 and ltk's SH3 domain is reduced in Itk PRRSH3 proteins also

containing the SH2 domain and the N-terminal region. Inhibition of the Sam68-Itk SH3

domain interaction was not observed when only the SH2 domain was present, however, was

observed in the presence of the TH domain alone. This suggests the N-terminal region and

the SH2 domain may stabilise the PRR-SH3 domain interaction. These data are consistent

with the weak nature of the PRR SH3 intramolecular interaction and its inability to compete

with high affinity ligands for binding to the SH3 domain (Andreotti et a1.,1997).

Btk has two consensus SH3 binding sequences within the PRR. The SH3 domain of

Btk has been shown to bind a PRR of c-Cbl and the TH region (composed of the Btk motif

and the PRR) can bind Lyn, Fyn and Hck SH3 domains (Cheng et al., 1994); (Yang et aI.,

1995). The first consensus sequences ('86 KPLPPTPt") can bind Src family kinases while

binding partners for the second site 1'*KPLPPEP'*) are currently unknown. ttuKPT PPT'pto'

has been shown by fluorescence experiments to bind the SH3 domain of Btk with a

dissociation constant of 54.8 pM, which is comparable to the interaction of c-Cbl PRR and

Btk SH3 domain (3a.5 pM). Thus, the PRR of Btk could compete with the PRR of c-Cbl to

bind to Btk's SH3 domain. It should be noted that this is an intermolecular interaction rather

than an intramolecular interaction (Patel et al.,1997).

A further interaction for Btk PRRSH3 domain has been observed. Hansson and

co-workers (2001) observed the PRRSH3 region of Btk forms dimers with an equilibrium

dissociation constant of 60 pM. A peptide corresponding to amino acids LBI-192 of the Btk

TH region was titrated into the PRRSH3 dimer solution and changes in the HSQC spectrum

indicated that peptide addition caused dimer dissociation. The environment of the amino

acids in the ligand binding site remain the same (Hansson et a1.,2001). Thus, the dimer

interface is equivalent to the SH3 domain ligand binding site.
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Figure 1.9

Structure of the Itk PRRSH3 domain. The PRR is shown in red, the p-strands are shown in

pink and the 3,0 helix is shown in blue. The side chains for amino acids Pro 156 to Pro161 in

the PRR are shown in red. The autophosphorylated tyrosine (Tyr 180) is shown in yellow

and conserved acidic amino acid Gl¡r 189 is shown in green (Andreotti et al., 1997). The

figure was generated using Molscript and Raster3D (Kraulis, et aI 1991); (Merritt et al.,

1997).

The PDB accession number for Itk PRRSH3 is IAWJ.
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The linker between the SH2 domain and the kinase domain of Tec contains the same

characteristics as the equivalent region in Src kinase (Xu er aI., 1997); (Sicheri et ø1., 1997).

It is therefore possible that equivalent interactions could form between Tec SH3 domain and

SH2-kinase linker as observed in Src. It is not known whether an SH2 kinase linker-SH3

domain interaction can maintain Tec in an inactive conformation.

The SH3 domain of Tec family members plays a critical role in both the activation

and repression of the tyrosine kinase activity of this family of enzymes. When activated, the

SH3 domain can maximise the tyrosine kinase activity. Evidence suggests that the SH3

domain can maintain the tyrosine kinase in the inactive conformation through an interaction

with the adjacent PRR. The autophosphorylated tyrosine present in the SH3 domain is

located within the ligand binding site of the SH3 domain making it possible that binding of

the pRR to the SH3 domain would render the phosphorylated tyrosine inaccessible (Morrogh

et al., 1999). Btk activation is proposed to involve a series of events. Initially, Btk is

present in the cytoplasm in an inactive conformation with possible intramolecular

interactions maintaining Tec kinases in an inactive conformation. PI3K activation by Src

kinases generates PI(3,4,5)P3 and an interaction between Btk's PH domain and the lipid

relocates Btk to the membrane where Src family kinases phosphorylate Btk on Tyr 551

(Nore et aL, 2000). This in turn precipitates the dimerisation of Btk proteins.

Autophosphorylation then occurs on Tyr 223 in the SH3 domain resulting in an active

enzyme. Btk protein would be released from the membrane by the dephosphorylation of

PI(3,4,5)P3 (Baraldi et aI., 1999).

1.6.3 Abl and Csk familY

c-Abl is the cellular homologue of the v-Abl oncogene of the Abelson murine

leukemia virus (A-MuLV) responsible for the transforming ability of the virus. cDNAs of c-

Abl have been cloned from human, mouse, fruit fly and nematode and to date, one other

family member, Arg, has been isolated from the human genome. There are two alternatively

spliced transcripts of c-Abl both of which encode SH3, SH2 and kinase domains but

different N-termini, one of which contains a myristylation site (Wang., 1993). Oncogenic

forms of c-Abl are found in A-MuLV, Hardy-Zuckerman-2 feline sarcoma virus (IIZ2-

FeSV) and in humans have been linked to chronic myelogenous leukemia (CML) (Ftanz et

al., L989).

The c-Abl protein activity is tightly regulated in vivo and the mechanism of its

regulation differs from that of Src family kinqsgr, as there are no internal phosphorylation
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sites in the protein (Nam et al., 1996). Overexpression of the c-Abl does not result in

cellular transformation (Nam et al., 1996), however, transformation does occur with Abl

proteins that lack the SH3 domain, contain a relocated SH3 domain or harbour activating

mutations in the kinase domain (Nam et al., 1996). Furthermore, deletion of the SH2

domain prevents transformation in the presence or absence of the SH3 domain (Mayer and

Baltimore, Igg4), indicating that the SH3 domain is required for suppression of the intrinsic

transforming ability and this function is position dependent. In contrast, the SH2 domain is

required for transforming activity and this function is independent of its position in the

protein (Mayer and Baltimore, 1994).

SH3 domain dependent transforming ability and negative regulation of the kinase

activity of the Abl tyrosine kinase is under investigation, although there is some indication

that this regulation is through a cis-acting mechanism. Relocation of the SH3 domain within

the protein activates c-Abl approximately 2O-fold, although structurally these are subtle

changes they result in almost complete derepression of c-Abl. The physical relationship

between the SH3 domain and other regions of the protein is important for repression of

activity indicating the repression is likely to be due to a cis-acting mechanism. This is not

through an intramolecular interaction with the C-terminal PRR as the affinity of c-Abl SH3

domain for its PRR is low. The model proposed is a trans-acting mechanism whereby a

cellular protein would interact precisely but weakly with the SH3 domain and other parts of

the protein (Mayer and Baltimore, !994). Several candidate inhibitory proteins have been

identified as possible inhibitors of c-Abl. One such candidate retinoblastoma protein (RB)

acts as an inhibitor of Abl through an interaction between the C-terminal region of RB and

the ATp binding lobe of the kinase domain of c-Abl. Hyperphosphorylation of RB results in

the release of c-Abl and activation of Abl tyrosine kinase activity during S-phase of the cell

cycle. RB inhibits the kinase activity of c-Abl through a mechanism that is independent of

the SH3 domain (Welch and Wang, 1993).

Abl associated protein (AAPI) binds to the SH3 domain of c-Abl at amino acids

"'LppcppppvP'nt of the c-Abl PRR and this association is enhanced by the presence of the

c-Abl SH2 domain. AAP| cannot bind the SH3 domain of BCR-Abl fusion protein possibly

due to an interaction between the SH2 domain of c-Abl and BCR-Abl or oligomerisation of

BCR-Abl protein. AAP1 down-regulates the kinase activity of c-Abl detected using an in

vitro kinase assay and does so through a direct interaction with the SH3 domain. Thus,

AAP1 is a direct inhibitor, but not a substrate of c-Abl (Zhu and Shore, 1996).
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Abl interactor protein 2 (Abi2), isolated using a yeast-2-hybrid screen of a human

lymphocyte library with Abl SH3 domain as a bait, contains a proposed homeodomain, three

PEST domains, two PRRs, a polyproline region and a C-terminal SH3 domain. The

presence of the homeodomain suggests that Abi2 may bind DNA. Abiz regulates c-Abl

through two interactions; one between the N-terminal PRR of Abi2 and the SH3 domain of

c-Abl and the other through the C-terminal SH3 domain of Abi2 and the PRR region (amino

acids 544-637) of Abl. Abi2 may function as a tumour suppressor as removal of amino

acids 1-157 from Abi2 increases Abl tyrosine kinase activity in NIH3T3 cells (Dai and

pendergast, 1995). A related protein Abil interacts with the kinase domain of Abl kinase

and is a substrate for v-Abl tyrosine kinase. Abil regulates the activity of v-Abl by forming

an interaction with the kinase domain of Abl (Shi er aI',1995)'

pag (also known as macrophage 23kDa stress protein (MSP23) was isolated by

yeast-2-hybrid with the Abl SH3 from a IIELA cDNA library. Pag protein suppresses the

tyrosine kinase activity of c-Abl in a dose dependent manner and requires both the SH3

domain and the ATP lobe of the kinase domain of Abl to form a stable complex. Pag can

inhibit phosphorylation of c-Abl in a kinase assay suggesting that Pag is an inhibitor of Abl

tyrosine kinase (Wen and Van Etten, 1997). Thus, regulation of Abl tyrosine kinase is likely

to be through an interaction with cellular ligands that maintain Abl in an inactive

conformation.

The Csk family of tyrosine kinases do not contain the myristylation signal at the

N-terminus, an autophosphorylated tyrosine residue in the catalytic domain and the

regulatory tyrosine near the C-terminus observed in Src kinases. c-Src kinase (Csk) was the

first member identified due to its ability to phosphorylate tyrosine 527 of Src family kinases

(section 1.6.1). Csk kinase is a cytoplasmic protein that is ubiquitously expressed (Sabe et

aI., 1992). Csk contains a high proportion of hydrophilic residues and it is these that are

predicted to direct the specificity of Csk (reviewed in Superti-Furga and Courtneidge,

(1995)). The regulation of Csk activity is currently unclear. Removal of the SH2 or SH3

domains of Csk has no effect on its kinase activity although such proteins can no longer

inhibit Src kinase (Sabe et al., L994). The SH3 domains of Csk family members are atypical

as they lack borh ALYDY and PSNY motifs. Thus, the SH3 domain of Csk is unlikely to

have a functional role in the regulation, however, it might participate in protein-protein

interactions (reviewed in Superti-Furga and Courtneidge, 1995). Thus, the mechanism

employed would be predicted to be unique based on the protein domain structure of the

protein.
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Regulation of tyrosine kinases is a very tightly controlled process. SH3 domains of

tyrosine kinases have been shown to participate in the regulation gl¡ variety of proteins

including Src, Abl and Tec kinases. In the case of Abl tyrosinê kinas, relocation of the SH3

domain within the protein can also activate the protein. The mechanisin by which the SH3

domain can repress kinase activity differs between different families. Abl kinase appears to

use an allosteric mechanism of repression whereby a protein binds to the SH3 domain and

inactivates Abl kinase. Both Src and Tec family members appear to utilise intramolecular

interactions to maintain the proteins in an inactive conformation.

The importance of Tec family kinases downstream of the B and T cell antigen

receptors has been confirmed by gene targeting studies. The phenotype of mice lacking the

Tec family members Btk and Itk are severe with an almost total lack of signalling from the

B cells and T cells receptors respectively.

I r -,t-r\ , i\L¿ J'
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1.7 AIMS AND APPROACH

The N-terminal region of Tec kinase is predicted to perform critical functions in the

regulation of this tyrosine kinase family (section L6.2). The PH domain of Tec family

members is absolutely required for membrane localisation of the protein and subsequent

activation while the SH3 domain is required for the maintenance and regulation of an

inactive conformation. It is likely that an intramolecular interaction involving the SH3

domain and the PRR of Tec kinase maintains this kinase in a closed inactive state (section

I.6.2). A structural investigation of these regions of Tec kinase should reveal information as

to a possible regulatory mechanism of Tec family kinases.

One aim of this work was to determine the three dimensional structure of Tec PI{IH

domain. The PHTH region of the Tec family member Btk, has been shown to bind to many

different signalling molecules, however, whether these interactions are observed for Tec

kinase is currently unknown. The solution structure of the Tec PFITH domain will provide

the basis for further investigation of these interactions and facilitate analysis of the

interactions of other signalling molecules with the PI{TH region of Tec from a biophysical

perspective.

The second aim of this work was to investigate the potential interactions of the SH3

domain of Tec kinase. The solution structure of Tec SH3 domain was to be determined by

Nuclear Magnetic Resonance spectroscopy and analysis of the binding surface undertaken.

An investigation of potential interactions between the SH3 domain and the PRR of Tec

kinase and whether these interactions are mediated through an intra or intermolecular

mechanism was also undertaken.
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CHAPTER 2z

MATERIALS AND METHODS



2.1 ABBREVIATIONS

APS

ATP

BCIG

bisacrylamide

PN,ß

bp

BSA

CIP

Da

DNA

dNTP

DTE

DTT

E. coli

EDTA

EtBr

GLB

GST

HEPES

HPLC

HBS

IPTG

kb

kDa

q
LB

mA

MOPS

MQ

mwco

NiNTA

NMR

ammonium persulphate

adenosine triphosphate

5-bromo-4-chloro-3 -indolyl- p-D- galactoside

N, N'-methylene-bisacrylamide

beta-mercaptoethanol

base pair

bovine serum albumin

calf intestinal phosphatase

Dalton

deoxyribonucleic acid

deoxynucleotide triphosphate

dithioerythritol

dithiothreitol

Escherichia coli

ethylenediaminetetra-acetic acid

ethidium bromide

gel loading byffer I .,,' ,(_, I I\\ - ì(-
glutathione s-tfansferase

\'... .-,,,

N-2-hydroxyethyl piperazine-N-ethane sulphonic acid

high performance liquid chromatography

IIEPES buffered saline

Isopropyl- p-D-thio galactopyranoside

kilobase pair

kilodalton

equilibrium dissociation constant

luria broth

milli-amperes

3-(N-morpholino)propane sulfonic acid

milli-Q filtered

molecular weight cut off

nickel nitrilotriacetic acid

nuclear magnetic resonance
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OAc

oD"

PAGE

PBS

PCR

PEG

PMSF

RNA

RNase

RU

SDS

TAE

TBS

TFA

TTBS

TEMED

Tween 20

U

W
v
v

w

pF

2D

3D

4D

acetate

optical density at a wavelength of n nm

polyacrylamide gel electrophoresis

phosphate buffered saline

polymerase chain reaction

polyethylene glycol

phenylmethylsulphonyl fl uoride

ribonucleic acid

ribonuclease

response unit

sodium dodecyl sulfate

Tris acetate EDTA

Tris buffered saline

Tri-fluoro acetic acid

Tris buffered saline, O.IVo Titon X-100

N,N,N',N'-tetramethyl-ethylenediamine

polyethylene-sorbitan monolaurate

units

ultra violet

volts

volume

weight

micro-farads

two-dimensional

three-dimensional

four-dimensional
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2.2 IMATERIALS

2.2.1 Chemicals and Reagents

Sigma Chemical Co. supplied the following chemicals: acrylamide, bisacrylamide,

agarose (Type 1), ampicillin, ATP, PME, BSA, EtBr, EDTA, glycerol, SDS, thrombin, Tris

base, TEMED, triton X-100, reduced glutathione, bromophenol blue, coomassie brilliant

blue, FIrNaPOo, HNqPO4, NiSO4 and imidazole.

BDH Chemicals supplied: chloroform, ethanol, isopropanol, KOAc, MgOAc, MgCl'

NaCl, NaOH, Phenol, TFA.

Sources for other reagents:

Scimar

Pharmacia

column.

Diagnostic Chemicals Ltd.

Oxoid

Bioserve

Qiagen

Aldrich

Novachem

BioRad

2.2.2 Radiochemicals

¡crJ'?P1 dATP was supplied by Geneworks.

2.2.3 Kits

Pharmacia

Geneworks

Stratagene

IPTG and DTT

Sephadex G75, glutathione sepharose and Resource a

DTE

Bacto-agar, Bacto-tryptone, yeast extract and

Bacto Nutrient Broth

glutathione agarose resin

Ni NTA resin

ttNHocl

DrO

Bradford reagent

T7 Sequenase kit

BRESAclean Nucleic acid purification kit

Quickchange* Site directed mutagenesis kit
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2.2.4 Enzymes

Restriction endonucleases were supplied by Pharmacia and New England Biolabs.

Other enzymes were obtained from the following sources:

Roche calf intestinal phosphatase

Sigma RNase A, thrombin and enterokinase

Pharmacia T7 DNA polymerase and T4 DNA Ligase.

2.2.5 Buffers

10 x GLB

'a

l0xSD

IxTAE
l xTE

10 x CIP

10 x Ligase

Megadeath

Solution I

LysiVSolution II

Solution III

CaCl, solution

PCR Buffer

SDS load buffer:

HPLC Buffer A

HPLC Buffer B

5O7o gIycerol,O.LVo SDS, 500 þgltll bromophenol blue,

500 pglpl xylene cyanol

330 mM Tris-HOAc pH 7.8, 625 mM KOAc

100 mM MgOAc (filter sterilised), 40 mM Spermidine, 5 mM

DTE

40 mM Tris-base, pH 8.2, 20 mM NaOAc, 10 mM EDTA

10 mM Tris-base, p}J7.5,1 mM EDTA

500 mM Tris-base, pH 8.5, 1 mM EDTA

500 mM Tris-base p}J7 .4,100 mM MgClr, 100 mM DTT

10 mM ATP

0.1 M NaOH, 0.57o SDS, 10 mM Tris-base, pH 8.0, 1 mM

EDTA

50 mM glucose, 25 mM Tris-base pH 8.0, 10 mM EDTA pH

8.0

O.?MNaOH, 17o SDS

3MKOAc,2MHOAc

62 Ílf|vl CaCl, L5.57o (w/v) glycerol, made up to 145 ml with

MQ water

1-3 mM MgClr, 5 x reaction buffer (provided with enzyme),

MQ H,O

250 mM Tris-base pH 6.8, 107o SDS, 0.5Vobromophenol blue,

507o glycerol,SVo þlvß

O.IVoTFA (v/v), 0.2 ¡rM filtered

O.O88Vo (v/v) TFA, 80Vo (vlv) Acetonitrile, O.2 ¡rM filtered
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PBS

IIBS

TBS

TTBS

NiNTA binding buffer

NiNTA wash buffer

NiNTA elute buffer

NiNTA strip buffer

NiNTA charge buffer

25 mM NaHPOa, 250 mM NaCl pH 7 unless otherwise stated,

0.5 pM filtered

10 mM Hepes, 150 mM NaCl, 3 mM EDTA, 0.O05Vo P20

surfactant, 0.2 pM filtered

25 mM Tris base, 250 mM NaCl, 0.5 pM filtered

1 x TBS, 0.IVo tnton X-100, 0.5 ¡tM filtered

500 mM NaCl, 5 mM imidazole, 20 mM Tris base, pH 7.9

500 mM NaCl, 60 mM imidazole, 20 mM Tris base, pH 7.9

500 mM NaCl, 1 M imidazole, 20 mM Tris base, pH 7.9

100 mM EDTA, 250 mM NaCl, 20 mM Tris base p}J7 .9

50 mM NiSO¿

2.2.6 Plasmid vectors

pGEX-2T Pharmacia

pGEX-4T-2: Stratagene

pGEMT-Easy: Promega

pYEX-2T Amrad Biotech

pET Novagen

2.2.7 Oligonucleotides

Synthetic DNA primers were synthesised by Geneworks using a 3808 Applied Biosystems

DNA Synthesiser. Shown 5'to 3'.

Sequencing Primers

T7 TAATACGACTCACTATAGGGAGA

T3 ATTAACCCTCACTAAAGGGA

RSP tuq.,¿{CAGCTATGACCATG

USP GTfuqAACGACGGCCAGT

pGEX-5, GGGCTGGCAAGCCACGTTTGGTG

pGEX-3, CCGGGAGCTGCATGTGTCAGAG

Tn-5, CGAACGCCAGCACATGGACA
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PCR primers

Primers usedfor the amplification of the region encoding theSH3 domain

SH3JD5' CGCGGATCCAAGAAATCGTTGTAG

SH3JD3' GCGCTCGAGTCACTCATATTGATCTA

Primers usedfor amplifi.cation of the PRR and mutagenesis

PRR5' ATGGATCCAGTATAAGAAAGACC

SH3JD3' GCGCTCGAGTCACTCATATTGATCTA

PRRAl-5' GTATAAGAAAGACCCTGGCGCCCGCGCCAGAAATAAAG

PRRAl-3' CTTTATTTGTGGCGCGGGCGCCAGGGTCTTTCTTATAC

PRRA2-5' CGCCAGAAATAAAGAAGAGAAGGGCGGCCGCGGCCATTCC

CCCAGAGGAAGAAAATA

PRRA2-3' ATATTTTCTTCCTCTGGGGGAATGGCCGCGGCCGCCCTTCT

CTTCTTTATTTCTGGCG

Primers for amplification of the regions spaning thePHTH domain

PHTHext3, ACAACGAATTCATTCAGTATT

HTH5' GCAGGATCCCCACAAAGCAGGGACCGATG

TH5' CAATAGGATCCATGATTAAATAC

TH3' GGCAGGGGAATTCTTAACTACTC

PH5' CAACCAGGGATCCGAGATGAATTTC

TH5' GTTCTTGAATTCTTATTTTAAC

Primers for the production of the Linker peptide

5, LinKeT GATCCGGCAAAAACGCGCCGACCGTGCGGGGCAAAAGCTATGATA

AATAAG

3'Linker AATTCTTATTTATCATA

TTGCCG

2.2.8 P eptides purchased

The PRR site 1 peptide was purchased from AUSPEP to a purity of greater than

70Vo. The peptide spans amino acids "'SIRKTLPPAPEI'6' in the Tec sequence. Mass

spectrometric data confirmed the correct weight of the peptide and the purity.

37



2.2.9 Bacterial strains

DH5s strain E coli were used for chemical heat shock and electroporation

transformations constituting routine subcloning. Protein expression and extraction was

conducted in E. coli strain BL-21and BL-21 (IDE3)

E. coli strain phenotypes were as follows:

DH5s: supÛ44 LIac Ul69 (phi80 IacZLMIS) hsdRlT recAl endAIgyrA96

thi-lrelAl

BL-ZI B F dcm omPT hsdS(rb'mb') gal

BL-2I (ÀDE3) BL-?I carrying a ÀDE3 insertion

Strain stocks were stored at -80"C in 40Vo glycerol.

2.2.10 Yeast strains

DY150 MATa, ura3-52,\eu2-3,Il2trpl-L,ade2-l,his3-lI,can1-100

2.2.11 Bacterial growth media

Luria broth: I7o (wlv) Bacto-tryptone,0.57o (w/v) yeast extract

l7o (wlv) NaCl, adjusted to pH 7.0 with NaOH

2YT l.6To(wtv) Bacto-tryptone (Difco), LVo (w/v) yeast extract (Difco),

0.57o (wlv) NaCl, adjusted to pH 7.0 with NaOH.

YENB medium: O.757o Bacto yeast extract,0.8Vo Bacto Nutrient Broth.

SOC Medium: 2Vo Bacto-tryptone, 0.57o Bacto yeast extract, 10 mM NaCl,

2.5 mM KCl, 10 mM MgClr, 10 mM MgSOo, 20 mM glucose.

MinA media salt solution (final concentration) 60 mM IEHPO', 33 mM KI!PO4,

1.7 mM NqCitrate, 15 mM NH4CI. Following autoclaving 0.005Vo

(w/v) thiamine, 0.2Vo (wlv) glqcose, 0.8 mM MgSOo was added and

made to 1 L with sterile MQ water
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MOPS media MOPS solution 40 mM MOPS pH 7 .4,4 mM tricine pH 7 .4, 0' 1 mM

FeSOo, 2.7 mM IlSOo, 5 mM CaClr, 5.25 mM MgCl, and 50 mM

NaCl. Micronutrient solution 0.3 pM (NHJ6 MorOro, 40 pM I{rBO4, 3

¡rM CoClr, 1 pM CuSOn, 8 pM Àíricl, and 1 mM ZnSO4. Add to this

0.35Vo (w/v) glucose, O.4Vo glycerol and 1.32 mM IqI{PO.. Made to 1

L with sterile MQ water

The MOPS solution with micronutrients was made as a 10 x stock.

M9 media M9 minimal salts per 1l 0.6 g Na2HPO4, 0.3 g KH2PO4, 0.05 g NaCl

and 0.1 g NH4CI. Added to 1 ml 1 M MgSO4 (autoclaved), 10 ml

207o glucose (filter sterilised), I ml l7o thiamine (filter sterilised), 10

ml 100 mM CaCl2 (autoclaved). Made to 1L with sterile MQ water.

Growth media were prepa¡ed in MQ water and sterilised by autoclaving except

where indicated. LB agar plates were made by adding I.57o (wlv) Bacto-agar (Difco) to the

LB. Minimal media was prepared by making a 10 x salt solution and autoclaving. This was

then added to 900 ml autoclaved water.

Ampicillin (100 pglml) was added after the medium cooled to 55"C to maintain

selective pressure for recombinant plasmids in transformed bacteria.

2.2.12 Yeast growth media

YNB: O.67Vo yeast nitrogen base without amino acids, 2Vo glucose

YNB selective media: YNB media, plus 20 pglml histidine, 20 ¡t"glml adenine and20 pglml

tryptophan

2.2.13 Molecular weight markers

DNA

Hpalldigested pUC19 markers were purchased from Geneworks.

Band sizes (bp): 501, 489, 404, 33I, 242, 190, I47, l'lL, LLD, 6'7, 34, 26'

EcoRldigested SPP-I bacteriophage DNA Markers were purchased from Geneworks.

Band sizes (kb): 8.51, 7.35, 6.II,4.84,3.59,2.8t,1'.95, 1.86, 1.51, 1.39, 1.16,

o.98,0.72,0.48, 0.36.
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During cloning of recombinant DNA, fragment sizes and approximate concentrations were

estimated by comparison with loading agarose mini-gels with 500 ng of marker DNA.

Protein

SDS-7 Markers were purchased from Sigma.

Protein constituents: Albumin (Bovine) 66 kDa, Albumin (Egg) 45 kDa,

Glyceraldehyde-3-P-dehydrogenase 36 kDa, Carbonic anhydrase (Bovine) 29 kDa,

Trypsinogen (Bovine Pancreas) 24 þ,Da, Trypsin inhibitor (Soybean) 2O kÐa, Lactalbumin

(Bovine milk) 14.2 kÐa

Minigels were loaded with 10 pl unless otherwise stated.

2.2.14 Miscellaneous materials

X-ray film:

Centricon column

NMR tubes

BIAcore chips

Konica

Millipore

Wilmad Glass co

Pharmacia
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2.3 MOLECIJLAR METHODS

2.3.1 Mini-preparation of plasmid DNA

1.5 ml of LB containing 100 pglml of ampicillin was inoculated with a single

bacterial colony and grown overnight at 37'C in a rotating drum. Each culture was poured

into a 1.5 ml Eppendorf tube and centrifuged at maximum speed for 20 seconds. The

majority of the medium was removed leaving around 100 pl. Bacterial pellets were

resuspended in the remaining medium by vortexing and lysed by the addition of 300 pl of

Megadeath solution (0.1 M NaOH, 0.57o SDS, 10 mM Tris-base pH 8.0 and 1 mM EDTA).

Cell debris was precipitated by mixing 155 pl of NaOAc pH 5.2 with the mixture and

centrifugation at maximum speed for 4 minutes. Nucleic acids were precipitated by mixing

1 ml of I00Vo ethanol with the supernatant. The sample was briefly vortexed and

centrifuged at maximum speed for 4 minutes prior to removal of the supernatant. The

nucleic acid pellet was washed by the addition of 400 ¡rl of 70Vo ethanol followed by

vortexing and a brief centrifugation. The remaining liquid was removed and the pellet was

dried for 5-10 minutes at 37"C. DNA was resuspended in 20 pl of MQ ItO containing 10

ttelþl RNase A.

2.3.2 Midi-preparation of Plasmid DNA

50 ml of LB containing 100 pglml ampicillin in a250 ml flask was inoculated with a

single bacterial colony and grown overnight at 37'C with shaking. The culture was

transferred to a 40 ml oakridge tube and centrifuged in a RC-5 Sorvall centrifuge or SS-34

rotor (Dupont) at 6000 rpm for 10 minutes. The supernatant was removed and the bacterial

pellet was resuspended in 3 ml of Solution I (50 mM glucose, 25 mM Tris-base pH 8.0, 10

mM EDTA). The suspension was gently mixed with 6 ml of fresh Solution II (0.2 M

NaOH, 17o SDS) to lyse the cells. Following 5 minutes incubation on ice, cell debris was

precipitated by the addition of 4.5 ml of Solution III (3 M KOAc, 2 M HOAc). The solution

was gently mixed by inversion, left on ice for 5 minutes, then mixed vigorously, left on ice

for a further 15 - 20 minutes, and centrifuged at 14,000 rpm for 15 minutes at tC. The

supernatant was mixed with 8 ml of isopropanol in a clean oakridge tube, and nucleic acids

were precipitated by centrifugation at 12,000 rpm for 5 minutes at 4"C. The supernatant was

drained and the pellet was dissolved in 400 pl of MQ f{O. RNA was removed by

4I



incubation at 37"C for 30 minutes with 2 pl of RNase A (10 mg/ml). The sample was

extracted with an equal volume of phenoVchloroform and then with an equal volume of

chloroform alone. The aqueous phase was precipitated by addition of 100 pl of 7 M NHoAc

and 1 ml of IO07o ethanol. DNA was precipitated for 20 minutes at -20"C then pelleted at

14,000 rpm in a bench-top centrifuge for 15 minutes. The DNA was washed in 400 ¡rl of

707o ethanol, dried, and resuspended in 200 pl of MQ FlO.

2.3.3 Restriction endonuclease digestion of DNA

Plasmid DNA was digested with 4 units of enzyme per microgram of DNA and

incubated at the appropriate temperature for 1-6 hours. All restriction digestions were

carried out in SD buffer (33 mM Tris-HOAc pH 7.8, 62.5 rnNI KOAc, 10 mM MgOAc, 4

mM Spermidine, 0.5 mM DTE). Plasmid DNA was assayed for complete digestion by TAE

agarose gel electrophoresis.

2.3.4 lryarose gel electrophoresis

Agarose gel electrophoresis was carried out using horizontal mini-gels prepared by

pouring 10 ml of gel solution (L%o to 3Vo wlv) agarose in 1 x TAE onto a 7.5 cm x 5.0 cm

glass microscope slide. Agarose mini-gels were submerged in 1 x TAE and samples

containing 1 x GLB (57o glycerol,0.0I7o SDS, 50 ttg/u,l bromophenol blue, 50 pglpl xylene

cyanol) were typically electrophoresed at 100 V. DNA was visualised by EtBr staining and

photographed upon exposure to medium wavelength UV light using a tracktel thermal

imager.

2.3.5 Purification of linear DNA fragments

Linear DNA fragments were run on appropriate percentage TAE agarose gels and

visualised under long wavelength UV light. Bands were removed from preparative gels

using a clean scalpel blade and purified from agarose using the Bresaclean kit (Geneworks)

according to the manufacturers instructions.

2.3.6 Removal of 5' phosphate groups from vector DNA fragments

To inhibit intramolecular ligation of the vector backbone 5' phosphate groups were

removed by treatment with Calf Intestinal Phosphatase (CIP) prior to gel purification.
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Restriction digested vector DNA was reacted with I pl CIP for 30 minutes at 37oC.

Dephosphorylated vector DNA was electrophoresed on IVo TAE agarose gels (section 2.3.2)

and purified (section 2.3.3).

2.3,7 Ligation reactions

Complementary end ligation reactions were carried out with 25 ng purified vector,

50-100 ng DNA insert in the presence of ligation buffer (50 mM Tris-base p}l7.4, 10 mM

MgClr, 10 mM DTT, I mM ATP) and2 units To DNA Ligase. Reactions were incubated at

room temperature for t hour.

2.3.8 Annealing of complementary oligonucleotides

Complementary DNA oligonucleotides were annealed by heating to 100oC and slow

cooling. The annealed DNA was restriction enzyme digested with appropriate restriction

enzymes and electrophoresed on a 2Vo TAE agarose gel. The annealed DNA was gel

purified and ligated into appropriately restricted pGEX-4T-2.

2.3.9 Preparation of calcium chloride competent bacterial cells

5 ml of LB was inoculated with a single colony of DH5c¿ strain bacteria and grown

overnight at37"C with shaking. 5 ml of overnight culture was used to inoculate 500 ml of

LB in bevelled shakeflasks. The culture was grown at37oC to an OD* of 0.4-0.5 for DH5c¡

and 0.6 for BL-21. Cells were poured into two 250 ml oakridge tubes and chilled on ice for

5 minutes prior to centrifugation at 5000 rpm for 15 minutes at 4oC. The supernatant was

removed and the cell pellets were each resuspended in 50 ml of CaCl, solution (62 mM

CaClr, 15.57o (w/v) glycerol) and centrifuged at 5000 rpm for 15 minutes at 4"C. The

supernatant was aspirated and the pellets were resuspended in 10 mls of ice-cold CaCl,

solution. 200 pl aliquots were snap frozen in a dry ice/ethanol bath and stored at -80oC.

2.3.10 Bacterial heat shock transformation

CaCl, competent DH5cr cells were thawed on ice for 5-10 minutes. 200 ¡tl aliquots

were mixed with DNA (approximately 10 ng of plasmid DNA; half of a ligation reaction)

and left on ice for 30 minutes. The cell/DNA mixture was heat shocked for 2 minutes at
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42"C and mixed with 1 ml of LB. Cells were allowed to recover by incubation at 37oC for

45 minutes and were pelleted by brief centrifugation in a microfuge at maximum speed. The

majority of the LB was removed, leaving around 100 pl, and cells were resuspended and

plared on LB plates containing 100 pglml ampicillin. 20 ml of 50 pg/ml BCIG (dissolved in

dimethyl formamide) and 50 ml of 50 pdml IPTG were spread onto plates prior to plating

bacteria to colour select for recombinant bacteria.

Z.3,Ll Preparation of electrocompetent cells for site directed mutagenesis

An isolated DH5a strain colony was picked into 10 ml of YENB medium in a 50 ml

flask and incubated overnight at37"C with shaking. Two baffled2L flasks each with 500

ml of YENB, were inoculated with 5 mls of the overnight culture. The cells were allowed to

grow to an OD* of 0.8 before centrifugation at 2,600 x g for 10 minutes at 4"C in a pre-

cooled rotor. The supernatant was carefully removed and the cells were resuspended in 100

ml of ice-cold L07o glycerol. Following centrifugation at 2,600 x g the supernatant was

removed and the pellet resuspended in 100 ml cold l07o glycerol and centrifuged again. The

supernatant was removed and the cells were resuspended 2 ml of IÙVo glycerol' I20 ¡t"l

aliquots were snap frozenin a dry icelethanol bath and stored at -80oC.

2.3.12 Transformation of bacteria by electroporation

Electro-competent cells were allowed to thaw on ice for 10 minutes and 40 pl

aliquots were mixed with I-2 ¡tl of DNA direct from the PCR site directed mutagenesis

reaction mix. The celVDNA mix was transferred to a chilled O.2 cm gap electroporation

cuvette (BIO-RAD) and electroporated at 25 rnF,2,500 V, and 200 ohms in a BIORAD

Gene Pulser. Immediately after electric shock cells were suspended in 1 ml of SOC medium

and incubated at37'C for t hour. The bacteria were plated onto LB plates containing 100

pg/ml ampicillin and grown overnight at37"C.

2.3.L3 Manual sequencing of plasmid DNA

15 pl of mini-prep DNA (section 2.3.1) was incubated at 37oC for 15 minutes with

1.5 pl RNase A (10 mg/ml) and denatured with the addition of 3.5 pl 1 M NaOIVI mM

EDTA for 15 minutes at 37oC. Denatured plasmid was purified by centrifugation at 1800
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rpm for 3 minutes through a Sepharose CL-68 spin column. 1 pl of primer (4.5 ng/ml) was

added to 7 pl of purified plasmid DNA in the presence of annealing buffer (20 mM Tris-

base pH 7.5, 10 mM MgCl r, 25 n)NI NaCl) in a total of 10 pl and annealed at 65oC for 2

minutes, then at 37oC for 5 minutes, and room temperature for 15 minutes, and finally kept

on ice until required. Briefly 6 pl of labelling mix, 4U modified T7 DNA polymerase, and

5pl pCi/ml [cr"P]-dATP) was added to the annealed primer/ DNA mix and incubated at

room temperature for 5 minutes. 3.5 pl of the mixture was mixed with 2.5 pl of each

termination mix in a separate tube and incubated at 37oC for 5 minutes. Reactions were

halted by the addition of 4 ¡rl of FLB (95Vo (wlv) deionised formamide, 20 mM EDTA, 500

mg/ml bromophenol blue, 500 mg/ml xylene cyanol) and run on a 7M urea I 67o

polyacrylamide (2:34 bis-acrylamide to acrylamide) denaturing gel,

6Vo polyacrylamide sequencing gels were prepared using Sequenca gel solution

(National Diagnostics). 400 ¡rl of I07o APS and 20 ¡tl of TEMED were added to 40 mls of

stock gel solution prior to pouring between clean glass plates (20 x 40 cm) separated by 0.4

mm spacers. After 30 minutes, the comb was removed and the well flushed with water.

Gels were pre-electrophoresed for t hour at 2000 V/50 mA and the wells were flushed with

I x TAE before loading samples. Gels were electrophoresed at 50 mA at a temperature of

50 - 55"C. After electrophoresis, the glass plates were prised apart and the gel transferred to

3 mm paper. The gel was dried down at 70oC on a vacuum gel drier and exposed to fast X-

ray film.

2.3.14 Automated sequencing of plasmid DNA

DNA was prepared using the midi preparation protocol (section 2.3.2) or using the

BRESAspin minipreparation kit. 0.5 mg of miniprep DNA was subjected to cycle

sequencing in the presence of 100 ng of primer and dye terminator mix (Perkin Elmer) in a

total volume of 20 pl. The reaction was cycled through the following steps 25 times.

Step 1: 96"C for 30 seconds

Step 2: 50oC for 15 seconds

Step 3: 60oC for 4 minutes

Step 4: rePeat stePs 1-3 25 times

Step 5: 4oC for 18 hours

Completed reactions were added to 50 pl of 95Vo ethanol, mixed and allowed to

precipitate for 15 minutes at -80oC. DNA was pelleted for 10 minutes at 14,000 rpm,
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washed in 250 ¡tl of TOVo ethanol, centrifuged again for 5 minutes and air dried. Reactions

were analysed at the Institute for Medical and Veterinary Science Sequencing Centre,

Adelaide, Australia and viewed on the Editview program (PE Biosystems).

2.3,15 PCR with Taq PolYmerase

RT-PCR reactions were carried out using Taq polymerase (Geneworks) according to

the manufacturer's instructions. Briefly, 25 ¡t"l volume PCR reactions containing 20 ng of

DNA, 100 ng of each primer, 2 ¡tl of 10 mM dNTPs, 5 ml 5 x PCR buffer containing 1-3

mM MgSO4, and 1 U of Taq polymerase were overlaid with mineral oil, heated to 96oC for

5 minutes, and cycled as follows in a PTC-100 Thermal cycler.

Step 1 96oC for 5 minutes

Step 2 46oC for 1 minute

Step 3 l2"Cfot lminute

Step 4 rePeat stePs 1-3, 2 times

Step 5 96oC for 1 minute

Step 6 55oC for 1 minute

Step 7 72"C fot 1 minute

Step 8 rePeat stePs 5-7, 29 times

The reactions were removed from mineral oil following and placed into a clean Eppendorf.

2.3.16 Site directed Mutagenesis by PCR

Site directed mutagenesis was performed essentially as per the Stratagene

euickchange- Site directed mutagenesis kit. Briefly 5-50 ng template plasmid DNA, 125

ng of each primer, I x reaction buffer (provided), 0.05 mM each NTP and 2'5 U of Pfu

DNA polymerase made up to 50 pt with MQ H20 and overlayed with mineral oil. The

cycling parameters are as follows

Step 1 95oC for 30 seconds

Step 2 95oC for 30 seconds

Step 3 55oC for lminute

Step 4 68oC for 2minutes/kb of plasmid length

Step 5 repeat stePs 1-4 L2-I8 times
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Following the PCR reaction the reaction mix was removed and digested with 20 U

DpnI restriction enzyme at37"C. DNA was transformed by electroporation and plated onto

LB plates containing amPicillin.
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2.4 PROTEIN METHODS

2.4.1 pGEX Fusion protein induction and extraction from E. coli

Protein induction in shakeflasks

Overnight cultures of BL-2I),"D83 E. coli contalning pGEX-4T-Z constructs were

diluted 1/100 into 500 ml cultures of LB containing 100 pgiml ampicillin. Cultures were

grown at 30"C or 37"C until they reached an OD* of 0.6, at which time they were induced

to produce the GST fusion protein by addition of IPTG to a final concentration of 0.2 mM.

Induction was allowed to proceed from 4 hours to a maximum of overnight and bacteria

were pelleted at 5,000 rpm, 4oC for 15 minutes in a Beckman JA10 rotor and frozen. The

pellet was resuspended in 1 x TTBS at approximately 50 mVL of culture medium. The

solution was sonicated with three 30 second bursts or french pressed, with the incremental

addition of PMSF to a final concentration of 1 mM and the solution spun at 10,000 rpm, 4"C

for 15 minutes.

Small-scale unlabelled protein preparation of Tec PIITH rwere grown in MOPS or

M9 minimal media supplemented with 100 pglml ampicillin (Neidhardt et al., f974).

Bacteria were grown at 30oC, induced with IPTG to a final concentration of 0.2 mM for 4-

16 hours, pelleted and stored at -20"C.

preparations of THSH3, TH and PHTH protein were grown in LB supplemented

with 100 pgml ampicillin. Bacteria were grown at 37oC and induced with IPTG to a final

concentration of 0.2 mM for a minimum of 4 hours in the presence of ZnSOo to a final

concentration of 30 pM. The bacteria was then pelleted and stored at -20"C

Large-scale protein preparations (2 L) of Tec SH3 domain were grown in LB or Min

A (Miller, Lg72) minimal media supplemented with 0.81 g/l "M{oCl. Bacteria were grown

at 37"C, induced with IPTG to a final concentration of 0.2 mM for 4 hours, pelleted and

stored at -20"C.

Protein production in fermenters

500 ml fermentations were conducted using 2YT culture media supplemented with

100 pglml ampillicin. Fermenter inoculations were initiated by the addition of 200 pl of an

overnight culture of OD* I.4, per 500 ml fermenter run. Antifoam was added to minimise

foaming due to stirring. Glucose was added incrementally to a final concentration of 2Vo

glucose. The growth conditions in the fermenter were regulated by a pH meter and air
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monitors, which control the acidity of the media at approximately pH 7.0 and the air flow

within the fermenter, respectively. Induction was commenced when the culture reached an

ODu* of approximately 3.5 by the addition of IPTG to a final concentration of 0.2 mM. The

bacteria were grown for a further 4 hours before harvesting.

2.4.2 pE,T fusion protein induction and extraction from E ,coli

pET vectors were transformed in BL-21ÀDE3 E. coli and grown in LB medium

supplemented with 100 ¡lglml ampicillin. Bacteria were grown to an OD* of 0.6, induced

to a final IPTG concentration of 1.0 mM, grown a further 4 hours and harvested. Bacterial

pellets were resuspended in 1 x binding buffer containing 5 mM imidazole, 500 mM NaCl

and 20 mM Tris-base pH 7.9, lysed using three 30 second sonication bursts and centrifuged

at 10,000 rpm. The soluble fraction was 0.5 ¡rM filtered and applied to a NiNTA column

equilibrated in lysis solution.

Protein was isolated from the insoluble pellet by resuspension in 1 x binding buffer

containing 5 mM imidazole and 6 M urea and sonicated as above. Following centrifugation

at 10,000 rpm the supernatent was applied to a NiNTA column.

2.4.3 pYex fusion protein Induction and extraction from S.ceníveì.øse

Yeast pYex constructs were transformed in yeast and grown in the yeast media YNB

plus histidine, adenosine, tryptophan and glucose (Mtchell et a1.,1993). Yeast was grown

overnight in 10 ml volumes, pelleted, resuspended in the same media and then induced by

the addition of copper sulfate to a final concentration of 0.5 mM. Yeast were then grown for

a further 4 hours. Following lysis by French pressing the soluble fraction was purified as

per the bacterial GST fusion proteins.

2.4.4. Aflinity purification using glutathione agarose/Sepharose

C olumn b as e d glut athi one a g ar o s e/ s e pharo s e p urifi c at io n

GST-fusion proteins were purified from bacterial protein extracts using a glutathione

agarose (Bioserve) or glutathione Sepharose (Pharmacia) column. The column was

equilibrated in 1 x TBS with at least three column volumes and then with 1 x TBS/0.17o

(v/v) triton X-100 (TTBS). The bacterial extracts were 0.45 pm filtered and loaded on the

column at a flow rate of 4 mVmin. The column was then washed extensively with TTBS
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and TBS. Bound protein was eluted by the addition of 10 mM reduced glutathione in 1 x

TBS pH 8.0. The GST fusion proteins were stored at -80oC.

prior to affinity purification of "N-labelled GST fusion proteins the GST affinity

column was washed with two column volumes of 70Vo ethanol, six column volumes of MQ

water and two column volumes of 6 M guanidiniun-HCl. The column was extensively

equilibrated in TBS following the cleaning procedure.

Batch method purifi.cation of GST fusion proteins

Glutathione agarose beads equilibrated in TTBS were mixed with the lysed bacteria

for 30 minutes. The mix was placed in an empty PD10 column and washed extensively with

TTBS and TBS. Elution was facilitated using reduced glutathione in lx TBS pH 8.0 and 1

ml fractions were collected.

2.4.5 Nickel aflinity purification

Nickel affinity resins (Qiagen -NiNTA) were used to purify pET fusion proteins'

Purification was conducted under both non-denaturing and denaturing conditions, the latter

achieved by the addition of 6 M urea. Bacteria were resuspended in 1 x binding buffer (5

mM imidazole, 500 mM NaCl and 20 mM Tris base pH 7.9) at 100 ml binding buffer/ll- of

LB media. Three 30 second sonication bursts were used to lyse the E coli, which was

supplemented with PMSF to a final concentration of 1 mM. Following lysis, the lysates

were centrifuged and the supernatent applied to a NiNTA column. The column was washed

extensively with binding buffer followed by a wash buffer (500 mM NaCl, 60 mM

imidazole, 20 mM Tris base, pH 7.9). The protein sample was eluted from the column using

elute buffer (1 M imidazole, 500 mM NaCl and 20 mM Tris base pH 7.9).

purification of pET-PIITH bacterial lysates was also conducted using a binding/lysis

buffer containing no imidazole (20 mM Tris base pH 7.9 and 100 mM NaCl). The column

was washed with lysis buffer and elution conducted using firstly 50 mM imidazole (50 mM

imidazole, 500 mM NaCl and 20 mM Tris base pH 7.9) followed by a 100 mM imidazole

elution (100 mM imidazole, 500 mM NaCl and 20 mM Tris base pH 7.9)' The protein

samples were collected in 1 ml aliquots and stored at4oC until required.
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2.4.6 Protein refolding on the NiNTA column

Denatured protein was loaded on a NiNTA column pre-equilibrated in 1 x binding

buffer (5 mM imidazole, 500 mM NaCl and 20 mM Tris base pH 7.9) with 6 M Urea. The

column was extensively washed with the binding buffer. The column was washed with two

column volumes of 4 M urea buffer (5 mM imidazole, 500 mM NaCl, 20 mM Tris base pH

7.9 and4 M urea) then2 M urea and 1 M urea. The sample was eluted in 250 mM imidazole

containing 125 mM NaCl and 20 mM Tris base pH 7.9.

Denatured protein was also eluted from the NiNTA column as above, however, there

was no incremental decrease in the urea content. The protein was loaded on the column in 1

x binding buffer (5 mM imidazole, 500 mM NaCl and 20mM Tris base PH 7.9) containing 6

M urea, washed with urea binding buffer and eluted in 250 mM imidazole containing 125

mM NaCl and 20 mM Tris base PH 7.9'

2.4.7 Protein refolding by dialysis

Denatured protein was eluted from a NiNTA affinity column in elute buffer (500

mM NaCl, 1 M imidazole, 20 mM Tris base, pH 7.9) containing 6 M urea. Dialysis was

conducted using pre boiled dialysis tubing with a 10 kDa mwco. Two different methods

were used.

Stepwise reþlding

Stepwise dialysis was carried out by successive incubations with 4I['d,2 M, and 1 M

urea solutions. The dialysis buffer was changed four times and a 1/500 dilution was used.

Decreasing urea concentrations were used 4 M, 2 M and 1 M urea and the final conditions

were 250 mM NaCl, 25 mM Tris base and 15 mM p-mercaptoethanol. The concentration of

NaCl and Tris base were adjusted when the buffer was changed at 4 M urea to the final

conditions of 250 mM NaCl, 25 mM Tris-base and 15 mM p-mercaptoethanol. Dialysis

buffer was changed everY 12 hours.

Direct dialysis

The direct dialysis started in elute buffer (500 mM NaCl, 1 M imidazole,20 mM Tris

base, pH 7.9) containing 6 M Urea and was dialysed directly into of 150 mM NaCl, 50 mM

Tris-base and 7.5 mM DTT using a 1/500 dilution overnight.
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A PFilH sample was dialysed against 250 mM NaCl, 25 mM Tris base fot 24 hours

in a solution containing Peg 3360 and 1.5 mM DTT to assist in the refolding. The buffer

contained a 13.5:1 PEG 3650: protein ratio as determined in Cleland et aI (L992) based on a

hydrophobicity index of 43.25 for Trx-PHTH (Cleland et a1.,1992).

2.4.8 Determination of protein concentration by Bradford assay

10 pl of BSA standards (0 - 1 mg/ml) or samples were mixed with 200 pl of 1 in 4

diluted Bradford reagent (BIO-RAD) in a 96-well tray. Absorbance at 600 nm wavelength

was measured in an Emax plate reader (Molecular Dynamics). Samples and standards were

performed in triplicate and averages were used in further calculations. Protein

concentrations of samples were determined by calculation from the line of best fit of the

standard curve (Bradford, 1976).

2.4.9 Thrombin cleavage

Purified fusion protein was cleaved with bovine thrombin to remove the GST fusion

partner. Thrombin digests were performed in the TBS reduced glutathione elute buffer

supplemented with 2.5 mM CaClr. Reactions were incubated at 37oC for a minimum of 1

hour to a maximum of 24 hours with ratios of enzyme (units) to total protein (mg) ranging

from 1:1to 4:1.

Digestion on the column

A solution containing 200 units of thrombin in TBS supplemented with final

concentrations of 2.5 mM CaClr,l0 mM DTT and 0.27o NaN, was added to the column and

incubated overnight at room temperature. TBS was applied to the column at 2 mVmin to

elute the protein sample. The GST fraction was eluted by the addition of 10 mM reduced

glutathione solution in TBS pH 8.0.

2.4.10 Enterokinase cleavage

pET purified protein was proteolytically digested with enterokinase. Enterokinase

diluted ll21, Il5O,1/100 and 11200 (v/v) were used to digest samples of concentration 0.7

mg/ml protein. 10 pl samples were removed at different timepoints, the reaction stopped by

the addition of PMSF to a final concentration of 1 mM and the samples prepared for SDS-

PAGE analysis.
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2.4.11 Size exclusion chromatography

Prior to "N sample purification using this Superdex G75 column (Pharmacia) it was

washed for 2 hours with 0.5 M NaOH at a flow rate of 1 mVminute and then equilibrated

extensively in buffer. The column was standardised against a solution containing the

proteins lysozyme (14 kDa), chymotrypsin (24 kDa), ovalbumin (45 kDa) and BSA (66

kDa) to generate a standard curve.

Thrombin digested GST-fusion proteins were loaded onto a 300 ml Superdex G75

column (Pharmacia) equilibrated overnight in 1 x IIBS, 1 x TBS 0.0I7o NaNI3, 1 x PBS,

g.1lfto NN, or 1 x TBS containing 10 mM DTT and 30 mM ZnSOn. The sample was

loaded and run at 2 mUminute. Protein was detected at Arro and 5 ml fractions collected'

Samples corresponding to the protein of interest were confirmed by SDS-PAGE, pooled and

stored at 4"C.

PeI-PHTH digested samples were run on a Superdex G75 PC 3.2130 (Pharmacia)

column at a flow rate of 50 pVminute equilibrated in TBS. Protein elution was detected at

4*. 100 pl samples were collected for further analysis and the appropriate fractions

retained. The column was standardised using a solution of lysozyme (I4 lÐa),

chymotrypsin (24 kDa), ovalbumin (a5 kDa) and BSA (66 kDa). The relative elutions are

shown on the profiles.

2.4.12 Ion exchange chromatography of THSH3 protein

THSH3 was purified using a 1 ml Resource Q ion exchange column equilibrated in

25 mM Tris base pH 8.0 and250 mM NaCl. Elution was conducted using a0-507o gradient

over 10 minutes with a final buffer of 25 mM Tris pH 8.0 and 1 M NaCl and a flow rate of 1

mVminute. Samples were detected at Arro and the fractions containing the protein of interest

retained and further analysed by SDS-PAGE.

2.4.13 PD10 buffer exchange and sample generation.

PD10 columns were equilibrated in 20 ml of the buffer relevant to the designed

experiment, HBS, 10 mM Phosphaie 0.017oNa1.{3, MQ tIrO or 1 x PBS for BIAcore, NMR

or ultracentrifugation experiments. Samples were concentrated to 2 ml using an amicon

stirred cell, loaded on the PD10 column and 1 ml fractions collected until 15 ml had been

eluted. Sample elution was monitored by Bradford reaction and fractions containing the

c3
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protein of interest were pooled and further concentrated using a centricon spin column of 3

kDa mwco.

2.4.14 Ultrafiltration of the synthesised peptide

Preparations of the high affinity peptide were separated from the GST fusion partner

using an amicon stirred cell. A 10,000 mwco membrane was used. The GST fusion protein

was retained in the stirred cell while the synthesised peptide passed though the membrane.

The linker peptide was acidified before applying to HPLC column for further purification.

2.4.15 Reverse phase high performance liquid chromatography analysis

Reverse phase I{PLC was used to separate and purify peptides and prepare samples

for mass spectrometric analysis. A C4 analytical column (Brownlee Aquapore 8U300, 7 ¡rm

particle size, 300-A pore size 4.6 mm x 100 mm) and a C18 analytical column (Brownlee

analytical RP-18, Spheri-5, 5 pm particle size, 4.6 x 100mm) were used for testing the

purification of the synthesised peptide and preparation of peptides to be analysed by mass

spectroscopy. A C4 preplO column (Analytical PreplO Butyl Aquapore C4,7 pm particle

size, 10 x 100mm) was used for purification of the peptides. Samples were acidified with

TFA prior to loading on the column. Columns were equilibrated with O.l%oTFA in IIO

between runs. Various linear gradients using O.IVoTFA in tlO and 0.0887oTFN80Vo

acetonitrile were used. A flow rate of 0.5 mVminute and 2.0 mVminute was used for the

analytical and PreplO columns respectively. The eluted peptides were detected by

absorbance at 2I5 nm and 280 nm using a Flow Through Ultraviolet Detector (Waters,

Model 490). Fractions were collected in Eppendorf tubes. Reverse phase HPLC was

controlled using Waters Expert*, and Milenium* chromatography software.

The synthesised peptide (Chapter 4) was acidified and a gradient of O.lVo TFA in

water and,OJToTFA in 80Vo acetonitrile was used with a C8 column. Gradients of 50-1007o

over 20 minutes were sufficient to get good separation of the peptide and GST and any

residual GST fusion still present. The samples were lyophilised twice to remove any

residual TFA.
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2.4.16 Determination of molecular mass

Molecular masses were determined by electrospray mass spectrometry conducted at

the Waite Institute, Adelaide, Australia. Samples were lyophilised from HPLC buffer.

Aliquots (1-2 ul) of the SH3 domain NMR samples in 10 mM phosphate were sent for mass

spectrometry.

2.4.17 SDS-PAGE Gels

Denaturing l2.5%o acrylamide TrisÆricine SDS gels were prepared using a Hoefer

gel pouring apparatus. The resolving gel, containing 6.35 ml acrylamide (407o),5.3 tttl50Vo

glycerol, 8.325 ml 3x gel buffer (3.0 M Tris base, 0.3% SDS), 5 ml MQ IIrO' 35 pl Temed

and 100 ¡t"l IOVo APS was allowed to polymerise. The stacking gel was prepared by

combining 0.712 ml acrylamide, 1.95 ml 3 x gel buffer, 5.16 ml MQ I1O, 7.5 ¡tl Temed and

62.5 ¡tl APS. Samples were mixed with 5 x SDS load buffer to a2 x final concentration and

heated to 100"C for 3 minutes before being loaded onto the gel. Gels were electrophoresed

at 50 mA using a continuous buffering system, with the anode buffer (0.2 M Tris-base pH

8.9) and the cathode buffer (0.1 M Tris-base/l7oSDS and 1.0 M Tricine). The gels were run

until the ion front reached the bottom of the gel.

Protein content was stained for using coomassie stain (1 g Coomassie, 30Vo

methanol, IOTo acetic acid). Stain was removed by incubating overnight in Destain solution

(507o methanol, SVo glacial acetic acid). SDS-PAGE gels were dried using a vacuum gel

drier.
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2.5 NMR SPECTROSCOPY

2.5.1 NMR conducted on the PHTH proteins

NMR tubes were cleaned for NMR experiments by soaking overnight in a 10 M

Nitric acid solution. Tubes where then washed ten times in distilled water and then ten times

in MQ water. The tubes were dried in a 60'C oven overnight, sealed and stored until

required.

NMR experiments were collected on a 1 mM PI{IH sample at 25"C. One

dimensional presaturation experiments were conducted initially to test the purity and the

signal strength of the sample. The acquisition of these experiments was conducted using the

program U)O{\4R and the parameters were as follows.

DQF-COSY TOCSY NOESY

Pulse program

Temperature

Mixing time

Pl (90'pulse)

ds

Spectral frequency

SWH

(Spectral width)

F2 TD (points)

F1TD (points)

NS (scans)

noesyprtp

25"C

140 ms

6.8 ¡tsec

72 ¡ts

500.139 MHz

6994Hz.

13.885ppm

4096

400

t28

Mixing times of 100 ms, 150 ms and 200 ms were used for the NOESY experiments.

These data were Fourier transformed using States/TPPI with a 90o sinebell function in

dimension 1 and using complex processing with a 45o sine squared function with zero filling

inD2, total points were 2048 and L024 in Dl andD2 respectively. Data manipulation was

conducted using FELIX (MSI). Spectra were referenced to water at 1024 points in Dl and

512 points inD} with a chemical shift of 4.7 ppm. The data was transferred into )GASY

for printing. One dimensional pre-saturation spectra were recorded on a 0.5 mM TH domain

protein sample at 25"C. A spectral width of 8000H2 was used with 8192 data points and 64

transients collected.

Dipsiprtp

25"C

43 ms

6.8 psec

72 ¡ts

500.139 MI{z

6994H2

13.885ppm

4096

400

64

6.8 psec

72 ¡ts

500.139 MHz

6994Llz

13.885 ppm

4096

400

80

Cosydfpttp

25'C
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2.5.2 NMR conducted on the SH3 protein

Initial 3D-NOESY HSQC and 3D-TOCSY HMQC data were recorded and processed

at the Biomolecular Research Institute Melbourne with the assistance of Dr Mark G. Hinds.

Tec SH3 domain was buffer exchanged 10 mM phosphate, O.0I7o NaN3, pH 6.0 using PD10

columns (Pharmacia). Sample concentrations of 2.0 mM and 1.25 mM were used in this

study for the unlabelled and ttN labelled samples, respectively. NMR experiments were

performed on Bruker AMX-500 and DRX-600. All data sets were recorded at 25'C using 5

mm inverse triple resonance 'H/"C/ttN pfg probes. These data were recorded using 1024 x

32 x 72 complex points and sweep widths of L824 Hz in Fl and 7507 Hz in F2 and F3.

NOESY and TOCSY mixing times of 200 ms and 50 ms, respectively, were used for both

the 3D and 2D experiments. Cosine-squared functions were applied to the data prior to

Fourier transformation. The final matrix size was 896 x 64 x 256. 2D 'H-"N HSQC data

was recorded with spectral widths of 2500 Hz in F2 and 6250 Ilz in Fl, using 400 tl
increments. The centre of the spectra were referenced to 4.85 ppm on the proton axis and

120 ppm on the nitrogen-l5 axis.

2D-NOESY, TOCSY and DQF-COSY experiments were recorded on a Varian Inova

600 spectrometer with a sweep width of 8000 Hz in both dimensions and a minimum of

2048 x 512 complex points. A cosine-squared function was applied to the data prior to

Fourier transformation. This data was also zero-filled to a final matrix size of 2048 x 2048.

Amide exchange experiments 2D ['H-"N]-HSQC and 2D['H-"N]-HMQC-J were conducted

to clarify slow and fast exchanging amino acids. Spectra were calibrated on the centre of the

spectra at 4.85 ppm and 120 ppm. Processed data was analysed using )GASY (Bartels er

a1.,1995).

2.5.3 Ligand titration experiments

The site 1 peptide was purchased from AUSPEP. A NMR sample of Tec SH3

domain was made to a concentration of 0.75 mM buffered with 10 mM phosphate pH 6.0

with an addition of L07o DrO. Synthesised ligand was dissolved in water to a concentration

of 4I.2 mM and added in molar amounts ranging from 0.5 to 6 (0.375 mM-4.5 mM) molar

excess. PRR site 1 peptide was also dissolved to concentration of 4t.2 rnNÍ and was added

to a new sample of Tec SH3 domain in increasing amounts from 0.5 to 8 molar excess

(0.375 mM-6 mM). The pH of the sample was checked between experiments and

maintained at pH 6.0. HSQC experiments were conducted using the pulse program ghsqcse
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with 2M8 complex points in the proton dimension and 64 t, increments at 25oC. The spectra

were processed using a sine squared function and linear prediction used. The spectra were

all calibrated on 512 complex points and 4.85 ppm in the proton dimension and 64 complex

points and 120 ppm in the nitrogen dimension. Chemical shift values were recorded using

)GASY software (Bartels et al ,1995).

CalculaÍíon of afftníry of ínterøction

Plots of difference in chemical shift V's concentration of peptide were generated in

excel and the kinetics of the reaction investigated. The affinity of reaction was determined

as in Tsukabe et at., (1996). This method is a Scatchard based method and does not require

the reaction to be at equilibrium, however, does require the reaction to be a slow exchanging

reaction. Briefly,

R + S = RS where R and S are free components and RS is the complex. The rate constant

for the reaction is (= tRsl/tRltsl where [RS], tRl and tsl are the equilibrium

concentrations of the complex tRSl and the substrates [R], [S] respectively.

Assuming the concentration of the ligand > receptor a Scatchard plot is generated

-A= -KÂ +ÂoK where

tLl

K can be substituted with 1ÆÇ giving the equation

A - -1^+Âo1

tl.l IK, Iq

where

^=
4=
[L] =

K=
q-

[õ *,"*r.- ô"" t r,'"or"rl

ô * - ô*"*.oooo

concentration of ligand (mM)

equilibrium constant (association)

dissociation constant

Plot Â/[L] against A and the slope of the line is 1ÆÇ
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2.6 STRUCTI]RE DETERMINATION

2.6.1 Structural restraints

Distance restraints were derived from a 2D ['H-'H]-NOESY spectrum (recorded in

DrO) and a 3D ¡tH-"N1-NOESY-HSQC spectrum, both with mixing times of 200 ms.

Distance restraint upper bounds were calibrated using the method of (Xu et a1.,2000). so

that upper bounds ranged from 6.0 to 2.2 A,. Lower bounds were set to 1.8 Å. Hydrogen

bond restraints were imposed for amide groups detectable in ¡'H-"N1-HSQC spectra

recorded more than t hour after protein, lyophilised from flO, was dissolved in DrO. The

hydrogen-acceptor distance was restrained between I.7 and 2.2 Å, and the donor-acceptor

distance was restrained between2.T and3.2 

^.
Values of tJ*_no were measured from Fl and F2 cross peak line widths in a ¡tH-ttN1-

HMQC-J experiment using the method of (Wishart and Wang, 1998). Torsion angle

restraints for Q-angles of -120 t 40o were imposed for 'J"*-no ' 8 Hz and -60 + 30" for ' 5

Hz.

2.6.2 Structure calculations

Structures were calculated in X-PLOR (version 3.851) (Brunger, 1991) using the

ARIA method of Nilges et al., L997. A raw set of distances restraints was extracted from

the NOESY peak list by interrogating the chemical shift assignments using windows of

{.04 ppm for Fl and ú.02 ppm for F2 in the 2D NOESY and windows of 10.06 ppm for

Fl (1Ð, ú.25 ppm for F2 (15N) and t0.03 ppm for F3 (1Ð in the 3D NOESY-HSQC. An

initial ensemble of 40 structures was calculated using the raw restraints, which were

composed of 49 unambiguous restraints (22 intrarcsidue, 6 sequential, 2 medium range and

19 long range restraints), 1566 ambiguous restraints and 31 Q-angle restraints. The 10

structures with the lowest overall energy were retained. Ten ARIA iterations followed

during which the assignment parameter (Nr) was reduced from 0.9999 to 0.75 and the

violation tolerance (V,,) was reduced from 2.0 to 0 Å. Restraints were excluded if they were

violated in more than 507o of the retained structures from the previous iteration. Hydrogen

bond restraints were included for the slowly exchanging amide groups when a single

acceptor was found with suitable hydrogen bonding geometry in at least 5O 7o of the retained

structures. Restraint lists were filtered to remove redundancy with the restraint with the
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lowest upper bound being retained. A total of 100 structures were calculated using the final

restrainr list (generated with 4 of 0.75 and V,,of O Å). fnese final restraints included 1228

NOE-derived distance restraints including 956 restraints assigned unambiguously (468

intraresidue, L73 sequential, 55 medium range and 260 long range) and 272 restrunts for

which the assignment remained ambiguous. The remaining restraints were 34 hydrogen

bond restraints (two restraints per hydrogen bond) and 31 Q-angle restraints. A final round of

refinement of the 100 structures from the last ARIA iteration was carried out in explicit

solvent using the OPLSX non-bonded parameter set (Linge and Nilges, 1999). The 20

structures with the lowest overall energies were selected as the final ensemble.

2.6.3 Structural analyses

Hydrogen bonding and secondary structure twere analysed using MOLMOL (Koradi

et al., 1996) and Ramachandran properties and angular order parameters were measured

using the in-house program ANGORDER and PROCIIECK.

The well-defined residues were identified by iterative fitting of the C" atoms to

define the subset with the best-defined C" positions. Following each iteration the Co atom

with the highest RMSD was excluded prior to the next fit. At each iteration the C" RMSD,

for the retained subset, was divided by the number of residues in the subset. The set of best-

defined residues was the subset for which this ratio was the minimum.

2.7 SIIRFACE PLASMON RESONANCE -BIAcore

Surface plasmon resonance of PRRSH3 proteins was carried out using a BIAcore

2000 instrument. Covalent attachment of the Tec SH3 domain to the CM5 biosensor chip

was achieved by the amine coupling method as per manufacturers instructions. Briefly, Tec

SH3 domain was diluted in 10 mM NaOAc pH 4.6 and injected onto the activated CM5

surface at 5 ¡rVminute with HBS (10 mM Hepes, 150 mM NaCl 3 mM EDTA,0.0057oP20)

as the running buffer. Residual binding sites were quenched with ethanolamine. Two

different amounts of Tec SH3 domain were coupled to the chip surface 1500-3000 RU.

The PRRSH3 proteins were buffer exchanged into HBS prior to the experiments. In

the binding analysis PRRSH3 proteins at different concentrations were injected for 5
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minutes at a flow rate of 10 pUminute with HBS as the running buffer. The dissociation

phase was initiated by switching the injection stream from the PRRSH3 sample to HBS and

was conducted for 68 minutes. Duplicate injections were conducted in random order.

Regeneration was facilitated by an extended wash of the chip surface with IIBS

buffer at 30 pVminute for 45 minutes. The response of the SH3 domain surface was

consistent within one experiment consisting of 12 injections. Each experiment was

conducted on a new BIAcore surface on the chip. Report points were taken at pre injection,

post injection and after the regeneration run. BIAcore analysis was conducted using the

BlAevaluation software.

Kínetíc model used

Equilibrium affinity constants of the PRRSH3 interaction with the Tec SH3 domain

were determined using the BlAevaluation program as per manufacturers instructions. The

analysis of Tec PRRSH3 protein binding to the SH3 domain on the chip was conducted

using the Steady State model provided in the BlAevaluation software. Briefly,

A + B= AB at equilibrium.
Erratum

Req- KCR.'*
Reo= KCR---f. :fu l+KCn

KCo*,

n = steric interference factor specifying how

Req = response at equilibrium 
many binding sites on aveÍage are blocked by

K = equilibrium affinity constant 
binding one analyte molecule

R*= maximum surface response' 
(default=l, Tec SH3:Tec pRR =l)

C = concentration

The affinity constant is determined from a plot of Req against concentration (C).

The closeness of the fit is described using t' values where 26 is

n

t=> (r,-r")'

n-p

where r, is the fitted value

r" is the experimental value

n is the number of data points
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p is the number of fitted parameters

As n>>p then

il-P =n

and t' reduces to the average squared residual per data point'

2.8 FLUORESCENCE EXPERIMENTS

Purified Trx-PIITH protein were diluted to a final concentration of 0.25 mM in

varying urea concentrations in a buffer containing 250 mM NaCl, 25 mM Tris-base, 1.5 mM

DTT and a 13.5:1 PEG 3650: protein ratio as determined in (Cleland et al., L992). A 0.4

mg/rnl sample that had been dialysed against 250 mM NaCl, 25 mM Tris-base and 1.5 mM

DTT for 24 hours in a solution containing Peg 3360 to assist in the refolding was also tested.

GST-PI{TH (0.37 m{ml) in 1 x TBS and 10 mM reduced glutathione and PIIIH

(0.1 mg/ml) in 1 x PBS were also tested by fluorescence. Background buffer fluorescence

scans were subtracted from all the protein fluorescence scans. The purity and size of the

protein samples were confirmed by SDS-PAGE.

Fluorescence spectroscopy was conducted on an SLM-Aminco Bowman Series 2

Fluorescence spectrometer polarimeter with the excitation wavelength of 295 nm an

emission wavelength of 350 nm and spectra were collected with the range of 310-400 nm.

2.9 ANALYTICAL I.JLTRACENTRIFUGATION EXPERIMENTS

Sedimentation equilibrium experiments to characterise the self association of Tec

PRRSH3 wild-type were carried out on a Beckman Optima )(L-A analytical ultracentrifuge

equipped with an An-60ti rotor. Data was recorded and processed by Dr Joel Mackay,

Biochemistry, University of Sydney. Protein samples were made up in phosphate buffered

saline (pH 7.0) at a number of loading concentrations in the range 8-100 pM, and data were

recorded at both 4 and 20 "C at speeds of 20,000, 30,000, 42,000,48,000 and 56,000 rpm.

Data were collected in six-sector cells as absorbance (248 and 280 nm) versus radius scans

(0.001 cm increments). Scans were collected at 4-hour intervals and compared in order to

determine when the sample reached equilibrium. Analysis of the data was carried out using

62



the NONLIN software (Johnson et a1.,1981), and the best model and final parameters were

determined by examination of the residuals derived from fits to monomer, monomer ê
dimer, monomer <+ trimer, and monomer e> dimer ê tetramer models (all ideal species

models). The partial specific volumes of each domain were determined from the amino acid

sequences (Perkins, 1986), and the solvent density was taken to be 1.0066 g ml-' at 20oC.

Purified PIITH protein was buffer exchanged into 10 mM phosphate, 150 mM NaCl,

0.01 mM NN, and 1 mM DTT. Two concentrations of PHTH protein 0.025 mM and

0.0125 mM were conducted at three different rotor speeds, 12 K, 18 K and 28 K. All

experiments were conducted at 5oC.

2.10 CONTAINMENT FACILITIES

Manipulations that involved organisms containing recombinant DNA were carried out in

accordance with the regulations and approval of the Australian Academy of Science

Committee on Recombinant DNA and the University Council of the University of Adelaide.
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CHAPTER3:

CHARACTERISATION OF TEC PHTH

PROTEINS



3.1 INTRODUCTION

3.1.1 PHTH domains of Tec family members

PH domains are present in all Tec family members except Txk. In Tec kinases, the

PH domain is extended C-terminally to include the TH region incorporating the Btk motif

and a PRR. Besides Tec family members, the TH domain exhibits only limited similarity

with other proteins. The Btk motif has been identified adjacent to a PH domain in

Drosophila Gap protein and in a human interferon-y binding protein. The PRR region has

similarity to a region in p85 subunit of PI3K and SLK1/SSP31 in yeast (Vihinen et al.,

1994). Tec kinases are the only known family of intracellular tyrosine kinases that contain a

PH domain. PH domains of Tec family members show higher conservation than generally

seen for non-paralogous PH domains with over 507o identity compared with less than 107o

observed between some PH domains (Okoh and Vihinen, 1999) (Figure 3.14).

Btk has been the most studied Tec family protein because mutations in Btk, within

the PH domain, result in X-linked agammaglobulinemia in humans (Figure 3.2A). The three

dimensional structure of the Btk PH domain and Btk motif has been determined with and

without the inositol (1,3,4,5) tetrakisphosphate ligand (Hyvonen and Saraste, L997); (Baraldi

et aI., 1999). The structure of the Btk PH Btk motif region is shown in Figure 3.18. The

PH domain of Btk has a fold coÍrmon to other PH domains, that of a seven stranded p-banel

with a capping cr-helix. A large loop between p-strands 5 and 6 includes a short stretch of

cr-helix. The Btk motif is globular and packs against strands 5 and 7 of the Btk PH domain.

It coordinates a single zinc atom in a distorted tetrahedral geometry with the sidechains of

amino acids His 143, Cys 154, Cys 155 and Cys 165. This zinc coordination has similarities

to Lim repeats and GATA-I zinc fingers, which are also coordinated through a three

cysteine and one histidine pattern (Hyvonen and Saraste, 1997). The'Btk motif is essential

for the structural stability of the Btk PH domain (Baraldi et aL, L999). The PH domains of

the other Tec family members have been modelled and are predicted to be similar to that of

Btk (Okoh and Vihinen, 1999) (Figure 3.1B).

A considerable amount of work has been conducted on possible interactions of the

Btk PH domain. The PH domain of Btk has been shown to bind the py subunits of G-

proteins (CÊy) with high affinity (Touhara et aI.,1994). It is possible that the Btk motif will

improve the interaction of Btk's PH domain with Gpy subunits as an increase in binding is
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Figure 3.1

A. Sequence alignment of Tec family PI{IH regions. Conserved amino acids are

represented in blue and similar amino acids are shown in red. The amino acid regions boxed

in blue indicate the p-stands in the structure of the PH domain. Red boxes indicate the cr-

helices and green boxes indicate residues involved in zinc binding. The tryptophan,

conserved in all PH domains is boxed in black. The alignment was created using a ClustalW

algorithm (Thompson et a1.,1994) and coloured using the Mac Boxshade program.

B. Three-dimensional structure of the PH domain, Btk motif of human Btk that contains a

R28C amino acid substitution. The p-strands are shown in blue and are numbered 1-7 from

the N terminus. The two cr-helices are shown in red. The zinc atom is coloured magenta.

Taken from Hyvonen and Saraste (1997XPDB accession IBTK).



IJIJ
I FI,

I

A

rûTêC
nEr¡x
MEEK
MI tsIß
mTx¡r

ET.C
DBM'r
B9Èk
nltk
mTxk

1 üNFÙTT
1 MESÍSI
1 -UÀÀVr
1 MNNFI

20
QQÍKKT
OQKKKU
QOKKKT

10 30 60 70 80
CQN-R 76

77
19
76

OKRRTSPS

140 . 150
IMI

EEQTPVERQ-
EKNPPPERQI

ADI S- I PCEY-

160

KI
SRI

90 0

PRRCEES

ÀE - - - - DIJRIJERGQEY I I IJE
DCPDWV{QVRßLK gEBD IÀC8
ÀN- - - -DLQLRKCEEYFIT,E
PO- - - -EI,ÀLRCDEEYYI.I,D
PO - - - -¡ÍTJAIJKRÀEEYI,IT,E

10 120
76
77
80
76

1

I
FVÙI

1-37
7_37
159
143

22
SL
-MILS SF

!.Tsc
nBnx
EBtsK
mltk
ET¡<IT

138
138
160
L4IL

23

. 1?O - 180 - 190 . 2oo ' 2LO 220 ' 230 ' 2{O

. 250 . 260
7.9 4
2L7
?30
193

98

209
236
245
204
113

mTcc
nEmx
nBtk
t¡I tsK
mTrlk

B

PH dornain

BTK motif

aZ

TI¡KGgI

gIJ
SY
AY

KERIJ
KKRIJ
KVRF



Figure 3.2

A. Sequence of the Btk PFIIH region and mutations found to map to this region in the X-

linked disease X-linked agammaglobulanemia. The amino acids indicated above the

sequence are the mutations detected in XLA patients. Amino acids indicated with # are sites

of deletions, @ indicates an insertion site and X is a nonsense mutation. Obtained from

BTKbase (www. uta. filimlbioinfo/BTKbaseA.

B. Ribbon diagram of the PH-Btk domain from Btk (I) A ribbon representation of the Btk

PH domain and Btk motif showing residues mutated in XLA patients as ball-and-stick

models. The mutated amino acids are labelled. p-Strands are shown in blue and the cr-

helices are shown in red. (II) Same view of the molecule as in (I), showing the residues that

form the I(1,3,4,5)Pa binding site as ball-and-stick models. Taken from Hyvonen and

Saraste (1997).
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observed when the TH domain is present (Touhara et al., L994). Thus, the Btk motif is also

likely to play a role in the interaction of Tec family members with Gpy. Another Tec family

member, Itk, has also been shown to be activated in response to Gpy suggesting a more

general role for Gpy in the activation of Tec family members (Langhans-Rajasekaran et aI.,

199s).

The PH domain of Btk interacts with filamentous actin (F-actin), Protein kinase Cp,

BAP35 and phosphoinositols. Btk binds to F-actin in vitro and in vivo through an

interaction that requires basic amino acids towards the N-terminus of the Btk PH domain

(Yao et at., 1999). Amino acids 11-20 of the PH domain represent the minimum actin

binding site. Competition studies indicate that F-actin can compete with PIP, for binding to

the PH domain but F-actin has no effect on PKC or Gpy binding. These data suggest that F-

actin may play a role in localisation of Btk to the membrane (Yao et aI.,1999). The Btk PH

domain has been shown to bind protein kinase C with an affinity of 39 nM, through a region

incorporating the þ2-þ3 strands of the PH domain. This region of the PH domain also binds

PIP, and competes for binding with PKC (Yao et aI.,1997). BAP35 is a binding partner of

Btk and is phosphorylated by Btk following B-cell receptor (BCR) activation, suggesting

that BAP35 is downstream of Btk in BCR signalling (Yang and Desiderio, 1997). BAP35

binds to the PI{TH region of Btk, yet the PH domain alone retains some binding capacity for

BAP35 (Yang and Desiderio, L997). Yeast-2-hybrid screening of a liver cDNA library has

revealed an interaction of Tec PHTH with the cytoskeletal crosslinking protein cr actinin-4.

This further consolidates the cytoskeletal link of Tec kinases through the PHTH domain

(Merkel and Booker (2000), unpublished results).

Several PH domains have the ability to bind I(1,3,4,5)P4. The interaction between

Btk PH domain and I(1,3,4,5)P. occurs with an affinity of 40 nM as shown by isothermal

titration calorimetry (Baraldi et a1.,1999). Although the overall structure of the PH domain

does not alter significantly with binding to the lipid headgroup, the position of the p1-p2

loop is slightly shifted as it is directly involved in binding to the ligand. In the complex this

loop can be modelled but, in the absence of legend, there was partial disorder in the electron

density map suggesting that it is more stable in the complex. Interactions also occur with the

P3-P4 loop and key residues Lys 12 and Arg 28 coordinate the ligand (Baraldi et al., 1999).

These residues interact with the 3'- and 4'- phosphates whereas amino acids on the p1-p2

loop are involved in coordinating the J'- phosphate. Arginine 28 contacts the 3lphosphate

through two hydrogen bonds, which bury the 3'- and 4' phosphates in the cavity formed by

loops þI-92 and p3-p4 @igure 3.28). PI3K is a key regulator of Btk function through the
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production of PI(3,4,5)P, (Baraldi et al., 1999). An activating mutation of Btk (841K)

results in constitutive membrane association possibly because this protein interacts with two

PI(1,3,4,5)P, molecules in the crystal lattice. This suggests that activation is a result of

membrane association. This interaction serves to recruit Btk to the membrane where

activation of Btk promotes growth and differentiation of B cells.

The PH domains of other Tec family members have also been studied, albeit in less

detail than Btk. Itk, a T cell specific Tec family member has also been shown to bind and be

phosphorylated by PKC, although the mechanism by which this occurs is not yet clear

(Kawakami et al., 1995). Laser scanning confocal microscopy demonstrated a direct

interaction between T cell receptor/ Complement determinant 3 (TCR/CD3) and the PH

domain of Itk. A deletion mutant of Itk lacking the PH domain no longer binds to the

receptor, indicating that the PH domain of Itk is indispensable for membrane localisation

and subsequent tyrosine activation of the kinase (Ching et a1.,1999). Membrane localisation

of Itk is also likely to be mediated by products of PI3K. August and co-workers provided

evidence that the PH domain of Itk binds inositol phosphates phosphorylated at the 3'

position (August et aI., 1997). The interaction with 3' inositol phosphates is crucial for

membrane association and kinase activation.

Immunoprecipitation studies and subsequent kinase assays have shown that Tec

tyrosine kinase binds several proteins via its PH domain and that these interactions result in

Tec kinase activation. Tec kinase associates with c-Kit and is tyrosine phosphorylated

following stem cell factor binding. This association takes place via a region incorporating

the PHTH domain of Tec kinase (Tang et al., 1994). Tec also interacts with the SH3

domain of the Src family kinase Lyn (Mano et al., 1994) and with Vav through the TH

region (Machide et a1.,1995). This places Tec kinase downstream of a variety of receptors

including the erythropoietin receptor and the interleukin 3 receptor (Machide et a1.,1995);

(Mano et aL, 1995). Like other Tec family members, Tec has been shown to bind

PI(3,4,5)P3, which implies that Tec kinase'is also downstream of PI3K (Yang et a1.,2001).

There is also evidence that pl10, the 110 kDa subunit of PI3K, and Tec family member's )act

in synergy to increase calcium flux in the cell. This requires the PH domain of Tec family

members and may suggest that Tec activates PLC-y to induce calcium flux (Scharenberg et

at., 1998). By analogy with Btk, it appears reasonable that Tec kinase would also bind to

protein kinase C.
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3.1.2 XLA and other disease states associated with mutations in PH domains

X-linked agammaglobulinemia ()g-A), a disease state in which patients lack

circulating B cells and therefore have impaired immune defence systems, is due to a lack of

Btk function. Btk inactivation can be attributed to, among other things, an inability of Btk to

relocate to the membrane. Binding to phospholipids plays an important role in this

relocation. XLA mutations that map to the PHTH region of Btk can be categorised into

structural mutants that disrupt the overall fold of the domain, and functional mutants that

alter ligand binding sites (Figure 3.2A). Figure 3.24 shows the sequence of Btk PTIIH

domain and highlights the different amino acids involved in )(LA. Significantly, several

functional mutations map to the phospholipid-binding site. For example, substitution of Arg

28 accounts for a large number of XLA causing mutations, manifest by an inability to bind

the 3'-phosphate of PI(3,4,5)P,. All the mutations remove the positive charge that would

bind the l'-phosphate. Other mutations in the binding pocket that substitute larger amino

acids, such as K12R and S14F, are likely to hinder ligand binding by steric interference.

Thus, the binding of Btk to phospholipids is crucial for the function of Btk. The mutations

have been mapped onto the structure of Btk PIIIH and are shown in Figure 3.28.

Wiskott Aldrich Syndrome (WAS), a human heritable disease, is caused by mutation

of the PH domain in the Wiskott Aldrich Syndrome protein (WASP). This protein induces

formation of actin clusters and, thus, regulates actin cytoskeleton (Imai et aI., 1999).

Introduction of a missense mutation in the WASP PH domain results in a loss of actin

cluster formation. This mutant also lacks the ability to bind to phosphatidylinositol 4,5-

bisphosphate (PIP,), a key regulator in actin re-arrangement and the authors suggest that the

loss of binding to PIP, results in a decrease in protein activity. High proportions of WASP

mutations map to the PH domain suggesting that PIP, binding may be the critical step in

activation of actin re-¿urangement (Imai et aL, 1999). Reduced PH domain-PlP, binding

efficiency is also observed with a construct containing a C38W mutation in \MASP. These

results highlight the importance of the V/ASP PH domain's ability to bind PIP, and actin for

membrane retention (Miki et al., L996).

30-45 fold overexpression of Akt (PKB) has been reported in some human ovarian

cancers. Several PH domain-containing proteins including Vav, Dbl, Ost and fut-2 have

been shown to have oncogenic transforming ability. The significance of the PH domain in

cellular transformation remains unclear as these proteins also contain adjacent Dbl domains.

It is not known if one or both of these domains are responsible for oncogenic transformation

(Shaw, 1996). Several human diseases have been linked to potential HIKE (HIK(X8)E)
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motifs including acute mast cell and myeloid leukemia's and Hirschsprung disease. These

diseases have mutations in the HIKE motif, which has been suggested to bind PH domains.

The inability of the PH domain to bind to the HIKE motif may perturb the downstream

signalling pathways from the proteins containing the HIKE motif (Ciccarelli et a\.,2000).

3.2 AIMS

The PHTH region is likely to be important for the proper function of Tec kinase

given that mutations in the Btk PH domain have been linked to Btk function and XLA.

Since it was not possible to investigate the structure of the whole protein, a reductionist

approach was taken. The PHTH region of Tec kinase was investigated in isolation with the

aim of relating this data to the whole enzyme.

Millimolar protein concentrations are required for NMR experiments and, thus,

high-level protein production is required. Several different combinations of Tec kinase

N-terminal domains were investigated to achieve the best induction and expression. Figure

3.3 summarises the different PIIIH proteins investigated and the relative number of amino

acids in each. At the onset of this project, there was very little structural information about

the TH domain so the expression and further investigation of the TH domain was the

primary aim. Figure 3.4 shows a flow chart and the experiments conducted on the different

PHTH containing proteins of Tec kinase. Although structural determination of the PHTH

domain was the ultimate aim of this work, this chapter will present only the expression,

purification and preliminary biophysical characterisation of different Tec PHTH proteins.

Low level soluble expression, limited refolding success and overall low solubility of the

proteins limited the progress of this aim.
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Figure 3.3

A schematic representation of the different proteins used in this study. The sequence of

mouse Tec containing the PI{TH, PRR and SH3 domain is shown. The PH domain and the

TH region are coloured blue and pink, respectively. The PRR and the SH3 domain are

coloured red and green, respectively. The location within Tec kinase, the start and finish of

the sequence, the number of amino acids and the calculated molecular weights of each

protein tested are shown.
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Figure 3.4

Flow chart showing the experiments conducted on the different PI{IH proteins. The

proteins are shown at the top of the chart and the different experimental stages are

highlighted through the chart. The first level represents the vector system used for protein

expression. The second level down is the induction and solubility assessment followed by

the purification procedure in two stages and finally other biochemical analyses conducted on

these proteins.
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3.3 EXPRESSION AND PI.ruFICATION OF THE PHTH REGION

3.3.1 PHTH fusion protein expression

Protein structure determination by NMR spectroscopy is limited largely by spectral

resolution. Overlaps of peaks in NMR spectra make assignment of each peak to a certain

pair of protons difficult (section 4.2). Isotopic labelling of the protein of interest facilitates

the use of three-dimensional and even four-dimensional NMR experiments capable of

providing enhanced resolution thereby separating otherwise overlapping peaks. Currently,

the structure of proteins of less than 100-120 amino acids can be determined without the

need for isotopic labelling (Roberts, 1993). Tec PHTH domain is 152 amino acids and

therefore requires labelling to minimise spectral overlap.

A gDNA encoding amino acids 1-152 of the mouse Tec IV sequence was PCR

amplified and cloned into pGEX-2T, pET and pYEX expression vectors using 5' BamIn. and

3' Ecop{I restriction sites (Figure 3.5). This region corresponds to the PH domain and the

adjacent Btk motif but does not include the PRR. This protein will be referred to as the Tec

PIITH domain. Recombinant plasmids were manually sequenced using appropriate

sequencing primers to ensure expression of the correct protein (section 2.2.7,2.3.13) (not

shown). pGEX-2T-PIIIH and pET-PHTH plasmids were transformed into BL-2I),"D83 E.

coli. The BL-21 strain of. E. coli is commonly used for recombinant protein expression

because it does not contain the lon protease or the ompT outer membrane protease making

protein degradation less likely (Grodberg and Dunn, 1988). The DE3 host contains a

chromosomal copy of the gene for T7 polymerase for better regulation of protein induction.

During the work, various expression systems were analysed in an attempt to increase

recombinant protein yields (Figure 3.4). Figure 3.4 shows a flow chart of the different

expression systems and constructs used in this work.

The glutathione-S-transferase (GST) fusion partner used in pGEX plasmids aids high

protein expression, increased yields of soluble protein and simplifies purification of the

protein. Glutathione agarose chromatography allows for one step purification of GST-

fusions from the bulk of the other E. coli proteins.

pGEX-PHTH transformed bacteria induced to express the GST-fusion protein were

analysed by SDS-PAGE to determine expression and solubility of GST-PIITH protein.

Production of GST-PHTH was compared between bacteria grown in shakeflasks and
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Figure 3.5

Vector maps of the pGEX-2T andpBT-32a plasmids used to express PFIIH proteins.

A. pGEX-2T contains an ampicillin resistance gene, a lac repressor cassette and the Tac

promoter. The multiple cloning site is located 3'to the GST coding region to facilitate in-

frame production of the PIIIH fusion proteins.

B. The pET plasmid contains the ampicillin resistance gene, the lacl cassette and the T7

promoter. There are N and C terminal histidine tags in the pET vector, however a 3' stop

codon in the PHTH insert prevents translation of the C-terminal tag. pET-32a vector also

contains the gene for Trx protein production 5' to the multiple cloning site. Both plasmids

were digested with BamIn and EcoRI to facilitate cloning of the PHIH PCR products

generated.
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fermenters,zYT and LB, 37'C and 30oC and IPTG to a final concentration of 0.1 mM and

0.2 mM.

Bacteria were inoculated into fermenters or flasks and recombinant protein

expression was induced by addition of IPTG to a final concentration of 0.2 mM once

fermenter cultures had reached OD6o0 of 4.0 and shakeflasks had reached OD* of 0.6

(section 2.4.I). Whole cell lysates from bacteria grown in 0.2 mM IPTG for a minimum of

4 hours contained a band of approximately 45 kDa that was not observed in the absence of

IPTG (Figure 3.64 (I)). This size is consistent with the expected size for GST-PHTH fusion

protein. Following lysis of the E. coli exftacts from shakeflasks and fermenters, SDS-PAGE

of the soluble and insoluble fractions indicated the majority of GST-PHTH protein produced

was in the insoluble fraction (Figure 3.64 (II)). These bacteria contained inclusion bodies as

observed by microscopy (data not shown).

Soluble protein expression in shakeflasks was compared between 2YT and LB

media. Bacteria grown in 2YT produced more recombinant protein, however, a greater

proportion of GST-PHTH protein was insoluble (P) compared with the LB cultured bacteria

(Figure 3.68). This is possibly because the 2YT media is richer in nutrients than the LB

media and the rate of protein production is too great for the folding machinery of the cell.

Cultures were grown at 30oC and37"C with addition of IPTG to a final concentration of 0.1

mM and 0.2 mM in order to establish conditions that resulted in greater proportions of

soluble protein production. No improvement in soluble protein production was observed in

bacteria grown at either lower temperatures or at different IPTG concentrations (Figure 3.6C

(I) and (II)). Optimisation experiments did not produce significantly higher yields of soluble

GST-PHTH fusion protein. As a result, larger culture volumes (5 L) were required to

produce enough soluble protein for NMR spectroscopy experiments. Expression of GST-

PI{TH protein was also assessed in minimal media, however, soluble expression was

negligible as visualised by SDS-PAGE and it was not pursued (Figure 3.7 A).

Like pGEX, the pET expression vector contains a fusion partner to promote the

production of soluble protein. In the case of pET, this fusion protein is Thioredoxin (Tm).

Both N- and C-terminal 6-histidine tags are also present to facilitate purification using nickel

affinity purification, however, only the N-terminal histidine tag is present in the PI{TH

protein as there is a stop codon at the C-terminus of the PIITH insert preventing translation

of the histidine tag sequence. The pET bacterial expression system has the advantage of

allowing purification of the histidine tagged protein in a denatured state. Thus, yields could
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Figure 3.6

A. (I) Comparison of GST-PFIIH protein expression in shakeflasks and fermenters.

Shakeflasks were inoculated at 1/100 dilution from an overnight culture and grown to an

absorbance of A600 0.6. I ml samples were removed at both pre-induction (B) and post-

induction stages (A). Two IPTG concentrations were tested, 0.1 mM and 0.2 mM.

Fermenters were inoculated from an overnight culture with 200 pl and the culture grown to

an OD* of 4 at which it was induced with IPTG to 0.2 mM. Following electrophoresis on

I2.57o SDS-PAGE gels, proteins were visualised by Coomassie staining. SDS-7 markers

were used for protein size estimation. Sizes of the markers are indicated.

(II) Solubility of expressed GST-PFITH protein generated from bacteria cultured in

shakeflasks and fermenters. Following induction the bacterial pellet was resuspended in

TTBS and sonicated in the presence of 1 mM PMSF. Samples were run on a l2.5Vo SDS-

PAGE gel and visualised by Coomassie blue staining. The soluble and the insoluble

fractions are indicated by S and P respectively.

B. Solubility of GST-PHTH protein expressed in LB medium and 2YT medium as

indicated. Samples were removed just prior to induction (3) and following induction at 4

hours (4) and run on a I2.5Vo SDS-PAGE gel. A sample was also removed from the LB

culture t hour before induction (B). The soluble fraction is labelled S and the insoluble

fraction is labelled P. Visualisation was by Coomassie staining. Sizes of the markers are

indicated.

C. Comparison of GST-PHTH protein expression at 30oC and 37"C and with induction

using 0.1 mM and 0.2 mM IPTG. Samples were electrophoresed on a l2.5%o SDS-PAGE gel

and visualised by Coomassie staining. A is after induction, B is before induction shown on

gel (I), P is the insoluble fraction and S is soluble fraction shown on gel (I!.
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Figure 3.7

A. I2.5Vo SDS-PAGE analysis of the expression and solubility of GST-PIIIH grown under

minimal media culture conditions. Two different media preparations were investigated,

MOPS (I) and M9 (II). Both cultures were induced for 4 hours after induction with IPTG.

Both preparations were optimised for temperature (30"C or 37'C) and IPTG concentration

(0.1 mM or 0.2 mM). The soluble fraction (S) and the insoluble fraction (P) were assessed

in all cases. The samples were compared to SDS-7 protein markers for estimation of protein

size. The induced band is indicated with an arrow.

B. Expression of pET-PHTH. Cultures (colonies 2.I and 2.2) were grown at 37"C in LB

media and induced with 1 mM IPTG. Samples were removed before (B) and after induction

(A) pelleted and resuspended in lx load buffer. The soluble (S) and insoluble fractions (P)

following lysis by sonication are also shown on the gel. Samples were loaded on a 12.57o

SDS-PAGE gel, electrophoresed and stained with Coomassie blue. For size comparison

SDS-7 markers were also loaded and are indicated on the gel.

C. SDS-PAGE analysis of soluble Trx-PHTH protein production following lysis by french

pressing. Two different temperatures were analysed as indicated above the gels and before

induction samples analysed (B) and the after induction sample analysed for the 30oC sample

(A). Also shown on the gel is the supernatant (S) and pellet following lysis (P). Samples

were loaded on a I2.57o SDS-PAGE gel, electrophoresed and stained with Coomassie blue.
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be increased if the PHIH protein could be purified from inclusion bodies using the pET

bacterial expression system.

Expression levels and solubility were assessed as for pGEX protein expression with

the exception that cultures were induced with a final concentration of 1 mM IPTG (section

2.4.2). Figure 3.78 shows the expression and solubility of two independent Trx-PHTH

clones, 2.I and 2.2. Trx-PHTH fusion protein expression was induced in bacteria grown in

1 mM IPTG; however, the majority of the protein was present in the insoluble fraction after

lysis (Figure 3.7C). Yields of soluble protein were equivalent to that achieved using the

pGEX system. Growth of bacteria at 30oC did not improve soluble protein yields compared

with cells grown at37oC (Figure 3.7C).

Expression of recombinant PHTH protein using a yeast expression system was

attempted to circumvent problems of insolubility and inclusion body formation. Yeast use

different groups of chaperones and fold proteins co-translationally rather than

post-translationally (Hartl, 1996). Correct post-translational modification has also been

reported in yeast in contrast to bacteria (Mitchell et a1.,1993).

SDS-PAGE conducted on yeast lysates (harbouring pYEX-PHTH plasmid) induced

with copper sulfate to produce GST-PHTH, showed no significant induced band of the

expected size (not shown). Variation of the induction time and copper sulfate concentration

did not improve induction. This system was not pursued.

The solution structure of the Btk PH domain and Btk motif, published during these

studies, indicated that the Btk motif chelates a Zn atom through a motif containing three

cysteines and a histidine (Hyvonen and Saraste, 1997). Soluble yields of GST-PHTH

protein were analysed with the addition of zinc. GST-PIITH protein was generated under

the same conditions, with the exception that 30 pM ZnSOo was added in conjunction with

the chemical inducer IPTG. Polyacrylamide gels containing supernatant and pellet fractions

from the lysed E. coli showed a slight increase in yield of soluble recombinant protein (not

shown). However, this increase was only small and further purification of this protein was

not attempted. Addition of zinc may increase the stability of the Btk motif and, thus, the

overall stability of the protein. This is consistent with an increase in yields of THSH3 and

TH domain fusion proteins grown in the presence of zinc (section 3.5.2).
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3.3.2 Purification PHTH proteins from pGEX and pET

Two methods were investigated for the preparation of GST-PHTH fusion proteins; 1)

the GST-PFITH protein was eluted from the column with reduced glutathione and then

digested with thrombin and 2) the GST-PIIIH protein was cleaved with thrombin while still

attached to the column resin (section 2.4.9). Thrombin digestion of column-purified fusion

protein resulted in precipitation of the PHTH protein such that very little soluble protein was

observed by SDS-PAGE. Affinity chromatography and digestion while still attached to the

column improved yields with 11 mg PHTH protein per litre LB culture produced. Figure

3.84 shows a profile of the purification of Tec PF{TH domain. Elution of the PHTH was

facilitated by application of a thrombin mixture overnight, followed by elution 16 hours later

with TBS (section 2.4.9). The GST component was eluted with 10 mM reduced glutathione

in 1 x TBS pH 8.0. The gel shown in Figure 3.88 shows the purification of the PIITH

protein. There is no obvious fusion protein in the flow through suggesting all the GST-

PIITH bound the column. The PHTH sample was then concentrated using an Amicon

stirred cell (Amicon) and buffer exchanged using a PD10 fast desalting column (Pharmacia)

equilibrated in 10 mM phosphate, 0.2 mM DTT and 0.O2Vo NN, pH 5.5 (section 2.4.L3).

Purified PIIIH protein for further downstream analysis was assessed for purity using

polyacrylamide gel electrophoresis and the size determined by mass spectrometric analysis

shown in Figure 3.8C. The peak of molecular weight 18178 Da is consistent with the

expected mass of the PIIIH protein. The peak at 18252 Da may reflect a small degree of

post-translational modification, however, the exact modification is not known. Column-

based proteolytic cleavage provided the highest observed yields of the purified PIITH

protein and although not ideal, sufficient material for further experiments was generated

using this method.

The pET expression system was also used in an attempt to produce large quantities of

native soluble protein from bacteria induced to express Trx-PHTH protein. The protein

sample was eluted from the column using a Tris-based elution buffer containing 1 M

imidazole, which competes with the 6-histidine tag for binding to the nickel (Ni) (section

2.4.5). The yields returned were low as visualised by SDS-PAGE, which also showed that

the majority of the protein was eluting at the wash stage (60 mM imidazole) not at the

elution stage (1 M imidazole) (not shown).

The pET expression system also allows for insoluble protein purification. To

determine if folded Tm-PHTH protein could be recovered from inclusion bodies Tn-PHTH

protein was purified under denaturing conditions. Inclusion bodies were purified using a Ni

72



Figure 3.8

A. Glutathione Sepharose column chromatography of GST-PHTH protein. 5 L LB cultures

of pGEX-PHTH were grown in shakeflasks induced with IPTG to a final concentration of

0.2 mM and pelleted. These pellets were resuspended in TTBS and sonicated. A glutathione

Sepharose column was equilibrated in TBS to establish a baseline following which it was

equilibrated in TTBS. Filtered supernatant was loaded on the column at flow rates of

between 3-4 mUmin and then the column washed with TTBS and then TBS. The GST-

PIITH protein was cleaved overnight and eluted the following morning by addition of TBS

to the column. The GST was eluted from the column by TBS and 10 mM reduced

glutathione pH 8. The proteins eluted at each stage are indicated above the profile.

B. SDS-PAGE analysis of GST-PHTH purification. Pre induction (B) and post induction

(A) samples were generated from the 5 L pGEX-PIIIH culture preparation. The flow

through (FT), TBS elution (PIITH) and reduced glutathione wash (GST) were diluted with

equal amounts of 5 x SDS page load buffer of which 10 pl was loaded on a l2.5Vo SDS-

PAGE gel. SDS-7 markers were loaded for size estimation. The gel was visualised by

Coomassie staining.

C. Mass spectrometry profile of purified PFIIH protein. The molecular masses (Da) of the

peaks are indicated above the peak. PHIH protein was purified by HPLC, lyophilised and

sent for analysis at the Chemistry Department, Wollongong University, Wollongong.
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affinity column in the presence of 6 M urea. Elution of the denatured Trx-PHTH from the

Ni affinity column also occurred at the wash stage when the buffer contained 60 mM

imidazole (section 2.4.5). Figure 3.94 shows the SDS-PAGE monitoring the purification of

Trx-PHTH. A significant amount of Trx-PHTH protein was recovered in the first wash

stage and the protein also eluted in fractions 14 and 15. Yields of the denatured fusion

protein were 15 mglL of culture broth.

A series of experiments were conducted to refold the Trx-PF{TH protein while still

bound to the Ni column. This has the advantage of minimising incorrect associations since

the protein is anchored at one end (Holzinger et aI., 1996); (Stempfer et al., 1996). The

binding/lysis buffer contained 20 mM Tris-base p}J7.9, 100 mM NaCl and 6 M urea but

lacked imidazole. The Trx-PFITH fusion protein was eluted in two stages; the first in 50

mM imidazole,20 mM Tris-base pH 7.9, 100 mM NaCl and the second 100 mM imidazole,

20 mM Tris-base pH 7.9, 100 mM NaCl (section 2.4.5). Again, the yields were very low,

indicating that the protein had precipitated on the column. Stepwise refolding, using 6 M, 4

M, 2 M and 1 M urea increments, increased the yields to 6 mg fusion protein /L of culture

broth (section 2.4.6). Polyacrylamide gels were performed to analyse the purity of the

samples eluted from the column at different urea concentrations as well as at the final elution

conditions (Figure 3.9B). The fusion protein eluted in fractions 4, 5, 6 and 7 although some

breakdown was also observed. Further analysis of the breakdown products was not

undertaken. It appeared that refolding on the column was successful, however, following

short term storage, these samples precipitated from solution.

Dialysis was also investigated as a refolding method using purified denatured

Trx-PHTH protein. The denatured fusion protein was purified on the Ni affinity column and

eluted under denaturing conditions. Two different methods of dialysis refolding were

investigated: stepwise dialysis (using several different urea concentrations) and direct

dialysis (one step dialysis from 6 M urea to no urea). Both methods resulted in

approximately 5OVo protein loss. The stepwise dialysis was conducted on two samples of

different concentrations, 0.5 mg/ml and I mgftnl. The starting buffer was 6 M urea, 1 M

imidazole, 500 mM NaCl and 20 mM Tris base pH 7.9 dialysed into a final buffer of 250

mM NaCl, 25 mM Tris base pIJ7.9 and 15 mM p-mercaptoethanol with steps of decreasing

concentrations of urea (section2.4.7). Some precipitation was evident and some protein

bound the membrane. Stepwise dialysis resulted in 40Vo and 557o protein loss giving final

concentrations of 0.3 mg/ml and 0.45 mg/ml, respectively. By direct dialysis, the protein

was dialysed into 150 mM NaCl, 50 mM Tris base, 1 mM EDTA and 7.5 mM DTT using
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Figure 3.9

A. Purification of Trx-PtITH monitored by l2.5Vo SDS-PAGE. The bacteria were grown in

LB medium and induced with 1 mM IPTG. Bacteria were lysed using french press and the

soluble fraction (S) loaded onto a nickel affinity column equilibrated in TBS and 0.5 mM

imidazole. The insoluble fraction (P) was also investigated on the gel. The flow through

(FI) from the column was monitored and the two wash steps, one in 5 mM imidazole (W1)

and the other with 60 mM imidazole (W2). The sample was eluted with 1 M imidazole and

1 ml fractions collected. Trx-PHTH eluted in fractions 14 and 15 as shown on the gel. Size

markers were loaded for estimation of the size of the Trx-PHTH protein.

B. Purification of Trx-PHTH protein from inclusion bodies monitored by 12.5% SDS-

PAGE. The sample (L) was loaded onto a nickel affinity column in 500 mM NaCl, 5 mM

imidazole, 20 mM Tris base and 6 M urea. The pellet was also shown on the gel (P). The

column was washed with 5 mM and 60 mM imidazole and samples taken (Fl and F2

respectively). The urea concentration was reduced while the protein was still bound to the

column. 4 M, 2 M and 1 M urea concentrations were applied to the column and samples

monitored (gel I). The protein was then eluted in 1 ml fractions with 250 mM imidazole,

125 mM NaCl and 20 mM Tris base and visualised on a l2.5Vo SDS-PAGE gel. Trx-PHTH

eluted from fraction 3-9 as shown on gel II. The arrow indicates Trx-PHTH protein.
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500 (1 mU500 ml) fold equivalents overnight (section 2.4.7). Some protein precipitation

was evident in the dialysis reaction. An initial protein concentration of 0.5 mg/ml resulted

in 6OVo of the protein lost giving a final concentration of 0.2 mglmL Refolding was

monitored by fluorescence spectroscopy (3.4.1). Refolding experiments were also

conducted with the addition of polyethylene glycol (PEG) to assist in refolding. Purification

of Trx-PHTH under denaturing conditions did not improve the yield of soluble protein due

to precipitation during the refolding procedures'

The pET vectors contain two different protease digestion sites, thrombin and

enterokinase. Various enterokinase concentrations were assessed to cleave the fusion protein

from the PFTIH domain (section 2.4.L0). As expected the rate of digestion was dependent

on the amount of enterokinase added but even at a mass ratio of ll20 the enzyme failed to

completely digest the Trx-PHTH protein within 5 hours (Figure 3.104). The protein bands

evident on the polyacrylamide gel represent sizes of approximately 36 Y'Da, 24 kDa and 17

kDa. The sizes expected from enterokinase digestion were 17 kDa and 18 kDa representing

the Trx fusion partner and the PIITH protein respectively. To determine the identity of the

fragments produced, samples of Trx-PHTH were digested with both thrombin and

enterokinase and Ni affinity resin was added (section 2.4.9,2.4.IO). The protein fragment

containing the 6-histidine tag will still bind to the resin. Trx-PHTH protein will contain

only the N-terminal 6-histidine tag as a stop codon present in the PI{IH insert will prevent

translation of the C-terminal 6-histidine tag. The fusion partner (the Trx protein) will retain

the 6-histidine tag and pellet with the addition of the resin (labelled Dp). The size of the

fragment that remains in solution (labelled Ds) is approximately 24 kDa when compared

with Sigma size markers. This is bigger than the expected mass for Tec PHTH and the

remaining fragment is smaller than the fusion protein, thus, it appea$ the enzymes were

cleaving the protein at a different site within the fusion protein (Figure 3.108). This

discrepancy was further analysed using small-scale size exclusion chromatography.

Undigested Trx-PHTH samples and digested Tni-PtITH samples were loaded on a size

exclusion Sephadex G75 column equilibrated in TBS (section 2.4.1I). The profiles of both

undigested and digested samples are represented in Figure 3.10C and Figure 3.10D'

respectively. The column was calibrated using a set of size markers including lysozyme (14

kDa), chymorrypsin (24 kDa), ovalbumin (45 kDa) and bovine serum albumin (BSA) (66

t<Da) and the peaks eluted from the Trx-PHTH digest were compared with these standards.

The peaks from the Trx-PHTH digest appeared to elute at sizes consistent with those

expected: 17074 and 18136 Da representing the Trx fusion partner and the PIITH protein,
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Figure 3.10

A. l2.57o SDS-PAGE analysis of time points taken during enterokinase digestion of Trx-

pIItH. 1/20 mass ratio dilution of enterokinase was used and time points removed and

digestion stopped by the addition of PMSF. 10 pl of these samples was diluted with equal

volume of 5 x SDS-PAGE loading buffer. Samples were removed up to 5 hours.

Visualisation was by Coomassie staining.

B. l2.57o SDS-PAGE of digested Trx-PHTH protein. Trx-PHTH protein was either

digested with thrombin or enterokinase and mixed with nickel resin. These samples were

shaken and then centrifuged and the two phases separated and retained. D alone is the

digestion mixture used in the experiment. Dp is the pellet after centrifugation whereas the

Ds sample is the supernatant.

C. Small scale size exclusion chromatography of Trx-PIITH protein. A Superdex 75

column was equilibrated in 1 x TBS, Trx-PHTH protein was loaded and run at 50 pVmin'

100 pl fractions were collected. The sizes at which standard elute is highlighted on the

profile.

D. Size exclusion chromatography of enterokinase digested Trx-PIITH protein.

Chromatography was ca¡ried out as for C.
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respectively. There is a large contaminating peak of low molecular weight present in both

column preparations. The identity of this species is unknown.

Mass spectroscopy was conducted on undigested and digested proteins and indicated

that the PI{TH protein was 22,257 Da and the Trx-PHTH fusion protein was 35,602 Da (not

shown). The size of Trx-PHTH agrees with the expected value while the size observed for

the PFIIH domain is larger than expected. This data confirmed that the enterokinase

eîzyme cut the Trx-PFITH fusion protein at an erroneous site. Analysis of the sequence did

not reveal where the enterokinase was digesting the protein and the digestion by

enterokinase was not Pursued.

Using the pET system for purification of the PHTH domain did not improve the

solubility or stability when compared with the pGEX fusion system. Although purifying the

protein under denatured conditions can generate more PHIH fusion protein, it was lost

during the subsequent refolding and dialysis steps. The yields obtained were not sufficient

to pursue for NMR experiments and, thus, the GST expression system was used for further

expression.

3.4 ANALYSIS OF TEC PHTH PROTEIN

3.4.1 Fluorescence experiments of TRX-PHTH and GST'PHTH

Unfolded protein can be recovered from the inclusion bodies using the pET

expression system (section 3.3.2). However, an assay was required to determine if purified

and refolded protein was coffectly folded. Although the PHTH region of Tec kinase has

been shown to interact with several different proteins, there was no biological assay for the

pHfH region of Tec kinase at the time of this study. Circular dichroism is an ideal

technique to determine the fold of a protein, however, this technique was not available.

Fluorescence spectroscopy was used to compare the folding state of refolded Trx-PHTH

protein and GST-PHTH protein that was purified in the native conformation. This method

relies on probing the chemical environment around specific amino acids, including

tryptophans and, to a lesser extent, tyrosines and phenylalanines (Brand and Witholt, L967).

These amino acids contain delocalised aromatic systems that act as intrinsic fluorophor

groups with tryptophan accounting for 907o of. fluorescence of native proteins. The protein

sample is excited at a wavelength of 275 nm and the emission spectra recorded at
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wavelengths spanning 310-400 nm. The maxima expected for a pure sample of

tryptophamide is at 350nm.

There are two tryptophans in the PIIIH region of the protein: Trp 102 in the PH

region and Trp I25 in the Btk motif. Trp 102 corresponds to the conserved tryptophan in all

PH domains and is predicted to be present in the core of the protein based on the 3D

structures of other PH domains (Downing et aI., 1994). This buried tryptophan would

therefore be a good indicator of whether or not the PH domain is folded. The tryptophan in

the Btk motif is expected to be solvent exposed, and as such may not be a sensitive probe of

folding.

A series of five samples of Trx-PHTH buffered in 1.5 mM DTT, 13.5:1 PEG:

protein, 250 mM NaCl, 25 mM Tris-base and different urea concentrations to simulate

refolding stages (section 2.4.7), were analysed by fluorescence spectroscopy. Figure 3.114

shows the different spectra of Trx-PHTH obtained with differing concentrations of urea in

the buffer. The emission observed in 8 M urea was greater than that observed in 3 M, 2 M

and 1 M urea. There was a distinct shift of the maxima from approximately 350 nm to 333

nm. Trx-PHTH protein in 8 M urea produced spectra with an emission maximum of 348

nm, close to the 350 nm expected for tryptophamide. This indicates that the tryptophans in

the 8 M urea sample of Trx-PIITH were more solvent exposed and therefore the protein is

likely to be unfolded. These spectra only had one peak indicating that all tryptophans were

in identical environments. Trx-PHTH protein samples in 3 M, 2 M and 1 M urea have

fluorescence maxima of 340 nm,337 nm, and 335 nm respectively shown in Figure 3.114.

The maxima is shifting away from the 348 nm seen in the 8 M urea sample indicating the

environment surrounding the tryptophans is changed with different urea concentrations.

These spectra also show marked solvent quenching of the tryptophans in the urea-containing

buffer as the absorbance units were considerably lower in the urea containing buffers. Thus,

it appears that the urea buffer has quenched the tryptophans, or in the unfolded state, the

tryptophans are in close proximity to a quenching group within the protein. Lowering urea

concentration caused a shift in the wavelength maxima such that in the 1 M urea spectrum,

two peaks were present similar to the GST purified PHTH protein. This implies that the

protein was shifted back to the same fold as seen for the GST-PHTH sample and the size

exclusion purified sample.

The fluorescence spectra obtained from GST-PIITH and size exclusion purified

PIIIH, derived from the GST-PI{IH protein were very similar, indicating that the presence

of GST in the fusion protein does not change the maximum absorbance for the tryptophans
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Figure 3.11

A. Fluorescence spectra of Trx-P[ITH protein in different concentrations of urea. Samples

of Trx-PHTH were diluted to 0.25 mg/ml with varying amounts of 6 M urea. The protein

sample was excited at wavelength of 295 nm and emission spectra recorded at 310-400 nm.

Spectra were recorded on a SLM-Aminco Bowman Series 2 Fluorescence spectrometer

polarimeter. The spectrum recorded on the sample in 8 M urea is shown in blue, the 3 M in

cyan,2 M in green and the 1 M sample in red.

B. The emission spectra of three different PIITH proteins. The concentrations of the

proteins were:

dialysedTrx-PHTH sample 0.423 mg/ml shown in pink

GST-PHIH sample 0.375 mg/ml shown in blue

Size exclusion purified PIITH 0.13 mg/ml shown in cyan

The fluorescence experiments were conducted as for A.

!
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in the PIIIH domain (section 2.8). GST-PI{TH fusion protein has local maxima at32I and

333 nm, as does the size exclusion purified sample (Figure 3.118). The emission units are

greater for the GST-PIIIH sample because the sample is approximately double the

concentration of size exclusion purified sample. The shift from the expected 350 nm

suggests the tryptophans in the protein are protected from the solvent possibly buried in the

core of the protein.

Trx-PHTH protein dialysed against 250 mM NaCl, 25 mM Tris-base, 1.5 mM DTT

and PEG had two maxima, one at 320 nm and one at333 nm. These maxima are consistent

with those observed in the GST purified PHTH protein. This implies the Trx-PIITH was

refolded into the same conformation as GST-PHTH protein.

Fluorescence spectroscopy is a useful tool for monitoring the environments around

tryptophans and subsequently determining if a protein is folded correctly provided the

correct controls are used (Brand and Witholt, 1967). The fluorescence experiments

indicated that Trx-PHTH refolded by dialysis, contained tryptophans in the same

environment as the GST-PHTH purified protein. The yields from the dialysis procedure did

not improve sufficiently to make this a viable option for PHTH protein generation.

3.4.2 PIilTH NMR spectroscopic analysis

The aim of this work was to determine the three dimensional structure of the PIITH

domain of Tec kinase to gain some insight into the function and regulation of Tec kinase.

Although expression yields were not optimal, PIÍIH protein was expressed and purified as a

GST fusion protein and the purity determined both by mass spectrometry and PAGE. The

protein for further experiments was generated as a GST fusion protein as the yields were

comparable to those of the pET system and refolding of the protein was not required.

Preliminary NMR experiments were conducted at the Biomolecular Research Institute,

Melbourne in collaboration with Assoc Professor Raymond S. Norton. Nuclear Overhauser

Effect SpectroscopY I'H-'H NOESY), TOtal Correlation SpectroscopY I'H-'H TOCSY) and

Double Quantum Filtered-Correlation SpectroscopY 1tH-'H DQF-COSY) experiments were

collected on a Bruker AND( 500 spectrometer equilibrated at 25"C (section 2.5.1). The

concentration of the PFITH domain was 1 mM.

These experiments had very little signal. 2D spectra from these experiments showing

the fingerprint region as well as the aromatic region are represented in Figure 3.12. The lack

of signal maybe due to the PHTH protein aggregating. Support for this conclusion was the

presence of a small amount of precipitate at the conclusion of the experiments. The
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fingerprint region of the 'H-'H COSY spectrum should contain approximately 150 cross

peaks representing correlations between the backbone amide and the CctH of each residue

(except proline). However, it can be seen from Figure 3.I2A, that only approximately 50

cross peaks were visible in this spectrum. The lack of cross peaks in this finger print region

is indicative of an aggregated protein complex.

In order to optimise these experiments, a series of different mixing time 'H-'H

NOESY experiments were conducted to determine the mixing time giving the maximum

signal. Three NOESY spectra were recorded with mixing times of 100 ms, 150 ms and 200

ms on a sample of concentration of 1 mM. These experiments were conducted essentially as

above, however, the temperature was at 30'C. The best signal for the tH-'H NOESY

experiments was the 200 ms mixing time. More NOE peaks were present with better signal

to noise. In the three different mixing times tested for tH-tH NOESY experiments, the same

regions are highlighted, as in the previous Figure and are shown in Figure 3.13. A series of

different 'H-'H TOCSY mixing times, 58 ms, 42 ms and 26 ms were also tested to optimise

the 'H-1H TOCSY experiment. The signal to noise was not improved compared with the'H-

'H TOCSY data shown in Figure 3.12. The NMR experiments conducted showed that the

PHIH domain was probably aggregating and the presence of a precipitate at the completion

of the experiments indicated that the PHIH domain is unstable at temperatures greater than

25oC over the time scale of the NMR experiment. Further investigation was required to

confirm the aggregation of the PFIIH protein

3.4.3 Determination of dimerisation by analytical ultracentrifugation

The lack of cross-peaks and broad peak shape in the 'H-tH TOCSY and 'H-'H

NOESY spectra (section 3.4.2) when compared with a smaller protein of 67 residues such as

Tec SH3 domain (Chapter 4) suggested that at NMR concentrations the PHTH domain

protein was present as a multimer. To determine if PFITH domain protein was aggregating,

a sample was analysed by ultracentrifugation. This work was conducted in collaboration

with Dr Keith Shearwin, Department of Biochemistry, University of Adelaide. Equilibrium

sedimentation can be performed to characterise macromolecules and their interactions in

solution (Schuster and Toedt, 1996). Equilibrium sedimentation ultracentrifugation

generates a value for the molecular weight of the molecule in the solution. This value can be

compared with the calculated molecular weight to determine the multimeric status of the

protein in the solution.
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Figure 3.12

'H-'H Homonuclear NMR experiments of Tec PI{TH domain buffered in 10 mM phosphate,

0.2 mM DTT, 0.2 mM NN, pH 5.5. The NMR data collected on Tec PHTH was acquired at

the BRI Melbourne on a 1.0 mM sample. All spectra were recorded at 25'C with 6994Hzin

both dimensions. Mixing times of 43 ms and 140 ms were used for the 'H-'H TOCSY and

'H-'H NOESY, respectively. Final spectral sizes were 2048 and 1024 in Dl and D2,

respectively. The data was manipulated in FELIX (MSI) and transferred to )GASY (Bartels

et al, L995) for printing. The experiment type is indicated above each spectrum.

A. 'H-lH DQF-COSY spectrum

B. lH-lH TOCSY spectrum

C. rH-lH NOESY spectrum
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Figure 3.13

Optimisation of the NOESY mixing time for Tec PHTH domain. The NMR data collected

on Tec PI{IH was acquired at the BRI Melbourne on a 1.0 mM sample. These spectra were

recorded at 30oC with 6994 Hz in both dimensions. Mixing times for the NOESY

experiments were (A) 100 ms, (B) 150 ms and (C) 200ms, and are indicated above the

spectrum. Final spectral sizes were 2048 and 1024 in Dl andD2, respectively. The data

was manipulated in FELIX (MSI) and transferred to )GASY (Bartels et al, 1995) for

printing.
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Tec PHTH protein solutions of 0.025 mM and 0.0125 mM were centrifuged at rotor

speeds of 12K, 18K and 28K until equilibrium was reached and absorbance at 280 nm

collected. The data were fitted to an ideal model of a monomer-dimer interaction and a plot

of the absorbance versus radial distance was produced. The residuals from the model are

also shown (Figure 3.148). A weak monomer-dimer transition was occurring between

different PfilH molecules with a Ka of 1.6x103 M-' corresponding to an equilibrium

dissociation constant of 625 pM. Calculation of the percentages of different multimers

versus molarity/concentration indicated that at 1 mM 60Vo of the PFITH domain in the

sample was present as a dimer. Importantly, at the concentration used for NMR analysis, the

majority of the sample would have been in a dimeric form (Figure 3.14C). Analytical

ultracentrifugation has showed the PFIIH domain was present in a monomer to dimer

equilibrium, consistent with the NMR spectroscopy. Given the difficulties experienced in

producing sufficient material and its propensity to aggregate at the high concentrations

necessary for structural analysis it was decided not to pursue structure determination further.

3.5 N-TERMINAL REGION OF TEC PROTEIN

3.5.1 Expression tests of TH domain, THSH3 domain, PHTHext, HTHSH3 and the PH

domain

A series of GST fusion proteins incorporating different regions of the PIIIH domain

of Tec were expressed to optimise the production of soluble protein of this N-terminal

regulatory region. All the following proteins were generated as for the PIITH domain.

cDNAs corresponding to different regions within the N-terminus of Tec kinase were PCR

amplified, digested and ligated into the Bam\il. and EcoRI sites in the pGEX-2T plasmid.

All constructs, verified by sequencing using the GST sequencing primers (section 2.3.13),

were transformed into BL-21ÀDE3 bacteria for expression studies. A summary of the

proteins investigated is shown in Figure 3.4.

The proposed TH region lacking the PRR (Tec amino acids II7 to 152) was

expressed to determine whether this region could form a stable fold independent of the rest

of the molecule. A band at the expected size was observed in the induced lane following

electrophoresis when bacteria harbouring the pGEX-TH plasmid were induced by the

addition of IPTG to a final concentration of 0.2 mM (not shown). Following lysis, there was

evidence of soluble protein production. Expression of soluble protein was also observed for
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Figure 3.14

A. Llltracentrifugation of Tec PTIIH protein. Plot of the absorbance against radial distance

for all six runs, two different concentrations (0.025 mM and 0.0125 mM) at three different

speeds (I2K, 18K and 28K) of PFIIH protein purified from a GST fusion in 10 mM

phosphate, 150 mM NaCl, 0.01 mM NN, and 1 mM DTT.

B. Residuals of the fitting of PIITH protein to a monomer-dimer interaction.

C. Plots showing the monomer and dimer ratios of PHTH protein at different concentrations

of total protein. (I) the x-axis represented in mg/ml, (II) the x-axis shown as factor of 10

molarity. The dimer form is shown in blue and the monomer in red.
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two other constructs including the THSH3 domain (GST-THSH3) amino acids N"'-E * of

the Tec protein sequence and the GST-IITHSH3 (THSH3 with the additional N-terminal

helix from the PH domain) (Figure 3.154 and B). The SH3 domain is a well characterised

stable fold that is amenable to structural studies (section L5.2) and expression of the TH

domain linked to this domain may have improved the overall solubility of these proteins

(Figure 3.154). The PHTH protein extended to incorporate the PRR, (termed PHTHext)

also produced some soluble protein (Figure 3.15C). These proteins were produced in larger

quantities and investigated further'

The expression level of the PH domain alone was tested. Although this protein is

expressed in bacteria, the protein produced was insoluble and no further analysis was

undertaken.

3.5.2 Purification of the GST-TH. GST'THSH3 and GST'PHTHext proteins

The GST-TH domain lacking the PRR was expressed and purified by GST affinity

chromatography. Purification resulted in a band of approximately 30 kDa representing the

GST fusion protein (26 liDa) and the TH domain of Tec protein (a kDa) (Figure 3.164)

(section 2.4.1). Gel 3.168 shows the polyacrylamide electrophoresis gel monitoring the

purification of the GST-TH protein. Yields of 60 mg fusion protein lL of rich media were

produced for this protein. GST-TH protein from the glutathione column was judged to be

approximately 95Vo pure by SDS-PAGE gel electrophoresis (Figure 3.168). After

glutathione sepharose affinity chromatography the material eluting with 10 mM reduced

glutathione was pooled and subjected to thrombin digestion. The fusion protein band had

been completely digested within t hour revealing the 26 t<Da GST fusion partner (Figure

3.168II). At 4 kDa, the TH domain is too small to be visualised in this electrophoresis

system although the appearance of a band smaller (GST protein) than the GST-TH fusion is

suggestive of complete thrombin digestion. The TH domain (eluted at 235 ml) was

separated from the GST fusion partner (eluted at 150 ml) by gel filtration (Figure 3.16C)

(section 2.4.1I) and the purified material was concentrated. The TH domain was buffer

exchanged into water supplemented with lOVo DrO, the pH adjusted to 5.1 and the sample

readied for NMR analYsis.

The THSH3 was expressed and affinity purified using the GST fusion protein. The

yields were 40 mg fusion protein/L of LB media however, when these inductions were

performed with the addition of ZnSOo to a final concentration of 30 pM, the protein yields
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Figure 3.15

A. (I) 12.57o SDS-PAGE analysis of four pGEX-THSH3 bacterial clones. The bacteria

were grown in LB medium and induced by the addition of 0.2 mM IPTG. Pre induction

samples (B) were removed and compared to post induction samples (A). The arrow

highlights the expressed band.

(II) Solubility GST-THSH3 protein expressed by pGEX-THSH3 bacterial clones.

Following lysis supernatent samples (S) and pellet samples (P) were electrophoresed.

Samples from three of the four clones were run on a 12.57o SDS-PAGE gel. SDS-7 markers

were loaded to estimate the size of THSH3 protein (indicated with an arrow). Proteins were

visualised by Coomassie staining.

B. Expression and solubility of GST-IITHSH3 protein. Six different pGEX-HTHSH3

bacterial clones were grown in LB and induced with the addition of 0.2 mM IPTG. Samples

were loaded on a I2.5Vo SDS-PAGE gel and proteins visualised by Coomassie staining.

(I) Pre (B) and Post (A) sample were removed and pelleted and resuspended in 5 x

loading buffer. Pre and post samples are shown for clones 3.I,2.4,1.1 and post induction

samples are shown for 3.4, I.2, and2.3.

(II) Solubility of sonicated lysates from pGEX-I{IHSH3 clones L.I,2.3,2.4 and3.I.

Following lysis by sonication the supernatent (S) and pellet (P) were assessed by SDS-PAGE

gel.

C. L2.5Vo SDS-PAGE analysis of pGEX-PHTHext. Bacteria were grown in LB and induced

with 0.2 mM IPTG. Pre and post induction samples were removed and electrophoresed.

Samples were compared to SDS-7 size markers for size estimation.



,
P

A zs z.r 1.4 t.2
MB AB A

B 1.1 3.4 r.22.3
AA

t.4 1.2 2.1

<- GST-PHTHexI

(II)

(r

M PSPPS

1

GST
-THST{3

GST

BA
2.4

BA
3.1

M
1.1 23 2.4 3.1

SPSPSPSP
(D MB

1

MB A
C

1

-

LIr
Þt



Figure 3.16

A Glutathione agarose chromatography of GST-TH protein. LB cultures were grown in

shakeflasks, induced to express GST-TH domain with a final IPTG concentration of 0.2 mM

and pelleted. The pellets were resuspended in TTBS and sonicated. A glutathione-agarose

column was equilibrated in TBS to establish a baseline following which it was equilibrated

in TTBS. Filtered supernatant was loaded on the column (protein) at flow rates of between

3-4 mUmin and then the column washed with TTBS and then TBS. The GST-TH was eluted

from the column by TBS supplemented with 10 mM reduced glutathione pH 8. Proteins

eluted at each stage are indicated below the profile.

B. (I) SDS-PAGE analysis of the GST-TH purification. Samples before (B) and after

induction (A) were collected as well as the flow through (FI) that did not bind to the

column. The TTBS (W1) and TBS wash (W2) were also analysed.

(II) Digestion of GST-TH protein monitored by SDS-PAGE. The fusion protein is

shown in the undigested lane (U). Digested samples were tested at I, 2,4 and 7 hours.

Digestion was visualised by Coomassie staining and SDS-7 markers loaded for size

estimation.

C. Profile of TH domain purification from the GST fusion partner. 80 mg of GST-TH was

digested with 100 U thrombin for 6 hours at 37oC and then applied to the column

equilibrated in TBS. Size calibration (kDa) of the column is indicated in black.
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were significantly greater than previous preparations at approximately 100 mg fusion

protein/L of LB medium. Higher yields of soluble protein by addition of zinc suggest that

zinc stabilised the TH domain of Tec kinase. Following thrombin digestion, THSH3 and

GST were separated by size exclusion chromatography (section 2.4.11). Baseline separation

was not achieved by size exclusion chromatography possibly due to the presence of dimers

of the THSH3 protein (data not shown)(section 5.3). The THSH3 dimer size would be 32

kDa close to the 26kÐa of the GST fusion partner and would not be separated from the GST

fusion protein by size exclusion chromatography. Ion exchange chromatography achieved

some separation of the THSH3 from the GST fusion partner; however, there was still a trace

of GST. Although purification by the GST affinity resin was not attempted, this protein

was not pursued as the size exclusion chromatography suggested the formation of THSH3

dimers that are not suitable for NMR analysis.

The GST-PHTHext fusion protein was expressed and purified to homogeneity using

affinity chromatography followed by a gel filtration chromatography step. This protein

expressed well and produced soluble yields consistent with those seen for the PHTH domain

at 15 mg/L LB medium but the addition of the PRR did not improve the soluble yields to a

significant level for use in NMR experiments and the protein was not pursued.

3.5.3 NMR experiments on the TH domain of Tec kinase

The TH domain was further analysed by NMR. The lD spectrum of the purified TH

domain at 0.5 mM shows relatively sharp peaks clustered into small ranges of chemical shift

consistent with the values expected of the random coil positions for each amino acid. This

lack of dispersion together with an absence of the Trp NeH shift near ô=10 ppm observed in

the PHTH lD spectrum strongly suggests this peptide is not structured in solution. The

addition of zinc following purification of the TH domain did not improve protein folding as

determined by NMR. However, one dimensional spectra of TH domain protein purified in

the presence of 30 pM ZnSOo, 10 mM DTT and TBS buffer showed subtle changes to the

previous spectra (Figure 3.I7A compared with B). This spectra has suggestion of a small

proportion of folded protein. There is a resonance peak at L0.73, suggestive of a folded

tryptophan peak. This peak has also been observed in the PIITH NMR spectra (section

3.4.2). Purification of the TH domain in the presence of zinc showed some suggestion of a

folded protein, however, the protein was still predominantly unfolded and was not pursued

for structural studies.
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Figure 3.17

One dimensional spectra of Tec TH domain. The NMR data was collected on a Varian

Inova 600 spectrometer. One dimensional spectra were recorded using a spectral width of

8000 I{z and 8192 points and 64 transients on 0.5 mM sample of Tec TH domain at 25"C.

The data were processed and printed in VNMR.
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3.6 DISCUSSION

Mutations present in XLA patients highlight the importance of the PH domain of Btk

in downstream signalling pathways originating from the B cell receptor. The PH domain has

been shown to bind to a variety of proteins including PKC and p-Ark. The interaction of the

PH domain with phosphatidylinositol phosphates relocates Btk to the membrane in close

proximity with its substrates. This then promotes the downstream signalling originating

from the B cell receptor. Recent evidence from our laboratory suggests that Tec plays an

equivalent function downstream of the Fcy receptor during Fcy-mediated phagocytosis

(Atmosukarto et aI manuscript in preparation (2001)). Thus, it is predicted that the PH

domain of Tec would play an equivalent role and localising the Tec protein to the membrane

near its substrates.

The structure of the PH domain and the Btk motif from Btk indicates that these two

domains are mutually inclusive as they both aid the other in maintaining structural integrity.

The PH domain forms a seven stranded p-banel with a capping a-helix with the Btk motif

including a bound zinc atom clearly associated.

This project aimed to determine the solution structure of the PIITH region of Tec

kinase to relate it to a possible function. Several structures of PH domains have been

published allowing predictions of possible functional mechanisms. Whether these possible

mechanisms can also be extended to Tec kinase is unknown and determination of the PIIIH

domain structure of Tec would provide insight into these functions. This work would also

supplement functional investigations of Tec kinase PIITH domain.

Structural studies require millimolar concentrations of protein generally in a 500 pl

volume and the main focus of this chapter was to improve expression and purification yields

of a series of proteins incorporating different regions of the N-terminal regulatory domains

of Tec kinase to provide enough protein for NMR experiments. The PHIH domain of Tec

kinase is a 17 kDa protein and, thus, protein concentrations of 17 mg/ml are required for a 1

mM protein sample for NMR studies. The main protein tested was the PIIIH domain,

lacking the PRR (PIilÐ. This protein was expressed using the bacterial expression systems

pGEX and pET and the yeast system pYEX and affinity purified. Both the bacterial systems

expressed well, however, yields of soluble protein were low. Yields of 11 mg/L of PHTH

protein were obtained following glutathione affinity purification using the pGEX system

compared with L6 mglL Tm-PHTH fusion protein when purified under denaturing
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conditions and 6 mgil, Trx-PHTH fusion protein when refolding on the column. The

advantage gained from purifying under denatured conditions was lost during refolding

experiments as precipitation of the protein was evident. Fluorescence experiments indicated

that refolding of denatured PFIIH was possible, however, the refolding yields were low.

NMR and analytical ultracentrifugation experiments were conducted on PFITH protein

generated from 5 L LB cultures of pGEX-PIIIH. These experiments indicated the presence

of a dimeric species at the protein concentrations necessary for NMR spectroscopy.

Analysis of the PIIIH protein was not continued as dimerisation of the protein and its

instability was not ideal for NMR experiments.

Several other proteins were investigated for soluble protein production with an aim

to determine the NMR structure of the TH component of the PHTH region in conjunction

with other regions of Tec kinase, including the SH3 domain. These include the PHTH with

an extension of the PRR called PHTHext, the PH domain alone, the TH alone, THSH3 and

an extension of the THSH3 including the C{erminal a-helix of the PH domain (IITHSH3).

Good yields were observed for GST-THSH3 and GST-TH with maximum yields of 40 mgtL

and 60 mgtL in rich medium. The addition of zinc to the culture medium improved soluble

yields of the THSH3 protein to 100 mglL fusion protein. The THSH3 protein expressed

well, however, size exclusion chromatography showed possible dimer formation, which is

not suitable for NMR analysis.

Purification and analysis of the TH domain of Tec in the presence of zinc did result

in some evidence of a folded protein, although this was a small proportion of the whole

protein. Saraste and co-workers suggest the PIIIH domain of Btk is a mutually inclusive

domain, thus, it is interesting that in the presence of zinc there is some evidence of a folded

protein (Hyvonen and Saraste, L997). The other constructs were not pursued as the

solubility tests suggested that the proteins were not expressed in the soluble fraction. A final

summary of the proteins investigated is shown in Table 3.1

The inability to express Tec PHTH in a variety of bacterial systems and one yeast

system implies that expression and purification of Tec PIITH may require expression in a

mammalian system. This requires the formation of a mammalian expression construct

encoding the PHTH region and tissue culture techniques to yield some protein for

downstream analysis (Archer et al., 1993). This will minimise the likelihood of incorrect

folding of the protein, however, expression of sufficient protein for NMR is unlikely in a

mammalian system. There is evidence that other workers have encountered difficulties in

expressing and purifying PH domain proteins possibly due to the membrane binding

83



'a

Table 3.L Summary of the expression, solubility, purification and further experiments
for PHTH proteins tested

Expression SolubilityProtein Affinity
Purification

Further
Experiments

pGEX-PHTH
pET-PHTH

pYEX-PHTH
pGEX-PHTHext

pGEX-PH
pGEX-TH

PGEX-THSH3
PGEX-HTHSH3

++++
+++++

+
++++
+++++
+++++
+++++
+++++

++
+

+++
+++

+

t/
t/

i
r'
r'

r'
r'

1/

/
r'

++
+

+ indicates range from good (+++++) to bad (+)
y' indicates that experiments were conducted
- indicates experiments were not conducted



function of PH domains. Initial studies on Btk PH domain were conducted on the R28C

mutant form of the protein as this was the only protein that produced high quality crystals.

The authors had also tried expression of the PH domain alone, however, this protein was

also insoluble (Hyvonen and Saraste, 1997).

This work has provided an in depth characterisation of the biophysical properties of

the PHTH region of Tec kinase. Although the aim of structural determination was not

reached the data collected provides important information regarding the solubility and

protein expression of the N-terminal region of Tec kinase.
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CHAPTER 4z

STRUCTURE DETERMINATION OF TEC

SH3 DOMAIN



4.1 TEC FAMILY SH3 DOMAINS

The SH3 domain of Tec family kinases is required to regulate the enzyme's activity.

Deletions within the SH3 domain of the Tec kinases, Btk and Tec, result in deleterious

effects on downstream signalling. A 21 amino acid deletion in Btk's SH3 domain has been

identified in patients suffering X-linked agammaglobulinemia ()il-A) (Zhu et al., L994).

XLA patients lack circulating B cells, and as such are susceptible to infection. Many

mutations that cause XLA map within the PIITH domain of Btk while relatively few are

present in the SH3 domain. The 2I amino acid deletion is due to mutation of the 5'splice

site for intron 8, a T to G change that results in splicing out of the 63 bp exon 8. The loss of

21 amino acids removes a section of the SH3 domain binding pocket as well as the 3,0 helix

at the C-terminal end, and in addition, p-strand E from p-sheet 1 and p-strand F from p-

sheet 2. The authors propose that the deletion of 2l amino acids within the SH3 domain

alters the structure, which then disturbs the interaction with crucial downstream signalling

proteins (Zfui et aI., 1994). Tec III is an equivalent naturally occurring isoform observed in

mice although biological effects of the missing 21 amino acids have not been determined

(Mano et aL, 1993); (Merkel et a1.,1999). A major auto-phosphorylation site (Tyr 223) was

found within the Btk SH3 domain following activation by Src family members (Rawlings er

al., L996); (Park et al., L996). The ligand binding properties of Btk's SH3 domain are

altered when this tyrosine is phosphorylated. Tyrosine 223 is located at the edge of the

binding pocket and when phosphorylated may block access for cellular ligands. In the

unphosphorylated form the SH3 domain of Btk binds to Wiskott Aldrich associated protein

(WASP) and c-Cbl (Morrogh et a1.,1999). Immunoprecipitation and'Western experiments

have shown that when phosphorylated, Btk can no longer bind to WASP but retains the

ability to bind to c-Cbl, suggesting the SH3 domain can bind these two proteins at different

sites (Morrogh et at.,1999). The authors also show that the phosphorylated form of the SH3

domain binds the activated form of Syk through its C-terminal region. This is the first

suggestion that the phosphorylation status of Btk may regulate SH3 domain ligand binding

(Morrogh et al.,Ig99). Biophysical experiments have shown that Btk SH3 domain can also

bind a series of proteins including Fyn, Lyn and Hck through the SH3 domain (Cheng et al.,

Lgg4). Sab (SH3 domain binding protein that preferentially 4ssociates with Btk) was

isolated by far western expression cloning by its ability to bind the SH3 domain of Btk and

has since been shown to regulate Btk function (Matsushita et al., 1998). Sab has been

shown by immunoprecipitation experiments to inhibit the auto- and transphosphorylation of

85



Btk (Yamadon et aI., L999). The SH3 domain of Itk has also been investigated for its

potential ligands. SH3 domain ligands isolated for Itk include Sam68, WASP and hnRNP-K

and to a lesser extent c-Cbl and Fyn (Bunnell et aL,1996). Itk SH3 domain has also been

shown to bind to CD28 (Marengere et ø1.,1997). By analogy, it would be expected that Tec

kinase would also bind to WASP through its SH3 domain.

The SH3 domain of Tec family members is important for regulation of these kinases.

Tec protein lacking the SH3 domain (TecÅSH3) is constitutively active. This mutation does

not completely activate Tec because transformed foci are not observed in 3T3 fibroblast

cells expressing TecÂSH3. TecÂSH3 is, however, hyperphosphorylated and has elevated

kinase activity in these cells, suggesting a role for the SH3 domain in down regulation of

enzyme activity (Yamashita et a\.,1996).

The solution structure of Btk SH3 domain has been determined and is similar to that

of other SH3 domains (Hansson et a1.,1998). It has five p-strands that form two p-sheets in

a p-barrel structure. The RT loop of the Btk SH3 domain is long and has a tight turn at the

C-terminal end. The highly conserved Tyr 223 is present at the edge of the potential binding

site. The sections Asp 224-Pro 227 and Asp 232-Leu 235 of the RT loop run antiparallel to

each other and are well defined with hydrogen bonds between Leu 235 NH to Tyr 225 CO

and Leu 233 CO. The hydrophobic core of the SH3 domain consists of residues Yal2I9,

I-eu 233, Leu 235, Tyr 24I,Ile 243, Ala 254,Ile 264 and Val 269 and 567o of the surface

area is polar. The potential binding site involves the conserved residues Ãsp 224,Tyr 225,

Asp 232, Trp 251, Pro 265 and Tyr 268 bounded by the autophosphorylated tyrosine Tyr

223 and the RT loop. The authors noted the presence of two conformational states for Btk

SH3 domain; however, the biological relevance of this is unknown (Hansson et aL,1998).

The Btk SH3 domain binds to a proline rich ligand from the tyrosine kinase c-Cbl in a class I

orientation. Analysis of chemical shift changes and NOEs indicate that the RT loop, n-Src

loop and the loop between p-strands p4 and p5 bind to the ligand. The form of the Btk SH3

domain lacking 21 amino acids exhibits reduced binding to the PRR of c-Cbl, possibly due

to improper folding, and this may be the basis of XLA in patients carrying this mutation

(Tzeng et a1.,2000); (Patel et a1.,1997).
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4.2 STRUCTURAL DETERMINATION BY NUCLEAR MAGNETIC RESONANCE

SPECTROSCOPY

Nuclear magnetic resonance spectroscopy (NMR) has recently emerged from behind

the shadow of X-ray crystallography and is now a valuable technique for the determination

of solution three dimensional (3D) structures. NMR and X-ray crystallography exist in a

symbiotic relationship that allows both fields to gain from the other. NMR can supplement

the information generated from X-ray crystallography by providing structural information in

a more biological context, that is, in solution. X-ray crystallography aided NMR during its

earlier years by allowing a means to compare independently derived structures (Wuthrich,

lees).

NMR uses the magnetic spin properties of atomic nuclei to identify atoms that are

close together in space (Howard, 1998). tH, ttN, t'C and "P nuclei orientated by a magnetic

field absorb radiation at characteristic frequencies, which manifest as NMR peaks (Howard,

1998). The frequency at which the nuclei resonate is dependent on the local molecular

environment of the atom of interest and these are generally expressed as chemical shift

values in parts per million relative to a reference signal (Roberts, 1993). This allows for the

variation in the field strengths of different magnets. In an extended polypeptide chain,

where all amino acid side chains are exposed equally to solvent, the resonances derived from

each different functional group on the chain will resonate together. When placed in a

protein environment, protons will be shifted upfield (lower ppm value) or downfield

depending on their local environment. The resonances observed for an unstructured

polypeptide chain include the methyl groups (Cq) at -1 ppm, the methylene group (C4) at

-2-3 ppm, c[-protons at 4-5 ppm, aromatic groups at 6-7.5 ppm and finally amide groups at

7-11 ppm (Wuthrich, 1995). These resonances are called random coil chemical shift values.

Ideally, in a one dimensional (1D) 'H spectrum where the observed signal intensity is plotted

against chemical shift, different protons should resonate at discrete positions. However, in

practice the spectral overlap for a small protein is such that structure determination from lD

spectra is not possible (Howard, 1998).

Splitting the lD spectra into two dimensions was the first step to determining full

protein structures by NMR spectroscopy. Adaptation of key 2D experiments was required to

minimise overlap before the structure of Bull seminal protease inhibitor IIA (BUSI IIA)

(Williamson et al., 1985) could be solved by NMR. Since then protein structural

determination by NMR has undergone major advancements through production of higher

field magnets, routine application of 2D, 3D and 4D NMR experiments, availability of
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isotopically labelled protein of interest and development of efficient and reliable software

for calculation of the protein structures (Roberts, 1993). A dimeric protein of molecular

weight 142Y,Ðahas now been solved by NMR spectroscopy (McEvoy et a1.,1997).

NMR data collection can be broadly separated into the Homonuclear (same nuclei eg

tH-tH) and Heteronuclear (different nuclei eg tH-"N¡ NMR experiments. Homonuclear

experiments generally include 'H-'H 2D COSY (COnelation SpectroscopY), 'H-'H 2D

TOCSY (TOtal Correlation SpectroscopY or HOHAHA HOmonuclear HArtmann HAhn

spectroscopy) and 'H-'H 2D NOESY (Nuclear Overhauser Effect SpectroscopY). Both 'H-

'H COSY and 'H-'H TOCSY experiments reveal information about through bond linkages

between different protons. In 2D contour plots, each proton is represented as a peak on the

diagonal and an interaction between two particular protons is represented as a peak off the

diagonal. Extrapolation to the diagonal would establish which two protons this cross peak is

emanating from. The spin-lock time of the 'H-'H TOCSY experiment (usually called

mixing time) can be varied to allow further magnetisation transfer through a particular

amino acid. tH-tH TOCSY can, in all cases, reveal cross peaks for all the protons in an

amino acid side chain, however, the distance of transfer from the amide proton through the

side chain can differ. 'H-'H NOESY experiments reveal through space information through

an effect called the Nuclear Overhauser Effect, a nuclear relaxation phenomenon, the

intensity of which is correlated with the inverse sixth power of the inter-nuclear distance

(V/uthrich, 1995); (Wuthrich et aL, 1991). An NOE cross peak is observed when two

protons are within approximately 5Å of each other and this can be extrapolated to the

diagonal to identify the interacting protons (Clowes et a1.,1995). The intensity of the NOE

cross peak relates to the distance between the two protons. The NOE peaks are classified

into strong, medium or weak and it is this that reflects the closeness in space (Hinds and

Norton, 1994).

Heteronuclear 2D experiments require isotopically labelled proteins to detect a

correlation between two different nuclei. 'H-"N HMQC (Heteronuclear Multiple Quantum

Coherence) experiments present cross peaks that are from H and N bonds, that is, a peak on

the plot would represent every NH in the protein. This reduces the spectral overlap by

applying another variable, that of specific nitrogen resonances. Proteins greater than 10 kDa

require isotope labelling, however, proteins of smaller sizes can also be isotopically labelled

to aid spectral assignment. Standard 
tH-'H 2D TOCSY or tH-'H NOESY experiments can

be splir by applying a third "N dimension (Wuthrich, 1990). This yields the same
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information as determined by a regular 2D tH-tH NOESY or 'H-tH TOCSY experiment,

however the additional nitrogen dimension significantly lowers overlap.

The second stage of structure determination by NMR requires sequence specific

resonance assignments for each amino acid in the protein. This procedure, developed by

rWuthrich and co-workers, requires only the amino acid sequence of the protein and the

recorded NMR data. Sequence specific assignments are achieved in two stages (V/uthrich,

1936). Firstly, individual amino acid spin systems are identified. A spin system is defined

as a group of resonances arising from the same amino acid (Wuthrich, 1986). This is

achieved using the 'H-"N COSY and 'H-"N TOCSY data and although this can be

completed using 2D homonuclear spectra, it is considerably easier using 3D data as a 10 kDa

protein has in excess of 500 NMR observable protons (Primrose, 1993). The spin system

can be determined through analysing cross peaks to identify those that are linked. By

comparing these with tables of random coil chemical shifts, different amino acids can be

determined. Distinguishing amino acids with similar side chains, i.e. those belonging to

AND( spin systems (Asp, Asn, Cys and Ser), is more difficult (Gronenborn and Clore,

1990). In the event of only one of a particular amino acid in the chain being present, this

would determine where in the polypeptide chain it resides. Generally, there is more than one

of a particular amino acid in a protein of 10 kDa and the position within the chain is now

determined by attempting to link groups of two or more amino acids together using tH-ttN

NOESY NMR data. NOE cross peaks indicate that two protons are closer than 5,Â, in space

(Clowes et a1.,1995). The pattern of NOE links between amino acids differs depending on

the secondary structural elements present in the amino acid. If the amino acid region is

present in p-sheet conformation, strong NOEs exist between the CcÈIi and NH,*, due their

close proximity to each other. In the case of o-helix, a strong NOE peak occurs between

NH, and NH¡*r. Inspection of the NOE data for the strong NOEs can link more than one

amino acid together and inspection with the primary sequence can generally allocate the two

spin systems to a position within the protein sequence (V/uthrich, 1995).

The maximum number of NOE conformational constraints possible must be collected

for the production of a high-resolution structure (Wuthrich, 1995). Distance restraints are

determined by determining the strength of the NOE peak. Strong NOE peaks are designated

as being 2.0-2.5[,apart if it is an intra-residue NOE but 2.0-5.0.4. apart if it is a long range

NOE. Some of the NOE peaks are designated a distance constraint and then preliminary

structure calculations are undertaken. The first structure calculations were conducted using

metric matrix distance geometry (reviewed in Gronenborn and Clore, (1990)), however,
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since then, many different methods have been developed. One such method is dynamical

stimulated annealing which results in the structures produced having lower folding energy

levels (reviewed in Gronenborn and Clore, (1990)).

4.2.1 Structure determination of Tec SH3 domain

The method used for the initial assignment of distance restraints of Tec SH3 domain,

to be used in further structure calculations, was Ambiguous Restraints for Iterative

Assignment (ARIA). This method required the complete proton assignment of the chemical

shifts and a list of partially assigned NOEs. ARIA then generated a list of restraints using a

combination of ambiguous distance restraints and an iterative assignment process. ARIA

allows this process to be largely automated as it perfoflns a series of routines including

partial assignment, calibration, violation analysis and merging and the organization of the

iterative procedure (Nilges et al., 1997). A very rudimentary list of NOEs, mainly

sequential and seconda.ry structure NOEs, are used to generate the preliminary structures.

Further iterations compare possible restraints and remove those that are violated in all

structures and makes possibilities from the remainder. Each iteration produces more

unambiguous restraints and results in reduced ambiguous restraints until a final family of

structures is produced when the structures and data sets converge (Nilges et a1.,1997).

The resulting structures are further analysed and more NOEs assigned

unambiguously. Each iteration inputs more distance constraints and the resulting structure

has better defined regions and more constraints per amino acid. Convergence is judged by

the residual constraint violations and all satisfactory solutions are included as a group of

conformers (Wuthrich, 1995). Greater number of restraints per amino acid has been shown

to lead to the most favourable energy conformations (MacArthur et a1.,1994).

NMR spectroscopy can yield information other than just purely 3D structural

information. NMR can detect conformation transitions, denaturation, internal mobility,

weak ligand interactions and other dynamical information (Wuthrich' 1989).

4.3 AIMS

The SH3 domain is crucial for the regulation and activity of the Src and Tec families

of tyrosine kinases. The function of the SH3 domain of Tec family members in regulation is

currently under investigation, however, Tec family members lacking part of the SH3 domain

or the entire SFI3 domain are constitutively active. This study of the SH3 domain from Tec
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kinase has been conducted from a structural perspective, the results of which will

complement other research into the biological function of Tec kinase.

The SH3 domain of Tec has been cloned into the pGEX-4T-Z vector for high level

expression and purification from a bacterial source. The protein is produced C-terminal to

the bacterial Glutathione S Transferase (GST) protein to facilitate downstream purification

and aid in the high level expression of the protein. A two step purification protocol is

required, the first an affinity glutathione agarose column to remove the bulk of the bacterial

proteins and after protease treatment, a size exclusion gel filtration column to separate the

target protein from the fusion partner. Tec SH3 domain protein has been produced as both

an unlabelled protein and a "N labelled protein. The "N labelling of the protein was

required to minimise overlap in the NMR spectra and facilitate the assignment of the spectra'

This chapter presents the three dimensional structure of Tec SH3 domain and

compares the structure with that of other SH3 domains already determined. An investigation

of the binding site of Tec SH3 domain has also been undertaken and will be presented in this

chapter. The initial 3 dimensional "N-'H TOCSY and "N-tH NOESY NMR experiments

were kindly collected and processed at the Biomolecular Research Institute, Melbourne by

Dr Mark Hinds. The assignment and data collection of the 2D experiments was collected

and processed with the assistance of Dr Terr)'Mulhern. Dr Terry Mulhern kindly conducted

ARIA calculations and optimisation.
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4.4 EXPRESSION AND PI]RTF'ICATION OF TEC SH3 DOMAIN

4.4.1 Tec SH3 protein expression and analysis

A region corresponding to the SH3 domain of Tec IV kinase, amino acids 181-245,

was cloned into pGEX-4T-2. Following sequencing pGEX-4T-2-SH3 plasmid DNA was

transformed into the Escherichia coli bacterial strain BL-21ÀDE3. Preliminary induction

and solubility experiments were undertaken to ensure the viability of this protein for

structural studies. Bacteria transformed with pGEX-4T-2-SH3 were grown at 37oC to an

ODu* of 0.6 and protein expression was induced by the addition of isopropyl-P-D-

thiogalactopyranoside (IPTG) to 0.2 mM for 4 hours. Following lysis by French pressing,

soluble and insoluble material from the culture and pre- and post- IPTG induction samples

were electrophoresed on a I2.57o polyacrylamide gel. Figure 4.14 shows an induced band

at the expected size for labelled and unlabelled GST-SH3 protein. The induced band

observed at approximately 34 kDa was consistent with the size expected for GST-SH3 (26

kDa GST and 8 kDa SH3). GST-SH3 protein produced in bacteria contains a high

proportion of soluble protein (lane S Figure 4'1C).

Tec SH3 domain was purified initially using glutathione agarose (Bioserve) that

binds specifically to the GST component of the fusion protein. E. coli induced to express

GST-SH3 fusion protein were pelleted, resuspended in TTBS and lysed by French press

(section 2.4.4). The fusion protein was applied to the glutathione agarose column

equilibrated in TTBS and washed extensively in both TTBS and TBS. The protein was

eluted by addition of 10 mM reduced glutathione in TBS and yields of GST-SH3 domain

returned were routinely of the order of 300 mglL for rich medium cultures. A profile of the

purification of GST-Tec SH3 domain is represented in Figure 4.18.

The purified fusion protein was then cleaved using 4 U bovine thrombin/mg protein

for a minimum of 18 hours. The reaction had not gone to completion when shorter digestion

times were used, resulting in the extended digestion times for future preparations (Figure

4.2A). The absence of a linker peptide between the globular SH3 domain and the large

globular GST fusion protein may sterically hinder access to the cleavage site by the

thrombin protease resulting in long digestion times.

The Tec SH3 domain was separated from the GST fusion partner by gel filtration

using Superdex G75 beads (Pharmacia) equilibrated in 25 mM NaIIrPO4, 150 mM NaCl' pH
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Figure 4.1

A. SDS-PAGE analysis of GST-SH3 protein induction. BL-ZI)\DE3 bacteria transformed

with pGEX-SH3 domain were grown either in min A medium (min) or LB medium (rich)

and a 1 ml sample removed prior to induction (B) or following 4 hours treatment with 0.1

mM IPTG (A). These were centrifuged and the pellet resuspended in 200 ¡tl2 x SDS-PAGE

buffer. 10 pl was loaded on a I2.57o SDS-PAGE gel, electrophoresed and visualised after

Coomassie staining. Markers used are SDS-7 markers (Sigma). The induced band

representing GST-SH3 domain is indicated with an ¿urow.

B. Glutathione Sepharose chromatography of GST-Tec SH3 domain. The bacteria were

lysed and prepared as described in 2.4.4. The column was equilibrated firstly in TBS and

then TTBS and the sample loaded. Following extensive washing the GST-SH3 fusion was

eluted by the addition of 10 mM reduced glutathione in TBS pH 8.0 and frozen at -80oC.

The reduced glutathione was added where indicated (red arrow).

C. L2.5Vo SDS-PAGE analysis of affinity purified GST-SH3 protein. (I) Pre (B) and post

(A) induction samples were prepared as for A from bacteria grown in LB medium.

Following lysis the insoluble fraction (P) and the soluble fraction (S) were collected for

analysis. The flow through (FT) of the affinity column was collected and 10 pl added to 10

pl 5 x load buffer. TF, TTBS (1) and TBS (2) wash and the GST-SH3 (SH3) protein eluted

by the addition of reduced glutathione. Gel (II) shows the soluble fraction loaded on the

column (L), the SH3 (SH3) eluted from the column and the flow through (FI) containing

proteins that do not bind the glutathione Sepharose affinity resin. SDS-7 makers were

loaded for size comparison. Both gels were stained for visualisation with Coomassie blue.
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Figure 4.2

A. I2.5Vo SDS-PAGE analysis of thrombin digested GST-SH3 domain. Samples were

removed prior to digestion (U) and then a sample removed after digestion (D) had

progressed for 3 hours. 10 pl of each sample was diluted in 5 x SDS-PAGE load buffer and

electrophoresed. The positions of the different bands are shown with arrows. Visualisation

was by Coomassie blue staining. SDS-7 markers were loaded for size estimation.

B. Size exclusion chromatography profile of Tec SH3 domain following digestion with

thrombin. A Superdex G75 column was equilibrated in 1 x PBS pH 8 with a flow rate of.2

mUminute. 4 ml of 6 mglml GST-SH3 protein was digested with thrombin and loaded onto

the Superdex G75 column and 5 ml fractions collected. The protein elution was detected at

Arro with a full scale absorbance of 1. The fractions from the column are shown in blue. The

sizes from the calibration are indicated in black.

C. I2.5Vo SDS-PAGE of the size exclusion profile for digested GST-SH3 domain. The

samples were diluted 1:1 into load buffer and electrophoresed. The sample loaded onto the

size exclusion column was analysed to determine the extent of digestion (L) and fractions

thoughout the purification tested. Fraction 22 was found to contain no detectable protein.

Fraction 27 and3l contained GST and some undigested GST-SH3. Samples were compared

to SDS-7 markers for molecular weight determination.
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8.0 (section 2.4.1I). 24 mg of GST-SH3 protein was digested with thrombin overnight and

loaded on the Superdex G75 column. The GST-SH3 protein was fully digested and 3 mg of

purified Tec SH3 domain was recovered. The Superdex beads efficiently separated the 26

kDa GST fusion partner from the 8 kDa SH3 domain (Figure 4.28). Fractions 48-52

corresponding to the SH3 domain protein were pooled (Figure 4.2C) and concentrated using

an Amicon stirred cell to a final volume of 2 ml. Fast desalting PD10 columns (Pharmacia)

were used to buffer exchange the protein into l0 mM phosphate,0.0I7o (w/v) NaN' pH 6.0

for NMR analysis. The protein was further concentrated using Centricon spin columns (3

kDa cut off) to a final volume of 500 pl. Figure 4.34 shows Tec SH3 domain sequence.

Although denaturing polyacrylamide gel electrophoresis was used to monitor the protein

throughout the purification procedure, mass spectrometric analysis of all the final samples

was undertaken. The experimental molecular mass of Tec SH3 domain of 7899 agreed with

expected values computed from the amino acid sequence shown in Figures 4.3 A and B.

The purity of Tec SH3 domain is greater than95Vo as observed by mass spectrometry.

Structure determination by NMR is hampered by overlap in the 2D spectra.

Heteronuclear single quantum coherence (HSQC) based experiments used for structure

determination can reduce the spectral overlap and this is facilitated by using a ttN enriched

sample. Tests were conducted on GST-SH3 protein grown in Min A medium, a salt based

system lacking the yeast extract present in LB medium. Proteins can be isotopically labelled

by growing bacteria in a defined minimal medium, such as Min A (Miller, 1972), containing

"N-labelled NH4CI as the only nitrogen source.

To determine if NMR samples of SH3 protein can be generated from bacteria grown

in Min A medium, GST-SH3 fusion protein was expressed and analysed by polyacrylamide

gel electrophoresis. Expression of GST-SH3 protein in minimal media was observed by

SDS-PAGE (Figure 4.14). 150 mg/L of GST-SH3 fusion protein was recovered following

affinity purification on glutathione agarose columns from protein grown in minimal

medium. Protein yields were reduced compared with that of the rich medium possibly due

to the increased stress on the bacteria to produce the protein with limited nutrients in the

broth. This protein was cleaved with thrombin and the SH3 protein was purified from the

GST fusion partner using Superdex G75 gel filtration (section 2.4.II). Analysis by mass

spectroscopy indicated that purified labelled SH3 domain protein had a molecular weight of

M,7gg4, consistent with the expected value and confirmed uniformttN incorporation (Figure

4.3). The purity of the sample is greater thang1%o as observed by mass spectrometry. The

cleavage of the "N labelled GST-fusion protein sometimes resulted in the production of a
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Figure 4.3

A. Primary sequence of the Tec SH3 domain representing amino acids 181-245 of the Tec

IV sequence. The N-terminal residues Gly-t and Sertare derived from the fusion partner

after thrombin digestion.

B. Mass spectrometry profile of Tec SH3 domain produced in LB medium. 2 ¡tl of Tec SH3

domain was diluted into methanoUacetonitrile and analysed at the Waite mass spectrometry

unit, Adelaide. The purity of Tec SH3 domain protein was greater than 957o as observed by

mass spectrometry. A size of 7899 Da is consistent with the expected mass for Tec SH3

domain.

C. Mass spectrometry profile of Tec SH3 domain produced in min A medium supplemented

with ttlrll{ocl. The size of 7994 Da is consistent with the expected mass. The purity of "N

SH3 domain is greater than95Vo. The labelled SH3 domain sample is fully labelled as there

is no evidence of an unlabelled contaminating peak.
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second cleavage product of lower molecular mass than that expected for the SH3 domain.

This fraction was not further analysed and was not used for the production of Tec SH3 NMR

samples.

4.5 NUCLEAR MAGNETIC RESONANCE DATA COLLECTION AND

SEQI]ENTIAL ASSIGNMENT OF TEC SH3 DOMAIN

SH3 protein sample concentrations of 2.0 mM and I.25 mM, as determined by

Bradford analysis, were used in this study for the unlabelled and "N labelled samples,

respectively. 500 pl of these samples in 10 mM NaFIrPO4, 0.0IVo (w/v) NaN3, pH 6.0 were

supplemented with IÙVo (vlv) DrO and placed in a 5 mm high-resolution thin-walled glass

NMR tube. Samples for DrO experiments were freeze dried twice before resuspending in

1007o DrO. NMR tubes were prepared for NMR as described in 2.5.1.

NMR experiments were performed on Bruker AlvD(-500 and DRX-600 and Varian

Inova 600 spectrometers. All data sets were recorded at 25oC using 5 mm inverse triple

resonance 
tlVttc/ttN pfg probes. In most cases, the carrier frequency was set on the DrO

frequency and solvent presaturation conducted except for the DrO experiments for which no

presaturation was required.

Initial two dimensional experiments were conducted. 2D 'H-tH-TOCSY and'H-'H

NOESY experiments are shown in Figure 4.4. The NMR data was recorded and processed

with the assistance of Dr T. Mulhern, University of Adelaide, Adelaide.

4.5.1 Sequential Assignment

Sequential assignment was conducted as per Wuthrich (1986). The 3D ttN-'H

HSeC-TOCSY and 3D "N-tH HSQC-NOESY spectra were used to begin the assignment

process. The 3D "N-tH HSQC-TOCSY was used to identify spin systems of the different

amino acids by comparing the chemical shifts to those expected if the amino acid was in a

random coil (Wuthrich, 1986). Identification of the different amino acid types was

significantly easier using 3D data sets rather than relying on the 2D data as the spectra were

ordered into columns (referred to as strips) based on ttN chemical shift such that ideally one

amino acid was represented per strip. One amino acid will have all its protons represented in

one strip. The strip was selected based on the nitrogen frequency and the amide proton

chemical shift. The other protons are then presented in a column with decreasing proton

chemical shift. This is generally the case, however, some amino acids with very close 
ttN
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Figure 4.4

Spectra of Tec SH3 domain. The NMR spectra were collected at the BRI, Melbourne on a

235 n.ivl (2I mglml) sample of Tec SH3 domain in 10 mM NarHPOo, O.0I7o w/v NaN' pH

6.0 supplemented with lOTo DrO at 25'C. 'H-'H NOESY and'H-'H TOCSY of mixing times

200 ms and 50 ms respectively were recorded with a sweep width of 8000 Hz in both

dimensions and a minimum of 2048 x 5I2 complex points. A cosine-squared function was

applied to the data prior to Fourier transformation. This data was also zero-filled to a final

matrix size of 2048 x 2048. The data was transferred into )GASY (Bartels et aI 1995) for

further analysis. These spectra were plotted from )GASY showing the region from 6 ppm to

10 ppm in both dimensions.

A. 'H-tH NOESY spectra of Tec SH3 domain

B. 'H-tHTOCSY spectra of Tec SH3 domain.
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chemical shifts did reside in the same strip due to the poor digital resolution in the nitrogen

dimension; 2000 Hz for 64 data points or 0.5 Hz per data point. This was seen for amino

acids Asp 242 andLeu2I3 with nitrogen chemical shifts of 120.30 ppm and 120.25 ppm,

respectively. The identification of some of the amino acids was determined based on cross

peaks from the 3D data alone, others were identified to their amino acid type only.

Sequential amino acids were determined by the presence of strong cross peaks present in the

3D "N-'H HSQC-NOESY spectra that were not present in the 3D "N-'H HSQC-TOCSY

spectra. p-Sheet structure in proteins results in strong C"H-NH NOE cross peaks and, thus,

these cross peaks were investigated initially to link some of the amino acids together. The

strips associated with amino acids Glu 203 to Ser 224 are represented in Figure 4.5 with

affows representing the sequential NOE peaks used to link the amino acids together. Both

TOCSY and NOESY cross peaks are represented in this figure. Once the C"H-NH NOEs

were identified, other NOEs were assessed to determine whether they represented NOEs

between other protons in the side chains of these amino acids. The strips corresponding to

the 3,0 helix at the C-terminal of the SH3 domain are represented in Figure 4.6, the presence

of strong NH, to NH*, being indicative of helical properties.

Complete backbone 
tH and 

ttN assignments were obtained for 65 of 67 residues, the

exceptions being Gly -2, for which no resonances could be assigned, and Ser -1 for which no

backbone NH resonance could be assigned. A contour plot of a ttN-tH HSQC experiment

conducted on uniformly "N labelled Tec SH3 domain is shown in Figure 4.7. This HSQC

shows good dispersion in both the "N and tH dimensions. Although not evident in the high

resolution spectrum, one section (-118-122 pp* ttN¡ displays some overlap in the three

dimensional experiments. All backbone amide resonances except those of the N-terminal

Gly -2 and Ser -1 NH resonances are labelled. Arg N'H, Gln N"H and Asp NõtH and Trp

N"H resonances have been highlighted. Complete side chain assignments of non-

exchangeable protons were obtained with the exception of the H" protons of His 195 and

His 2I4. Exchangeable side chain groups including all Trp H", Asn lt'', Gln He and Arg ff

were assigned, but no Arg If or Ser and Thr hydroxyl protons could be assigned (table 4.1).

The absence of NOE contacts involving residues beyond 238 and the presence of

sharp resonances corresponding to these residues suggest that this region of the protein is

flexible. Assignment of Ile 228, Pro 229 and Ser 230 was complicated by the lack of

TOCSy transfer beyond the Cc'H proton in the 3D "N-tH TOCSY HSQC experiment for Ile

228 andser 230 and the significant shift from random coil values of the C"II protons for Pro

22g (3.76 ppm) and Ser 230 (2.74 ppm). These values suggest that the C"H protons of
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Figure 4.5

Srrip plot of residues 203-224 of Tec SH3 domain. 3D "N-'H NOESY HSQC and 3D "N-'H

TOCSY HMQC data were recorded using 1024 x 32 x 72 complex points and sweep widths

of 1824 Hz in Fl and 7507 Hz in F2 and F3. NOESY and TOCSY mixing times of 200 ms

and 50 ms, respectively, were used for these experiments. Cosine-squared functions were

applied to the data prior to Fourier transformation. The final matrix size was 896 x 64 x256.

The protein sample was 1.25 mM pH 6.0 buffered in 10 mM NaIITPO4 0.01 7o wlv NNr.

All data were collected at 25"C. Processed data was analysed using )GASY and used for

generation of the strip plots (Bartels et al 1995). Glu 203-Ser 224 stnps are shown with the

NOESY cross peaks shown in blue and the corresponding TOCSY peaks overlaid in red.

The amino acids shown in each strip are indicated at the bottom of the strip along with their

nitrogen chemical shifts. The arrows indicate the strong Cc[tIr-Cc[,IIi+1 cross peaks observed

for a protein with p-strand secondary conformation.
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Figure 4.6

Strip plot of residues 228-237 of Tec SH3 domain. The contour strip plots were generated as

for figure 4.5 and show the strips for amino acids Ile 228-Lys237 incotporating the 3,0 helix

of Tec SH3 domain. The amino acids shown in the strips are labelled on each strip along

with their nitrogen resonance. Arrows indicate both the strong Cc[FIt-CcÉI,*, for the p-sheet

but also observed in this set of strips is a set of peaks showing strong NoIIr-NcrtIt., indicative

of helical structure. The NOESY cross peaks are shown in blue and the TOCSY cross peaks

are shown in red.
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Figure 4.7

Contour plot of a fully assigned 600 MI{z 2D 'H-"N HSQC spectrum. Spectra were

recorded on a I.25 mM solution of uniformly "N-labelled Tec SH3 domaining}Voft Oll\Vo

DrO at pH 6.0 and 25 oC. Spectral widths of 2500 Hzin F2 and 6250lfz in Fl were used,

along with 400 t, increments. All residues are shown, except for Prot" and the N-terminal

dipeptide. All Arg, Asn and Gln side-chain NH resonances have been highlighted and

connecting lines drawn between the two NH resonances for Asn and Gln side chains. This

figure was generated in XEASY (Bartels et al1995).
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Table 4.1 Complete chemical shift assignments for Tec SH3 domain.

nesiaue nesidue name "N HN Hø Hp H1 Other

-2
-1

Glv
Ser

Glu
Ile

Val

Val

8.865

8.346

8.687

9.534
7.205

8.39

8.911

7.5t6
9.087

8.3t2

8.77t
8.1

7.808

8.91

8.036

8.893

8.953

9.108

9.3

8.378

4.622

4.456
5.052

4.859
4.262
4.851

4.813

5.r4

3.926
3.792
r.978
1.824

2.293

1.893

183

184

188

189

181

r82
125.52

t25.225

Í26.035
t24.637
113.068

rr7.697

rzt.36L

r25.971
116.103

r22.635

L23.856
110.873

t22.465

tv+.975

t23.053

tLg.616

t24.t36

124.666

rt3.936

trg.278

2.r04
1.608
t.20t

Y20.982
r.029
0.986
0.979
0.935

õ I 0.89

e 1.842

õ 6.77

e 6.748

67.496
e 7.558

ç7.6t4
eZI7.623
e22 6.884

Ne21t2.404

õ27.124*

ô 0.76

e7.506
Ne 115.135

ô 3.358

ô1 0.778

ô2 0.056

õ23.319
õ3 3.272
e7.236

e2t7.t23
e227.897

Ne116.998

..Cont'd

119.35 9.261 5.266

118.985 9.309 5.27

190 Gln I27.22t 8.34 4.298

185

168

187

Ala
Met
Tyr

Asp

Phe

191

t92
t93

t94
195

t96

t97

198

4.016
4.377
4.507

4.14r
5.001*

5.46

4.66r

4.448

1.84

1.403

3.24t
2.333

2.882
2.671
3.264
2.892

t.941
1.887

r.293
4.242
t.776
1.695
1.43t

3.619*
3.401*
2.947
2.90t
1.856
r.7t6
2.082
1.942

2.n3
t.289
2.144
2.01t
1.819
t.6t9

2.274

2.334

t.224
1.93
1.87

t.707

2.036
1.585

t.842

2.33

1.538
t.477

2.527
2.334

2.37
2.t25

Asp

Leu

Arg

Glu

Arg

Glv

Gln

Glu

Ala
Thr
Glu

Ala
His

t99

200

20t

Leu 5.206

4.997

3.549

4.474
3.704
4.546

202

203

204

2.864
2.t8t

tt7.707 8.257 5.481 1.871

* assigned using DrO sPectra

,H-rH Homonuclear and 'H-'tN heteronuclear experiments were used for the assignmen-t of Tec SH3 domain.

Chemical shitis were ieferenced to 4.85 ppm und I 20 ppm for the proton and nitrogen dimensions respectively
*assigned using DrO sPectra



Table 4,1 cont'd Complete chemical shift assignments for Tec SH3 domain.

Residue Residue name '"N HN Ha HO HV Other

Ile

205

206

207

Asp

Leu

His

Trp

Tyr

Ile

119.866

122.035

125.447

128.686

tt6.709

t24.17

119.353

120.249

rt5.762

r2r.997

130.962
trï.677

r25.823

tt7.167

9.198 4.73 2.8t4
2.483

t.82

ô6.914
e7.12

ô 0.886t.634
t.t46

Y20.9t3
r.847
t.375

Y20.65s
t.654

8.803 4.803

9.t28 4.39

2tl Asn 120.705 8;739 4.789

208

209

2to

2t2

2t3

214

315

Leu

Glu

Lys

9.407

7.744

8.674

8.33

8.285

8.836

8.57

9.548
9.134

9.067

9.013

4.504

4.456

4.584

4.883

4.347

4.421*

5.341

5.753
5.8

5.103

4.t39

2.t73

1.399

2.t9
2.085
T.125
1.066

3.0'71
2.956

2.3t9

0.561
-0.264

t.28

r.325
0s42

1.873
r.675

0.946
0.168

ô 0.637

ô1 0.87
ô2 0.837

621.514
ô3 0.882
e2.191

ô21 7.805

õ227.053
Nô 113.447

ô10.994
62 0.963

õ6.732

216 Trp 125.592 9.133 5'76 3.408
3.0t7

2I7 Arg 123.424 9.022 4.687 1.831
1.593

3.554
2.964
1.648
1.429

3.044*
2.824*
3.071 ô1 7.34s

el 10.082
e3 6.681

Iil127.261
(27.s2

ç3 7.2e6
Ne 128.26

õt 7.547
eL 9.748
e3 6.934

lü127.288

ç27.637
ç37.zss

Ne 128.648

ô2 3.095
ô3 3.005
e7.473

Ne 112.791

2t8
3t9

Ala
Arg

Asp

Lys

L.434
2.3tr
1.778

3.7LL
3.095
t.794
1.686

õ23.4t2
ô3 3.255
e7.624

Ne 114.74

ô2 1.s65

ô3 1.504
e2.816

220

22t

* assigned using DrO spectra

Cont'd



Table 4.1 cont'd Complete chemical shift assignments for Tec SH3 domain.

Residue Residue name "N HN Hg
8.136

8.276

8.g','t9

8.587

8.7t7

9.315

4.713

5.993

113.151 9.558 5.067

Other
Tyr 1 3.486

3.25t

4.254
3.996
t.964
r.929

3.t4
3.098

1.85

t.245
0.887

1.879
1.511
3.007
2.763

3.346
3.063

2.086

4.232

1.857

t.937
1.835

3.982
3.93
2.919
2.799

2.9r3
2.814

t.75

2.7r7
2.065
t962

3.277
2.955

2.76t
2.67

õ6.972
e7.344

ô 6.921
e7.122

H?13.087
ô 0.651

õ22.633
õ3 2.529

ô21 6.813
õ227.539
Nô 112.2

Qô7.01s
Qe6.993

Qô1.607

Qe2.98
Qô1.77s
Qe3.088

Hô217.ó8
Hõ226.988
Nô2112.963
Hõ2r7.682
Hõ226.989
Nô2112.963

Qô11.02s
Qô20.962
H?41.026

Ne2112.806
I{.E2L 6.839
He227.589

Qõ7.226
Qe6.908

223

224

225

226

227

228

229

230

23r

Glv

Ser

Glu

Glv

Tyr

Ile

Pro

Ser

Asn

Tyr

Val

Thr
Glv

Lys

Lys

Ser

Asn

108.188

tzr.322

119.905

r07.627

rt9.798

122.273

rr4.832

t19.333

109.564

114.089

tt2.272

123.837

126.026

tt7.478

r25.9t6

120.407

rtg.4l2

r2L.674

126.808

4.555
3.617
4.6',72

4.r39
4.047
5.582

2.487
2.186

1.531
t.034

^(2L467
0.6'77
0.307

0.929
0.74
t.256

r.449

r.543
1.5

1.692

2.264

232

233

234
235

236

237

238

239

240

24t

242
243

2M

245

7.839

7.258

8.713
8.674

8.395

8.735

8.525

8.222

Asn 118.885 8.529 4.765

Leu 12t.697 8.319 4.422

8.069

8.261

3.759

2.739

4.668

4.803

5522

4.896
4.387
3.994
4.349

4.5t

4.546

4.592

4.609
4.359

Asp
Gln

Tyr

Asp

8.326
8.022

8.305 4.743

* assigned using Dp spectra

8.041 4.485



residues 229 and230 are in close proximity to an aromatic ring, most likely that of the Trp

216.

The chemical shift deviation of C"H, NH and N from random coil, plotted against

residue number is presented in Figure 4.8. The C"H chemical shift deviation from random

coil values is a useful prediction of secondary structure and the plot shown in Figure 4.8D

indicates the presence of seven p-strands (Wishart et a1.,1995); (Wishart and Sykes, ß9Ð

(Wishart et aI., 1992). The secondary structural elements are not as obvious for the HN and

N chemical shifts as with the C"H chemical shifts due to a decrease in digital resolution

along the nitrogen frequency (Figure 4.8A B and C). The plots indicate that the secondary

structure of Tec SH3 domain is predominantly p-strand with seven p-strands and a small

helix (cr1) present between amino acids 229-231. This pattern of secondary structure is

similar to that of other published SH3 domains' suggesting that Gl is likely to be a 3,0 helix.

4.6 STRUCTT]RE DETERMINATION OF TEC SH3 DOMAIN

Distance restraints were derived from a 2D tH-tH-NOESY spectrum (recorded in

DrO) and a 3D tH-"N-NOESY-HSQC spectrum, with mixing times of 200 ms. Distance

restraint upper bounds were calibrated using the method of Xu et aI (2000) so that upper

bounds ranged from 6.0 to 2.2 L. Lower bounds were set to 1.8 Ä. Hydrogen bond

restraints were imposed for amide groups that had not exchanged 
tH for'D within t hour at

20"C after resuspension of a lyophilised sample (from FIO) to DrO. The hydrogen-acceptor

distance was restrained between 1.7 and 2.2 
^ 

and the donor-acceptor distance was

restrained between 2.7 and 3.2 
^. 

A complete list of distance restraints is shown in

Appendix 1.

Values of 'J"n_* were measured from F1 and F2 cross peak line widths in a

tH-"N-Iil\,IQC-J experiment using the method of Wishart and Wang (1998). Torsion angle

restraints for Q-angles of -120 + 40o were imposed for'J*-*' 8 FIz and -60 + 30o for' 5 IIz.

Dr T. Mulhern, Biochemistry Department, University of Adelaide, Adelaide kindly carried

out the structure calculations.

Structures were calculated in X-PLOR (version 3.851) (Brunger, 1991) using the

ARIA method of Nilges et al., (1997). A raw set of distance restraints was extracted from

the NOESY peak list by interrogating the chemical shift assignments using windows of

10.04 ppm for Fl and $.02 ppm for F2 in the 2D'H-'H NOESY and windows of t0.06

ppm for Fl ('Ð, t{.25 ppm for F2 ("N) and t0.03 ppm for F3 ('H) in the 3D "N-'H

96



Figure 4.8

A. Deviation of NH chemical shifts from random coil values (Wishart et aI,1995), plotted

against residue number. Sections of three or more with values greater than 0.1 ppm indicate

p-sheet, whereas values of less than -0.1 ppm indicate a-helix. NH chemical shifts are

limited by limited spectral resolution.

B. Deviation of "N chemical shifts from random coil values (Wishart et a1.,1995), plotted

against residue number.

C. Deviation of CcrFI chemical shifts from random coil values (Wishart et al,1995), plotted

against residue number. Sections of three or more with values greater than 0.1 ppm indicate

p-sheet, whereas values of less than -0.1 ppm indicate cr-helix.

D. Chemical shift index plotted against residue number (Wishart et aI,1992). Deviations in

chemical shift greater than 0.1 are given a value of I and those lower than -0.1 are given a

value of -1. Chemical shift index plotted against residue number highlights regions of p-

strand and ø-helix. Regions of p-strands predicted from this analysis are shown in black

boxes and are labelled PA-PG. A region of helix is predicted and is shown as a line labelled

crl.
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NOESY HSQC. An initial ensemble of 40 structures was calculated using the raw restraints,

which were composed of 49 unambiguous restraints (22 intraresidue, 6 sequential, 2 medium

range and 19 long-range restraints), 1566 ambiguous restraints and 31 Q-angle restraints.

The ten structures with the lowest overall energy were retained. Ten ARIA iterations

followed during which the assignment parameter (Nr) was reduced from 0.9999 to 0.75 and

the violation tolerance (V,,) was reduced from 2.0 to 0 Å. Restraints were excluded if they

were violated in more than 507o of the retained structures from the previous iteration.

Hydrogen bond restraints were included for the slowly exchanging amide groups when a

single acceptor was found with suitable hydrogen bonding geometry in at least 5O 7o of the

retained structures. Restraint lists were filtered to remove redundancy with the restraint with

the lowest upper bound being retained. A total of 100 structures were calculated using the

final restraint list (generated with N, of 0.75 and V,,of 0 Å). These final restraints included

1228 NQE-derived distance restraints. Of these, 956 were assigned unambiguously (468

intraresidue, I73 sequential, 55 medium range and 260 long range) and 272 resttunts for

which the assignment remained ambiguous. The remaining restraints were 34 hydrogen

bond restraints (two restraints per hydrogen bond) and 31 Q-angle restraints. A final round

of refinement of the 100 structures from the last ARIA iteration was carried out in explicit

solvent using the OPLSX non-bonded parameter set (Linge and Nilges, 1999). The 20

structures with the lowest overall energies were selected as the final ensemble. A list of the

structural statistics of Tec SH3 domain is shown inTable 4.2.

Hydrogen bonding and secondary structure were analysed using MOLMOL (Koradi

et al., t996) and Ramachandran properties and angular order parameters were measured

using the in-house progr¿tm ANGORDER and PROCIIECK.

The well-defined residues were identified by iterative fitting of the Co atoms to

define the subset with the best-defined C" positions. Following each iteration the Co atom

with the highest RMSD was excluded before the next fit. At each iteration, the C" RMSD,

for the retained subset, was divided by the number of residues in the subset. The set of best-

defined residues was the subset for which this ratio was the minimum.

4.6.1 Tec SH3 domain

The final 20 structures are shown in Figure 4.9. The number of NOEs observed per

residue is represented in Figure 4.108. Residues ''Gly and -'Ser, which remain following

proteolytic cleavage from the fusion partner, have very few medium and long range NOEs:
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RMSD from experimental distance restraints

2.16x 10-'+ 2.lxI0-3956 Unambiguous (Å.)

2.07 x 10-'+ 4.5 x 10-'272 Ambiguous (Ä)

2.33 x 10-'+ 7.0 x 10317 Hydrogen bond (Ä)"

4.81 x 10'' + 2.73xIO''31 Dihedral angle (')

r.m.s. deviation versus average structures (Å)o

3.2I + 0.90, 0.68 + 0.13, 0.48 + 0.06Backbone (N, C',C')

3.67 + 0.90,1.26 + 0.15, 1.07 + 0.12All heavy atoms

Deviation from idealized geometry

3.93 x 10-'+ 1.8 x 104Bond (Å)

5.86 x 10-'+ 3.7 xI0''Angle (')

5.18x10''+3.1x10''zImproper (o)

Non-bonded energies in CSD)IOPLS force field (kcal.mol-')"

_257.7 + 18.7vdW

_1959.1+ 107.6Elec

Residues in allowed QÁy regions of the Ramachandran plot (7o)d using the program

ANGORDER

66.7 (81.e)Most favored region

27.6 (r7.8)Additionally allowed region

27.6 (r7.8)Generously allowed region

2.4 (0.ÐDisallowed regions

Table 4.2 Structural statistics for Tec SH3 domain

oTwo restraints per hydrogen bond giving 34 restraints in total three values shown

represent all6l residues, 53 non-terminal residues (excluding Gly', ser-r, Glurs' & Gly"t-
Asp'as) and the 43 well defined (Ile I 82-Ala 1 9 1, His 1 95 -Lys2 1 0, His2 1 4-As p220, Glu225 -

Thr23 4) residues, respectivelY See text for definition of well defined. 'Lennard-Jones and

electrostatic energies evaluated using the default OLPSX parameters for protein only. oValues

for the 43 well defined residues are in parentheses.

Energy constants used were 500 kcal mol -r rad 2 for the bond angles and improper dihedral

angles and 1000 kcal mol-'Å' llinge and Nilges,1999).



Figure 4.9

An overlay of the final Tec SH3 domain ensemble. Structures were generated using the

X-PLOR program using dynamical simulated annealing protocol (Nigles et aI I99I).

Ambiguous distance restraints were generated for every peak on the NOESY spectrum based

purely on chemical shift considerations. These were fitted iteratively against preliminary

structures to unambiguously define interacting groups using the Ambiguous Restraints for

Iterative Assignment (ARIA) protocol (Nilges et al L997). The ensemble shown represents

the best 20 structures superimposed on a single structure. Represented in red is p-sheet 1

composed of p-strands A, B and E whereas B-sheet 2, composed of p-strands B', C and D, is

shown in blue. The 3,0 helix is shown in magenta spanning amino acids 230-23I in Tec

kinase. The numbering on the structures is consistent with the amino acid number of

full-length Tec kinase. The figure was generated in Molscript and Raster3D (Kraulis et aI

I99l; Merritt et al.,1997).
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Figure 4.10

A. The RMSD of Ccr within the ensemble of Tec SH3 domain. The RMSD is plotted

against residue number and shows areas of high motility. Areas of low motility is shown by

low RMSD values and is indicated by the ¿urows above the graph. The rectangle represents

the 3,0 helix present in the C-terminal end of Tec SH3 domain..

B. Graph of the total NOEs used in the Tec SH3 domain structure calculations. The NOEs

used in the calculations a¡e plotted against residue number highlighting well-defined regions

and more flexible regions.
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Gly-' has 5 and Ser' has none. Glu 181 has only three long range NOEs suggesting the

N-terminal region is disordered. The C-terminal region, amino acids Ser 236-Asp 245, is

also poorly defined with very few medium and long range NOEs suggesting a disordered

structure. Sections of the AB or RT loop, amino acids Phe 189-Ala 191 and His 195-Leu

199 of Tec SH3 domain are well defined with many NOEs and possible reciprocal hydrogen

bonds between Leu 199 and Phe 189 that generate a well-defined structure. The p-strands of

Tec SH3 domain are well defined with many medium and long-range contacts. RMSD

values plotted against residue number indicate well-defined and poorly defined regions

(Figure 4.104) and confirms that the strand regions are well defined. The RMSD to the

mean co-ordinates of the well-defined residues of Tec SH3 domain is 0.48 + 0.06 Å for an

ensemble of 20 final structures. The Ramachandran plot generated in PROCHECK of Tec

SH3 domain is presented in Figure 4.11. The Phi and Psi angles of the amino acids in Tec

SH3 domain are plotted against each other and compared with regions of allowed Phi and

Psi angles based on steric hindrance and known angles for different amino acids. The only

amino acid that falls in the disallowed region is Tyr 244, which is located on the C-terminal

flexible tail of the SH3 domain. Other amino acids found in the generously allowed regions

include Lys 22I,Lys 237 , Asp 242 and Gln 243 of which three are present in the C-terminal

extension. The Ramachandran properties when all Gly, Pro and the C-terminal amino acids

were removed were 76Vo most favoured with all amino acids falling into the generously

allowed regions (Figure 4.11).

Like other SH3 domains, the Tec SH3 domain has two anti-parallel B-sheets

ananged in a p-barrel with the two sheets at right angles to each other. Both sheets have

three strands and one strand is shared between the two sheets. The stereo ribbon diagram of

Tec SH3 domain is shown in Figure 4.12. The chemical shift data presented (Figure 4.8)

predicts that residues 187-190 and 195-200 form a pair of p-strands (labelled pB and pC in

Figure 4.8), however, the second strand is sha¡ed between the two sheets (designated as B

and B'). Strand B' contains a p-bulge due to hydrogen bonding of both HN Leu 208 and

HN Glu 209 to the carbonyl O of Arg2L7 similar to the extended p-hairpin loop present in

this position in other SH3 domains (Horita et al., 1998). A single turn of 3,0 helix links

strands D and E and incorporates Ser 230-Tyr 232. The first sheet is made up of p-strand A,

Ile 182-Met 186, p-strand B, Gly 2O2-Tyr 205 and p-Strand E, Val 233-Thr 234. The

second sheet is composed of p-strand B' Tyr 205-Glu 209 (B-bulge Leu 208-Glu 209), þ-

strand C Leu 2t3-Arg2l9 and p-strand D Glu 225-Pro 229 @igwe 4.13). While hydrogen

bonds can only be inferred from indirect evidence from the exchange data, analysis of the
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Figure 4.11

A. Ramachandran properties of the minimised SH3 domain of Tec kinase. The amino acids

that do not conform to the correct Psi and Phi angles have been highlighted on the

Ramachandran plot. All amino acids exceptPro 229 are represented on the Ramachandran

plot. The plot was generated using PROCHECK. The percentage of residues fitting the

allowed regions are shown in the table (B). The flexible C-terminus (amino acids ù1I-245)

has been removed for the 
-'Gly-'*Asn calculations.
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Figure 4.12

Stereo ribbon diagram of Tec SH3 domain. The p-strands, depicted as arrows, are numbered

from the N-terminus. The 3,0 helix is shown by a rectangle. The colour scheme is identical

to figure 4.9 such that p-sheet 1 is coloured red, p-sheet 2 is coloured cyan and the 316 helix

is coloured magenta. Amino acid numbers shown correspond to the mouse full-length Tec

IV protein. The figure was generated in Molscript and Raster3D (Kraulis et al I99l; Merritt

et al.,1997).
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Figure 4.13

A trace plot of Tec SH3 domain ensemble. The ensemble shown represents the best 20

structures superimposed on a single average structure. The backbone of Tec SH3 domain is

shown in blue and the sidechains of the aromatic tyrosine and tryptophan residues are shown

in pink. The structure highlights well-defined core aromatic residues and the less defined

surface aromatic residues. The numbering is consistent with the full-length Tec IV protein.

The N- and C-termini are indicated. The figure was generated in Insightll.
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final structures indicates the closeness of the atoms involved are consistent with the sections

of protein structure forming p-sheets. There is significant hydrogen bonding between the

two sheets and between the 3,0 helix and RT loop as implied by both hydrogen exchange

experiments and proximity in the final structures. The 3,0 helix forms hydrogen bonds with

amino acids from both sheet structures, for example, there is a hydrogen bond predicted

between Leu I97 and Tyr 229. The RT loop between strands A and B is 19 amino acids and

shows no propensity to form any additional secondary structural elements despite the

possibility of hydrogen bonds between Phe 189 and Leu 199. A hydrogen bond between

Phe 189 and Leu 199 could stabilise the loop. Hydrogen bonds between Leu 197 and Tyr

227 in strand two positions the loop along the top of the barrel. This possible hydrogen

bond could place the RT loop in a fixed position in the unliganded form. Similar hydrogen

bond propensity has also been observed in the SH3 domain of Btk (Hansson et a1.,1998). In

comparison, the n-Src loop between strands B' and C spanning amino acids Asn 2Il and

I-eu 2I3 does not contain hydrogen bonds to any other part of the protein and is therefore

less well defined. The autophosphorylated tyrosine, Tyr 187, is conserved among a variety

of SH3 domains including Tec family members and Src family members. Tyrosine 187 is

found in the RT loop, and in the 3D structure, is on the surface of the protein domain.

The hydrophobic core of the SH3 domain protein is composed of Val 183, Ala 185,

Ala 181, I-eu 197, Leu 199, Tyr 205, Trp 216, Ala 218, Ile 228, Ser 230 and Yal 233.

Hydrophobic amino acids in the core of the protein are a good measure of the quality of the

structure. The internal hydrophobic amino acids exhibit a high level of rigidity due to the

numerous contacts made in the core of the protein. Figure 4.13 shows the final structures

with the hydrophobic tyrosine and tryptophan amino acids shown. The contacts made by the

different amino acids are represented in the contact map generated using MOLMOL @gure

4.148 compared with the sequence presented in 4.144) (Koradi, et al 1996). The contacts

within one sheet are clear from the contact map as different amino acids within one strand

have made contact with amino acids within a different strand on the same sheet. The amino

acids involved in the core form contacts between many other amino acids within the protein

core. For example, Trp 216 makes contacts with amino acids Val 183, Ile 207 andleu 208

that are present in the core of the protein. Solvent accessibility has been analysed using the

program MOLMOL and is plotted as accessibility versus residue number. The p-sheet

regions have amino acid backbones less accessible to the solvent than those of the C-

terminal region (Figure 4.L4C). Thus, a decrease in solvent accessibility is consistent with

the locations of the p-strands in Tec SH3 domain.
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Figure 4.14

A. Primary sequence of the Tec SH3 domain representing amino

acids 181-245 of the Tec IV sequence. The N-terminal residues Gly'2 and Ser'are derived

from the fusion partner after thrombin digestion.

B. Contact plot of Tec SH3 domain generated in the program MOLMOL (Kotadi et al

Lgg6). This plot indicates the contacts between the different residues in Tec SH3 domain.

The arrows represent the locations of the p-strands in Tec SH3 domain.

C. Solvent accessibility of residues within Tec SH3 domain. Solvent accessibility can be a

reflection of the presence of secondary structure elements. The anows above the graph

reflect the positions of p-strands in Tec SH3 domain, which is consistent with solvent

accessibility. The graph is generated in MOLMOL (Koradi, et al L996). Amino acid

numbers shown correspond to the mouse full-length Tec IV protein.



A

Solvent
accessibility

(7o)

-D -r lRl 190 2OO 21O

C s Ë MÀMy O r OATEÀHDL RIJ E RcQ EY I I L EKNDL

220 230 240

HwwRÀRDKYGsEGYIPSNYvTGKKSNNIJDQYD

238

I

+
198 208 2r8 228 238
++ + +-+

Residue Number

B

+

+

r
228

18Residue
umberN

208

198

188

I
I

1

C

80

70

60

50

40

30

20

10

0

è + + t.**

198 208 218 228 238

¡ì!r
ß

IiN

188

Residue Number



4.6.2 Comparison to other SH3 domains

A comparison of the three dimensional structure of SH3 domains of Fyn, Hck, Abl

and PI3K are shown in Figure 4.15. The three dimensional fold of Tec SH3 domain shows

strong similarities with the SH3 domains of GAP (Yang et a1.,1994), Spectrin (Zhang et aL,

1995), Hck (Horita et a1.,1998) and Fyn (Morton et aL, 1996) all of which have long loops

between p-strand 1 and P-strand2.

Another similarity between these SH3 domains is that the second strand participates

in the formation of both sheet structures. This direct linkage between p-strands (labelled B

and B' in Tec SH3 domain) includes a p-bulge that changes the direction of the p-strand

enabling it to form hydrogen bonds with both sheets. These SH3 domains also contain a 3,0

helix between p-strands 4 and 5 and the overall positioning of the strands is similar (Yang et

at.,1994). The SH3 domain of Lck is also similar to Tec in that it contains five p-strands in

simila¡ locations and does not contain any secondary structure in the RT loop. Lack of

structure in the RT loop of Lck is due to the presence of a proline that increases flexibility in

this region (Hiroaki et a1.,1996). The SH3 domain of Grb2 is similar to that of Fyn and

spectrin as the p-strand locations are in similar positions within the SH3 domain (Goudreau

et al., 1994).

Tec SH3 domain does not contain any secondary structure inserts within different

sections of the protein. Src SH3 domain secondary structure is different from that of

Spectrin, Tec and PLC-y (Kohda et aL,1993). It contains a shorter RT loop plus additional

fragments of secondary structure in the n-Src loop (Yang et aI., 1994). The SH3 domain of

PLC-1 contains eight p-strands forming three antiparallel p-sheets. An additional p-strand

in the extended RT loop aids in stabilisation of the protein (Yang et al., 1994); (Kohda et al.,

lgg3). P85cr SH3 domain, although composed of five strands has a large insert of 15 amino

acids which forms two helices within the RT toop (Booker et al., 1993); (Yang et al.,1994).

Amphiphysin SH3 âomuin is very close in structure to p854, it contains a 13 amino acid

insert between p-strands 3 and 4 which forms two helices and can interact with a region N-

terminal to the SH3 domain of Amphiphysin (Owen et al., 1998). It is interesting to note

that the residues within the RT loop of Abl SH3 domain are less acidic when compared with

other RT loops and, thus, the ligands they bind do not have a positive amino acid (Gosser er

at., L995). Topological differences in the SH3 domain structure do not correlate with

distinct ligand binding orientations.
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Figure 4.15

Structures of a variety of SH3 domains. The p-strands are shown in cyan and the 3,0 helix in

red. The structures are all in the same orientation. The figures were generated in MOLMOL

(Koradi et aI 1996).

A. Fyn SH3 domain, amino acids 84-141 in the full sequence (PDB accession no. INYK).

B. Hck SH3 domain, amino acids 78-138 in the full sequence (PDB accession no. 5HCK)

C. Tec SH3 domain, amino acid 181-245 in the full sequence.

D. Abl SH3 domain, amino acids 65-120 in the full sequence (PDB accession no. IABQ)

E. pI3K SH3 domain, amino acids 2-84 in the full sequence (PDB accession no. IPNJ).
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4.7 TF;C SH3 DOMAIN BINDS PROLINE RICH LIGANDS

The structure of Tec SH3 domain is very similar to other SH3 domains and, thus, it

is predicted that the binding site would be equivalent. A proposed ligand was produced by

annealing two complementary oligonucleotides together which when transcribed and

translated produced the protein sequence GSGKNAPTVPGKSYDK (section 2.3.8)(Figure

4.164). The binding orientation for Tec SH3 domain was unknown and, thus, the peptide

was synthesised with both class I and class II ligand consensus sequences and was loosely

based on the SII2 kinasê linker in Tec and will be referred to as linker peptide. These

oligonucleotides were annealed and cloned into pGEX-2T, expressed in bacteria and purified

as a GST fusion protein. Cloning of this linker peptide into pGEX-2T allows both large

scale production and isotope labelling of this ligand if required. The GST-linker fusion

protein was expressed at high levels and found to be soluble with very little protein present

in the insoluble fraction. Production of GST-linker protein was scaled up to 1 L. Cultures

were grown, induced for 4 hours with a final concentration of 0.2 mM IPTG and affinity

purified as per the SH3 domain. Yields achieved for the purification of GST-linker protein

were in the order of 265 mg fusion protein/ll of LB medium. The fusion protein was

cleaved with thrombin and following ultrafiltration was acidified and purified by high

performance liquid chromatography (I{PLC). Figure 4.16A shows the DNA sequence

required to produce the protein along with the IIPLC purification (Figure 4.168). Mass

spectrometry indicated the mass determined for this protein was consistent with the expected

mass of 1606 Da (Figure 4.16C).

Nuclear magnetic resonance spectroscopy is a useful tool for the investigation of

protein ligand interactions. NMR can provide detailed information regarding

conformational changes both in the protein and the ligand upon complex formation (Craik

and Wilce, LggT). More recently, NMR has been used for the mapping and rapid

determination of protein interaction surfaces for drug design (Hajduk et al., 1999). In the

absence of more detailed three dimensional structure information, NMR can be used for

determination of ligand binding surfaces that can help to model the binding surface (Craik

and Wilce, IggT). Relative affinities of interactions can also be readily extracted from NMR

data collected. Chemical shifts are valuable markers for interactions of proteins and ligands

and can be used to trace changes in the environment of the nuclei that occur with complex

formation (Craik and Wilce, 1997).
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Figure 4.16

A. Sequence of DNA encoding the linker peptide. Complementary oligonucleotides were

synthesised with a BamIil. overhang at the 5'end and an EcoRI overhang at the 3'end to

facilitate cloning into pGEX-2T. The two strands were annealed and cloned into pGEX-2T.

B. IIPLC profile of the purification of the high affinity peptide using a S}-LOOVo buffer B

(0.0887o TFA in 807o acetonitrile) gradient over 20 minutes. The fusion protein was

produced in bacteria and preliminary purification was conducted using a GST-affinity

column. Following digestion with thrombin the sample was separated from the GST

component by ultracentrifugation and acidified. The eluted peak at 18.288 minutes was

collected and lyophilised twice.

C. Mass spectrometry profile of the high affinity peptide. The sample was analysed at the

Waite mass spectrometry unit, Adelaide.
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In order to map the binding site on the SH3 domain, a series of 2DttN-'H HSQC

NMR spectra were recorded. The HSQC experiments were recorded on a 0.75 mM ttN

labelled SH3 domain sample buffered with 10 mM sodium phosphate pH 6.0 and 107o(v/v)

DrO,0.0l7o w/v NaNr. The signal to noise in these NMR experiments must be optimal to

allow relatively fast experimental acquisition times for multiple additions of ligand in one

day. The protein sample is therefore required to be sufficiently concentrated to provide

adequate signal but not too concentrated that multiple fold excess of ligand cannot be

achieved. Increasing molar amounts of 41.5 mM linker peptide (dissolved in water) were

added to the SH3 domain sample and successive HSQC experiments were run. The pH of

the sample was measured following each addition of linker peptide and maintained at pH

6.0. The NMR experiments were conducted at 25"C with a final matrix size of 2048 and

256 complex points in the 'H and "N dimensions respectively. Individual peaks in the

spectrum moved incrementally during the ligand titration series indicating that the peak

position represents the average of the bound and free chemical shifts (Figure 4.L7). This is

consistent with the fast exchange kinetics for the complex formation. Chemical exchange

refers to a process in which the environment of any nucleus changes between two or more

conformations and its NMR parameters differ (eg chemical shift, scalar coupling and

relaxation) (Lian and Roberts, 1993). Fast exchange interactions results in a single

resonance peak, which reflects the weighted average of the chemical shifts of the two

individual states- that is the bound, compared with the unbound form. Slow exchange in

comparison would produce two resonances for each state (Lian and Roberts, 1993). 'When

the HSQC profiles for different ligand concentrations are overlaid, amino acids involved in

ligand binding become apparent (Figure 4.I7).

The amino acids involved in ligand binding were observed as chemical shift changes

in both the nitrogen and the proton dimension on the HSQC spectra due to changes in their

local environment as they interact with the ligand. The amino acids involved in binding

include Tyr 187, Asp 188, Ala 191, Tht L92, His 195, Leu I97,Ifis 2l4,Trp 2I5, Gly 226,

lle 228 and Asn 231 (Figure 4.194). Pro 229 shown in blue (Figure 4.I9A) is in the middle

of the binding pocket, however, it lacks an amide group and therefore is not detected in a

HSQC experiment. It is highly likely that the side chain of Proline 229 has a change in

chemical shift due to ligand binding which could be further detected by a'H-tH 2D TOCSY

or tH-'H 2D NOESY in DrO. Chemical shift analysis of ligand protein binding events

indicates the amino acids whose environments change with ligand binding. These amino

acids need not be in the binding pocket but may map to other regions of the protein that
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Figure 4.17

lH-"N HSQC plots of "N labelled Tec SH3 domain with increasing concentration of linker

peptide added. The spectra were recorded on a Varian Inova 600 spectrometer with spectral

widths of 8000IIz in the 'H dimension and 2000H2 in the "N dimension. The number of

increments collected was 64 and the number of points was 2048 with an acquisition time of

0.128 seconds. 16 transients were collected. The spectra were collected at25"C using the

ghsqcse experiment from Varian. Both dimensions in the spectra were processed with a

sinebell function and linear prediction was used in the nitrogen dimension using the VNMR

software. The final spectral size was 2048 x 256 and this was visualised and further

analysed using )GASY (Bartels et aI., 1995). The protein sample was at 0.75mM in 10 mM

NaHrPO4 supplemented with lïVo DrO pH 6.0. The linker peptide was dissolved in water to

a final concentration of 41.5 mM and this was added incrementally to the SH3 domain

protein. The pH was checked following addition of the peptide and maintained at pH 6.0.

The spectra in the SH3 domain with no site 1 peptide is represented in red, when 2.75 mM

peptide 3 fold excess (purple) is present and when 5,25 rÍNI-7 fold excess (blue) peptide is

present. The numbering is consistent with mouse Tec protein assigned in section 4.5J.
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undergo a confonnational change with ligand binding (Foster et a1.,1998). This can lead to

over estimation of the extent of the interface (Ramos et a1.,2000). Mapping the observed

chemical shift changes on to the structure of Tec SH3 showed the binding pocket is a

shallow hydrophobic patch on the surface of the protein (Figure 4.198). The

autophosphorylated tyrosine is located at the edge of the binding pocket and the NH group is

shifted with ligand binding to Tec SH3 domain as is also observed for Btk (Monogh et al.,

1999). This region in Tec SH3 domain is consistent with other SH3 domain ligand

interfaces. The structure of Btk SH3 domain has been determined in a complex with a

peptide from c-Cbl (Tzeng et a1.,2000). The amino acids in Btk showing the greatest

chemical shift changes were Trp 25L and Ser 266 with Tyr 223,Tyr 268 and Tyr 225 also

showing chemical shift changes. The amino acids involved in ligand binding in Tec SH3

domain show a reduced content of tyrosine residues compared with that observed in the

binding site of other SH3 domains (for example Btk). These tyrosines may still interact with

the ligand; however, the backbone of these amino acids does not alter significantly with

ligand binding and was not detected in these HSQC experiments. Aspartic acid 188

undergoes a chemical shift change with ligand binding which is consistent with this amino

acid interacting with the ligand and forming a salt bridge. Salt bridge formation is the main

determinant of class I or class II binding. A further degree of complexity arises in these

experiments with the observation that this peptide contains the consensus sequences required

to bind in both a class I and class II orientation. These experiments do not allow

differentiation as to which orientation the peptide is binding. The chemical shift changes for

each amino acid in the protein can be graphed to highlight which amino acids undergo

changes upon ligand binding (Figure 4.184). The chemical shift values of the Tec SH3

domain backbone amide protons are shown in Table 4.3 for both the complex and the

uncomplexed forms.

Equilibrium dissociation constants can be derived from the chemical shift data (Craik

and Wilce, LggT). The 'H chemical shift data is used for the calculation of the dissociation

constant as the resolution is better in the proton dimension compared with the nitrogen

dimension. The change in chemical shift relative to the chemical shift of the unbound SH3

domain can be plotted against concentration of ligand to determine if saturation of the SH3

domain with the ligand has been reached. The relationship between the chemical shift

change and excess ligand (mM) has been plotted for the amino hydrogen for amino acids

Asn 231, Trp 2l5e,His 195 and Asp 188 in Figure 4.188. These plots show that with the

addition of 5.25 mM ligand this interaction has not reached saturation. Equilibrium
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Figure 4.18

A. Graph of chemical shift changes of Tec SH3 domain. Blue columns represent the

hydrogen frequencies and those in red represent the nitrogen frequencies. The residue

numbers are indicated under the graph and reflect those of the full-length Tec IV protein.

B. Titration curves highlighting the effect of increasing peptide concentrations on amino

acids Tryptophan 215 NeH, Asparagine 231 NH, and Histidine 195 HN and Asp 188 NH as

measured by NMR. Change in the chemical shift of the hydrogen frequency is plotted

against the ligand concentration in mM. Scatchard based analysis was conducted to

determine the dissociation constant. Chemical shift change relative to ligand concentration

was plotted against chemical shift change where the slope of the curve is 1ÆÇ. The R'?

values indicate the goodness of the fit to the slope of the curves.
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Figure 4.19

A. A ribbon diagram highlighting the amino acids involved in ligand binding. p-sheet 1 is

shown in red and p-sheet 2 is shown in light blue. The 3,0 helix is shown in magenta. Trp

215 is shown in red, Tyr 187 is shown in green and Pro 229 is shown in blue. The other

amino acids involved in ligand binding are shown in brown and are named. The N- and C-

termini are indicated. The numbering is consistent with the number for full-length Tec

kinase. The figure was generated using Molscript and Raster3D (Kraulis et al 1991);

(Merritt et aL,1997).

B. Surface plot of Tec SH3 domain with the ligand-binding site generated in Insight II. The

plot has been rotated 90" along the Z axis relative to A. The binding site (magenta) was

determined using NMR spectroscopy. Proline 51 is highlighted in yellow, as although it is

not detected in an HSQC experiment it is likely to be involved in any interactions involving

ligand. Tyrosine 187 is shown in white.
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Table 4.3 Chemical Shifts of Tec SH3 domain with the addition of the Linker peptide

No added 4.5mM added

Chemical H ChemicalResidue No. Chemical

shifr shifr shifr

Chemical

shifr

El81
TI82

v183*
v184
A185
Ml86
Y187
D188
F189

Q1e0
A191
Tt92
E193
Atg4
H195
Dt96
LT97
R198
Lt99
F'200
R201
G202
Q203
8204
Y205
r206
1207
L208
8209
K2LO
N211
D2T2
L2T3
Tf2T4
w215
w216
R2I7
A2l8
R219
D220
K22L
Y222
G223
s224

8.854
8.348
9.248
9.281
8.672
9.518
7.r74
8.359
8.893
8.324
7.496
9.01
8.255
8.717
8.r25
7.81
8.876
8.O21
8.854
8.92

9.r28
9.271
8.36
8.242
9.18
8.789

9.1
9.399
7.734
8.692
8.711
8.307
8.32

8.854
8.573
9.115
9.008
9.531
9.r28
9.04r
8.984
8.124
8.256
8.963

r27.485
t27.252
r2t.773
tzr.03L
128.098
t26.619
TI5.T49
rtg.775
r23.437
r29.263
128.01
rt7.9l2
r24.465
r25.9r5
rr2.965

r24.3
126.947
r25.043
r2r.767
126.r79
t26.714
115.961
r21.348
rt9.775
r21.895
r24.08
r27.332
130.659
tt8.747
126.238
r22.73r
r2t.96

r22.345
rr7.655
t24.05
127.67r
125.472
133.01
120.739
r27.797
rt9.L97
r22.956
110.254
t23.34

8.864
8.351
9.277
9.298
8.667
9.515
7.r99
8.395
8.889
8.338
7.409
9.008
8.252
8.694
8.225
7.801
8.918
8.016
8.853
8.92r
9.135
9.28
8.36
8.244
9.189
8.796
9.101
9.41

7.743
8.698
8.719
8.322
8.3r7
8.845
8.543
9.102
9.018
9.546
9.r23
9.048
8.995
8.r24
8.258
8.967

t27.545
r27.28
T2I.75T
I2T.I32
r28.3r

126.766
rts.202
120.085
t23.428
t29.354
128.054
rt7.527
r24.56t
t26.002
113.405
t24.r99
r27.275
t25.2r5
121.886
t26.254
t26.772
116.23
12r.348
t19.837
122.127
t24.444
r27.542
130.881
118.802
126.429
r22.908
rzt.863
r22.388
117.508
t24.r08
t27.546
125.738
133.188
120.856
r27.943
II9.3I3
t23.167
110.315
123.43t
...Cont'd

* the signal from these residues was not detected in all the HSQC experiments



Tøble 4.3 cont,d Chemical Shifts of Tec SH3 domain with the addition of the Linker peptide

No added 4.5mM added

Residue No. Chemical

shifr

Chemical

shifr

H Chemical

shift

Chemical

shift

8225
G226
Y227
1228

P229#
s230
N231
Y232
v233
T234
G235
K236
K237
s238

N239*
N240
L24L
D242
Q243
Y244
D245
190e2
190e2
203e
2O3e

2IIõ2
2rtõ2
2L5eI
2I6el
23tõ2
231õ2

239t24082
2391240õ2

243e2
243e2

8.571
8.707
9.284
9.544

r22.54r
r09.771
tzr.83l
t15.278

8.562
8.721
9.28r
9.579

t22.652
rr0.062
121.884
rr5.466

8.073
8.255
7.818
7.251
8.735
8.652
8.411
8.698
8.503
8.193
8.506
8.327
8.56
8.034
8.287
8.021
7.604
6.927
7.t22
7.878
7.O7

7.8L2
10.065

9.727
7.539
6.81

7.682
6.992
7.59r
6.849

t24.243
rt6.82
t2r.357
1 11.651
116.209
tr4.337
125.8r4
t27.97
rr9.582
128.008
t20.773
t23.9rr
r22.003
r21.446
r23.699
t28.75
rt4.378
1r4.378
118.876
118.811

115.406

115.406
r30.376
r30.657
IT4.3T4
rt4.3r4
rt4.957
1t4.957
tt4.764
rr4.764

8.089
8.291
7.809
7.24r
8.737
8.643
8.411
8.695

8.5
8.195

8.5
8.327
8.557
8.044
8.278
8.017
7.613
6.938
7.1 18

7.886
7.067
7.808
9.851
9.723
7.524
6.819
7.677
6.989
7.587
6.857

r24.234
117.009
121.558
rrt.702
116.352
tt4.463
t25.987
r28.046
rt9.577
t28.r2l
120.855
r23.954
t22.157
r2r.625
t23.684
128.824
rt4.436
tr4.432
119.058

119.05

rts.463
rr5.462
r30.621
130.88

113.668

113.661

115.084
115.064
1t4.942
rr4.949

# Proline residues are not detected by HSQC exPeriment
* the signal from these residues was not detected in all the HSQC experiments



constants are best determined from an interaction that has reached saturation. Scatchard

analysis can also be used to determine the equilibrium dissociation constant of a reaction not

yet at equilibrium (Tsukube, et al 1996). A plot of chemical shift change relative to the

concentration of the ligand is plotted against chemical shift change as shown in Figure 4.18B

where the reciprocal of the slope is the dissociation constant (Tsukube, et al 1996). The

dissociation constant was determined using the hydrogen chemical shifts of amino acids Asn

231, His 2I4, Asp 188, Leu I97 and Trp 215e1 as they exhibited the greatest chemical shift

changes upon binding. The dissociation constant for binding of the linker peptide to the

SH3 domain is 4 mM + 2 nÌvl. This interaction is relatively weak as is also clear from the

ratio of the peptide to the SH3 domain required to produce chemical shift changes. As the

ligand orientation preference of Tec SH3 domain was unknown the peptide used in these

experiments contains both a class I and class II ligand. The orientation of binding of SH3

domain ligands to SH3 domains was originally thought to exist in equilibrium, however, that

has since been shown not to be the case. Thus, the presence of both ligand orientations

should have allowed the reaction with the higher affinity to prevail. Thus, one ligand

orientation must prevail but these experiments did not determine whether Tec SH3 domain

binds in the class I or class II orientation.

The overall binding region of the published SH3 domain structure are consistent and

the main determinants of binding orientation are amino acids present in the charged loop or

the RT loop.

4.8 CONCLUSIONS

SH3 domains are crucial for the control of kinase activity of the protein tyrosine

kinase family of proteins. The crystal structure of the tyrosine kinases Src and Hck have

shown that two relatively weak interactions are required to hold Src kinase in an inactive

conformation (Xu et aI., 1997); (Sicheri et aI., 1997). These interactions are broken upon

binding of intracellular ligands for the SH3 and SH2 domains, facilitating activation of the

protein. The importance of the SH3 domain of Tec family members is highlighted by the

fact that when the SH3 domain is incomplete or removed, Tec tyrosine kinase is

constitutively active. Current research has indicated the possibility that the SH3 domain of

Tec kinases participates in an intramolecular interaction also to maintain Tec kinases in an

inactive conformation. Thus, the SH3 domain of Tec kinase may form a critical interaction

required for maintenance of the inactive form of the protein.
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Structural studies can provide valuable information to supplement cell-based

experiments conducted to investigate the regulation of the Tec family of kinases. This

chapter presents the solution structure of the SH3 domain of the intracellular tyrosine kinase

Tec. The SH3 domain was expressed in bacteria and purified to homogeneity using a

combination of affinity chromatography and size exclusion chromatography. A series of

NMR experiments including homonuclear 'H-'H NOESY and 'H-'H TOCSY experiments

and heteronuclear 3D ttN-'H NOESY andttN-tH TOCSY experiments were used to generate

a complete list of chemical shifts and distance restraints. An iterative approach has been

used to unambiguously assign the restraints and produce a high quality three-dimensional

structure.

The Tec SH3 domain is composed of two p-sheets, each of which has three p-

strands. The second strand is shared between the two sheets by the formation of a p-bulge

changing the direction of the p-strand. The ligand binding site on the surface of the Tec

SH3 domain was also determined. The ligand surface is consistent with that observed for

other SH3 domains as a hydrophobic patch on the side opposite the N-and C-termini of the

protein. The autophosphorylated tyrosine is located on the edge of the binding pocket and

would be expected to alter the ligand binding properties of Tec SH3 domain when it is

present in the phosphorylated form compared with the unphosphorylated form. The ligand

binding properties of Btk SH3 domain have been observed to change with the

phosphorylation of the equivalent tyrosine (Monogh et a1.,1999).

The SH3 domain is a crucial player in the regulation of tyrosine kinase activity as the

SH3 domain participates in an intramolecular interaction that maintains these kinases in an

inactive conformation. The Tec SH3 domain structure can now allow rapid NMR analysis

of potential proline rich ligands and determination of equilibrium binding dissociation

affinities. potential intramolecular interactions in Tec kinase will be investigated (Chapter

5) and the three dimensional structure of the Tec SH3 domain provides the first stage of

these NMR based investigations.
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CHAPTER5:

INTERACTIONS OF TEC PRRSH3

PROTEINS



5.1 INTRODUCTION

Transduction of signals from the cell membrane to the nucleus involves a series of

protein-protein interactions. One interaction that is common to signal transduction pathways

is that of PRR's interacting with a variety of modular domains.

pRR's facilitate binding to hydrophobic patches on the surface of a variety of

proteins. The formation of a polyproline helix also called a left handed 3,0 helix presents a

hydrophobic patch on one side of the helix while the carbonyl groups provide good

hydrogen bonding sites on the opposite side. The orientation of these amino acids is

restricted due to the conformation of the adjacent prolines thereby reducing the entropy cost

upon binding the partner protein. These regions in proteins, normally near the N or C-

termini, form 'sticky arms' for interactions with other proteins (Kay et a1.,2000).

5.1.1 Protein domains binding PRR sequences

Three domain types are known to bind PRR sequences, the SH3 domain already

introduced in the previous chapter, WW domains and EVHI domains. WW domains, so

called because of two tryptophan residues spaced between 20 and 22 amino acids apart, form

a small globular structure composed of a three stranded antiparallel p-sheet. Proline

sequences ppxy or ppl.p bind to WW domains and are often flanked by additional prolines.

The binding pocket of the WW domain includes three hydrophobic amino acids: leucine,

tyrosine, one of the conserved tryptophans and a histidine. The prolines in the ligand form

Van der Waal contacts with the tryptophan on the WW domain and the tyrosine on the

ligand is coordinated by the histidine (Kay et a1.,2000). WW domain interactions have been

associated with several disease states, including muscular dystrophy, Liddles syndrome,

Huntington,s and Alzheimer's diseases. Liddles syndrome causes hypertension because of a

12 amino acid mutation in the p and y subunits of the amiloride-sensitive epithelial sodium

channel protein that includes the PPxY motif. Mutated sodium channel subunits no longer

bind to Nedd-4 protein, leading to decrease of ubiquitin-mediated breakdown of the sodium

channels resulting in a longer half-life. This increases the number of sodium channels and

the corresponding sodium imbalance causes high blood pressure (Kay et a1.,2O00).

More recently, the Enabled, VASP, Homology 1 (EVHI) domain has been shown to

interact with proline ligands. This domain is present in Ena, vasodilator-stimulated

phosphoprotein and WASP family of proteins that regulate actin cytoskeleton remodelling.

This family of proteins bind ligands with the sequence (DÆ)FPPPP through a V-shaped
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binding site formed by aromatic residues (Fedorov et al., L999). Profilin, a regulator of

F-actin distribution, has also been shown to bind a PRR that forms a weak polyproline type 2

helix. This interaction requires a minimum of 6-8 proline residues, with increased proline

content resulting in an increase in binding affinity. Although this interaction occurs through

a hydrophobic patch on the surface of the protein similar to that found in other PRR

interacting domains, Profilin contains no structural homology with W'W or SH3 domains

(Mahoney et a1.,1999).

5.1.2 Allosteric regulation of Src

The association and dissociation rates of PRR-SH3 interactions can be very fast and

are often found in situations requiring the rapid recruitment or interchange of several

proteins (Kay et aI., 2000). PRR-SH3 domain interactions are thought to participate in

regulating the kinase activity of Src family kinases through an intramolecular interaction'

These proline rich interactions are allosteric regulators of tyrosine kinase activity; they bind

at regions other than the active site and regulate protein kinase activity.

The pRR-SH3 domain interaction has been seen in the structure of Src and Hck

kinases (X¡ et at., 1997); (Sicheri et al., 1997) and probably by extension the other family

members and the Tec family of tyrosine kinases. The Src family of tyrosine kinases are

maintained in an inactive conformation by an interaction between the SH3 domain and the

amino acid region between the SII2 domain and the kinase domain (SH2-kinase linker) and

the SH2 domain and the regulatory tyrosine near the C-terminus. The SH2-kinase linker

does not conform to the recognised SH3 domain ligand consensus sequence, yet, it forms a

polyproline type 2 helix that can interact with the Src SH3 domain. These two relatively

weak interactions sequester the SH3 domain and the SH2 domain. Thus, kinase activation is

facilitated through the binding of a specific cellula¡ ligand to either of these domains

resulting in relæration of the regulatory interactions (section 1.6.1).

5.1.3 Allosteric regulation of Tec family kinases

An intramolecular interaction between an SH3 domain and a PRR within the same

protein was first described in the Tec family member Itk (Andreotti et al., t997). This

interaction has implications for the regulation of the protein's tyrosine kinase activity.

Multidimensional NMR was conducted on a fragment representing amino acids 1'54-232 (Itk

pRRSH3) of the Irk prorein. This work showed that the PRR (KPLPPTP), located just N
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terminal to the SH3 domain, is able to fold back and bind the SH3 domain in a class I

orientation (section I.6.2). NOE contacts between the SH3 binding pocket and KPLPPTP

were identified, however, there was no long/medium range NOEs observed for the loop

region connecting the two domains suggesting the interaction is restricted to the PRR and is

specific for the PRR and the SH3 domain. Mutation of the critical proline residues to

alanine (KPLAPTA) resulted in no intramolecular interaction, confirming the requirement of

the proline residues in this interaction.

Biological studies investigating the accessibility of Itk SH3 domain in an in vitro

context show that the high affinity Itk SH3 domain ligand, Sam 68, will inhibit the

intramolecular interaction between the PRR and the SH3 domain (Andreotti, et al 1997).

However, the PRR-SH3 interaction is stabilised by the presence of the Itk SH2 domain and

TH domain and to a lessor degree by the presence of the TH domain alone (Andreotti et aI.,

IggT). Thus, the SH2 domain may stabilise the interaction of the SH3 domain and the PRR

through an indirect interaction with the amino terminal region. The same is true for Itk PRR

binding proteins. Grb2 has been shown to interact with the PRR of Itk; however, this

interaction is not sufficiently strong to interfere with the intramolecular interaction between

the Itk pRR and the SH3 domain. Thus, although the intramolecular interaction of the SH3

and the PRR can not compete with high affinity ligands for the SH3 domain of Itk, in the

context of the whole protein the intramolecula¡ interaction is more stable and may

successfully compete with low to intermediate affinity ligands for the Itk SH3 domain and

the PRR. In cell lysates activated by pervanadate, the amount of Grb2 associated with the

pRR increases with increased tyrosine phosphorylation of Itk suggesting that cellular ligands

can bind Itk with increasing success as the protein becomes phosphorylated (Andreotti et al.,

t9e7).

Intramolecular PRR-SH3 interactions have also been demonstrated for another Tec

family member, Btk. Fluorescence experiments showed that the SH3 domain of Btk could

interact with the pRR in an intermolecula¡ interaction. Btk has two potential PRR sites and

one, ttuKPLPPTPt", has been showed to bind to the SH3 domains of Lyn, Fyn and Hck

(Cheng et al., lgg4). A peptide representing this site was used by the authors to show an

ability to bind intermolecularly to the Btk SH3 domain with an apparent affinity of 55 ¡"lM'

an affinity comparable to those seen for the SH3 domains of Lyn, Fyn and Hck binding to

the Btk pRR. proline 189 of Btk PRR was shown to be crucial for this interaction and the

affinity increased when Lys 186 was substituted for an arginine. A comparison between

class I and class II peptides highlighted that the SH3 domain of Btk will bind to class I
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ligands with a 10 fold higher affinity than class II ligands. A cellular ligand of the Btk SH3

domain is a PRR within c-Cbl that binds to Btk SH3 domain with a dissociation constant of

35 pM. Thus, the intermolecular interaction between Btk SH3 domain and the PRR is of a

simila¡ order to a known intracellular ligand suggesting that at any one time Btk SH3

domain could be bound to either c-Cbl or through an intermolecular PRR interaction (Patel

et al.,1997).

A dimerisation reaction between Btk SH3 domain and the PRR has been recently

reported (Hansson et ã1., 2001). Hansson and co-workers used gel permeation

chromatography profiles, titrations with proline rich ligands, intermolecular NMR cross

relaxation measurements andttN NNß. relaxation measurements to show a monomer-dimer

interaction in the order of 60 pM. The authors suggest this interaction provides the

opportunity for autophosphorylation of Btk to occur through a trans rather than cls

mechanism. Alternatively, autophosphorylation of the tyrosine in the SH3 domain may

destabilise a preformed dimer. Both cases have implications for the regulation of Btk

activation (Hansson et a\.,2001)'

Tec kinase contains four SH3 binding consensus sequences within the PRR,

complicating possible interactions. Three class I SH3 binding ligands (+Ð(PÐ(P)

"'KTLppAp, 
tu'KlìIurppp, tUtRPpPPIP and a fourth incomplete ligand (PÐ(P) "ÞPIP exist

in an arrangement where three of the four ligands overlap (Merkel et a1.,1999). There is

currently no information regarding the affinity of these sites for the Tec SH3 domain.

The possibility of both intra- and intermolecular interactions in the Tec family

members Itk and Btk has been seen in vitro, however, the situation may be more

complicated in Tec kinase. The relative contributions of the PRR sites to any dimerisation

or intramolecular interaction is not known for Tec kinase and together they may form an

intricate mechanism for interactions both within Tec and with other cellular ligands. The

biological significance of such an interaction for the Tec family of proteins is not known,

however, the pRR of these proteins may regulate the protein kinase activity in an allosteric

manner by an interaction with the SH3 domain. The protein is maintained in an inactive

conformation until active competition occurs between either the PRR and a cellular substrate

containing a high affinity ligand or an interaction with the SH3 domain and a high affinity

ligand (Andreotti et al., lggT). This could provide a very tightly regulated and highly

specific mechanism of activation for Tec kinase.
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5.2 AIMS

The regulation of tyrosine kinase activity is crucial to the biological signalling

pathways these proteins control. To understand the biological function of Tec kinag¡ a

reductionist approach has been taken. PRR-SH3 domain interactions have been shown to

allosterically regulate tyrosine kinase activity and the potential for similar regulation has

been demonstrated for Tec family members Itk and Btk. To determine if a similar

interaction can occur in Tec kinase, a protein incorporating the PRR and the SH3 domain

(pRRSH3) of Tec kinase was produced. This protein was analysed by biophysical

experiments including surface plasmon resonance (BIAcore), analytical ultracentrifugation

and NMR spectroscopy. The contribution of the different PRR sites within Tec kinase to

form intra- or intermolecular interactions was determined. The PRR was broadly split into

two main sites, site 1 and site 2, in which site 1 incorporated tttKTLPPAP and site 2

'utKRRpppp, 'u'RpppplP and "0PPIP. Analysis of the contributions of each of these sites to

any interactions observed was assessed using a site directed mutagenesis approach. The

central proline required for polyproline type 2 helix formation was mutated to an alanine in

all the ligands and the resulting proteins generated as GST-fusion proteins. Biophysical

characterisation of the resulting mutant proteins was undertaken. Joel Mackay kindly ca¡ried

out the ultracentrifugation experiments at the University of Sydney.
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5.3 TEC PRRSH3 PROTEIN FORMS DIMERS

The DNA encoding the Tec PRRSH3 region was amplified by the polymerase chain

reaction (pCR) from the complete Tec IV cDNA (James lhle, St Judes) using primers PRR5'

and SH3JD3'as shown in Figure 5.14 (section 2.3.14). PCR was carried out with Taq

polymerase for 30 cycles at an annealing temperature of 65'C (section 2.3.14) and

electrophoresed on a 2Vo TAE agarose gel. Amplified products were observed in reactions

containing 2 mM and 2.5 mM MgCl, at the expected size of 280 bp. Products from PCR

reactions conducted in2.0 mM MgCl, (Figure 5.1B) were agarose gel purified and ligated

into pGemT. Figure 5.1C shows the plasmid map of pGemT and the location of the

restriction enzymes used for diagnostic analysis. DNA minipreparations from resulting

colonies were screened by digestion with PsrI and BamIil. endonucleases and a plasmid that

contains a3L7 bp fragment (Figure 5.1C), referred to as pGemPRRSH3, was grown in a 1.5

ml culture for plasmid preparation (section 2.3.3). The agarose gel shown in Figure 5.1C

shows the restriction digestion of 11 putative positive colonies. Seven of the 11 had the

correct insert although the band of 317 bp is not apparent on this figure. The remaining four

colonies possibly contained a cloning artefact that was not further characterised' The PRR-

SH3 domain coding region was excised from pGemPRRSH3 as a 280 bp DNA fragment

using Bam1illXhol sites derived from the PCR primers. This fragment was then ligated into

appropriately prepared pGEX-4T-Z and clones selected by BamIn'lPsfl and Bam\nlXhoI

double restriction digestions (section 2.3.3). The pGEX-4T-} vector contains a GST fusion

partner for ease of purification and cloning at the BamIn site ensures in frame production of

the protein of interest. The plasmid map of pGEX-4T-2 is shown in Figure 5.24 and the

position of the multiple cloning site is highlighted. As shown in Figure 5.28 BamWPstI

and BamIilXhoI digestion results in DNA fragments of 1250 bp and 280 bp consistent with

the sizes expected from the map shown in Figure 5.28. Sequencing using pGEX 5' and

pGEX 3' primers confirmed that Tec PRRSH3 domain coding sequence was intact and in

the correct reading frame with respect to GST and the translated sequence is shown in Figure

5.2C (section 2.3.13). pGEX-4T-2-PRRSH3 plasmid DNA was transformed into BL-

2l?,,D83 E. colí to facilitate protein expression.

E. coli containing pGEX-4T-2-PRRSH3 was induced to express the GST-PRRSH3

fusion protein using conditions similar to that of GST-SH3 domain protein production. The

affinity purification and corresponding SDS-PAGE are shown in Figure 5.34. The yields

obtained from this system were 150 mg of fusion protein per litre of LB medium and t20
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Figure 5.1

A. cDNA sequence of the PRRSH3 region from Tec kinase. The linker between the TH

domain and the PRR is coloured black, the PRR is coloured blue and the SH3 domain is

coloured red. The numbering is consistent with the mouse Tec IV cDNA. The primers

designed to amplify Tec PRRSH3 region are shown, as is the region of complementarity

where the primers will bind. The direction of amplification of each primer is shown by the

arÏows.

B. pCR experiment of Tec IV cDNA visualised on a27o TAE agarose gel. 20 ng of Tec IV

cDNA was amplified using the primers described in A. The PCR was conducted with 30

cycles of amplification. 5 pt of PCR product was added to 1 pl of glycerol load buffer and

electrophoresed at 80 V for 40 minutes. A band of 280 bp (lane labelled PRRSH3) was

observed when compared to the HpalI digested pUC19 DNA markers.

C. (I) The plasmid map of pGEM-PRRSH3 is shown. Indicated on the map is the

location were the PRRSH3 was cloned and the diagnostic restriction enzyme sites are

indicated. pGEM-T contains an ampicillin resistance gene and a lacZ gene.

(II) The PCR product shown in B was cloned into pGEM-T DNA. The ligations

were plated onto plates with IPTG and BCIG and 11 of the resulting white colonies were

picked and cultured overnight. DNA preparation were conducted and 4 pl of each was

digested with Bamlil. and PsrI and run on aIVo TAE agarose gel. Lanes 1-11 are the

Bamln/pstldigesrs of the DNA. The first lane is HpaII digested pUC19 DNA markers (M).
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Figure 5.2

A. Plasmid map of pGEX-4T-2 used for cloning Tec PRRSH3. pGEX-4T-2 contains an

ampicillin resistance cassette, a lac represser cassette and the Tac promoter. pGEX-4T-2

plasmid was digested with BamIn andXhol to facilitate cloning of the PCR product

generated. PRRSH3 contains BamInlXhol sites suitable for directional cloning.

B. (I) Plasmid map of pGEX-4T-2-PRRSH3.

(II) The insert in pGEM-T was digested with BamIil. andXhol and ligated into

pGEX-4T-2 also digested with BamIn andXhoI. Correct colonies were screened by

digestion and visualised on a I7o TAE agarose gel. DNA with correct inserts produced a280

bp fragments with BamIilXhoI digestion and a 1250 bp fragment upon BamlnlPstl

digestion.

C. Translation of the PRRSH3 protein encoded by pGEX-4T-2-PRRSH3 plasmid. The

DNA numbers reflect that of mouse Tec IV and the numbers in the protein start from 1 at the

beginning of the cloned region. A Gly Ser dipeptide will be added to the N-terminus

because of restriction enzyme sites used during cloning.
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Figure 5.3

A. Profile of the affinity purification of 1.5 L of GST-PRRSH3 produced in LB medium.

The bacteria were grown to an OD*= 0.6 and induced with a final concentration of IPTG of

0.2 mM. French pressing was conducted to lyse the bacteria in the presence of I mM PMSF

to minimise proteolytic digestion. The bacterial supernatant was filtered and applied to a

pre-equilibrated glutathione agarose column at 4 ml/minute. Equilibration of the column

was conducted by washing with TBS followed by washing with TTBS. Elution was

facilitated with 10 mM reduced glutathione in TBS pH 8.0. The arrow indicates addition of

reduced glutathione to the column.

12.57o SDS-PAGE conducted on samples from GST-PRRSH3 affinity purification.

Bacterial cultures were grown, 1 ml was pelleted and resuspended in 200 pl2x SDS-PAGE

load buffer of which 10 pl was loaded on the gel. The induced band is present in lane A.

Following lysis the two fractions, insoluble fraction (labelled p) and soluble fraction (s) were

visualised by SDS-PAGE. The flow through (FT) from application to the column was also

electrophoresed as was the eluted protein (!VT).

B. Profile of the size exclusion purification of GST-PRRSH3. 280 mg of GST-PRRSH3

protein eluted from the affinity column was digested with 59 U of thrombin and separated by

Superdex G75 size exclusion chromatography (absorbance full scale 0.5). The column was

equilibrated in 1 x PBS, and0.02%o NaN3. 5 ml fractions from the different peaks were

collected and pooled. The red arrows indicate where calibration proteins eluted. Sizes are

indicated above the elution profile.

I2.57o SDS-PAGE conducted on fractions eluted from the size exclusion column.

SDS-7 markers were loaded in lane 1 as a molecular weight comparison. 10 ¡tl of each

fraction was added to 10 þrl of 5 x SDS-PAGE gel loading buffer and heated to 100oC for 3

minutes before loading 10 pl on the gel.
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mg fusion protein per litre of Min A minimal medium (Miller 1972) (Figure 5.34). The

PRRSH3 protein was cleaved from the GST fusion protein by thrombin digestion at 37oC

for a period of 4 hours. Complete thrombin digestion was achieved in this time. The profile

obtained from this size exclusion purification step (Figure 5.38) shows three peaks, the bulk

of the sample was present in the GST (fraction 24) peak eluted at 170 ml. The PRRSH3

prorein eluted at 20O ml (fractions 29-33,lane 29 in the gel). An additional peak eluted at

290 ml (fraction 45) may represent reduced glutathione or a buffer salt peak as no protein

band was observed on a protein SDS-PAGE gel. No further analysis of the peak was

conducted. The PRRSH3 protein eluted from the size exclusion column was subjected to

mass spectrometric analysis that showed a molecular weight LI2I4 Da, consistent with the

expected mass of the PRRSH3 wild{ype protein. There are several higher molecular mass

peaks, which may reflect some degree of post translational modification (Figure 5.94).

Although size exclusion chromatography was used to separate the GST fusion partner from

the PRRSH3 protein, the separation was suboptimal as there was no baseline separation

between these proteins. The PRRSH3 protein eluted from the column earlier than predicted

based on the mass calibration of the column (Figure 5.3B). This was the first indication that

this protein may be forming multimeric complexes. To further understand this interaction,

and determine the degree of multimerisation a series of biophysical experiments were

undertaken.

One dimensional NMR spectra recorded on the purified PRRSH3 protein appeared to

contain several sharp peaks but also broad peaks. Upon comparison with simila¡ spectra for

the SH3 domain samples (Chapter 4), it is clear that the signal to noise is lower and the

peaks are significantly broadened, consistent with a protein of greater than 12 kDa. This

data suggests that the PRRSH3 forms multimeric species in solution. This was confirmed by

comparison of 2-D'H-'H NOESY and 'H-'H TOCSY spectra of Tec PRRSH3 and Tec SH3

domain. The number of NOEs observed in the NOESY spectrum was lower than seen for

the smaller SH3 domain indicating the formation of aggregated protein in the NMR sample

(Figure 5.4).

Since aggregation is a concentration dependent phenomenon, a dilution series was

undertaken in order to test for conditions that minimise the aggregation but maximise the

signal to noise. Figure 5.5 shows a series of HSQC spectra of "N labelled PRRSH3 protein

ranging from 0.0625 mM to 0.5 mM concentrations. On average, 60 resonances were

observed in these spectra for an 11 kDa protein compared with the 65 resonances observed

for the 8 kDa SH3 domain (Figure 4.7). The intensity of the peaks did not decrease with the
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Figure 5.4

A. Homonuclear 'H-'H TOCSY spectrum conducted on Tec PRRSH3 protein. Tec

PRRSH3 was made up to a concentration of 0.35 mM in a buffer containing 10 mM

NaII2PO4, 150 mM NaCl pH 6.0 supplemented with l07o (v/v) DrO. 'H-'H TOCSY data

were recorded on a Varian Inova 600 spectrometer with spectral widths of 8000 Hz in both

dimensions. The spectra were processed in )GASY (Bartels, et al 1997).

B. Homonuclear'H-'H NOESY spectrum conducted on Tec SH3 protein. Tec SH3 protein

was made up to a concentration of 2.75 mÌs'{in a buffer containing 10 mM NaIIrPO4, pH 6.0

supplemented with IOVo (vlv) DrO. NOESY data were recorded at BRI, Melbourne with

spectral widths of 8000 Hz in both dimensions. The spectra were processed in XEASY

(Bartels, et al 1997).

C. Homonuclear'H-'H NOESY spectrum conducted on Tec PRRSH3 protein. Tec

PRRSH3 protein was made up to a concentration of 0.35 mM in a buffer containing 10 mM

NatIrPO4, 150 mM NaCl pH 6.0 supplemented with IOVo (v/v) DrO. lH-lH NOESY data

were recorded on a Varian Inova 600 spectrometer with spectral widths of 8000 Hz in both

dimensions. The spectra were processed in )GASY (Bartels, et al1997).
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Figure 5.5

A. ttN-tH 2D HSeC experiment conducted on uniformly labelled "N PRRSH3 protein. "N

pRRSH3 was buffered in I x PBS pH 6.0 at a final concentration of 0.5 mM. The data were

collected on a Varian Inova 600 spectrometer equilibrated at25"C. The 2048 points, 64 t,

increments and 16 scans were collected with an acquisition time of 0.128 seconds producing

a final size of 2O48 x 256 points. Spectral widths of 8000 FIz and 2000Hz were employed

for the hydrogen and nitrogen frequencies, respectively. The data were processed with a

square sinebell function on the VNMR software package. Data was transferred into XEASY

for further analysis (Bartels et al 1997).

B. ttN-'H 2D HSQC collected as for A however the PRRSH3 protein was diluted 1:1 with 1

x PBS producing a protein concentration of 0.25 mM.

C. "N-'H 2D HSeC of Tec PRRSH3 protein diluted to 0.125 mM. The data was collected

as for A with the exception that 64 scans were collected to compensate for the decreased

protein concentration.

D. ttN-'H 2D HSeC of Tec PRRSH3 protein diluted to 0.0625 mM. 128 t, increments and

128 scans were collected for improved signal to noise.
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same gradient as the decrease in the sample concentration consistent with the formation of

protein aggregates.

Sedimentation equilibrium is an ideal method to determine the degree of aggregation

of the PRRSH3 protein in solution. Experiments to characterise the self association of Tec

PRRSH3 wild-type were carried out on a Beckman Optima )(L-A analytical ultracentrifuge

equipped with an An-60ti rotor. Data were recorded and processed by Dr Joel Mackay,

University of Sydney. Protein samples were made up in phosphate buffered saline (pH 7.0)

at a number of loading concentrations in the range 8-100 pM, and data were recorded at

both 4oC and2} oC at speeds of 20,000, 30,000, 42,000,48,000 and 56,000 rpm. Data were

collected in six-sector cells as absorbance (248 and 280 nm) versus radius scans (0.001 cm

increments). Scans were collected at 4-hour intervals and compared in order to determine

when the sample reached equilibrium. Analysis of the data was carried out using the

NONLIN software (Johnson et al., 1981), and the best model and final parameters were

determined by examination of the residuals derived from fits to monomer, monomer e

dimer, monomer <+ trimer, and monomer <+ dimer e> tetramer models (all ideal species

models). The partial specific volumes of each domain were determined from the amino acid

sequences (Perkins, 1986), and the solvent density was taken to be 1.0066 g ml-' at2O"C.

PRRSH3 protein was purified and concentrated in 1 x PBS. Three different

concentrations were used with ODrro of 0.8, 0.27 and 0.08 the most concentrated sample

being equivalent to 0.1 mM. The data obtained for Tec PRRSH3 domain protein was fitted

to several models. Figure 5.64 shows the residuals of the different models with the

deviation from the ideal model shown for all the models tested. Examination of the residual

fits showed that the fit to the monomer model of association was poor with large deviations

from zero. The same was observed for the monomer- dimer fit. The residual plots observed

for the monomer-trimer and monomer-dimer-tetramer interactions were simila¡ but the

residuals fitted better to the monomer-dimer-tetramer association model. Thus, PRRSH3

protein was associating in a monomer to dimer to tetramer association pattern. A plot of the

fracrion of protein against molarity (Figure 5.68) highlighted that ^t 
the 1 mM

concentrations used for NMR spectroscopy approximately 70Vo of this protein will be

tetrameric, 20Vo wi\l be a dimer and only lOVo wiLl be present as a monomer (Figure 5.6).

The dimer production increased sharply and then plateaued whereas the tetrameric species

consistently increased, suggesting the requirement of a dimeric species for tetramer

production. Thermodynamic association constants obtained from this data are representative

of two associations: firstly, the monomer to dimer transition and, secondly, the monomer to
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Figure 5.6

A. Ultracentifugation data collected on PRRSH3 protein. Residuals observed when

sedimentation equilibrium data for the PRRSH3 wild-type protein was fitted to a series of

different models; monomer, monomer-dimer, monomer-trimer and monomer-dimer-

tetramer. The sedimentation equilibrium experiments were conducted on a Beckman Optima

)(|-A analytical ultracentrifuge with an An-60ti rotor. The samples were collected from the

size exclusion preparation in 1 x PBS and further concentrated using a Centricon 3 spin

column until a concentration of 0.1 mM was reached or diluted appropriately. Three

different PRRSH3 protein concentrations were tested, 0.1 mM, 0.03 mM and 0.01 mM at

wavelengths 248 nm and 280 nm.

B. A plot of ultracentrifugation data as a fraction of protein against concentration for

monomer dimer and tetramer species. The monomer species (red line) decreased rapidly.

Dimer formation (green) increased sharply and then plateaued at 1 mM protein concentration

and remained almost level through the concentrations plotted. The tetramer species (blue)

present in a solution of PRRSH3 increased over the concentrations plotted in this graph

however the rate decreased as protein concentration increased.



Monomer
f ô

o
o

o

oo

A 7.5

-7

êì
O

c.)

â

5.0

î z.s

=-^

ô -z.s
â

-5.0

2.5

.251

.251

2.5

0

N

J

o
â

$r.zs

=0
Y-r.2s()
À-2.s

-3.75

-5.0

nr

{.r3

ol
O2
{.'J3

or

{- )1

10.0

7.5

5.0

2.5

0

-2.5

-5.0

-

Monomer-* Dimer
q
f,
I
ô
oo,
þs

i

24 25
X1_R2/2 (cmr)

26

MonomerlDimer+Tetrameß
Ð

dØ

o o ø1-e
o
&ó

o

a

o

o
(r

o

24 25

Xl=Rz¡z (cmr)

v+ 25
y'I_W,z (cmr)

26

26

3.755.0

3.75

2.50

or

ì ,13

-3.75
24 25

X1_R2/2 (cmr)
23 2623

B

o

þ
o

oO

I

o

o

"q

1.0

El Monomer

E Dimer

ETetramer

0.8

Fraction of 0.6
protein

o.4

2 46
Concentration (Mx10a)

8

0.2

10



tetramer transition. The monomer to dimer transition can also be represented by the

dissociation constant KD. PRRSH3 protein was determined to have a dissociation constant of

IÇ of t25 ¡t"M (range 2OO-9I ¡rM) for the monomer to dimer transition, which corresponds

to an association constant of 8000 Mt (range 5000-11000 M'). The association constant for

the monomer to tetramer association is 1.2x10''M'(range 0.8-1.6x10ttM').

Various biophysical methods have shown that the PRRSH3 protein is aggregating

and ultracentrifugation has shown the presence of tetramer with a small percentage dimer.

This dara highlights that in the wild-type protein the isolated PRRSH3 domain will

preferentially form aggregates rather than bind intramolecularly. This is in contrast to the

evidence seen for the PRRSH3 region of ltk. In ltk, the SH3 and the PRR intramolecularly

associate and form a weak although stable complex observed in NMR experiments. The

pRR region of Itk contains only one SH3 consensus-binding site (Andreotti et al., 1997)

whereas the PRR region of Tec contains two sites with one containing three overlapping

consensus binding sites. The complexity of the PRR of Tec kinase could explain the

different results observed compared with ltk, however, the dimer/tetramer formation

observed is consistent with a dimerisation interaction observed for a similar region in Btk.

Site-directed mutagenesis was used to further characterise the dimerisation interaction

observed and determine the contributions of the individual sites to this PRRSH3

dimerisation event.

5.4 MUTAGENESIS AND EXPRESSION OF TEC PRRSH3 PROTEINS

In order to elucidate the contribution of each SH3 consensus-binding site present in

the pRR to the dimer/tetramer interaction observed for the PRRSH3 wild-type protein, site

directed mutagenesis was used to mutate these sites individually and also in concert. Figure

5.7 shows alignment of PRR's from Tec family members. Also shown are the amino acid

sequences to which the PRR of Tec kinase was mutated. SH3 domain ligands form a

polyproline type 2 helix and disruption of this helix would be expected to prevent ligand

binding (Andreotti et al., L997). pGEX-4T-2-PRRSH3AI., encoding the PRRSH3 protein

that lacks PRR SH3 consensus binding site 1 was formed using pGEX-4T-2-PRRSH3

plasmid DNA as the template for site-directed mutagenesis by the Quickchangeru

mutagenesis kit (secti on 2.2.3). Site 1 primers incorporate base changes that alter Pro 158 to

Ala and would be expected to disrupt the polyproline type 2 helix. Following PCR

amplification of the mutants and subsequent DpnI drgestion the DNA was electroporated

into DH5cr competent cells and minipreparations from transformants were screened by DNA
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Figure 5.7

A. Alignment of the proline rich regions of Tec family members Tec, Btk, Itk and Txk. The

two regions referred to as site 1 and site 2 are boxed in the alignment. Tec and Btk have two

SH3 binding consensus regions, while Itk and Txk only have one. Itk contains PRR site 1

and Txk contains the second region of proline rich residues (PRR site 2). All sites conform

to the SH3 ligand class 1 sequence of +XXPXXP. The alignment was conducted using a

ClustalW algorithm (Thompson et a1.,1994).

B. Wild-type Tec PRR aligned with PRR mutants generated. PRRSH3Àl mutant contains a

Pro-Ala mutation at residue number 158. PRRS}J3L? mutant contains Pro-Ala mutations at

residues 168-171. The numbers reflect the position in the mouse Tec IV kinase. The

mutants were generated using the Stratagene Quikchange PCR mutagenesis kit using the

primers in section 2.2.7.
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sequencing (section 2.3.13). One out of 11 plasmids sequenced contained the desired

mutation. This plasmid carries the correct mutation and is termed pGEX-4T-2-PRRSH3^1.

pGEX-4T-2-PRRSH3A2 was also generated using Quickchangeru mutagenesis using

pGEX-4T-2-PRRSH3 as a template. The PCR mutagenesis of PRR site 2 required20 cycles

compared with the 15 required for the site 1 mutagenesis, possibly because the number of

bases being changed was greater, resulting in lower efficiency. This mutagenesis reaction

mutared prolines 168-171 each to alanine. pGEX-4T-2-PRRSH3A12 double mutant was

generated using pGEX-4T-2-PRRSH3Â2 as the template and the site 1 primers in a

Quickchange* mutagenesis reaction. Products of the mutagenesis were screened using

DNA sequencing and correct sequence was confirmed by sequencing in the opposite

direction (section 2.3.13). Figure 5.8 shows the sequencing chromatograms over the two

PRR sites for all the proteins produced. pGEX-4T-2-PRRSH3A1, pGEX-4T-2-PRRSH3^2

and pGEX-4T-2-PRRSH3^12 were transformed into BL-21ÀDE3 E. coli for expression

studies.

PRRSH3^|, PRRSH3L2 and PRRSH3A12 proteins were expressed and purified

(section 2.4.I,2.4.4, 2.4.9,2.4.1I). The GST fusion proteins were affinity purified on

glutathione agarose, cleaved with thrombin and then separated by size exclusion

chromatography on a Superdex G75 column equilibrated in 1 x PBS or 1 x IIBS' The

profiles from these purifications suggested that these proteins might also aggregate (data not

shown). The purifications were monitored by SDS-PAGE. The yields of these proteins

differed with 75 mg/L-fusion protein for PRRSH3A1 and lI3 mgtL and 89 mg/L for

pRRSH3^2 andPRRSH3^l2, respectively and the mass of these proteins was confirmed by

mass spectrometry Gigure 5.9). Analysis by mass spectrometry of the PRRSH3A1 protein

shows a degree of breakdown. The PRRSH3 wild-type protein has a mass of LI2l4 Da

consistent with the calculated mass. The PRRSH3^l protein has a mass of 11188 Da as

shown by the larger of the peaks. The size of the PRRSH3^1 protein is slightly smaller than

that of PRRSH3 wild-type reflecting the P-A substitution. The relative positions of the

breakdown are indicated by the peak. All digestions are occurring from the N-terminus and

a¡e cleaving at lysine residues. The peak at 10687 Da has been cleaved at residue Lys 156

producing the fragment Ser 151-Lys 156 not seen by mass spectrometry in this size region.

The peak at 9638 Da has been cleaved at residue Lys 166 producing two fragments, one of

Ser 15l-Lys 156 and the other Thr 157-Lys 166 (Figure 5.9). PRRSH3^2 protein has a full-

length mass of 11110 Da consistent with P-A mutation of residues 168-171. There is a
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Figure 5.8

Sequence data for wild-type and mutant PRRSH3 proteins. Sequencing was conducted by

PCR using the sequencing primers for pGEX as per the pGEX manual. The PRR regions

have been boxed in red (Site 1) or blue (Site 2) reflecting the two different sites. The sites

are labelled above indicating whether they are mutant (MUTANT) or wild-type sequences

Om). The coding region of each of these constructs was sequenced in both directions to

confirm that no additional mutations had been incorporated.

A. wild-type PRRSH3 coding sequence with the two PRR sites boxed. The first site, Site 1

is boxed in red and the second site, Site 2 is boxed in blue.

B. wild{ype PRRSH3 coding sequence electropherogram

C. PRRSH3A1 coding sequence electropherogram

D. PRRSH3A2 non-coding sequence electropherogram

E. PRRSH3Â12 non-coding sequence electropherogram

I
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Figure 5.9

Analysis of the PRRSH3 proteins by mass spectrometry. Samples were purified by IIPLC,

lyophilised and sent for analysis to the Waite mass spectrometry unit, University of

Adelaide. The molecular mass (amu) of the peaks are indicated above the peak. Molecular

masses of II2l4, 11188, 11110 and 11084 Da are consistent with calculated molecular

masses for:

A. PRRSH3 wild-type,

B. PRRSH3A1

C. PRRSH3L2 and

D. PRRSH3 Llz, respectively.
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breakdown peak at mass 9534 Da consistent with cleavage at residue Lys 166. This is the

same digestion observed for the PRRSH3A1 protein. PRRSH3^12 protein has a mass of

11084 Da as observed by mass spectrometry; this is consistent with the P-A mutation of

residues 158 and 168-171. Further preparations were generated with shorter digestion times

in order to minimise the breakdown products observed.

5.5 PRRSH3 MUTANT PROTEINS FORM DIMERS TO DIFFERING DEGREES

5.5.1 Ultracentrifugation

Analytical ultracentrifugation was used to determine the contribution of each of the

pRR sites to the dimerisation/tetramerisation reaction already observed. These

ultracentrifugation experiments are a solution based assay that provide a relative molecular

mass and, thus, allow extrapolation to the multimeric state of the different PRRSH3 proteins.

Thus, the relative percentage of different forms of the protein can be determined by

ultracentrifugation. The data were collected and processed by Dr Joel Mackay, Department

of Biochemistry, University of Sydney.

The data and processing of the PRRSH3 mutant proteins was conducted in an

analogous manner to the wild-type PRRSH3 protein. These data were fitted to a series of

ideal models and residuals to these fits analysed. Similar to the wild-type protein, all the

mutants fitted best to a monomer-dimer-tetramer model. Figure 5.104 to 5.124 shows the

residual plors from the fitted data for PRRSH3^l, PRRSH3^2 and PRRSH3A12

respectively. The residuals are minimised in the monomer dimer tetramer association

model. Ultracentrifugation data can be visualised following analysis by the NONLIN

analysis software by plotting the relative amounts (fractions of the protein solution) of each

different multimeric state against protein concentration. Figure 5.68 shows the results for

the pRRSH3 wild-type protein indicating the presence of a high proportion of tetramer,

which is also observed for PRRSH3A1 at the same concentration (Figure 5.10B). At 1 mM

concentration there will be approximately 7Vo monomer, 25Vo dimer and 687o tetramer in a

solurion of pRRSH3Â1. This implies that PRRSH3^l equilibrium is favoured to

dimer/tetramer production similar to PRRSH3 wild-type protein. PRRSH3^2 and

PRRSH3^ L2have a lower proportion of the protein present as a dimer or tetramer compared

with pRRSH3 wild-type at all the concentrations tested. PRRSH3^2 contuns 25Vo

IT6



Figure 5.10

A. Ultracentrifugation data for PRRSH3A1 protein. Residuals observed when sedimentation

PRRSH3^l protein equilibrium data was fitted to a series of different models; monomer,

monomer-dimer, monomer-trimer and monomer-dimer-tetramer. The sedimentation

equilibrium experiments were conducted on a Beckman Optima )(L-A analytical

ultracentrifuge with an An-60ti rotor. The samples were collected from the size exclusion

preparation in 1 x PBS further concentrated using Centricon 3 until a concentration of 0.1

mM was reached or diluted appropriately. Three different PRRSH3 protein concentrations

were tested, 0.1 mM, 0.03 mM and 0.01 mM at two different wavelengths 248 nm and 280

nm. The residuals were observed to best fit the monomer-dimer-tetramer equilibrium model.

B. Plot of ultracentrifugation data for PRRSH3A1 as a fraction of protein against

concentration of monomer, dimer and tetramer species. The monomer species (red)

decreased exponentially. The tetramer species (blue) present in the solution of PRRSH3

increased over the concentrations plotted in this graph however the rate decreased as protein

concentration increased. Dimer formation (green) increased sharply and then plateaued at

less than 0.1 mM protein concentration and then slowly decreased.
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monomer, 3I7o dimer and 42Vo tetramer at a 1 mM concentration whereas PRRSH3Â12

contains 3OVo monomer, 2O7o dimer and 50Vo tetramer. Although PRRSH3^2 and

pRRSH3^12 samples do form the same associations as the PRRSH3 wild-type and

pRRSH3^1 proteins, they do so at a lower affinity and under the conditions of these and the

following experiments were predominantly monomer (concentrations below 100 ¡rM)

(Figures 5.118 and 5.128 respectively). Thermodynamic association constants obtained

from this data are shown in Table 5.1 and indicate that the equilibrium monomer to dimer

transition favours dimer formation for both the wild-type and PRRSH3A1 proteins with

Ko^oo*,¡i*. of 125 pM and 50 pM respectively. The K.*".*,ri,*. values for PRRSH3L2 and

pRRSH3^ 12 arc 417 ¡tMr and 909 prM, 4 and 8 fold weaker than PRRSH3 wild-type,

respectively. PRRSH3^2 and PRRSH3^12 dimerise and tetramerise to a lesser extent than

pRRSH3 wild-type and PRRSH3Al. The thermodynamic association constants for the

monomer to tetramer transition for the PRRSH3 proteins are shown in Table 5.1 and these

indicate that the equilibrium for tetramer production is favoured for the wild-type PRRSH3

protein (I.2xlO"M') and PRRSH3^l (6.3x10"M') whereas for PRRSH3^2 12.5x10'oM3)

and pRRSH3A12 (1.5x10'oM') tetramer production is not favoured. This ultracentrifugation

data indicates that site 2 in the PRR promotes an intermolecular interaction with the SH3

domain. The proteins with an intact PRR site 2 (PRRSH3 wild-type and PRRSH3^l)

dimerise and tetramerise under the conditions of these ultracentrifugation experiments

(section 5.3). The lower association constants for the PRRSH3^Z andPRRSH3Al2 proteins

suggest that they do not form dimers and tetramers; hence, PRR site 1 cannot promote

dimerisation. By extension, proteins containing PRR site 1 are potentially forming an

intramolecular interaction. A schematic representing the observed results of the

ultracentrifugation is shown in Figure 5.13. The PRRSH3 protein is represented and those

interactions that are favoured based on the ultracentrifugation data are shown in pink boxes.

BIAcore experiments were conducted to further characterise the association of Tec

PRRSH3.

5.5.2 BlAsensor experiments indicate that PRRSH3 mutants bind immobilised SH3

protein differentiallY

Analytical ultracentrifugation has shown that the SH3 consensus sites within the PRR

have different dimerisation affinities and, thus, may perform different functions in the

context of the whole protein. PRRSH3 wild-type protein dimerises and tetramerises as does

tL7



Figure 5.11

A. Ultracentrifugation data for PRRSH3Â2 protein. Residuals observed when sedimentation

equilibrium data for the PRRSH3A2 protein was fitted to a series of different models;

monomer, monomer-dimer, monomer-trimer and monomer-dimer-tetramer. The

sedimentation equilibrium experiments were conducted on a Beckman Optima )(L-A

analytical ultracentrifuge with an An-60ti rotor. The samples were collected from the size

exclusion preparation in 1 x PBS further concentrated using Centricon 3 until a concentration

of 0.1 mM was reached or diluted appropriately. Three different PRRSH3 protein

concentrations were tested, 0.1 mM, 0.03 mM and 0.01 mM at wavelengths of 248 nm and

280 nm. The residuals were observed to best fit the monomer-dimer-tetramer equilibrium.

B. Plot of ultracentrifugation data for PRRSH3^2 protein as a fraction of protein against

concentration for monomer dimer and tetramer species. The monomer species (red)

decreased while the tetramer species (blue) increased linearly over the concentrations plotted

in this graph. Dimer formation (green) increased sharply and then plateaued at 0.2 mM

protein concentration and remained level through the concentrations plotted.
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Figure 5.12

A. Ultracentrifugation data for PRRSH3Al2 protein. Residuals observed when

sedimentation equilibrium data for the PRRSH3^12 protein was fitted to a series of different

models; monomer, monomer-dimer, monomer-trimer and monomer-dimer-tetramer. The

sedimentation equilibrium experiments were conducted on a Beckman Optima )(L-A

analytical ultracentrifuge with an An-60ti rotor. The samples were collected from the size

exclusion preparation in 1 x PBS further concentrated using Centricon 3 until a concentration

of 0.1 mM was reached or diluted appropriately. Three different PRRSH3 protein

concentrations were tested, 0.1 mM, 0.03 mM and 0.01 mM at wavelengths of 248 nm and

280 nm. The residuals were observed to best fit the monomer-dimer-tetramer equilibrium.

B. plot of ultracentrifugation data for PRRSH3^12 protein as a fraction of protein against

concentration for monomer dimer and tetramer species. The monomer species (red)

decreased while the tetramer species (blue) increased linearly over the concentrations

plotted. Dimer formation (green) increased sharply and then plateaued at0.2 mM protein

concentration and remained level through the concentrations plotted.
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Figure 5.13

Schematic representation of possible PRRSH3 protein interactions. The SH3 domain

component of the protein is shown by the grey oval with the ligand binding site highlighted

by the indent. PRR site 1 (red) and is furthest away from the SH3 domain. PRR site 2 is

indicated in green. Length of arrows indicates the probable shift of the equilibrium reaction.

The three options highlighted by pink boxes are the conclusions determined from the

sedimentation equilibrium experiments conducted on the mutant proteins. Question marks

indicate interactions where no information is known.
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Table 5.1 Thermodynamic Equilibrium Constants determined by Analytical Ulüacenûifugation

for Tec PRRSH3
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PRRSH3^l (at 170 pM there are approximately equal amounts of monomer, dimer and

tetramer), however, PRRSH3^2 andPRRSH3^l2 have reduced affinity of dimerisation (Â2;

700 pM for equal amounts of monomer, dimer and tetramer). To gain a better

understanding of the specificity and strength of the different interactions occurring between

the SH3 domain and the different components of the PRR of Tec kinase, these proteins were

analysed by surface plasmon resonance technology -BIAcore.

Surface plasmon resonance technology is a highly reproducible method of

determining kinetics of a variety of macromolecular interactions. This kinetic information

can relate the structure to the molecular function of a variety of macromolecules (Myszka,

1997). BIAcore experiments consist of one component attached to a gold surface termed the

ligand and an analyte in solution that is flowed across the surface of the chip. A light source

monitors the reaction and following an interaction between ligand and analyte at the surface,

the light is diffracted at different angles to produce a response in arbitrary units (Myszka,

1997). The binding of the analyte to the ligand is monitored in real time. The dissociation

phase can be monitored by replacement of the sample by buffer and the loss of bound

analyte is followed (Morton et aL,1995). BIAcore is a solid phase assay that can detect the

interaction of the PRRSH3 protein for the immobilised SH3 domain on the chip surface.

The complex interactions occurring in solution are not detected by BIAcore experiments.

BIAcore experiments were conducted with the SH3 domain immobilised on the chip

as a ligand. Different PRRSH3 proteins as analytes were flowed over the chip and the

binding reaction was monitored in real time. Tec SH3 domain protein was immobilised to a

CM5 chip as per the manufacturer's instructions. This chip binds proteins via primary

amine groups and can thus couple through either lysine sidechains or the N-terminus of the

protein. As both positions are capable of coupling it is difficult to determine the exact

orientation of the protein, and by extension, the accessibility of the SH3 domain-binding

pocket to the analytes in solution. Other methods for immobilisation such as metal chelates,

steptavidin and antibody coupling were not available. The SH3 domain sample was diluted

in NaOAc pH 4.6 to facilitate immobilisation. The SH3 domain was unstable at pH 4.6 and,

thus, the sample was diluted just before running the immobilisation procedure. The SH3

sample used was tested for structural integrity by NMR and mass spectrometry prior to use

(Chapter 4). A profile obtained for the immobilisation of the SH3 domain is shown in

Figure 5.14B, which can be compared, to a blank lane (Figure 5.14A). The PRRSH3 kinetic

experiments were conducted with 1500-3000 RU of SH3 domain immobilised (Figure

s.14B).
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Figure 5.14

A. Sensorgram representing the immobilisation of a blank lane on a CM5 BIAcore chip.

CM5 chips couple through amide chemistry to form a covalent linkage. The chip is

activated by 100 pl of a 1:1 NHSÆDC mixture and all unbound amide groups are blocked

by the injection of 100 ¡rl ethanolamine. A buffer sample (IIBS, 10 mM I{EPES, 150 mM

NaCl 3 mM EDTA ,0.0057o P20 surfactant) was injected over the chip surfac e at 5

pVminute. One blank lane was activated per chip. In all experiments, the response from the

background lane was subtracted from the sensorgram of interest.

B. Sensorgram showing immobilisation of Tec SH3 domain onto a CM5 BIAcore chip. The

different stages of immobilisation have been highlighted. The SH3 domain protein was

diluted to 1 mg/ml in 10 mM NaOAc pIJ4.6 to facilitate amide bond coupling. The chip

was activated as for A (activation) and the 100 pl of 1 mg/ml Tec SH3 domain injected on

the chip (coupling SH3). All residual binding sites were quenched with ethanolamine

(blocking). Immobilisation was conducted at a flow rate of 5 pUminute. This resulted in

approximately 1500 RU SH3 domain immobilised on the surface of the chip.

C. Sensorgram highlighting the response from injecting 50 mM purified GST over a Tec

SH3 domain coupled chip. Background has been subtracted from this sensorgram. 30 pl of

50 pM GST was injected at a flow rate of 10 ¡rVminute. Dissociation was initiated by

replacement of GST protein with the running buffer alone.

D. Sensorgram highlighting the response from injecting 8.8 pM purified SH3 domain over a

Tec SH3 domain coupled chip. Background has been subtracted from this sensorgram. 20

¡r,l of 8.8 pM SH3 domain was injected at a flow rate of 10 pUminute and dissociation was

initiated by replacement of SH3 domain protein with the running buffer alone.
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Preliminary binding experiments indicated that the interaction between the Tec

PRRSH3 and the Tec SH3 domain was characterised by very fast association and

dissociation rates as well as low RU signal in this system. Therefore, the level of 1500 RU

of coupled ligand was chosen in order to obtain sufficient sensitivity (Panayotou et al.,

1993). GST has been shown to dimerise in the presence of reduced glutathione and since

these proteins were purified as GST fusions, the effect of trace amounts of GST was

investigated. Injection of 50 pM GST over the immobilised SH3 domain surface gave a

response of lower than 5 RU (Figure 5.14C). Likewise, injection of Tec SH3 domain also

showed a response of 5 RU when passed over the immobilised SH3 domain (Figure 5.14D).

Thus, neither the GST nor the SH3 domain alone bind to the immobilised SH3 domain.

Mass transport, a phenomenon where the analyte 'hops' along the surface from one

ligand molecule to another due to excess ligand bound on the chip surface can have

significant influence on BIAcore experiments and must therefore be minimised. To ensure

that the protein-protein interaction is not limited by mass transport effects a series of

injections were conducted at different flow rates. 10 pl or 20 pl of 10 mM PRRSH3 was

injected over the chip at three different flow rates, 5, 10 and 20 pUminute. The association

reaction is mass transport limited if the initial gradient of association differs with the

different flow rates, however, if mass transport effects are not observed the initial

association rates will be unaffected. A plot of the three different flow rates overlaid

highlighted that the initial rates of association were essentially the same irrespective of the

flow rate (Figure 5.154). Thus, the PRR-SH3 interaction at 10 pVminute was not mass

transport limited and this flow rate was chosen as the flow rate for the following

experiments.

Chip surface regeneration removes analyte bound to the ligand but does not remove

or adversely affect the ligand coupled to the chip. Regeneration allows multiple injections

on the same surface while ensuring constant ligand amounts to bind to the analyte. Initial

experiments showed that the dissociation of Tec PRRSH3 proteins from the immobilised

SH3 domain was through a rapid dissociation reaction, however, a small amount of the

PRRSH3 protein remained bound to the immobilised SH3 domain. A regeneration protocol

for the Tec SH3 domain chip was investigated. Tec SH3 domain is not very stable under

acidic conditions and, thus, it was unlikely the protein would tolerate regeneration using an

acid-based system. Regeneration by washing in NaCl, NaOH or urea was tested. Pulses

with NaOH or urea irreversibly unfolded the SH3 domain and the surface no longer bound

the PRRSH3 protein. NaCl washing failed to remove the PRRSH3 protein bound to the SH3

LL9



Figure 5.15

A. Sensorgrams of 10 pM PRRSH3 protein injected over a BIAcore chip coupled to 1500

RU Tec SH3 domain. 10 ¡Ã or 20 pl of 10 pM PRRSH3 was injected over the chip at three

different flow rates, 5 pVminute (purple), 10 ¡rl/minute (green) and 20 pUminute (pink). The

initial slope of the curve was the same with all three flow rates indicating that at these

concentrations the interaction was not mass transport limited.

B. Sensorgram of a regeneration protocol derived from Manninen et al., (1998). The

regeneration used three 5 pl pulses of glycine p}{2.2,O.05Vo SDS and 4 M urea to regenerate

the SH3 domain on the chip. Extensive washing with HBS followed. 50 pM PRRSH3

protein was injected over the surface to determine the binding efficiency. The sensorgram in

blue is the response prior to regeneration and the sensorgram in red is the response following

regeneration.

C. Sensorgrams of the wash regeneration procedure used for all experiments that follow.

Buffer was flowed over the surface at 30 pUminute for 45 minutes following the dissociation

phase. The sensorgram represented in navy blue represents the response of 50 pl of 50 pM

wild-type PRRSH3 protein injected at a flow rate of 10 pVminute. The sensorgram in red is

the response following a series of 12 injections over the lane on the chip. The sensorgram

shown in light blue is the binding observed following two series of 12 injections on the chip.
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domain. Manninen and co-workers published a regeneration procedure for Hck SH3 domain

that used 5 pl (at a flow rate of 5 pVminute) pulses of glycine buffer pH 2.2,0.057o SDS

and 4 M urea (Manninen et a1.,1998). This method was investigated for the regeneration of

the Tec SH3 domain chip but also resulted in degradation of the SH3 domain on the chip

surface (Figure 5.158). Regeneration of Hck SH3 domain was performed by a prolonged

wash step following injection (Lee et a|.,1995). This was investigated for Tec SH3 domain

surface regeneration. Prolonged washing of the Tec SH3 surface between injections meant

that over the period of a single kinetic experiment (consisting of a series of 12 injections) the

SH3 coated chip bound the PRRSH3 protein consistently (Figure 5.15C). Performing more

than one kinetic experiment per SH3 domain surface lowered the binding capabilities of the

SH3 domain on the chip. Thus, for each kinetic experiment a new chip surface was

generated.

Six lanes were immobilised with 1000-1500 RU of Tec SH3 domain and a series of

12 injections (six different dilutions) conducted for each protein on one lane per Tec

PRRSH3 protein. Experiments for PRRSH3^l and PRRSH3^I2 were conducted on two

surfaces with approximately 3500 RU SH3 domain immobilised. Six different

concentrations of the PRRSH3 protein, both as a GST fusion and as an isolated species, were

injected over a single lane per protein. To minimise the buffer effects on the sensorgram,

these proteins were buffer exchanged into HBS using PD10 columns, size exclusion

chromatography or, if the sample was concentrated enough, it was diluted to the appropriate

concentration with IIBS (Pharmacia). Following injections, the surface was washed for 45

minutes at 30 pUminute with IIBS to return the signal to baseline. The injections were

conducted randomly and in duplicate to ensure there were no additive errors from an

increase in the protein concentration. Over the course of the experiment, duplicate injections

of the same protein concentration produced very similar profiles, indicating that available

binding sites on the chip did not reduce significantly between injections. Figure 5.16 shows

a representation of the BIAcore experiments conducted on Tec PRRSH3 proteins. Step 3

highlights that there are multiple interactions taking place in solution, but only direct binding

to the surface is monitored. The interactions occurring in solution are not detected by

BIAcore analysis.

Six different concentrations of the mutant and wild-type PRRSH3 proteins with or

without the GST fusion partner, ranging from concentrations of 1 pM to 100 pM were

injected over the chip surface. Ultracentrifugation data has shown that at concentrations

lower than 100 pM all the PRRSH3 proteins are predominantly present in the monomeric
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Figure 5.16

Schematic representation of the BIAcore experiments undertaken in this study. The BIAcore

surface is shown in light blue, the SH3 domain as grey circles with the SH3 binding surface

represented by the indent. The PRRSH3 proteins are shown at step 3. There is only one

PRR site shown in pink to simplify the diagram. Step 1 is the activation of the surface

followed by Step 2 where the SH3 domain is covalently attached to the chip surface. Step 3

shows the complex interactions taking place in these BIAcore experiments. The PRRSH3

proteins can interact intramolecularly as well as with the SH3 domain on the chip. Only

those interactions of PRRSH3 domain with the SH3 domain on the chip will be detected by

the instrument. The intramolecular interactions will not be detected.
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form. Comparing Figure 5.17 with Figure 5.18, clear differences were observed in the total

RU bound at equilibrium for the GST-PRRSH3^2 and GST-PRRSH3^l2 compared with

GST-PRRSH3 and GST-PRRSH3^1. All sensorgrams showed a rapid association and

dissociation interaction. Approximately 90Vo of the protein dissociated very fast from the

surface whereas the remaining l0%o dissociated slowly, suggesting a biphasic association and

dissociation mechanism. The GST-PRRSH3 wild-type protein at a concentration of 100 ¡rM

produced binding of approximately 860 RU, while at the same concentration the GST-

PRRSH3A1 mutant produced a response of 820 RU (Figure 5.174, C), the GST-PRRSH3L2

and GST-PRRSH3^I2 of 16I and 250 RU, respectively (Figure 5.184, C). Thus,

GST-PRRSH3^I produced a response of 95Vo that of the wild-type GST-PRRSH3

indicating that the PRR site 2 can bind intermolecularly to the Tec SH3 domain on the chip.

The response seen for GST-PRRSH3^2 was about 20Vo the response of wild-type PRRSH3

indicating that PRR site 1 does not interact significantly with the SH3 domain on the chip.

PRRSH3^12 bound the SH3 domain on the chip to a greater extent than PRRSH3L2

possibly because of non-specific interactions.

Purified PRRSH3 proteins cleaved from the GST fusion partner were also tested for

binding to the SH3-coupled surface. The PRRSH3 proteins were passed over the surface at

a slightly lower concentration compared with the GST-fusion proteins, as the isolated

proteins did not concentrate to 100 pM without precipitation. Isolated Tec PRRSH3

proteins exhibited decreased stability compared with GST fusions. Although a direct

comparison of equilibrium RU reached between the isolated protein and the GST fusion

protein is not useful due to differences in the mass of the analyte, the binding pattern

between the PRRSH3 proteins is similar. Running wild-type PRRSH3 over different lanes

with 1500 units SH3 domain immobilised gave an equilibrium response of approximately

300 RU at a concentration of 85 pM compared with PRRSH3^2 which gave a response of

approximately 20 RU at 25 ¡t}ll (Figure 5.19 A and C). The PRRSH3L2 protein therefore

has less than307o the binding capability of the wild-type PRRSH3 protein. PRRSH3^l and

PRRSH3^12 experiments had approximately twice the SH3 domain immobilised to the chip

(3000 RI) and, thus, have two times more SH3 domain available to bind the PRRSH3

protein so that comparisons of equilibrium RU between these and the wild+ype and

PRRSH3^2 protein cannot be done. However, a comparison between PRRSH3Âl and

PRRSH3^12 shows that at equilibrium PRRSH3^l has a binding of 600 RU (at 45 pM) to

the SH3 domain on the chip surface and PRRSH3^L2 has 200 RU equilibrium binding at a

I
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Figure 5.17

A. Sensorgrams for different concentrations of wild-type GST-PRRSH3 protein binding

1500 RU Tec SH3 domain on the chip surface. Data was collected on a BIAcore 2000

machine. The GST-PRRSH3 protein samples were buffer exchanged into HBS to minimise

buffer spikes observed during association and dissociation phases. 50 pl Samples were

passed over the surface at 10 pVminute for the duration of the association phase and

dissociation was initiated by replacing the sample flow with FIBS buffer. The surface was

washed at 10 pVminute for 1600 seconds followed by a further wash at 30 pVminute for

2500 seconds to ensure a return to baseline values. The sensorgram in the control lane was

subtracted from these sensorgrams and they were overlayed. Six different concentrations of

GST-PRRSH3L? protein (100 pM, red; 50 pM, blue; 20 pM, pink; 10 pM, green; 5 pM,

orange; 1 pM, purple; 0.5 ¡rM, light blue; 0.1 pM, green were injected over the surface in

duplicate (represented in the same colour).

B. Kinetic analysis of the interaction between GST-PRRSH3 (wild-type) protein and the

SH3 domain. Steady state equilibrium analysis was undertaken at the region of the

sensorgrams just prior to dissociation using the BlAevaluation softwa¡e package. A region

of approximately 50 seconds at240-30Ù seconds was chosen as the region where equilibrium

was reached. A plot of response at equilibrium (Req) versus concentration was generated

and equilibrium dissociation constants determined.

C. The sensorgrams of GST-PRRSH3^I injected over a chip surface with 1500 RU Tec

SH3 domain immobilised on the chip. The experiments were completed as described in A.

The concentrations of PRRSH3LI2 injected over the surface were 100 pM (blue), 50 pM

(pink), 20 pM (teal), 10 pM (purple), 5 pM (light blue) and 1 pM (orange).

D. Kinetic analysis of the GST-PRRSH3^I SH3 domain interaction. Constants were

derived as described in B.
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Figure 5.18

A. Sensorgrams for different concentrations of GST-PRRSH3L2 binding to 1500 RU Tec

SH3 domain on the surface. The experiments were completed as described in Figure 5.174.

Six different concentrations of GST PRRSH3^2 protein (100 ¡rM, red; 50 pM, blue; 20 pM,

green; 10 pM, pink; 5 pM, teal; 1 pM, grey) were injected over the surface in duplicate

(presented in the same colour). Sensorgrams with air spikes were removed.

B. Equilibrium dissociation constants for the GST-PRRSH3L? SH3 domain interaction.

Constants were derived as described in Figure 5.178 with the exception that approximately

50 seconds at 350-400 seconds was chosen as the region where equilibrium was reached.

C. Sensorgrams of GST-PRRSH3LI? injected over a chip immobilised with 1500 RU Tec

SH3 domain. The experiments were completed as described in Figure 5.174. The

concentrations of PRRSH3A12 injected over the surface were 100 pM (teal), 50 pM (red),

20 ¡t)Ù''d (green), 10 pM (orange), 5 pM (pink) and I pM (blue). Duplicate sensorgrams were

removed in the 100 pM, 50 ¡rM and 1 pM concentrations due to air spikes. Sensorgrams of

the same concentration are presented in the same colour.

D. Equilibrium dissociation constants for the GST-PRRSH3LIZ SH3 domain interaction.

Constants were derived as described in Figure 5.178 with the exception that approximately

50 seconds at 350-400 seconds was chosen as the region where equilibrium was reached.
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Figure 5.19

A. Sensorgrams for different concentrations of wild-type PRRSH3 binding to Tec 1500 RU

SH3 domain on the surface. The experiments were completed as described in Figure 5.174.

Six different concentrations of wild-type PRRSH3 protein (85 ¡"1M, blue; 50 pM, pink; 20

pM, purple; 10 pM, teal; 5 pM, pink; 1 lrM, yellow) were injected over the surface in

duplicate (represented in the same colour). Low solubility at high concentrations limited the

concentrations tested.

B. Equilibrium dissociation constants for the wild-type PRRSH3 SH3 domain interaction.

Constants were derived as described in Figure 5.178 with the exception that approximately

50 seconds at 350-400 seconds was chosen as the region where equilibrium was reached.

C. Sensorgrams for different concentrations of PRRSH3^2 binding to 1500 RU Tec SH3

domain on the surface. The experiments were completed as described in Figure 5.17A. Six

different concentrations of PRRSH3^2 protein (25pM,blue; 20pM, light blue; 15pM, brown;

10pM, light green; 5pM, dark green; 1pM, purple) were injected over the surface in

duplicate (represented in the same colour). Low solubility at high concentrations limited the

concentrations tested.

D. Equilibrium dissociation constants for the PRRSH3^2 SH3 domain interaction.

Constants were derived as described in Figure 5.17B with the exception that approximately

50 seconds at 350-400 seconds was chosen as the region where equilibrium was reached.
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concentration of 60pM (Figure 5.204, C). The fast association/fast dissociation observed

for all PRRSH3 proteins binding to the SH3 domain suggests a weak interaction between the

Tec SH3 domain and the Tec PRRSH3 proteins. Sensorgrams for the PRRSH3 proteins are

consistent with those for GST fusion proteins. PRRSH3 wild-type and PRRSH3Àl bind the

immobilised SH3 domain at similar levels and PRRSH3Â2 and PRRSH3^12 bind the SH3

domain at similar levels. The relative responses for the different PRRSH3 proteins are

maintained with different immobilisation levels of the Tec SH3 domain.

Numerous potential interactions that may occur between the PRRSH3 protein and the

SH3 domain in solution necessitate caution interpreting kinetic constants derived from this

BIAcore data. There is no BIAcore based method to detect the interactions occurring in the

solution, and the association with the SH3 domain surface is the only interaction detected by

the instrument. The rapid association/dissociation observed is not amenable for

determination of individual on and off rates; thus, steady state equilibrium kinetic analysis is

the most appropriate method of analysis. Steady-state equilibrium analysis has the added

advantage that it is independent of the amount of ligand immobilised on the chip. The

kinetic analysis was conducted using the BlAevaluation program as per the manufacturers

instructions. A section of approximately 50 seconds prior to dissociation was chosen for

equilibrium analysis. Equilibrium dissociation constants (Iq) were derived from plots of

response units at equilibrium (Req) versus molar concentration using at least eight values

(Figure 5.17-5.20 B and D for the respective analysis of the different PRRSH3 proteins).

The equilibrium association and dissociation constants derived for the different PRRSH3

constructs are displayed in Table 5.2. The It value represents the mean square of the signal

deviation from the fitted curye and is a reflection of the "goodness of fit" of the curve to the

data points. Ideally, values for t' of below 10 are required (BIAcore manual). While the t'
values for these curves fitted for PRRSH3 proteins binding to the SH3 domain are frequently

higher than 10, this is using a simple 1:1 interaction model which may not represent the true

interaction given that an intramolecular interaction can also occur. High f values may

reflect the complexity of the interactions and suggests a simple dimeric association does not

ideally fit the data consistent with tetramerisation already observed. The equilibrium

constants derived will reflect the 1:1 intermolecular interaction of the Tec SH3 domain and

the Tec PRR and will give an indication of the relative affinities for this interaction.

The equilibrium dissociation constants derived for wild-type PRRSH3 and

PRRSH3^1 proteins were similar, both as isolated proteins and as GST fusion proteins. The

association was slightly stronger for the wild-type GST-PRRSH3 protein with a Ç of 70.6
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Figure 5.20

A. Sensorgrams for different concentrations of PRRSH3Al binding to 3000 RU Tec SH3

domain on the surface. The experiments were completed as described in Figure 5.174. Six

different concentrations of PRRSH3^l protein (45 pM, green; 30 pM, yellow; 15 pM, pink;

l0 pM, purple; 5 pM, blue; 1 ¡rM, dark red) were injected over the surface in duplicate

(represented in the same colour). Low solubility at high concentrations limited the

concentrations tested.

B. Equilibrium dissociation constants for the PRRSH3A1 SH3 domain interaction.

Constants were derived as described in Figure 5.178 with the exception that approximately

50 seconds at 350-400 seconds was chosen as the region where equilibrium was reached.

C. The sensorgrams of PRRSH3LI2 injected over a chip surface containing 3000 RU Tec

SH3 domain. The experiments were completed as described in Figure 5.174.

Concentrations of PRRSH3^12 protein (60 pM, purple; 30 pM, dark blue; 15 pM, pink; 10

pM, light blue; 5 pM, blue; 1 pM, aqua) were injected over the chip surface in duplicate

(presented in the same colour).

D. Equilibrium dissociation constants for the PRRSH3^12 SH3 domain interaction.

Constants were derived as described in Figure 5.178 with the exception that approximately

50 seconds at 350-400 seconds was chosen as the region where equilibrium was reached.
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pM compared with GST-PRRSH3^I at 86.9 pM, however, when the GST is removed the

dissociation constants are very close, 68.3 pM and 64.3 pM for PRRSH3 wild-type and

pRRSH3^1, respectively. This data indicates that both these proteins have the potential to

interact with the SH3 domain on the solid phase at comparable binding affinities. Affinity

constants are similar to those reported for other SH3 PXXP interactions (Lee et aI., 1995).

Therefore, the binding affinity of wild-type PRRSH3 to the SH3 domain is due solely to the

second binding site in the PRR (PRR site 2).

Dissociation constants were derived for the GST-PRRSH3A2 and GST-PRRSH3^l2

interaction with the SH3 domain surface. The constants determined were 158 pM and 169

¡rM for GST-PRRSH3LZ and GST-PRRSH3Al2, respectively. These values lndicate a 2-

fold reduction in affinity for the SH3 domain on the chip compared with the wild-type GST-

pRRSH3 and GST-PRRSH3^I proteins. The affinity was lower for these proteins when

they lacked the GST fusion partner at dissociation constants of 2200 pM and 513 pM for

pRRSH3^2 and PRRSH3^12, respectively. The signal to noise for the PRRSH3^2 protein

binding to the SH3 domain by BIAcore analysis was very low and the affinity constant may

therefore be affected by the low response. This data suggests that Tec PRRSH3^2 protein

has reduced binding to the Tec SH3 domain on the chip. The PRRSH3LI2 dissociation

constant also differed from the affinity constant determined for the GST-PRRSH3Âl2. It is

possible that additional interactions between GST molecules are occurring. These may be

preformed dimers and, thus, the mass binding to the chip is greater than expected or when

the pRRSH3A12 binds the chip the GST may form a secondary dimerisation surface' This

secondary interaction was only significant when the PRRSH3 proteins bound with low

affinity.

The BIAcore assay can only detect the association of the PRRSH3 proteins with the

SH3 domain surface. The analysis of the dimer interaction between the SH3 domain surface

and the PRRSH3 protein confirms that PRR site 2 is responsible for the majority of the

binding to the SH3 domain. In contrast, the decreased binding of PRRSH3A2 and

PRRSH3^12 to the SH3 domain surface indicates that PRR site t has reduced

intermolecula¡ affinity for the SH3 domain. Thus, the presence of the PRR site 1 decreases

the affinity of the dimerisation reaction, perhaps by intramolecular competition. It is

possible that PRR site 1 is already bound to the SH3 domain in an intramolecular manner

and, thus, is inaccessible for binding the SH3 domain surface.
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Another method of investigating the affinity of binding between the SH3 domain and

the different sites within the proline rich region is to synthesise the peptides and again

conduct BIAcore analysis. A peptide corresponding to PRR site 1 "'SIRKTLPPAPEI'63 was

produced to measure interactions involving this region in isolation. A peptide corresponding

to PRR site 2 could not be synthesised, most likely due to technical issues stemming from

the four adjacent prolines. Thus, the site 2 peptide could not be further investigated.

Both the PRR site 1 ligand and the linker peptide (section 4.7) wete investigated for

binding to the SH3 domain surface. The detection limits of the BIAcore system can make

detecting small molecules difficult. It was predicted that neither of these peptides would

produce a significant response due to their size of M, I32IDa and M, 1606 Da, respectively

and, thus, the interaction of site 1 peptide and the linker peptide with the SH3 domain

surface was determined using an indirect method. A competition experiment was conducted

in which a constant amount of PRRSH3 protein (20 pM) was mixed with increasing

amounts of either peptide ligands to a final concentration of 500 pM peptide. A schematic is

described in Figure 5.2IA highlighting the possible interactions in this experiment.

Complex equilibria exist as the small peptide can interact with both the SH3 domain on the

surface and the SH3 domain in solution. This BIAcore experiment detects the PRRSH3

protein interaction with the SH3 domain on the chip surface. Increasing concentrations of

the low molecular weight ligand will block the available binding surfaces on the

immobilised SH3 domain and, thus, reduce the binding of PRRSH3 proteins, which will

produce a lower response. The extent of small molecular weight ligand binding the

PRRSH3 molecules in solution cannot be determined (Figure 5.21¡^).

The site 1 peptide and linker peptide were initially passed over the chip at

concentrations ranging from 10 pM-500 pM peptide with no PRRSH3 protein present to

determine if peptide binding could be measured directly. The site 1 peptide did show a

slight response (approx 25 RU) at 500 pM but was insufficient for rigorous analysis to be

undertaken (shown in dark blue on the sensorgram). The peptide was mixed with a fixed

concentration of PRRSH3 of 20 pM. Figure 5.218 shows the sensorgram obtained for the

competition experiments where the PRRSH3 is in competition with the site 1 peptide. When

the concentration of site 1 peptide is increased there is a corresponding decrease in the

equilibrium response for the PRRSH3 protein indicating that the site 1 peptide and the

pRRSH3 domain are competing for the same binding surface on the immobilised SH3

domain. The sensorgrams derived for the linker peptide were the same as observed for the

pRR site 1 peptide (data not shown). While this data was not quantitatively assessed,
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Figure 5.21

A. Schematic of the BIAcore competition experiments. The colour scheme matches that for

Figure 5.16. The SH3 domain is represented in grey and the PRR ligand is shown in pink.

Small ligands (green), not detectable directly by BIAcore, are in competition with wild-type

PRRSH3 protein in solution for binding to the immobilised SH3 domain surface. With

increased amount of small ligand, decreased binding of the larger ligand will be observed.

B. Sensorgrams for different concentrations of site 1 peptide binding to 1500 RU Tec SH3

domain on the chip surface in competition with 20 pM wild-type PRRSH3 protein. Data

was collected on a BIAcore 2000 machine. Samples were mixed just prior to the beginning

of the experiment. 50 pl Samples were injected on to the surface at 10 pUminute for the

association phase and dissociation was initiated by replacing the sample flow with IIBS

buffer. The surface was washed with IIBS at 10 pVminute for 2100 seconds to ensure a

return to baseline. The sensorgram in the background lane was subtracted from these

sensorgrams and they were overlayed. Eight different concentrations of PRR site 1 peptide

(0 pM, magenta; 10 pM, blue; 20 pM, brown; 50 ¡rM, dark green; 100 pM, green; 150 pM,

grey;250 pM, dark red; 500 pM, aqua) in competition with 20 pM wild-type PRRSH3

protein were injected over the surface in duplicate (same colour). PRR site 1 peptide alone

was also tested at three concentrations (10 pM, green; 100 pM, red; 500 pM, blue).

Approximately 25 RU was observed for the 500 pM sample.
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competition between the PRRSH3 protein and the site 1 peptide for surface binding provides

evidence that the PRRSH3 protein and the peptide ligands are binding the same site on the

SH3 domain.

The BIAcore data has confirmed the potential for an intermolecular interaction

between the PRR and the adjacent SH3 domain. The mutant protein analysis has shown that

PRRSH3^l can bind intermolecularly with the SH3 domain surface with the same affinity

as PRRSH3 wild-type. Thus, PRR site 2 can interact with the immobilised SH3 domain.

This is consistent with the ultracentrifugation data that indicated that PRRSH3^I formed

dimers and tetramers at similar rates to wild-type PRRSH3. The reverse is true for

PRRSH3^2. This protein could not bind the SH3 domain surface and it did not multimerise

by ultracentrifugation to the same extent as the wild-type PRRSH3 protein and PRRSH3Al.

This suggests that PRR site 1 is not available to either interact with the SH3 domain surface

or dimerise with other PRRSH3 molecules. By extension, it is possible that PRR site 1 is

facilitating an intramolecular interaction within the PRRSH3 protein.

5.5.3 Chemical shift perturbation analysis of PRRSH3 protein

Changes in chemical shift upon ligand addition can be a powerful method to establish

residues of a protein that interact with the ligand. Using "N-labelled protein samples and

HSQC provides a convenient, solution-based, rapid method to follow chemical shift

changes. To identify the amino acids participating in the PRR interaction with the SH3

domain seen in the BIAcore experiments, a HSQC titration experiment series was conducted

to determine the site of interaction between PRR site 1 peptide and the SH3 domain. The

pRR site 1 peptide spans amino acids "'SIRKTLPPAPEI'6'in the Tec amino acid sequence.

A 0.75 mM ttN SH3 domain sample, buffered with 10 mM phosphate pH 6.0 was

supplemented with L}Vo DrO. A 4I.2 mM solution of PRR site 1 peptide was added in

increasing molar amounts to the SH3 sample. The pH of the solution was maintained at pH

6.0 throughout the experiment. A series of t'N-tH HSQC experiments were conducted at

25.C with increasing site 1 peptide concentrations to monitor the change in chemical shift of

the HSQC cross peaks. Changes in chemical shift indicate a change in the environment of

the amino acid indicative of an interaction (Craik and Wilce, 1997). Amino acids involved

in the PRR site 1 interaction with Tec SH3 domain can be identified from changes in cross

peak chemical shifts.
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Spectra were overlaid and Figure 5.22 shows the transition of the HSQC spectra

through additions of increasing amounts of ligand. A single set of peaks were observed in

the HSQC spectra indicating that the interaction is a fast exchanging interaction and the

observed peaks in the HSQC are the weighted average of the chemical shifts of the two

individual states- that is the bound compared with the unbound forms. The interaction

observed for the linker peptide (Chapter 4) also underwent fast exchange on a NMR

timescale. The largest change in chemical shift was observed for amino acids His 195 and

Trp 215e and these shifts are observed in the presence of a small amount of ligand. This

indicates the environment surrounding the backbone of His 195 and Trp 215 changes with

increasing ligand concentration. The HSQC experiment detects only backbone chemical

shift changes through the N-H bond. Thus, amino acids whose sidechains interact with the

ligand to a greater extent than the backbone may not be detected. Importantly, the amino

acids involved in binding the site 1 peptide are also affected upon binding the linker ligand

(section 4.7) implicating the same shallow cleft on the surface of the protein in ligand

binding. The amino acids involved include the tyrosines Tyr 187, Tyr 205 and Tyr 232 and

His 195, Asn 231, Trp 2l5,Thr L92, Ser 230, Trp 2L6, His 214, Glu 193, Leu 197 and Asp

188 (Figure 5.22 see also Figure 5.24). These sites are present as a hydrophobic pocket on

the surface of the protein and represent the same binding region observed for other SH3

domains binding to PRR (Tzeng et a1.,2000). Table 5.3 lists the chemical shifts of Tec SH3

domain both in isolation and as a complex with PRR site 1.

The binding affinity of the PRR site 1 synthetic peptide to the SH3 domain was weak

as determined by NMR analysis. An eight-fold (6mM) excess of ligand to protein was not

sufficient for the entire SH3 domain present to be saturated with ligand. Additions of more

ligand would be required to saturate the SH3 domain. The graphs presented in Figure 5.23

show the chemical shift changes against peptide concentrations for the amino acids Asn 231,

His 195 and Trp 2L5el. Affinity constants were derived using Scatchard analysis using at

least six points (section 2.5.7) as shown in Figure 5.238. Change in chemical shift was

plotted as a function of ligand concentration and the dissociation constant Ç calculated

(Tsukube, et at 1996). All chemical shift changes were analysed and the dissociation

constant determined from four amino acids with significant chemical shift changes His 21'4,

Trp 2l5e| Asn 231 and His 195. The Ç value determined from His 195 deviated by

greater than one standard deviation and was not included in the calculation. The Ç of the

interaction between Tec SH3 domain and the PRR site 1 was 3 mM t 1 mM. The affinity

constant for the binding of site 1 peptide to the SH3 domain was in the low millimolar range

'a
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Figure 5.22

rH-"N HSQC plots of "N labelled Tec SH3 domain in the presence of increasing

concentrations of Site 1 peptide. The spectra were recorded on a Varian Inova spectrometer

with spectral widths of 8000 Hzinthe 'H dimension and 2000 Hzin the "N dimension. The

number of t, increments collected was 64 and the number of points was 2048 with an

acquisition time of 0.128 seconds. 16 transients were collected. The spectra were collected

at25"C using the ghsqcse experiment from Varian. Both dimensions in the spectra were

processed with a sinebell function and linear prediction was used in the nitrogen dimension

using the VNMR software. The final spectral size was 2048 and 256 and this was visualised

and further analysed using )GASY (Bartels et al 1997). The protein sample was at 0.75 mM

in 10 mM NaHPO4 supplemented with l0%oDrO pH 6.0. The site 1 peptide was dissolved in

water to a final concentration of 41.5 mM and this was added incrementally to the SH3

domain protein. The pH was checked following addition of the peptide and maintained at

pH 6.0. Spectra from the SH3 domain with no site 1 peptide (shown in red), with 3 mM

peptide (4 fold excess purple) and 6 mM (8 fold excess blue) peptide are represented. The

numbering is consistent with mouse Tec IV protein.
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Figure 5.23

A. A bar graph showing the chemical shift deviation with ligand binding over the whole

SH3 domain. The shifts represented in red are those in the ttN dimension and those in blue

are in the 'H dimension.

B. Chemical shift analysis of amino acids involved in binding to the PRR site 1 peptide.

Amino acids Asp 231, His 195 and Trp 2t5el are examples of amino acids shifted with

increasing concentrations of site 1 peptide (mM). These and other amino acids were

analysed to determine a kinetic dissociation constant by Scatchard analysis. Plots of the

change in chemical shift (ô)/ligand concentration is plotted against the change in chemical

shift. The Scatchard plots and the corresponding line equations are shown. The reciprocal

of the slope is the Ç of interaction.
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Figure 5.24

A. Ribbon diagram of Tec SH3 domain showing the amino acids detected to be involved in

ligand binding by HSQC experiments. Trp 215 andTrp 216 are shown in red. Tyr 187, Tyr

205 and Tyr 232 are shown in green. Prc 229 is shown in blue while the remaining amino

acids involved in ligand binding are shown in brown. The N- and C- termini are highlighted.

The figure was generated in Molscript and Raster3D (Kraulis et a1.,1991; Merritt et aI.,

1997).

B. Surface plot of Tec SH3 domain with the ligand-binding site generated in Insightll. . The

plot has been rotated 90' along the Z axis relative to A. The binding site (magenta) was

determined using NMR spectroscopy. Proline 51 is highlighted in yellow, as although it is

not detected in an HSQC experiment it is likely to be involved in any interactions involving

ligand. The autophosphorylated tyrosine is shown in white.
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Table 5.3 Chemical Shift values of Tec SH3 domain with the addition of PRR site 1 peptide

No Addition of Site 1 Addition of 6 mM Site 1 de

Residue No. H Chemical H Chemical Chemical Chemical
shifr shifr shift shifr

El81
IT82
v183
vl84
A185
Ml86
Yl87
D188
F189

Q190
A191
TL92
E193
Atg4
H195
D196
LL97
R198
LI99
8200
R201
G202
Q203
8204
Y205
r206
1207
L208
8209
K2IO
N211
D2T2
L2I3
T12L4
w215
w2L6
R'2t7
A21,8

R219
D220
K22L
Y222
G223
s224
8225
G226

r27.324
rzt.067
r2r.678
120.908
128.095
126.553
tr4.99r
119.615
123.469
129.t29
t27.838
rr7.922
r24.497
r25.78
rr2.93
124.24
126.8r
r25.0tt
r2r.67

126.039
126.553
1t5.76
r2t.L56
119.615
t21.84
r23.983
t27.3r9
r30.629
118.587
t26.048
122.698
r2r.695
t22.r8
rr7.683
r23.983
126.0r

r25.268
132.978
120.645
t27.701
119.101
r22.955
110.106
123.2r2
r2r.927
109.601

8.854
8.346
9.289
9.29
8.672
9.518
7.t76
8.359
8.893
8.327
7.487
9.035
8.281
8.73

8.073
7.799
8.88

8.021
8.854
8.919
9.t28
9.27r
8.359
8.229
9.183
8.789
9.r02
9.396
7.734
8.689
8.724
8.306
8.255
8.835
8.568
9.118
9.01

9.531
9.12

9.045
8.984
8.t25
8.255
8.958
8.555
8.704

t27.328
r27.068
121.625
r2r.t43
128.093
126.808
114.813
1r9.742
123.003
L29.Lr8
128.088
rn.525
t24.756
t25.787
1 13.19
r23.983
r27.058
t25.0r
t21.673
126.037
126.55

115.896
r2r.16

119.609
t2r.786
r24.234
t27.3t3
130.661
118.582
126.048
t22.M9
r21.679
r22.t9L
117.305
r23982
127.495
r25.4r4
r32.832
t20.64
r27.5r
119.098
r22.918
110.106
r23.2r3
r2r.927
109.849

8.879
8.347
9.278
9.304
8.689
9.529
7.17r
8.413
8.873
8.342
7.474
9.014
8.327
8.698
8.r77
7.784
8.936
8.01

8.864
8.92r
9.t41
9.276
8.372
8.241
9.t93
8.789
9.098
9.42t
7.758
8.703
8.699
8.360
8.269
8.78

8.665
9.101
9.006
9.547
9.r22
9.044
8.998
8.t24
8.255
8.973
8.561
8.724

,,.Cont'd



Tøble 5.3 cont'd Chemical Shift values of Tec SH3 domain with the addition of PRR
site I peptide

No Addition of Site 1

Residue No. Chemical
shift

Addition of 6 mM Site 1

H Chemical Chemical Chemical
shift shifr shift

Y227
1228

P229#
s230
N231
Y232
v233
T234
G235
K236
K237
s238
N239
N240
L24l
D242
Q243
Y244
D245
190e2
190e2
203e
203e
2ttõ2
2TLõ2
2L5eI
216eL
23Lõ2
23tõ2

239t240õ2
2391240õ2

243e2
243e2

t2r.67
r15.246

9.3
9.544

8.073
6.799
7.818
7.257
8.737
8.652
8.411
8.699
8.516
8.19

8.508
8.32
8.32
8.034
8.294
8.024
7.604
6.927
7.885
7.r22
7.8r2
7.07

10.065

9.726
8.255
7.539
7.682
6.985
7.604
6.849

12r.67r
114.989

9.373
9.57r

r24.24
TI4,2T
t2L.r93
rrr.622
IT6.OL7
TT4.2T9
t25.782
r27.84

119.615
r27.849
120.642
t23.726
t22.184
Lzr.4r3
r23326
128.608
TL4.2T8
tt4.2r8
rt8.824
118.844
tts.246
1r5.246
130.278
130.659

116.788

LI4.2L8
114.989
tr4.94l
1r4.732
tr4.732

r23.797
rt4.2t
T2I.4TI
ttr.394
116.022
tL4.2r8
t25.782
t27.84
rr9.499
r27.839
r20.65

r23.756
122.t84
r2r.407
r23.472
t28.606
TT4,2T6

r14.224
tr8.824
118.844
Its.24L
rr5.244
r30.r52
r30.407
116.786
Lr4.2t8
r14.738
rr4.767
tr4.728
1r4.726

7.995
6.799
7.81
7.24
8.747
8.646
8.411
8.699
8.505
8.191
8.515
8.331
8.32

8.053
8.281
8.028
7.6t7
6.941
7.885
7.t22
7.799
7.083
9.924
9.727
8.385

7.539
7.681
6.989
7.59r
6.855

# Proline residues are not detected by HSQC experiment



suggesting a very weak interaction. The dissociation constant derived by NMR for the PRR

site I interaction with Tec SH3 domain in solution is of a similar order to that derived for

the Tec PRRSH3^2 protein interaction with the immobilised SH3 domain on the chip.

HSQC experiments and chemical shift changes are a rapid method of determining the

binding surface of a protein, however, it must be noted that this method can over estimate

the ligand binding surface and only three dimensional structure determination of the

complex will precisely show the molecular interactions involved in ligand binding (Ramos er

a\.,2000).

5. 6 PRRS H3 A2 FORMS INTRAMOLE CT JLAR INTERA CTIONS

PRRSH3^2 protein dimerises at a low affinity IÇ of 416.6 pM as determined by

analytical ultracentrifugation and this interaction could be attributable to non-specific

interactions. BIAcore analysis also indicated that an intramolecular interaction might form

through PRR site 1 within PRRSH3^2 thus preventing an interaction of the PRR site 1 with

the SH3 domain on the chip. To confirm an intramolecular interaction of PRR site 1 and the

SH3 domain is occurring, a "N-labelled sample of PRRSH3A2 was produced. The yield of

ttN-labelled GST-PRRSFI^2 was 20 mgll- culture medium. This sample was digested with

thrombin and the GST removed by the addition of glutathione agarose. Following removal

of the GST fusion partner, the sample was concentrated to 7 mg/ml and l07o DrO added.

A heteronuclear HSQC spectrum was collected on a 0.63 mM sample of

"N-pRRSH3L2 in PBS supplemented with 107o DrO and the spectra compared with the

HSQC spectra of the Tec SH3 domain alone (section 4.6) or with the PRR site 1 ligand

(section 5.5.3). Figure 5.25 shows the HSQC peak for the Trp 2I5eI side chain relative to

the Tec SH3 domain HSQC and the SH3 domain with 6 mM site 1 ligand added. Chemical

shifts obtained in the PRRSH3L2 were located closer to the ligand bound form of the SH3

domain than the SH3 alone. In the case of Trp 2L5eI the magnitude of the chemical shift

were greater than those observed in the SH3 domain titration suggesting the SH3 domain in

PRRSH3^2 is more saturated than that observed in the PRR site 1 titration experiment

(section 5.5.3). Figure 5.25C is the plot of chemical shift against fold increases of ligand

where the PRRSH3A2 has been indicated with a star. Thus, PRRSH3^2 is likely to form

intramolecular interactions that are mediated by the PRR site 1. Protein breakdown of

pRRSH3^2 was observed following storage at 4"C and, thus, no further experiments were

conducted on the PRRSH3^2 protein.
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Figure 5.25

A. rH-"N HSQC plots of "N labelled Tec SH3 domain compared to Tec PRRSH3A2

protein. The spectra were recorded on a Varian Inova spectrometer with spectral widths of

8000 Hz in the 'H dimension and 2000Llz in the "N dimension. The number of t,

increments collected was 64 and the number of complex points was 2048 with an acquisition

time of 0.128 seconds. 16 transients were collected. The spectra were collected at25"C.

Both dimensions in the spectra were processed with a sinebell function and linear prediction

was used in the nitrogen dimension using the VNMR software. The final spectral size was

2048 and256 andthis was visualised and further analysed using )GASY (Bartels et al.,

1997). These spectra highlight the Trp 215 amino acid and the SH3 domain with no site 1

peptide (red), in the presence of 6 mM-8 fold excess peptide (blue) and the spectra obtained

for "N PRRSH3A2 (green). The numbering is consistent with mouse Tec protein and has

been assigned in chapter 4.

B. The spectral overlay of Tec SH3 domain (red), Tec SH3 domain with 6 mM site 1

peptide (blue) and PRRSH3Â2 protein (green) between the chemical shifts of 8-10 ppm in

the hydrogen dimension and 113-118 in the nitrogen dimension.

C. Plots of the change in chemical shift (ô)nigand concentration versus change in chemical

shift for the SH3 domain with increasing concentrations of site 1 peptide. The curves are for

His 195 and Trp 2l5eI amino acids. The relative shift of the PRRSH3^2 protein has been

indicated on the curve by a green star.
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5.7 DISCUSSION

The amino acid sequence of Tec kinase contains three complete class I SH3 ligand

consensus sequences (+XXPXXP) and one incomplete consensus (PXXP) with three of the

sites overlapping. The work reported in this chapter has shown that, using solution-based

assays (ultracentrifugation and NMR) and a solid phase BIAcore assay, the Tec SH3 domain

can form an interaction with the PRR.

Initial ultracentrifugation data highlighted that at solution equilibrium, Tec PRRSH3

wild-type protein will form dimers with an equilibrium dissociation constant of 125 ¡"tM.

Tetramer production of Tec PRRSH3 protein was also observed by ultracentrifugation. The

Btk PRRSH3 protein has also been observed to form dimers with a dissociation constant of

60 pM (Hansson et a1.,2001); two fold stronger than that observed for Tec kinase PRRSH3.

In contrast, the Itk PRRSH3 domain forms an intramolecular interaction between the PRR

and the SH3 domain (Andreottí et a1.,1997).

PRRSH3 proteins missing one or both of the SH3 domain ligand consensus

sequences were generated by site-directed mutagenesis. Tec PRRSH3 wild-type and

PRRSH3^| behave similarly in both the ultracentrifugation and the BIAcore experiments.

Both proteins readily form dimers and tetramers with dimer equilibrium dissociation

constants in the order of 100 pM and interact with immobilised Tec SH3 domain on the

surface of the BIAcore chip. Tec PRRSH3^2 and PRRSH3^12 exhibit distinct

characteristics compared with PRRSH3 wild-type and PRRSH3A1 in the ultracentrifugation

and BIAcore experiments. Dimerisation was much reduced compared with PRRSH3 wild-

type and PRRSH3^l and the interaction with the immobilised SH3 domain surface in the

BIAcore experiments was also reduced. A peptide modelled on PRR site 1 was shown to

bind the Tec SH3 domain through a weak fast exchanging interaction in the order of 3 mM

by NMR. Thus, this work has shown that PRR site 2 promotes an intermolecula¡ interaction

whereas PRR site 1 does not facilitate dimerisation and, instead, could promote an

intramolecula¡ interaction.

Dimerisation of PRRSH3^2 observed by ultracentrifugation experiments indicated

that the protein fragment PRRSH3^2 is essentially a monomer with a very weak dimer

association. This suggests that PRR site 1 is either not capable of binding to the SH3

domain or that the equilibrium favours an intramolecular association. Tec PRR site 1

conforms to the class I consensus sequence for SH3 domain binding making an interaction
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possible. It is therefore likely that PRR site 1 forms an intramolecular interaction with the

SH3 domain that prevents any further intermolecular interactions. Three dimensional

structure determination of the PRRS}J3L? protein will confirm the presence of the

intramolecular association through PRR site 1. In contrast, PRR site 2 (PRRSH3 wild-type

and PRRSH3^l proteins) does not appear to associate intramolecularly with the SH3

domain, perhaps because it is adjacent to the SH3 domain. Thus, the PRR site 2 promotes a

dimerisation event that is favoured over the intramolecular interaction through PRR site 1.

Other Tec family members contain one or more SH3 domain binding consensus

sequences within the PRR of the protein that correspond to PRR site 1 and PRR site 2 in Tec

(Figure 5.7). In the case of Btk, which contains both PRR site 1 and PRR site 2, the first

motif (site 1) has been shown to bind the SH3 domain of Btk as well as the SH3 domains of

Lyn, Fyn and Hck (Cheng et al., 1994); (Alexandropoulos et aI., 1995). Pro-Ala mutations

in the Btk PRR sites, individually and in concert, indicate that Btk PRR site 1 mediates these

SH3 intermolecular associations in vitro and in vivo. A fragment of Btk protein

incorporating the PRR and the SH3 domain (Btk PRRSH3) has been shown to form dimers

(Hansson et a1.,2001). Dimerisation of Btk PRRSH3 is likely to depend on PRR site 2 as

this site in Tec kinase is responsible for the dimerisation reported in this work.

Itk contains only one SH3 consensus binding site that corresponds to Tec PRR site 1.

An Itk fragment consisting of the PRR and SH3 domain has been shown to form an

intramolecular interaction between the SH3 domain and the PRR (Andreotti et aL, 1997).

Tec PRRSHi3L? protein does not appear to dimerise and NMR spectroscopy has suggested

the protein is bound in an intramolecular interaction. Thus, a role for PRR site 1 in

intramolecular interaction of Tec is consistent with the work reported for Itk.

The two SH3 domain binding consensus sequences within the PRR appear to

perform different functions and these functions are conserved between different Tec family

members. The PRR site 1 appears to mediate intramolecular interactions and an interaction

with other cellular ligands, whereas PRR site 2 mediates the dimerisation/tetramerisation

reaction. Tec kinase has been shown to interact with c-Kit, and the SH3 domains of Lyn and

Vav (Tang et aI., 1994) (Machide et al., 1995; Mano et al., 1994). From the evidence

presented here, it is likely that these interactions are mediated by the PRR site 1. A further

prediction from this work is that Txk, which lacks PRR site 1 but contains PRR site 2 will

form dimers. This is intriguing for signalling downstream of the T cell receptor as both Itk

and Txk are required for signalling although their roles are different. Itk contains a PRR site

l andnoPRR site2 whereasTxkcontainsaPRRsite2andnosite 1. Thepossibilitythat
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these two proteins share functions based on the presence or absence of SH3 domain binding

site in the PRR is interesting and warrants further investigation.

Thus, work presented here implies that Tec family members might utilise an intra- or

intermolecular association as a regulatory mechanism to control their kinase activity. The

internal autophosphorylated tyrosine of Tec is located in the SH3 domain ligand binding site

and must be phosphorylated for full enzymatic activity. This tyrosine is protected and not

easily phosphorylated upon ligand binding. Thus, bound ligand may prevent full enzymatic

activity of the protein. Tec kinases use a similar overall strategy to Src kinases to regulate

their activity but utilise distinct interactions.
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CHAPTER 6z

FINAL DISCUSSION AND FUTURE

DIRECTIONS



6.1 FINAL DISCUSSION

Structural characterisation of proteins can provide important information regarding

potential binding surfaces and mutational studies can ultimately link different proteins

together that participate in the same signalling pathway.

Tec family kinases are essential for signal transduction following antigen

engagement of T cell, B cell and Fcy receptors (Yang et al., 2000). The interactions

involved have recently been elucidated and suggest equivalent roles for different Tec family

members downstream of different receptors (section 1.6.2). A degree of redundancy of Tec

family members has been observed. The atypical Tec family members Bmx and Txk can

reconstitute the PLC-y signalling in DT40 cells lacking Btk (Tomlinson et aI., 1999). BtE''

mice have a severely compromised immune system resulting from a blockage in the

development of B cells. Mice lacking Tec kinase show no obvious phenotype, however,

mice lacking Tec and Btk have a slightly more severe phenotype than those lacking Btk

alone (Ellmeier et a1.,2000). This suggests that Btk can partially substitute for Tec kinase,

however, the reciprocal does not occur. Therefore, the predominantly expressed Tec family

member (Btk in B cells) is essential for downstream signalling and its function cannot be

compensated for by lesser expressed Tec family proteins (Tec in B cells). The function of

the secondary Tec family member however, can be partially compensated for by the major

Tec family member. In addition, overexpression of Tec family members can recover

knockout phenotypes as family members substitute for each other.

Role of Tec PHTH domain

The PH domains of Tec family kinases are absolutely required for membrane

localisation following receptor engagement in all haematopoietic lineages. The PH domain

of Btk has been shown to bind to phosphatidylinositol phosphates and also the py subunit of

G proteins, however, the structure and function of the TH domain was unknown (Baraldi ef

at.,1999); (Touhara et a1.,1994). This thesis initiated an investigation into the structure of

the PHTH region of Tec kinase.

The expression and purification of the Tec PHTH protein proved problematic. A

variety of coding regions, purifications under both denaturing and non-denaturing conditions

and different expression systems were tested. Generation of protein samples of sufficient

quantity for structural investigations was not achieved. The yield of Trx-PHTH purified

under denaturing conditions was improved compared with non-denaturing purification,
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although subsequent refolding was not successful. Addition of zinc to the culture medium

resulted in increased yields of the proteins PHTH, THSH3 and the TH alone but the final

amount of each protein in these samples was still not sufficient for further analysis. The

THSH3 protein contains the PRR and, based on the results of Chapter 5, most likely forms

dimeric or tetrameric complexes, although this was not further investigated.

During the course of this work the crystal structure of Btk PI{IH was determined

with and without the Ins (1,3,4,5)P4 ligand and revealed the TH domain was a zinc binding

motif that formed contacts with one surface of the PH domain (Hyvonen and Saraste, 1997);

(Baraldi et al., 1999). The initial structure determination of Btk PFIIH domain was

conducted on the R28C mutant of the PH domain, as this was the only soluble protein

generated that produced high quality crystals (Hyvonen and Saraste, 1997).

Further structural characterisation of this region of Tec kinase will require protein

expression to be performed in either an insect expression system, mammalian expression

system (eg Cho cells) or a cell free system to aid in the folding and solubility of the protein

(Archer et aI., 1993); (Kigawa et al., 1995). The difficulty of these systems is the expense

of generating the ttN, and t'C labelled material required for NMR spectroscopy analysis.

6.1.1 The mechanism of Tec kinase regulation

Intramolecular interactions are important to maintain the Src tyrosine kinases in a

closed and therefore inactive conformation. Deregulated tyrosine kinase activity of the Src

family kinases results in constitutive activation of the cellular pathways controlling cell

growth and differentiation. Thus, tight regulation of the enzymatic activity of tyrosine

kinases is critical for maintaining normal cellular function and preventing oncogenic

activation. Evidence from Src and Hck structural studies show that they are maintained in

an inactive conformation by the presence of two weak interactions (Sicheri et a1.,1997); (Xu

et al., lggT). One interaction occurs between the SH2 domain and the regulatory tyrosine

near the C-terminus and the other occurs between the SH3 domain and the polypeptide

sequence between the SH2 and the kinase domain (SH2 kinase linker). Tec family members

lack the C-terminal regulatory tyrosine found in Src kinas. However, evidence from studies

on Itk and Btk suggest an inhibitory mechanism exists and that it involves the PRR and

adjacent SH3 domain. The PRR of Itk can fold back on itself and intramolecularly bind the

SH3 domain, thereby maintaining Itk in a closed inactive conformation (Andreotti et al.,

LggT). However, Btk PRRSH3 domain has been shown to form dimers with an affinity of
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60 pM (Hansson et al.,2001). Tec kinase contains two SH3 consensus sequences within the

PRR adjacent to the SH3 domain. These two sites, PRR site 1 and PRR site 2, conform to

consensus SH3 binding ligands and an investigation was initiated to further analyse the

potential for such an interaction in Tec.

To begin this investigation, the solution structure of Tec SH3 domain was

determined. This structure was determined using two and three dimensional NMR

spectroscopy techniques and the iterative approach of Nilges for NOE assignment (Nilges er

al., 1997). Although all SH3 domains share a common fold, the Tec SH3 domain more

closely resembles a subclass of SH3 domains that includes Hck and Fyn tyrosine kinases.

SH3 domains of this class are composed of a six stranded, two p-sheet F-banel with the

second strand shared between the two sheets. The amino acids at the ligand binding site

were identified from chemical shift perturbations that occurred upon binding a peptide

derived from the sequence of the SH2 kinase linker. The ligand binding site is a shallow

cleft on the surface of the protein and is consistent with those of other SH3 domains. The

affinity of the interaction between the Tec SH3 domain and the ligand was 4 mM.

The role of the PRR

The prolines in the +4 position (+XXPÐ(P) of each of the SH3 binding consensus

sequences of the PRR were substituted with alanines, both separately and in tandem, using

site directed matagenesis. The mutations were designed to prevent the formation of the

polyproline type 2 helix required for binding to the Tec SH3 domain. An equivalent

mutation in Itk prevents binding of the mutant PRR legend to the Itk SH3 domain (Andreotti

et al.,1997).

Mutagenesis and subsequent biophysical characterisation of the Tec PRRSH3

proteins showed that PRR site 1 (PRRSH3^2) formed an intramolecular interaction with the

adjacent Tec SH3 domain while PRR site 2 (PRRSH3À1) formed intermolecular dimers and

tetramers. In the wild-type PRRSH3 protein, a dimer, formed through an interaction

between PRR site 2 and the SH3 domain, will predominate over monomers with

intramolecular interaction, as the dimer association is greater than the corresponding

intramolecular association. PRRSH3^2 protein contains only the site 1 SH3 binding site in

the PRR. It's dimerisation dissociation constant, determined by analytical

ultracentrifugation, was 417 pM indicating that below a concentration of 600 pM the

monomeric form of the protein is in excess. Using NMR spectroscopy and a site 1 synthetic
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peptide, the affinity for the intermolecular interaction of PRR site 1 and the Tec SH3 domain

was determined to be low with a dissociation constant of 3 mM. This dissociation constant

is consistent with the dissociation constant derived by BIAcore for PRRSH3Â2 binding to

the immobilised SH3 domain. Structural determination of a high resolution complex of Tec

SH3-PRR site I was not possible because of the fast exchange regime of the ligand,

producing insufficient build up of NOEs. NMR data confirmed that the intermolecular

interaction between the PRR site 1 and the SH3 domain (PRRSH3A2) does not occur, and

that this protein is possibly already bound through an intramolecular interaction thereby

making it unavailable to bind in an intermolecular interaction.

BIAcore and ultracentrifugation experiments have shown a dimerisation interaction

of high affinity berween two reciprocal PRR site 2-SH3 (PRRSH3^l) molecules with a

dimerisation dissociation constant Ko of 50 pM. Although not determined by NMR, the

affinity of the interaction between the PRR site 2 and Tec SH3 domain is expected to be

higher. Steric constraints sre predicted to prevent intramolecular interaction between Tec

SH3 domain and PRR site 2 (T.D. Mulhern. unpublished results). Thus, it is unlikely that

an intramolecular interaction between the Tec SH3 domain and adjacent PRR site 2 will

occur in the context of the whole protein in a cellula¡ environment. The affinity of the

interactions observed was low. This is not surprising since PRR SH3 domain interactions

are found in situations where the rapid recruitment or interchange of several proteins occurs

(Kay et a1.,2000).

The observations described in this thesis indicate that the two SH3 domain binding

consensus sequences within the PRR of Tec kinase perform distinct functions that are

conserved between different Tec family members. PRR site 1 appears to mediate

intramolecular interactions and an interaction with other cellular proteins whereas PRR site 2

is responsible for the dimerisation and tetramerisation of PRRSH3 region of Tec family

proteins. Itk's PRR contains one SH3 consensus site (equivalent to PRR site 1 in Tec) that

mediates an intramolecular interaction with the SH3 domain whereas Btk contains two SH3

consensus sites and the equivalent PRR site t has been shown to interact with cellular

proteins. A PRRSH3 fragment of Btk has also been shown to dimerise (Hansson et al.,

2001).

The linker between the SH2 domain and the kinase domain of Tec contains the same

amino acid characteristics as the equivalent region in Src kinase (Xv et al.,1997); (Sicheri et

at., L997). Thus, this region would be expected to form a polyproline type 2helix required

for interaction with the SH3 domain. This thesis has focussed on SH3 domain interactions
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with the PRR, however, an interaction between the Tec SH3 domain and the SFI2 kinase

linker may also occur in the full-length protein. It is unclear if such an interaction would be

sufficient to maintain Tec in an inactive conformation. The SH2 kinase linker could provide

yet another interaction to an already complex system for the control of the kinase activity of

Tec family members.

The intermolecular interaction between Tec SH3 domain and the PRR is predicted to

sequester the SH3 domain and the PRR within the cell. It is possible that PRR site 1 binds

intramolecularly to the SH3 domain while PRR site 2 is free to make other contacts. The

cellular ligands for both the SH3 domain and the PRR site 1 would therefore be unable to

bind to the Tec protein. It is also possible that an interaction occurs between Tec SH3

domain and the SH2 kinase linker, allowing the PRR to interact with other cellular proteins,

perhaps via other SH3 domains, WW domains or Profilin.

Tec kinase has been shown to associate with c-kit and is tyrosine phosphorylated

following binding of stem cell factor to c-kit. This association takes place via a region

incorporating the PI{TH domain of Tec kinase (Tang et al., 1994). Tec also interacts with

the SH3 domain of the Src family kinase Lyn (Mano et al., 1994) and with Vav through the

TH region (composed of the Btk motif and the PRR) (Machide et a1.,1995). The Tec PRR

is likely to be responsible for these interactions. The PRR will be more accessible for

binding these cellular ligands if there is no intermolecular interaction between the SH3

domain and the PRR. Although the SH3 domain could bind either the SH2 kinase linker or

the PRR, it is still uncertain which will occur in the cell. The PRRSH3 dimerisation reaction

was the strongest interaction observed and will clearly dominate over the intramolecular

interaction between the PRR and the SH3 domain in the isolated domain. It could be

postulated that following activation of PI3K there would be a high concentration of Tec

kinase at the membrane that could foreseeably place two or more molecules of Tec together

and an intermolecular interaction could take place. In fact, a dimerisation event, however

transiently, must take place for the autophosphorylated tyrosine in the SH3 domain of Tec to

become phosphorylated. This interaction may take place through reciprocal SH3 PRR

interactions. rWhether Tec kinase is present in the cytoplasm of the cell as a dimer or

tetramer has not been determined.

Potentíal regulatíon mechanisms of Tec family kínases

Deletion of the SH3 domain of Tec kinase results in constitutive activation of Tec

kinase activity indicating that this removes a negative regulatory mechanism (Yamashita et
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aL, 1996). Tec III protein is a naturally occurring Tec isoform that lacks the C-terminal22

amino acids of the SH3 domain and is predicted to have a non-functional SH3 domain. Tec

III is a constitutively active form of Tec kinase (Yamashita et aI., 1996). The loss of a

functional SH3 domain results in deregulation of the kinase activity of Tec tyrosine kinase.

Thus, the SH3 domain is crucial in the regulation of the Src and Tec family of tyrosine

kinases by participating in both intramolecular interactions and intermolecular interactions.

Several mechanisms of Tec kinase activation can be proposed based on the evidence

presented in this thesis.

Following receptor activation, Tec kinase is translocated to the membrane through an

interaction between the PH domain and phosphatidylinositol lipids (Figure 6.1).

Translocation of the Tec protein to the membrane could sufficiently saturate the membrane

with Tec protein allowing a dimerisation or tetramerisation event between reciprocal

SH3/PRR regions to occur (Figure 6.1). PRRs in CD28 have been shown to bind the Tec

SH3 domain and the SH3 domain-CD28 interaction could out-compete the PRR-SH3

domain interaction (Figure 6.2) (Yang et a1.,1999). Phosphorylation of the tyrosine in the

active loop by Src kinases will partially activate Tec kinase. Autophosphorylation of the

tyrosine in the SH3 domain would then break the SH3-CD28 interaction and result in the

complete activation of the Tec protein. The full activation of Tec and phosphorylation of

the regulatory tyrosine in the SH3 domain might then break the interaction of the SH3

domain and the PRR in CD28 (Figure 6.2).

Alternatively, the SH2 kinase linker and the PRR could act in tandem to regulate Tec

kinase. In the inactive state, an interaction of the SH3 domain and the SH2 kinase linker and

potentially other interactions in Tec kinase could maintain the inactive state of the protein.

Membrane localisation of Tec kinase through the PH domain might result in r
conformational change that facilitates the interaction between the SH3 domain and the PRR.

This interaction may occur through either a dimerisation/tetramerisation event or an

intramolecular interaction. Following activation via Src family kinases and phosphorylation

of the SH3 domain tyrosine, the interaction of the PRR and the SH3 domain will again be

broken activating the kinase. Following downstream activation of effectors, the PRR-SH3

interaction may reform facilitating the formation of the inactive kinase.

The PRR-SH3 domain interaction might also be a mechanism to simply facilitate the

autophosphorylation of the tyrosine in the SH3 domain of Tec.

Finally, in the inactive state, Tec may exist as a dimer or tetramer linked by

reciprocal SH3 domain PRR interactions. Data presented in this thesis has shown that the
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Figure 6.1

A. A schematic representation of interactions of Tec kinase that could maintain Tec in an

inactive conformation. Both lobes of the SHI domain (kinase domain) are shown in orange

and the active site is shown in black. The StI2 domain is shown in green, the SH3 domain is

shown in dark blue, the TH domain is shown in light blue and the PH domain is shown in

yellow. The SH2 kinase linker is shown in magenta and the PRR is shown in red. There are

two possible mechanisms to maintain Tec in an inactive conformation, those utilising the

SH3-PRR interactions and those utilising the SH2-kinase linker. The dimer models have

been depicted, however tetramers can also occur. The two mechanisms are labelled.

B. A schematic of possible interactions of Tec kinase following membrane localisation

through the PH domain in T cells. Activation of PI3K produces PIP' a ligand for the PH

domain of Tec family kinases. This facilitates the membrane localisation of these proteins.

The TCR and CD4/CD8 receptors are shown in grey and Lyn tyrosine kinase is shown in

pink. PIP, is shown by the green diamonds. The other domains are coloured as in A. The

three possibilities shown here are dimerisation through a single SH3-PRR interaction,

dimerisation through reciprocal SH3-PRR interactions and intramolecular interaction either

between a SH3 domain and the PRR or the SH2-linker linker. The dimer models have been

depicted, however tetramers can also occur.
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Figure 6.2

A. A schematic of possible interactions of Tec kinase following membrane localisation and

activation by Lyn tyrosine kinase. Lyn kinase phosphorylates Tec family kinases in the

catalytic (SH1) kinase domain. The SH2 domain of Tec kinases has been shown to interact

with SLP-76 adapter proteins (red). This will potentially break an interaction between the

SH2 kinase linker and the SH3 domain. The PRR of Tec kinases may then be available for

binding to other cellular ligands including cKit, Vav and Lyn. The phosphorylation of Tec

kinases and the interactions with the SLP family of adapters relaxes the structure such that

autophosphorylation of the tyrosine in the SH3 domain is possible. The colours of the

domain in Tec kinase are equivalent to those in the figure 6.1.

B. A schematic of autophosphorylation of Tec within the SH3 domain. The

phosphorylation of the SH3 domain tyrosine (Tyr 187 in Tec) could break any remaining

inhibitory interactions mediated by the SH3 domain rendering Tec kinase fully active. The

colours of the domain in Tec kinase are equivalent to those in the figure 6.1.

C. A schematic of PLC-y phosphorylation by Tec family members. Phosphorylation results

in activation of PLCy (blue) and the release of DAG and IP3 leading to protein kinase C

activation and Ca'* mobilisation, respectively. Dephosphorylation of PIP, by SHP-I would

release Tec kinases from the membrane and facilitate the return to an inactive conformation

of these proteins. The colours of the domain in Tec kinase are equivalent to those in the

figure 6.1.
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PRRSH3 region of Tec kinase can form dimers in vitro at high affinity. Evidence from Btk

also suggests that Btk PRRSH3 can also readily form dimers (Hansson et a1.,2001). It is

also possible the SH3 domain PRR dimer interaction can occur in vivo. Thus, Tec kinase

may be maintained in an inactive conformation by a dimerisation/tetramerisation event that

requires activation of the protein to break. The autophosphorylation of the SH3 domain

tyrosine, possible as these proteins are already dimers, might be the event that breaks the

dimer interaction and produces the fully active conformation of Tec kinase.

Itk protein is constitutively bound to the cell membrane in T cells via the PH domain,

removing the first stage necessary for the activation of Tec kinase (Yang et a1.,2000). Thus,

a method of regulation utilising the SH3 domain could prove to be sufficient for kinase

activation. Itk can be predicted not to form PRR-SH3 dimers (Andreotti et al, 1997) and,

thus, an intramolecular interaction between the SH3 domain and the PRR could prevent

incorrect activation. Removal of this inhibition would occur only when the tyrosine in the

SH3 domain is phosphorylated and the kinase is active. Regulation of the atypical Tec

family members Txk and Bmx is expected to vary. Txk lacks a PH domain and contains

only one PRR (PRR site 2), which is suggested, from data presented here, to mediate dimer

formation. Thus, this protein could utilise a dimerisation mechanism of regulation over the

PRR-SH3 intramolecular mechanism. Bmx contains a non-standard SH3 domain and lacks a

PRR, thus, if the SH3 domain was capable of binding a ligand then an inactive conformation

could be maintained by a SH3 domain SH2 kinase linker interaction.

6.2 FI]RTHER EXPERIMENTS

A possible mechanism for regulation of Tec kinases has been proposed from the

work conducted in this-thesis. Initially, determination of the structure of the PRRSH3^2

protein will confirm the intramolecular interaction of PRR site 1 with the SH3 domain of

Tec kinase. Experiments will then need to be conducted to confirm this proposed

mechanism in cell-based assays or in vivo. This requires expression of full-length Tec

kinase in mammalian tissue culture cells. Initial experiments will need to determine whether

Tec kinase can be found present in the cell as a dimer. Transfection of a tagged version of

the protein would be required, followed by standard immunoprecipitation experiments using

the tag label to isolate the complex. Kinase assays can be conducted to differentiate between

levels of Tec kinase activation. The activation of Tec kinase might be predicted to differ if

the protein is present as a dimer or monomer. Equivalent PRRSH3^l, PRRSH3L2 and
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PRRSH3^12 mutations in the full length protein will provide valuable information about the

importance of these regions of Tec kinase. If the dimer through PRR site 1 were required to

maintain Tec in an inactive conformation, expression of the PRRSH3Âl protein would be

predicted to produce a constitutively active form of Tec kinase. Moreover, if the

intramolecular interaction is important in regulation, then deletion of PRR site 2 in the full

length protein might result in deregulation of the kinase activity of Tec. Should an

interaction occur between the SH3 domain and the SH2 kinase linker, analysis of the PRR

mutants might reveal more information about the binding partners for the PRRSH3 region of

Tec kinase. If an interaction between the PRR and the SH3 domain occurs in the full length

protein, then important information on the regulation of this family of tyrosine kinases will

be further elucidated.
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APPENDIX 1: RESTRAINTS LIST FOR TEC SH3 DOMAIN

The amino acid numbers are full length Tec numbers.

The numbers following the brackets are the peak numbers in the )GASY peak list.

Intraresidue NOES: 468
Sequential NOES : 173
Medium Range NOES: 55
Long Range NOES : 260
Total NOEs :956

GLI'2

SER .1
assiga (resld
assigm (ragíd
aseiga (resíd
asaigm (reeid
asslgn (resíd
agsígra (rasld
asel-gm (resid
assígm (reeíd

Gr.u 181
assigra (resid
assigra (resld
assigra (resld
assigß (resld
asrJ.gra (resid
assfgm (resl-ó
assLgro (resLd
aesLga (resiô
asgígra (reeid
assigrn (resíd
aseLgra (rasid

II¡E 182
assLgo (rcsid
assígm (resid
assigra (resíd
assLga (resló
asglgra (reeld
aesiga (resld
assLgm (resíd
aesfgro (resld
assLgm (resid
ageigo (regid
a¡sLgu (reelô
asslgra (rosld
as¡lgz (resld
assJ.gm (regló
aaslgra (resld

VÀL 183
agsfgra (resld
assLga (regld
assLgra (resld
aggfga (rosl,d
a¡¡Lgm (rc¡ld
a¡cLgrn (resld
a¡sl,gra (rcsfd

) (resid
) (resid
) (resid
) (resid
) (resid
) (resid
) (restd
) (resíd

-1 and
-1 and
-1 a¡d
-1 and
-1 and
-1 and
-1 a.r¡d

-1 and

¡ra¡ng
nam€
I¡amê
nêmå
namâ
naÍl€
l¡ama
namê

namê
namê
aam€
I¡AM/E

D,a¡It€

nême
¡1amlE

namê
¡tama
nama
na¡ltê

aamÊ
nann€
¡1anâ
namâ
llamg
4aÍt€
Aam¡g
nam¡E
aamê
namg
aamâ
¡ama
aama
nama
nanne

nam/E
gannlg

l¡amå
t¡amê
nama
ltama
aamê

HÀ
HA
HB1
HB2
HÂ
HA
HBz
HB1

HN
HN
HN
HÀ
tfA
HG*
IIG*
EÀ
HA
HG*
HN

-1
-1
-1

181
181
206
206
206

and
and
a¡¡d
and
and
a^nd
and
a.ud

naÍt€
nane
nam€
naÍt€
na¡¡tg
na¡ng
na¡n€
namê

frB2 )
HB1 )
IIB2 )
HN)
HN)
HG2*)
HG2* )
HG2* )

HG* )
IIA )
Ha* )
trc12 )
HN)
HN)
HGli )
HG1*)
HG2*)
HG2* )
HG2*)

HB)
HG2*)
HG12)
HG11)
HG1l)
HG11)
HG1l)
IIDI* )
HB)
HGl1)
HG12)
IIA )
lIA)
TIA )
HG* )

HB)
¡Ic1f )
HG2*)
EÀ)
HN)
HN)
¡IA )

344
346
L295
369
370
3115

1146
lL{7

106
107
368
938
356
668
1081
1087
L226
L232
367

2L9
223
228
229
893
1050
1111
1504
99
287
357
779
300
308
ÍL72

193
772
773
1075
190
492
L57

181
181
181
181
181
181
181
181
181
181
181

L82
L82
L82
Le2
L82
L82
L82
L82
182
L82
L82
L82
L82
L82
L82

a.nd
a¡d
a.nd
and
a.ad
a.nd
.-d
a.l¡d
a.nd
and
and

181
181
181
1-82
t82
L82
183
183
207
207
206

and
a¡d
.-d
a¡d
a.ad
a¡ô
a¡d
a.ad
a¡d
a¡d
a.nd

na¡nê
¡¡amê
¡lamÊ
¡¡a:m/E

llAm€
Dam€
nan€
Da¡n€
na¡ne
nem€
!'am€

) (resid
) (resíé
) (resíd
) (resid
) (resið
) (regíd
) (resíd
) (resíd
) (reeid
) (resid
) (resld

a^r¡d
and
a.nd
a.nd
a.ud
a¡¡d
a¡d
a.ad
and
and
a.sd
a.nd
a¡d
and
.-d

L82
L82
L82
L82
L82
L82
182
L82
L82
L82
t82
L82
206
206
236

183
183
183
183
18¿
184
2L8

a¡d
a¡d
and
a¡d
a¡d
a¡d
aad
a¡d
aad
a¡d
a¡d
aad
and
a.ud
and

ûama
aamå
¡¡amê
nam¡g
nam/a
¡¡èm¡9
nama
t¡êmê
4AmA
aamå
llAmå
na¡lla
namå
¡¡ama
llam/A

¡1a¡lrg
¡¡amå
¡1ATTE

Dama
tlamå
nanlÊ
nama

HÀ ) (resLd
HA ) (resid
IIA ) (resLd
HÀ ) (resl.d
HB ) (resld
Hc12) (regld
Hc2*) (regiô
HG12) (rasid
HN ) (regid
HN ) (resíd
HN ) (regLd
HN ) (resLd
tIñ' ) (resLd
llc2t ) (resld
HD1*) (resLd

183
183
183
183
183
183
183

a.sd
a¡d
a.ad
and
and
and
and

HA ) (resLd
IIB ) (regLd
IIB ) (resld
gelr) (resfd
HÀ ) (re¡Ld
IIB ) (rc¡ld
Hc2*) (rosLd

a.ud
and
a¡d
a.sô
and.
a¡d
anó
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asalgD,
asslgra
asslgB
asslgm
asslgr¡¡
aaaLgD
assígra
a331grn
asslgm
aEBigr¡
asslgra
as6igra
a5sígra
assfgrl¡
assigß
assfgm
aEslgr¡¡
aaaigm
assigr¡¡
asafgrl¡
aEsigE¡,
assigra
aÉ8igr¡1
aBsigr
as5ígra
aEBlgß

vÀI. 184
assig¡r (resid
asslgra (rasid
aesl-gm (resid
asslgm (rcsid
aesfgra (resid
asaigra (rcsid
aselga (resl.d
as¡Lgra (resld
agsLga (resLd
assLgÉ, (resLd
aeslgrn (rasíd
asalgm (resld
aselgro (resLd
assLgm (resLô
aggígm (resLd
asslgra (reald
assigm (rasLd
agslgra (resLd
assÍgra (resid
asslgrn (resld

ÀI,^ 185
arelga (rcsld
agsLga (rcgLd
arrfgm (rasld
a¡slgrn (re¡Ld
agslgu (rcgld
agslga (re¡l.d
asstgnr (regld
arsLgar (rcgld
asgfgn (rcsld
ag¡lgrn (rcsfd
assl.ga (resfó
ae¡lgra (rc¡Ld
a¡¡Lg¡. (rc¡ld
ae¡Lgra (rcsLd

a-d ¡amg
a.nd aama
a¡¡d namg
a¡d nama
¡nd ¡¡a¡n€
a.ud namg
a.nd name
and nama
a¡¡d aame
and ¡ama
a.nd name
and nama
a¡d aama
a.nd namg
a.nd aams
a-ud aame
a¡¡d nams
a.ad name
a¡¡d name
a.nd nams
a.ud uams
and aama
a.nd name
a.od name
and nama
and ¡ama

HG2*) (rcsld
HB ) (restd
BÀ ) (resLd
IIA, ) (resl.d
Hc1*) (reELd
Hcz*) (resl,d
Hc2*) (reEld
Hc2*) (resfd
Hc2*) (resld
HB ) (reeid
HB ) (resld
HB ) (reeid
Hc2*) (regíd
He1*) (rasJ.d
Hc1*) (resld
Hcl*) (resld
Hc1*) (resid
Hcl*) (resid
Hc1*) (resld
He1*) (resíd
Hc1*) (resid
Hc2*) (regid
Hc2*) (raeld
Hcz*) (resíd
IIA ) (reeld
HC2*) (reeid

IfA ) (resLd
HN ) (resld
fle2*) (raeld
Hl, ) (resiô
IIA ) (ragid
He1*) (resld
HA ) (resLd
Heli) (resi6
HÀ ) (rasid
HB ) (regld
HB ) (resid
Hc2r) (regíé
trclr) (resld
IIGI*) (resíd
Hc2*) (resld
Hc1*) (resld
Hc2*) (reEld
E ) (reeld
HN ) (regLd
HN ) (resLd

IIA
HN
Hr¡
HBT
tfA
HA
EÀ
HA
IIB*
IIB*
HB*
IIA
HN
HN

) (rcsLd
) (resLd
) (res1d
) (resLd
) (resld
) (reeLd
) (resLd
) (reeLd
) (resfd
) (resLd
) (regfd
) (rc¡Ld
) (rc¡ld
) (resLd

and nanna
a.nd ¡ame
anó aame
and nama
and uame
a¡d nama
a¡d aama
a¡d nama
and nama
and nama
a¡rd nama
a¡d uams
and name
a.nd nams
a.nd nama
and nama
a¡rd name
a¡¡d name
¡'¡d name
a.nd nama
a.od ¡¡ame
a.ad neme
aad name
and nams
a.ud uama
a.nd nama

(resld
(resld
(resLd
(resíd
(resl-d
(reslô
(resld
(rasld
(resld
(resió
(resid
(resíó
(resld
(resíd
(resid
(resld
(resíd
(reEid
(regid
(regíd
(resid
(resld
(resid
(resíd
(resid
(rasid

183
183
183
183
183
183
183
183
183
183
183
183
183
183
183
183
183
183
183
183
183
183
183
183
183
183

233
204
235
235
207
2t6
2L6
205
20s
233
233
233
207
2L8
2L6
2L6
205
207
2L8
206
2L6
2L6
233
207
206
2L6

rfa )
IIA )
rlÀl )
IIA2 )
HÀ)
HB2 )
HB1 )
HB2 )
HB1 )
rrA )
HG1*)
HC2* )
HB)
Iß* )
Hz3 )
HE3 )
HBl )
HB)
rfÀ )
EÀ)
HBl )
HE3 )
HG2*)
HG2* )
HA)
HZ3 )

HB)
HB)
HN)
HN)
ITD* )
HÀ)
TIA )
HG1 )
HG2 )
HG2*)
Eì, )
HG2*)
HG2 )
HÀ)
HÀ)
HN)
HN)
HN)
HÀl )
HN)

IIBT )
IIB* )
HÀ)
HN)
HN)
IrÀ)
HG2* )
HÀ)
IG* )
HÀ)
HN)
t$¡ )
TIA )
tÐi )

L67
173
410
465
1104

567
647
686
740
769
774
L2LO
80,rt
1068
1390
1¿56
1078
1080
1084
1085
1088
1101
1113
1114
L289
L452

1359
L92
358
359
103
L76
L87
7t6
809
852
853
1032
1096
1116
LT2L
411
473
{81
493
491

267
101
105
3,í9
350
243
27L
697
86¿
885
131
133
360
361

184
184
184
18{
184
184
184
18{
184
184
184
184
184
18{
184
184
184
18{
184
18{

a.nd
a¡d
a.ud
a.nd
a.nd
a¡d
aad
and
a.r¡d
a¡d
and
a¡d
--d
a.od
and
a¡d
a¡¡d
a.ud
a.ud
a¡d

nam/e
Iamê
¡lamê
nèmê
llAmê
aama
Dama
tlAmê
nam¡E
namå
¡ama
aamê
l¡amê
ûamê
name
gama
nam/a
D,amê
Damê
ua¡l¡ê

uama
¡lêMê
namâ
aamê
ttt¡ttg
llamê
Damå
D'amå
nama
¡¡am/e
¡ama
l¡ATì/t
DAmâ
gann/g

18{
18¿
185
185
205
204
201
204
201
23{
204
234
201
236
204
236
203
205
235
234

and
a¡d
aad
a¡d
a¡d
and
and
and
..d
a.nd
a¡d
a¡d
a.ud
and
and
r-d
a.ud
asd
and
and

na¡¡tg
naÍtg
¡1amê
¡am¡g
uame
¡ta¡ng
aana
l¡amê
namê
¡¡amå
aamê
DAmA
aamê
nal¡l€
¡1a¡Itâ
uanå
ûa¡llâ
nam€
nam/e
nama

namê
namê
uann€
11amå

namâ
aa¡ng
I¡amg
DèMß
11ama

¡am€
aamå
uam/a
aama
11Amê

¿

185
185
185
185
185
185
185
185
185
185
185
185
185
185

a¡d
a¡d
aad
a¡d
and
a¡d
.-d
a¡d
a¡d,
a.ud
and
a¡d
--d
a¡d

185
185
185
185
186
233
233
230
205
20L
200
200
204
205

a¡d.
.-d
aad
a¡d
a¡d
a.nó
a¡d
a.nd
and
a.ad
and
e.ud
and
--d
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assLga (reeld
asslgn (resld

MET 186
assigra (resld
aesLgm (resl'd
asslgra (resid
assJ,gm (resíd
assigra (resíd
assLgm (resld
assígm (resíd
assigm (resid
assíga (resíd
assLgm (resid
asgLgo (resló
asslgro (resLd
asaLgm (resld
asslgra (resíd
assiga (resid
assigra (resid
asslgra (resld
asslgm (resíd
aesJ.ga (resíd
assl,gm (resid

|Iry-R 187
asslga (resid
assl.gm (resld
assígro (resíd
assigm (resld
assigra (resíó
assign (resLd
asslgra (resLd
asslgn (resLd
assLgra (resld
assigro (resid
aasLgm (resld
asslgr¡ (rcgld
asslgra (resid
asslgrn (rc¡ld
assl.go (rasld

ASP 188
agsLgn (regld
aggLgra (regíó
assLgra (rcsLd
aesLgo (resld
as¡lga (resLd
asslgo (resld
aseLgra (rcsLd
aggLgo (re¡id
agslga (rcgLd
asslgra (resLd
as¡Lgrn (resLd
acsLga (resLd

PHE 189
asslga (re¡ld
assJ.go (rcsld
ag¡lga (resLd
aecLgra (rosld
a¡¡lgra (rcsl,d
a¡¡lgrn (rc¡ld
areJ.gm (rc¡f.d

185 a¡d ¡¡a¡nâ HN
185 and uams HB*

205 a¡¡ó aa¡ne HE*
203 and namå HN

) (resld
) (resld

) 362
) t74

186
186
186
186
186
186
186
186
186
186
186
186
186
186
186
186
186
186
186
186

and
and
a.ud
and
a.ud
a.nd
and
anó
a¡d
a.nd
and
and
and
and
and
a.nð
a¡d
and
and
a¡d

HÀ
IfA
HG*
HN
HN
HN
HBT
HB*
HN
H8*
HG*
IIBi
HET
HG*
¡IG*
HN
HN
HN
HN
HN

186
186
186
186
186
186
187
187
187
233
233
232
237
231
234
233
233
233
234
199

and
and
a¡rd
and
and
and
and
a¡rd
a¡rd
and
a.ud
and
a¡¡d
a¡d
a.t¡d
a¡d
anó
a.nd
a.nd
a.nd

¡lamê
nam€
nan€
naÍì/A
¡¡ama
nama
nema
na¡¡rg
nan€
aaÍlê
DA¡Ilg
aaÍrê
¡¡anå
¡tèmg
nanê
¡1Am¡e

aan€
aaÍlê
l¡AmA
D,am/a

uan€
aam€
namê
aamg
namâ
¡¡êmê
namê
¡1êmê
namê
aam€
ûamê
¡lam/E
11amê

Damg
aamê

namÊ
namê
¡1AmA
llam¡a
aamê
nam/e
¡1êmê
Ila¡nâ
aanna
BAmâ
namê
aarng

D,amê
llama
Ilamâ
Dam¡g
Dtma
aama
Damâ

) (resíd
) (resió
) (resld
) (resLd
) (regíd
) (resld
) (resld
) (resfd
) (resld
) (regl.d
) (restd
) (resl.d
) (resid
) (reEid
) (resid
) (rasiô
) (resld
) (resid
) (resid
) (resid

) (resld
) (resLd
) (resÍd
) (resid
) (re¡ld
) (resid
) (regíd
) (resid
) (resld
) (resLd
) (resld
) (resLd
) (resld
) (resld
) (resid

) (resld
) (resl.d
) (resld
) (resl.d
) (resld
) (ragLd
) (re¡ld
) (resfd
) (resld
) (re¡ld
) (regld
) (resLd

) (raeLd
) (resfd
) (resLd
) (re¡ld
) (rc¡Ld
) (rcsld
) (rcsld

Eanê
namê
¡lA¡Ile
nt¡nê
I¡am€
nam€
namê
nam€
¡tAme
nam€
Iranê
Bamê
l¡amê
name
nam/A
na¡ng
uan/a
namê
na¡n€
I¡Amå

HGT )
IB* )
IB* )
Iß* )
HG* )
IIA, )
HEI )
IÐ* )
HN)
HN)
IIA )
IIA )
HE* )
HG2*)
HB)
HG2* )
rrÀ )
HG1* )
HN)
HD2* )

¡IA
HB2
HB1
IIBl
HB2
t{82
HB1
HÀ
IlB2
HN
HN
¡lDt
HB1
frGz
HD1

434
{3s
996
92
93
94
L2L
L492
352
55
L64
303
871
103 0
13 67
348
351
355
669
773

118
119
7{7
1466
75L
1349
1490
1493
753
465
{67
756
278
279
585

L87
L87
1,87
L87
L87
L87
L87
187
L87
L87
L87
187
L87
L87
L87

and
a.nd
and
a¡d
a.od
a.nd
and
a.nd
and
a¡d
a¡d
a¡d
a¡ö
a¡d
a¡d

HD*
IIDI
HD*
HA
HB1
EÀ
IIE*
HE*
HB1
HB1
HB2
HB1
IIÀ
HA
HÀ

L87
L87
L87
L87
L87
L87
l-87
L87
188
188
188
232
20L
20L
20L

a.ud
a¡d
a.nd
a¡d
and
and
a.nd
a¡d
and
a.¡rô
a¡d
a¡d
a¡d
a¡d
a¡d

l¡Am/A
llamo
¡êmê
¡1amê
Dama
namâ
Damê
aamê
DaÍtg
namg
llAmê
na:me
aam/a
namê
¡1am¡E

naßE
DA¡I¡€
aamê
na¡nê
aam/E
nam/g
l¡am/A
aamê
nama
nam€
nama
nam/E

ltam/a
namê
aam€
namlE
nam¡a
Aam/Ê
namâ

)
)
)

)
)
)
)
)
)

)
)
)
)
)
)

188
188
188
188
188
188
188
188
188
188
188
188

and
a.nd,
and
aad
and
a¡d
a¡d
and
a¡d
a¡d
anô
a¡d

HÀ
HA
H82
HN
HN
HB1
IIÀ
HB2
HIT

HÀ
II¡I
HÀ

IID*
IID*
IID*
HÀ
ITA
t¡81
HZ

188
188
188
188
188
189
189
189
189
200
20L
198

and
a¡d
anô
a^nd
and
a.ud
a¡d
a¡d
and
and
a¡d
a¡d

HB1
tÍl.z
HB1
Hl,2
IIBl
HN
HN
HN
HN
HÀ
HG2
IIE

297
298
708
468
Lt5
155
435
67t
672
L29L
t6L
733

)

)
)
)
)
)
)
)
)
)
)
)

189
189
189
189
189
189
189

r-ô
a¡d
a.ad
a¡d
a¡d
and
a.r¡d

189
189
189
189
189
189
189

a.ud,
a.nd
a¡d
a.ad,
a.ad
a¡d
and

tIÃ)
HB1 )
IB2 )
HBl )
Æ2 I
IB2 )
¡Gr )

203
26

20s
206
587
1335

168



a3¡lgr¡¡
asBigrs
esslgra
asslgra
aaslgr¡r
asalgD
assigra
a351gn
asBlgro
aaEigm
asEigr0
assigrn
assigrn
aEEigm
asslgrs
a53ign
asEigrn
assigrn
asaigrn
aEsigrn
a55lgl¡l
assigr¡¡
aã3igrs
a35íg'¡r
esslgra
as6igrn
assigra
a33ig!
assLgr¡1
assiga
as6igra
asslg[¡
asslgrs

(rcsLd
(resld
(rcsLd
(resld
(resLd
(rasid
(resld
(resLd
(re¡íd
(resld
(resid
(resíd
(resld
(regid
(resld
(resid
(resld
(resíd
(resíd
(resid
(resld
(resLd
(reeid
(rasLd
(resld
(resid
(regLd
(resld
(rest d
(rasld
(resLd
(resld
(regÍd

1333
156
157
3s3
35{
4110

690
9
10
L2
13
22
24
1450
30
31
78
79
80
204
591
592
0668
659
67L
672
L329
1336
L428
¿36
437
¿38
439

t28
755
845
Lt70
95
96
97
2t8
559
432
568
569
570
763
429
431

189 and aame HE*
189 a¡d nama HN
189 a¡d ¡¡a¡îâ HN
189 and ¡¡tmê HÀ
189 a.ad nams HD*
189 and Da¡nê HN

189 a¡d ¡rame HBl
189 and name HE*
189 and name HE*
189 and aame HE*
189 a.né na¡ns HE*
189 a¡d namê HD*
189 and nama HD*
189 and nama HD*
189 anö ûame HD*
189 a¡d nanna HDr
189 and name HD*
189 aad ûame ¡IÀ
189 and ¡a¡ne HB2
189 and ûa¡nê ¡IÀ
189 a.od Ea¡ng HB1
189 a.od ra¡nå HBl
189 and aùnê HB2
189 a¡d nünê HB2
189 and nama HB2
189 and aama HB2
189 a¡d name HEt
189 a.od na¡na HZ
189 and na¡oå ¡fB1
189 a¡d samå HN

189 a¡d ûamê HliI
189 and Damâ HN
189 and nanna HN

) (rc¡1d
) (re¡Ld
) (roeLd
) (restd
) (resld
) (resló
) (resLd
) (resld
) (resid
) (reeld
) (resid
) (resíd
) (resíd
) (resLd
) (reEíd
) (resLd
) (resíd
) (resió
) (resid
) (resid
) (resíô
) (resLd
) (re¡ld
) (restd
) (resid
) (raaLd
) (resíd
) (resLd
) (resld
) (resid
) (regld
) (resLd
) (resld

IIA ) (resLd
Hci ) (resld
HB2 ) (resLd
HB1 ) (resíd
HN ) (resíd
HN ) (resid
HN ) (resLd
HE21) (regld
IIE21) (resld
EÀ ) (resLd
lIB1. ) (resld
HÀ ) (resLd
Hc* ) (resld
Hc* ) (resld
EÀ ) (resl6
IfA ) (reeld

EÀ
HN
H¡I
HÀ
HlI
IIB*
HB*
IIA
IIB*
HN
HB*

) (resld
) (re¡ld
) (regld
) (resLd
) (regLd
) (resLd
) (rasLd
) (resld
) (resfd
) (rosl.d
) (regfd

189 and nams HD* )

189 a.ud name HB1 )

189 a.nd ¡¡amê IIA )
190 and ¡¡anne HN )
190 a¡d nama HN )
190 a¡d D,am€ HN )
190 and na¡n€ HN )
191 a¡¡d ¡¡am€ IIA )
191 and nama HB* )
196 a¡¡d nama HB2 )
196 and na¡n€ HBl )
232 a¡rd name HE* )
199 a.¡¡d namê lIB2 )

199 and ¡ramê HG )
228 ¿nê, nama HG11)
199 and name HD1*)
232 and name HD* )

232 and narne HD* )
232 a¡;ô, nanna HD* )

232 andl nama HE* )
199 a¡d aama HB1 )

199 and uama HDl*)
199 and ûamê IIB2 )

199 a¡d ¡ama HG )
199 and ¡,anne HD1*)
199 and aama HD2*)
215 a.nd aama HlI2 )

215 a¡d name HII2 )
199 and name EB2 )
199 and nama HDl*)
199 anô ûam€ IIB1 )
199 and aama HG )
199 asd nane HB2 )

GLlf 190
asslga (resLd
asslgm (resLd
assiga (resld
assigta (resLd
assigra (reslé
asslga (regLd
assígra (resLó
asaLgn (resLd
agsLgra (regld
agsígra (rcsfd
assLga (rc¡ld
assfgm (rceld
aesigo, (re¡ld
asslgra (regLd
aselgr¿ (re¡id
assfgm (rosLd

ÀI.t 191
asafgm (resld
asslgm (resLd
asetgta (rcsld
a¡slgro (re¡Ld
a¡¡lgm (restd
asrLgo (resld
asslgra (reeLd
aasLgfl¡ (resld
aselgra (reeld
agslg¡¡ (rcefd
asslgn (reelé

190
190
190
190
190
190
190
190
190
190
190
190
190
190
190
190

a¡d
a.nd
a.ud
a¡d
and
a.nd
and
a¡d
aad
a.nd
a.nd
a¡d
and
a¡d
asd,
a.nd

aanê
namê
namâ
11Am¡g

Dam/e
naÍt€
naÍla
aa¡Iùg
Damê
aama
namê
naÍìê
DAmê
AAm/E

I¡amê
t¡ann¡Ê

naÍlê
Aam/A
¡ama
nama
aamê
naÍtê
tlAm/E
l¡amê
tlam¡E
Damê
D,Amê

190
190
190
190
190
190
190
190
190
191
191
191
191
L92
198
198

a¡d
a¡d
aud
a¡d
and
a.nd
aad
a¡d
a¡d
and
asd
and
a.nd
and
a¡d
a.ud

namê
ûama
llamê
namE
aamê
Da¡n/a

ll'ama
l¡am/A
aam€
naÍtê
11Amg

¡¡.amg
ltra¡na
namê
l¡amê
aamå

nanê
nam/E
aamâ
nam¡E
aama
11ÊMå

llA¡nA
¡lamê
namå
aama
Damå

HG* )
IB1 )
HG* )
IIA )
HA1 )
HGT )
IIA )
Ht22)
HG* )
IB* )
HN)
HN)
HN)
HG2* )
HG2 )
IIG1 )

HBT
IIBf
HÀ
HN
HÀT

HN
rof
EDI

ITA
H.n

HA

191
191
191
191
191
191
191
191
191
191
191

a.r¡d
a¡d
and
a¡d
aad
a.¡rd
and
a.ad
aud
a¡d,
and

191
191
191
L92
L92
19¿
193
193
L97
198
198

a¡6
a.nd
a¡d
a¡é
a¡.d
a¡d
a¡d
a¡d
.qd
and
a.¡¡ó

) 164
, 232
) 233
) 507
| 678
| 402
) s89
I s92
) 336
) 393
) 396

r69



assLgrs
assLg¡a
asslgrn
asslgra
aEaLgD
aaslgrn
asBlgr¡¡
asslgm

(resLö
(resld
(resLd
(resl.d
(resLd
(reeld
(resld
(reeid

TIIR 192
assigm (reeid
assí94 (resLd
asslgm (resíd
assígm (resíd
assJ.gm (resíd
assLgm (rasid
assign (resid
assígo (resíd
asslgm (resió
agsigr¡, (resid

GLU 193
assLgra (resid
asslgrn (resid
assLgn (resid
assigra (resLd
assíga (resld
asslgm (resld
aaslga (rasíd
asslga (resLd
asslgra (resfd

ÃI.tr 194
assigra (resid
as¡Lgra (resLô
as¡LgÉ, (resld
assLgra (rasid
assLgra (resLd

Hrs 195
asglgÉ (resld
ac¡Lgra (resld
assígra (reeid
asgigra (resLd
assfgn (resíd
aselga (resLd
asslgm (resld
asslga (reeld
asslgm (resld

ÀsP 196
assl,grlr (regLd
asslgrn (re¡l,d
asslgm (resLd
asslgra (resld
asslgn (resLd
asslgra (resld

T.EU L97
a¡slga (re¡ld
agslgra (resLd
as¡Lga (rc¡Ld
a¡¡lgm (rq¡ld
asglgm (re¡f.d

HÀ
HA
HB*
TIBI
HB*
HB*
HB*
HN

) (resld
) (restd
) (resid
) (restó
) (resíd
) (resíd
) (resld
) (resld

HA ) (resid
Ha ) (resid
Hc2*) (resíd
HN ) (resid
Hc2*) (regíd
llc2* ) (resid
IfÀ ) (regld
HB ) (resió
HN ) (resid
HN ) (reElô

HÀ
HG1
¡IB1
HB1
HN
HB1

'ã:G2ITA
HN

) (resid
) (resLd
) (reeid
) (resíd
) (resid
) (reeLð
) (resid
) (resld
) (resld

HA
HN
HN
HN
HÀ

) (reeid
) (resíd
) (resid
) (resld
) (reeld

¡¡¡* ¡ {rt8
¡B* ) 13¿
IIA ) 135
EÀ ) 406
¡p* ¡ r[43

191
191
191
191
191
191
191
191

and
and
and
and
and
a.nd
a¡¡d
and

aamg
naÍtê
nam¡a
nam/g
namê
na¡lla
namå
nêmå

196
196
196
196
198
198
198
198

and
a.ud
a.od
a.ud
and
a.nd
a¡rô
and

Damâ
nan€
na¡nâ
D'amê
Danê
na¡¡t€
¡¡a¡n€
na¡¡tg

ITB2
HB1
HB2
HB1
HB2
HB1
HN
HG2

HGz*)
IIA )
HB)
IIA )
HG2 )
HGl )
HN)
HN)
HN)
IT82 )

HB2
EÀ
t1G2
TTA

He2
HB*
HN
HN
tÍ¡.2

t62
¿63
657
670
8L7
840
577
691

L92
L92
L92
L92
L92
L92
L92
L92
L92
L92

a.nd
and
and
and
a¡d
a.nd
a¡d
a¡d
and
a¡¡d

ûa¡¡ra
nanâ
namg
ûa¡Il€
ûam€
Da¡nê
nam€
naÍì/a
namê
namê

L92
L92
L92
t92
193
193
193
193
193
196

a.nd
and
a¡d
a.nd
a¡d
.-d
a¡d
and
and
and

na¡n€
na¡nê
aanå
uam3
n4må
l¡Amg
na¡¡tê
naÍt€
na¡nê
aanê

0416
t292
oLo42
198
1044
10¿5
240
2t1,
594
506

37L
859
915
1364
245
L472
404
,tl05
591

193
193
193
193
193
193
193
193
193

a.ad
a¡¡d
a.nd
r-d
and
a¡d
r-d
a.ad
aad

l¡ama
llamå
DAÍr€
naÍlê
Bana
nana
aa¡liê
name
¡1amê

193
193
193
193
193
194
L94
194
196

aad
and
a.ud
a¡d
and
and
r-d
a.ud
a.aô

namå
na¡ta
ûamê
name
nemg
¡¡êmê
nêmå
aamê
namê

L94
194
19,4
19¿
19¿

and
and
a¡d
r-d
a¡d

¡amå
Da¡p
ûamê
aamg
aamâ

194
194
19{
195
L97

asd
a.od
a.ud
a.ud
a.nd

DAmâ
D'amê
aamå
namê
aamâ

195
195
195
195
195
195
195
195
19s

and
a.nd
and
and
a¡d
a.ad
a.od
and
a¡d

nam/E
¡1amå
namê
namå
aamê
¡¡ama
¡lAmå
nama
¡1am¡a

'lD2HÀ
IIÀ
IIBl
HD2
ED2
HD2
fiÐ2
IIA

lIÀ
HA
TTA

IIA
HÀ
HÀ

IIA
HÀ
Itr{
HN
HÀ

195
195
195
195
196
2Ls
227
227
2L7

196
196
L97
227
227
227

and
and
and
and
and
a¡d
and
a¡¡d
and

nana
aaßr€
Damå
aaÌ¡€
ûama
aannê
nama
name
IlAmê

namê
aang
nam/g
¡¡ama
Dam¡E

aamå

HB1
IIB2
HB1
HB2
HÀ

'dz3
'lB2HN
HE

55
230
23L
558
62
L326
1337
{88
687

L79
180
373
L78
1481
487

) (resLd
) (resLd
) (resLd
) (resid
) (resíd
) (resid
) (resid
) (resLd
) (resid

196
196
196
196
196
196

r-d
a¡d
a.nd
and,
a¡d
a¡d

aaÍlê
Dama
namå
namå
aama
l¡ana

) (resfd
) (resLó
) (regid
) (resLd
) (resld
) (reald

) (resld
) (reeLd
) (rc¡ld
) (rcsfd
) (ragld

HB1 )
HB2 )
HN)
HB2 )
IIB1 )
HN)

and
¡nô
asd
a.ad
a.ud
and

L97
L97
L97
L97
L97

a¡d
and
and
a.¡¡d
aad

L97
L97
t97
L97
198

a.ud
a¡d,
a¡¡d
and
and

aamê
¡¡amå
Dt¡ll¡l
aama
DAm/A

tfB2 ) 33{
tÐ* ) 3¿0
EB1 ) 109
IIA ) 110
Hr{ ) 579

Aam¡E

¡¡aml
IlâMâ
¡¡Amâ
¿am¡l

t70



assLgr¡l
assLgra
asslgrn
asBLgrn
asslgln
a66LgD
aÉsLgrû
assLgrn
asslgm

(resLd
(resLô
(ragíd
(rcsLd
(resLd
(resid
(resLd
(resfd
(resid

ÀRG 198
assfgm (resid
asslgn (reeíd
asslg¡r (rasid
asslgn (resíd
assigra (resid
aasigm (resld
assígm (resid
aseígm (resld
assígm (resíd
assigm (resid
assLgra (resLd
asgl.grD, (resLd
assLga (resíd
agsigra (regid
aesLgm (resid

frEU 199
aeslgm (ragid
asslga (reeid
assígm (raeid
assigm (resid
asslgro (resíd
assigm (resLd
aseLgrn (resld
asslgro (resLd
assJ.gm (resld
assig!, (resLd
assl.gm (rasld
agslgra (resíd
agslglo (resLd
aesf.gru (resLd
aeslg¡. (reeid
assígra (resld
asslgm (resld
asslgra (resld
aseLgra (resld
agsLgo (resLd
aeslgm (resLd
asslgra (resLd
aesl.gn (rcsLd
asef.ga (rceLd
asslgm (resLd
asslgm (reslô
asslgm (reaLd
asgLgra (resLd
agslgm (reeld
ae¡Lgra (resLd
as¡Lgra (rosfd
asslgra (resfd
assign (rcgÍd
asslgra (rest d

na¡ne
naÍt€
naÍlê
¡ranê
IraÍlê
l¡amê
Iamê
nanê
nanl€
l¡amê
namâ
l¡ama
Damê
llama
namâ

and nams
and ¡ama
a¡ré name
and aame
a¡é namg
a¡¡d aeme
a¡d neme
a.sd nama
a¡d aama
a¡d ¡a¡na
a.ud aama
a¡d aama
rñd Da¡nê
a.nd name
rnd namå
and sanrÙa

a.ad nama
and nama
a¡d aama
a.ad uame
a¡6 name
a¡ed nanne
a.¡¡ô aame
a¡ó nama
and aama
a¡d nams
and name
a¡ó aams
and nama
a.ud aa¡na
a¡d uamg
a.ad nama
a.rrd namg
a^gd aama

) (re¡ld
) (resld
) (regld
) (restd
) (resid
) (resld
) (resid
) (rasíd
) (resld

) (resid
) (reEid
) (resid
) (resíd
) (regid
) (resíd
) (resíd
) (resíô
) (reEid
) (resid
) (resíd
) (resid
) (resí6
) (resid
) (resid

L97
L97
L97
L97
L97
L97
L97
L97
L97

a¡d
a^nd
and
a¡d
and
a¡d
a.nd
a¡d
and

aama
¡tllt€
Da¡Itå
llAmå
nam¡E
ua¡ng
namâ
nema
nama

HD*
EÀ,

HD*
HB1
HB1
HN
HN
HD*
HB2

HÀ
HD*
HD*
HD*
HG2
HB1
HG2

'JB2HN
HN
HN
HN
HE
HE
IfÀ

198
228
226
228
228
227
228
227
226

a¡d
and
a.nd
a.ud
¡.ud
and
and
a¡rd
and

na¡n/g
llamâ
na¡ng
nam/E
na¡ng
D,amê

na¡ng
na¡n/E
nemê

HN)
HG1l)
HA1 )
HG11)
HD1* )
HN)
HGll)
HN)
HN)

HG1
\tB2
HB1
HG1
HG1
HG1
HD*
HB1
HB1
HG1
IfA
HG2
HD*
HG1
HB2

705
337
453
908
L446
371
375
{¡8¿
s38

198
198
198
198
198
198
198
198
198
198
198
198
198
198
198

a¡¡d
a.nd
a.ud
--d
and
and
a¡rd
and
a¡rd
a¡d
and
a.ud
and
a¡d
a¡d

and
and
a¡¡d
and
aad
and
a.ad
and
aad
and
and
and
a¡d,
a¡d
and

39s
573
574
576
947
948
11119
1311
237
578
580
704
734
0736
387

t97
198
199
200
20L
784
L268
1200
1020
OL27L
L274
0396
397
399
7L
77
LL4
225
227
579
633
7L6
726
1070
LO12
LL75
1{18
1199
L2L3
L2L5
L275
L256
L270
1393

198
198
198
198
198
198
198
198
198
198
198
198
198
198
199

naÍt€
na¡nê
na¡n€
na¡¡te
namê
aan€
namê
na¡n/E
namå
nang
na¡ng
name
n4mê
na¡¡tg
¡1an€

199 a¡d na¡na HB1 )
199 aad name HDl*)
199 a¡d name HD2*)
199 a.ad aama HB2 )
199 a¡ô nama HG )

199 and aama HDl*)
199 a.rrd namo IIo2*)
199 and name HDlt)
199 and nanne HB2 )
199 a.ad aams HD2*)
199 a.nd narna IID2*)
200 and aa¡n€ HN )
200 a¡d namê HN )

200 and ¡ra¡ne HN )
205 a.ud nama IIE* )

205 a¡d nama HE* )
205 asd name HD* )

228 anö, ¡¡a¡nå ¡IA )
228 atd ¡ra¡nå H.[' )
232 ¿nö. aanne HB2 )
232 ¿td aanna HB1 )
229 atö, ûama HDz )
229 a¡ld nana HD1 )
228 and nama HG11)
228 and aa¡na HGl1)
229 anö, aama HB1 )
232 ¿¡¡ê. aama HB2 )
228 ¿nd nama HG2t)
233 a.ad samo HG2*)
233 a¡d uams HG2*)
228 ¿¡:ll lrame HDl*)
229 andt aa¡ne HGl )
228 a¡lö. ¡ama HG2t)
205 and nama ED* )

)

)

)

)

)

)
)

)
)

)

)
)

)
)

)

199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199
199

IIA ) (resid
H¡I ) (resíd
HÀ ) (resid
HA ) (resid
¡IA ) (resLd
HB2 ) (resld
HB2 ) (resld
IGl ) (resld
IB1 ) (resld
HBl ) (resíô
lÐ1*) (resld
I¡D2*) (resLd
HB1 ) (rasld
IIA ) (resid
HÀ ) (resid
HD2r) (resid
IÐ2*) (resld
HD1*) (rqsld
HD2*) (reslô
Ec ) (resíd
HD1*) (resld
HD1*) (resld
IIDI* ) (resid
HDl*) (resld
HD2tl) (resld
IÐ2*) (reeld
HDl*) (resLd
ID1*) (resLd
lB1 ) (regLd
¡ID2*) (reeld
llD2*l (re sLd
IÐ1*) (resf.d
HD2*) (resLd
HDlr) (resld

L7I



GLU 200
as6l.gra (resld
asElgr!, (resid
as8Lga (resl'd
assLgra (rasld
assígra (resfd
assig¡¡ (resLd
aeslgm (resld
assigm (regLd
asslga (regld
assigra (regid
aseigrr (resld
assigm (resíd
assígm (resid
assLgra (resid

ÀRG 201
assigro (resid
assigm (resl-d
aEsíga (resld
assLgm (resíd
assLgn (resLd
assj.grn (resid
assígn (resid
assl.gm (resid
aseiga (resLd
aesLgra (resíd
assLga (resid
assfga (rosid
aseLgû (resld

Grrlí 2O2
assigra (resíd
assigra (rcgíd
assigrs (resíó
asgLga (resLd
assLgm (rasld

GIÀI 203
asslgra (resíd
assLga (resfd
aseigo (reeld
assLgm (resld
assig[¡ (resid
assigm (resld
essLgla (rcefd
assigra (ragld
assLgn (reald
assLgo (resLd
assLga (resld

1 aeaLga (resld
asrLga (rcsld
aaafga (rcsld
asslgm (rcsld
aseLgn (rcsld
asslgrn (rc¡ld
assl,gm (rcsLd
a¡slgra (rc¡ld
a¡glgra (rc¡ld

) (restd
) (resíd
) (reeLd
) (resld
) (resld
) (resíd
) (ragíd
) (resid
) (resíd
) (resid
) (resíd
) (resid
) (resiô
) (resid

) (resid
) (reEíd
) (resíd
) (restd
) (resiô
) (resid
) (resíd
) (resld
) (resíd
) (reeid
) (resLd
) (resLó
) (resLd

nanê
lraÍl€
ga¡n/g

aamê
nêmê
na¡n€
nanna
Aam/E
namê
nam¡a
aamJg
Damê
aamg

a.nd
a.ad
and
and
a.ud

Ãamê
nama
aamê
na¡nê
nama

a.nd ¡¡ama
and nama
and, ¡anne
a¡d aame
asd uame
aad aama
and name
r-d ¡¡amê
and nanra
a.ad nama
a.nd, ¡ama
a¡d ¡rama
a.nd nama
.-d ¡lama
a.nd nams
a¡d aama
aad ¡¡ams
a.ud aama
a.nd ¡¡ama
a¡d aame

aamg
nama
nam€
aam€
ûamê
aalllÉr
nêm/E
naÍ¡€
namê
namê
nêÍl€
nannÊ
aallt€

a¡d
a¡d
and
a.nd
a.ad

nam¡a
I¡ama
namå
¡amå
nang

a¡d aama
aad sams
a.ad nams
a.nd aame
a¡ô namg
a.ud ¡ame
a¡d aame
a.ud ¡ama
and aama
asd ¡rama
and nama
and aama
aad aama
a¡d aama
a.nd uams
anô ¡rame
a.ud uams
and ¡rams
a.ad same
a¡d aame

200
200
200
200
200
200
200
200
200
200
200
200
200
200

and
a.nd
a¡d
a.ud
a¡d
a¡¡d
and
a¡d,
a.nd
a¡rd
and
and
a.nd
aad

na¡ne
l¡anÊ
namå
namê
namê
ttamra
l¡a'ÍTA
nan€
Bamå
nama
I¡AM/E

ßanê
namê
Da¡n¡E

IfÀ
HA
HÀ
HN
HN
ÍtB2
HG*
TTA

HB1
HB1
HB1
HN
HG*
HN

200
200
200
200
200
20L
20L
20L
203
203
203
203
203
20s

and
and
and
and
and
and
and
and
a¡d
a^ad

a¡¡d
and
a.ad
a¡d

na¡na
nan¡t€
Da¡Itê
nanê
namê
llam/e
¡¡añe
aame
ûam/A
namê
na¡n€
aan€
namê
¡lam€

HG* )
¡82 )
HB1 )
rB2 )
¡TÀ )
HN)
HN)
HN)
HE21)
HB2 )
HG2 )
nB2 )
EE22I
IE* )

HG1
HB2
HB1

'Je2HG2
HG2
HG1
HB1
ÍTD2
HB1
HB2
¡fD1
HÀ

232
233
234
401
780
390
391
39¿
68
826
825
398
628
400

) 54¿
) 546
) s47
) s48
) s83
) 589
) s90
) 601
) e69
) 388
) 389
) 392
) 393

20L
20L
20L
20L
20L
20L
20L
20L
20L
20L
20L
20L
20L

a¡ed
a¡d
a¡¡d
a.sd
a¡d
and
a.nd
a.nd
a.nd
a.ud
and
a¡d
a.nd

HA
rfÀ
IfÀ,
IIA

'lD2HD1
HD1
HD1
HG1
EN
HN
IIIT
HlT

20L
20L
20L
20L
20t
20L
20L
20L
20L
20t-
20L
20L
20L

aad
a¡d
a.nd
a.nd
anô
and
and
a.nd
a¡d
and
a.nd
a¡d
a.ud

202
202
202
202
202

IIA2
HN
IIA2
HA1
HN

202
202
203
203
203

HÀl )
HÀl )
Ht{ )
HN)
HN)

HG2 )
HB2 )
HB1 )
HG1 )
HG2 )
HG1 )
se2 )
HB2 )
IB1 )
IB2 )
trE21)
HA)
HG2 )
HG2 )
HG2 )
HGl )
HN)
HN)
IG* )
IÐ* )

524
t97
475
t76
503

) (regid
) (rasíd
) (regid
) (resld
) (rasid

203
203
203
203
203
203
203
203
203
203
203
203
203
203
203
203
203
203
203
203

203
203
203
203
203
203
203
203
203
203
203
203
203
203
203
20{
204
204
205
205

358
364
36s
367
1415
677
754
791
1306
L82
271
629
630
673
681
74t
470
47L
74
1376

HÀ ) (regíd
IIA ) (resLd
HÀ ) (resíd
HÀ ) (resLd
lB2 ) (resid
tß2 ) (resló
IIcl ) (resld
IB1 ) (resid
llc2 ) (rasid
HN ) (resfd
8t,22, (reeid
rlE,22, (regld
lft,22l (regld
HN ) (raeld
IIE21) (re¡ld
IIA ) (re¡Ld
HB2 ) (re¡Ld
IfÀ ) (rcsLd
IB1 ) (rcsld
Hc2 ) (resLd

172



GLU 20¿
as3lgrD (resLd
aBsLgro (reelô
assLga (regl'd
asaígra (resid
assigî (resLd
as5igr¡ (resid
as6L9n (resld
assiga (resid
assLgrn (resid
assigra (resid
asslgm (resid
asgígm (resld

Tr-R 205
assígn (rasid
assigra (resid
asslga (resid
assigt (rasíd
aaslgm (resid
assí94 (rasld
assígm (regid
asslgra (reeíd
assl,grn (resLd
assl-gm (resLô
aasLgm (resld
assLgr¡r (resLd
assLgrn (resid
asslgm (resld
assLgm (resld
assign (regid
aesigm (resld
assign (resid
aesigra (resl,d
assLgn (rosLd
aseiga (re¡ld
asalgm (resLd
asslga (resld
asslgra (resLd
asslga (regíd
assigr¡ (resLd
agsLgrc (resid

Il,E 206
agsLgm (reeid
a¡sLgra (resld
assLgÉ (rc¡ld
asgigrs (resld
assfgm (resL6
asaLgr, (regid
assLga (re¡id
assLga (rosld
aaslgra (re¡ld
assLga (rssLd
aeslga (reald
asclgra (rc¡Ld
agsfgra (rasld
asslg¡a (rcgld
a¡¡l.gm (ro¡Ld
arrf.gro (resfd
asslgo (ro¡ld
a¡¡lgra (rc¡Ld
a¡¡lgra (rc¡ld
a¡sLgra (rq¡ld

nam¡g
naÍtg
l¡amâ
Ea¡ne
I¡êÍTA
nam/e
namê
ûaÍrg
llAM/B
nam€
namê
nama

a.nd nanns HD*
a"nd aame IID*
and nama HD*
a.nd nama IIA
and aama IIÀ
ané na¡na HB2
a¡d name HN
a.nd aams IIN
a.nd nama HN
and aama HD*
and name HB2
and ¡ama HBl
and aame lIÀ
a¡d aams HD*
r-d game HE*
a¡d uame HE*
and, ¡¡ame HD*
a.rrd aama HD*
a.nd, nama IID*
and ¡¡ama IIÂ
and aama HB2
and ¡,ame IIB2
a¡d Damå HBl
asd Damê IID*
e^ûd Da¡nå ¡82
a¡d ûa¡na HE*
a¡d Da¡llå ED*

) (regl.ô
) (reeLd
) (resLd
) (resid
) (resid
) (resíd
) (resLd
) (resid
) (resid
) (resid
) (resid
) (reeíd

) (resid
) (ragíd
) (resid
) (resld
) (resíd
) (resLd
) (resld
) (reeíd
) (rasid
) (resíd
) (regíd
) (rasíd
) (resid
) (reEíd
) (resíd
) (resid
) (rasíd
) (regid
) (reeíd
) (regld
) (resid
) (resíd
) (resid
) (resLd
) (regtd
) (reaLd
) (resl.d

nam€
nemg
Bam/a
ûa¡nê
naÍl6
name
na¡lt€
name
na¡rg
name
lla¡n€
namê

and name HB2 )
and name HBl )

and nanne IIA )
a¡d ¡ama lB2 )

and neme HBl )
a.nd uame HBl )
and aanra ¡82 )

a¡d nama IIA )
a¡d nama IÐ* )
and nama HDl*)
a¡,d name HN )
a¡d aama HN )
and nama IGiI )
a¡d aame HE )
a¡d nama HB1 )
a.nd, name IIA )
a¡d aanra IIA )
and nama HBl )
and aama IB+ )
a¡d aame lIÀ )
and aame l{A )
a.nd aame HAt )
a¡d aame IB* )
a.ud aanne HG2*)
anô aama IÐ1*)
a¡d name IIIiI )
a.ud uams HN )

r-ô Damg
r-d aamå
a¡d uama
and aama
a.ud aame
asd ¡rema
and aama
a.ad aame
a¡d na¡r¡a
a¡d aame
a¡d aame
a¡d aame
and nama
a¡d aame
a.ad ¡ama
a¡d aa¡oe
a¡d. nama
a¡d nama
and ¡rama
a¡d r¡amg

201
204
204
204
204
204
201
204
204
201
204
20t

a¡.d
and
a.qd
and
a.nô
and
a.nd
and
and
and
a¡¡d
anö

¡IÀ
IIA
IIA
HG1
HG1
HN
HN
HN
HÀ
HG1
HB*
IIA

204
204
204
204
204
204
204
204
205
205
205
205

and
a¡d
a¡d
and
and
and
a¡d
and
a¡rd
a¡d'
and
and

HG1
HG2
IIB*
HG2
IIB*
HB*
HG2
HA
HD*
HN
HN
HN

L72
L74
L75
807
1386
L77
178
180
L70
184
t79
480

108
109
3111

320
32L
689
185
186
482
113
¿30
1131

432
4
63
207
208
106
111
2LO
2L3
685
739
L207
L{7L
674
675

)
)
)
)
)

)

)
)

)
)
)

)

205
205
205
205
205
205
205
205
205
20s
20s
205
205
205
205
20s
205
205
205
205
205
20s
205
205
205
20s
205

205
205
205
205
205
205
205
205
205
206
206
206
206
2L9
220
220
220
220
2L8
220
220
2L8
2L8
233
228
22L
22L

206
206
206
206
206
206
206
206
206
206
206
206
206
206
206
206
206
206
206
206

206
206
206
206
206
206
206
206
206
206
206
207
208
220
2L9
220
22L
2L9
2L9
220

IIG12)
HG1l)
HGz*)
HG11)
HG12)
HG12)
HG11)
HA)
tÐ1*)
¡rc11)
HG12)
HlT )
HD2* )
IIA )
tIA)
HB1 )
HÀ)
HB1 )
HN)
HÀ)

302
304
305
891
LO52
11s5
1156
1168
151
L52
43t
698
1505
2L5
887
L482
1{95
153
429
433

and, aama
a.nd ¡ama
a.Ird, nanns
and aa¡ne
rñd uama
r-d Dem€
a.r¡d aa¡na
and ¡ama
and, namg
a.ud ¡rama
a.nd aa¡na
a¡d nama
a¡¡d nanna
a-d ltamg
and aama
rñd Da¡na
a.ad aame
a^¡rd sams
a^ud ¡a¡na
--d Dannâ

HÀ ) (reslð
IIÀ ) (resfd
HÀ ) (resLd
HB ) (resl-d
Hcl1) (regld
Hc2t) (regid
Hc2*) (resl.d
IÐ1*) (resld
Hlf ) (regld
HN ) (resié
HN ) (reeid
Hc2*) (resld
HÀ ) (resLd
gD1*) (resld
HB ) (reeld
IÐ1*) (reald
HD1*) (resld
HN ) (resid
HN ) (regLd
Hl{ ) (rcgLd

t73



a88i9rn (

assigra (

assigra (

a8sigrn (

asÉigl¡r (

asEígm (

assigra (

as6igrn (

aEBLgrD (
assigrn (

aBslgrn (

assigra (

a88ígra (

assigra (

a8sigra (

ILE 207
asslgm (resLd
a88lgrn (rosid
assl,gra (re¡ld
asslgn (resld
as8ígrß (resid
asslgm (resLd
aBslgrl¡ (resid
aseigrn, (resld
assLga (resld
asslgrr (reEiô

resÍd
re6íd
reeld
resíd
resid
resid
resíd

IrA ) (resíö
HB ) (resLd
Hc12) (resíð
Hcll) (resid
Hc2*) (regid
Hc2t) (resld
Hcz*) (resid
IIA ) (resió
HN ) (resíd
HN ) (resid
Hc11) (resíd
HDl*) (resíd
IIA ) (resid
IIB ) (resid
IÐ1*) (resid
IIDI* ) (resid
¡tDl* ) (resid
IIDI* ) (resíd
rrÀ ) (resíd
HG12) (resíd
Hc2*) (resid
¡IDl*) (reeid
¡fÀ ) (resid
He11) (reeid
IIDI* ) (reEid
HN ) (resió

a¡d ¡,amg
and name
a.nd nama
and nams
a¡d nams
and nama
a¡¡d nama
aad nama
and nama
and nams
a¡rd nams
a.nd name
and ¡ame
and name
a.nd nama
a.nd nams
and aama
aad aama
a.ud aama
and r,ame
rqd Eam€
asd neme
a.nd aame
a.sd aame
and uame
and nama

208 anô nams HG )

208 and nanne HB* )
208 a.sd nama HD2*)
208 a.ud name HD1*)
208 a.ud aame HG )
208 a.ad aame HB* )
208 and name HG )
208 a.ad nanre HD1*)
209 a¡d nam€ HBl )
209 asd r¡ama HN )
209 aad na¡na HliI )
209 anô name lllf )
225 atd. ¡ra¡na HÀ )
219 a¡d ¡14¡Í8 IIÀ )
218 a¡d ¡ra¡nÊ IIA )
218 and ¡ra¡ne IIÀ )
219 and ua¡ne HD2 )
2L7 ¿¡;lt nama HD2 )
225 a¡d na¡ne EG2 )
225 ¿nö, aama EGl )
2L7 ¿¡rö, Dama IID1 )
218 a¡d nana H )
225 ¿nö. na¡na HG2 )
225 ¿nö. ¡ana HG1 )
219 and aarne HG2 )
218 a¡d ¡ama HN )
218 a¡d Dama IIÀ )
219 and Bamê HN )
225 a¡¡ö. n!¡nâ HN )
219 and ¡ra¡nê HN )
226 anö. naÍìê HN )
219 a¡d Dams HE )
2L7 anð, namo HE )

resid
resið
resid
resíð
resfd
resíd
reslô
resíd
resld

LtU 208
assigra (resid
assLg¡, (raald
assl.gn (resLd
assLgm (resLó
asslgm (resLd
agsLgm (resLd
assLgr¡ (resid
assLgra (resf.d
aaalgra (regLd
assfgrn (resLd
asslgrD (resLd
asslgrn (resLd
assLgra (regLd
asglgra (resid
assigt (regid
asglga (rccLd
asslgra (regLd
a¡ef,ga (rcsid
asrLga, (rasLd
assLgra (rcsLd
asrlgra (ra¡ld
asrf.gra (rcsLd
aaglgra (rceld
asgLgra (resf.d
assfgr, (rcsld
asslgm (rcgLd
asslga (rcsld
as¡lgra (rcgfd
asslga (regld
assLgra (rsald
assJ,gm (rcsLd
arrlga (rcsld
a¡¡lgra (rcsLd

and nama
and nama
and nama
an¡d nama
and, nama
and nama
a¡d ¡ama
and nama
and nama
and nama
a.ud nams
rñd na¡nê
a.nd namg
a¡d nama
and nama
a-nd nanne
a.nd name
and nama
and aama
and nama
and nama
a¡d name
a.ud. sama
a.nd name
a¡d nama
a.r¡d, nama

208 a¡d Da¡ns HÀ ) (resid
208 a.nô n,a¡nê ¡IA ) (resl'd
208 a¡d namå HÀ ) (resl-d
208 and nama HG ) (resLd
208 a.sd nama HBi ) (resid
208 a¡d ¡¡ama HD2*) (reELd
208 and nems HN ) (resld
208 a¡d ¡ramå HN ) (reELd
208 aad name HB* ) (raeíd
208 and ¡a¡nê HN ) (resld
208 a.od nams HD1*) (resLd
208 and nama HBt ) (resld
208 a.ad sama HD1*) (regid
208 aad ¡¡ams HDl*) (resíd
208 a¡d aams HG ) (resid
208 aad uama HD1*) (resíd
208 a¡d aame HD2*) (resid
208 and ¡ranna ED1*) (resid
208 a.Ird ¡rame HDl*) (resid
208 a¡d aame HD1*) (resfd
208 a.ad aame HD1*) (resld
208 a¡d aams HD2*) (rcsf.d
208 aad name HD2*) (rc¡ld
208 asd sams HD2*) (resLd
208 aaé uamâ HD2t) (rcsLd
208 a.I¡d na¡na HD1*) (reeld
208 a¡d ûama HN ) (resLd
208 and ¡¡am€ HN ) (reeld
208 a.nd aama HDlr) (resLd
208 a.nd uame HDlt) (resLd
208 a¡rö nama HDlr) (resld
208 a¡d aams HD2*) (regLd
208 and aa¡na HDlt) (resLd

207
207
207
207
207
207
207
207
207
207
207
207
207
207
207
207
207
207
207
207
207
207
207
207
207
207

207
207
207
207
207
207
207
207
207
207
208
208
208
208
2LO
2LO
209
2L6
2L8
2L6
2L6
2L6
2L8
2L7
2L7
2L8

HB)
HG1l)
HGl1)
HÀ)
IIA )
IIB )
HGl1)
HG12)
HG12 )
HG2* )
HN)
HN)
HN)
HN)
¡IA )
HGl )
HN)
IIE3 )
IfÀ)
IE3 )
Hz3 )
HB1 )
¡B* )
HlT )
HN)
¡B* )

4Ll
801
878
1000
L227
L23L
L236
Ltt2
69s
699
89
342
3r¡4
667
353
L24L
631
101
153
865
L223
L229
13 53
L47
425
697fgr¡¡ag5 (

373
375
379
926
998
1184
90
343
816
638
632
633
L37
L{79
155
158
s63
623
7tL
798
LLz7
LL79
1180
1181
LLg2
294
345
3t7
451
{95
536
547
76t

r74



Gr.u 209
assigro (reEid
asslgr¡¡ (reeld
aasLgn (regid
assLga (rcsld
assl-gm (reeid
asslga (reeLd
asslgra (rasLd
aesLgn (resíd
aseiga (resfd
aesigm (resíd
aeslgm (resíd
assigo (resl'd
assígm (resló
assLgo (resfd
assigm (resid

LYS 210
aseíga (reeid
assigm (reeid
aseLgm (regid
assígra (resLd
assJ.gm (resíd
aseiga (resLó
assigra (resld
asslgra (reeid
a¡slgm (resLd
assLgra (resid
asefgo (reslô
aesLga (reeld
assígo (rc¡ió
assigr¡ (rcsLd
aasLgo (resid
assLgra (rasfd
asslgra (rcsLd
aeslgm (resLd
asglgra (reeid
asgLgm (resld
assLga (rcsid
aeslgrlr (rcsLé
asslgra (rcsLd
assLgo (rcsid
aesLgm (rosld
assLgra (resLd
arsigm (regid
assLga (resid
aselgm (rasid
assLgra (resld
assLgra (resLô
assiga (resLd
asslgr¡ (resLd

ÀsN 211
as¡lga (rogLd
asslgÉ (resld
a¡¡lgr¡ (rc¡Ld
aeeLga (rasld
arrLgm (resId
a¡¡lgra (rcsld
as¡lgra (rcgld
a¡¡lgn (rcsLd
e¡¡Lgra (rc¡ld

nama
nama
BAT¡å
nan€
na¡ng
nam/e
Da¡ûa
namê
Dang
namê
name
DAÍlê
namâ
llana
naÍl€

210 and ra¡nê IIA ) (resíd
210 and ¡ra¡nâ IrÀ ) (resid
210 a.nô fra¡nê IIA ) (reslö
210 a¡d nama HE* ) (reeíd
210 a.ad na¡na HE* ) (resid
210 aad name HE* ) (resLd
210 a.ad nama HD2 ) (resid
210 a.nd aa¡na IIB2 ) (resid
210 a¡¡d nama HB2 ) (resid
210 and aama HBl ) (resid
210 and aame HD1 ) (resid
210 a^ud name HD1 ) (resLd
210 a¡rd aams HD1 ) (resLd
210 a.nd nama HG2 ) (regid
210 a.ad aame HG2 ) (resié
210 a¡d ¡ama HD2 ) (resld
210 and sama IrB2 ) (raeld
210 a.nd r¡amê HN ) (reeLd
210 and aama IIN ) (rceid
210 and sa¡ne HN ) (re¡Ld
210 a.ad namå ¡ûf ) (resLd
210 a.ud ûa¡ns HB1 ) (resld
210 a¡d nama HÃ, ) (resLd
210 a.ad ¡¡ama HG1 ) (resLd
210 a^nd aanna HG2 ) (resld
210 a¡d nams HE* ) (restd
210 a.nd ¡ama HD2 ) (rasíd
210 a¡d Da¡nê ¡IA ) (resLd
210 aad na¡na HB2 ) (resLd
210 and Da¡na HBl ) (resld
210 a.uó ¡,a¡na HÀ ) (resLd
210 ¡.ad ¡ama HÀ ) (resLd
210 a¡d r¡ama IIÀ ) (resLd

ûam€
gamê
ua¡ûE
¡¡antg
namg
l¡4mê
na¡ûB
namê
name
na¡ng
na¡n/A
¡1t¡ll€
¡ramå
namê
nama

210 a.ad na¡ne HB1 )
210 and name HG2 )

210 a.nd nama HGl )
210 and name HGl )
210 and name HD2 )

210 a.uô nama lIG2 )
210 a.nd nama HG1 )
210 aad nam€ HG2 )
210 and ¿ama HG1 )
210 a¡d nams HG1 )

210 a.ad uame HE* )
210 asd aamê HD2 )
210 a¡d nam€ HG1 )
210 aad ¡anna HDl )
210 and ¡rame HG1 )
210 a¡d name EG2 )
210 aad nama HA )
210 a¡d nama HG2 )
210 aad aarna lrBl )
210 a¡d name HG1 )
211 a.ud namå IIÀ )

211 a¡d rrënå HN )
211 and ¡¡a¡na HN )
213 and nama HD1*)
213 and na¡na HD1*)
213 a.nd nama HDl*)
216 a.nd aama IfZ2 )
216 a¡d ¡ams IID1 )
216 and na¡ne HD1 )
216 a.ad aa¡ns HD1 )
216 a.¡rd ûams HA )
216 a.ud na¡na HB2 )
2L7 a¡r6. aama HN )

209
209
209
209
209
209
209
209
209
209
209
209
209
209
209

-nd
and
a.ad
and
a.ad
and
and
a.nd
and
a.r¡d
a¡¡d
and
and
.qd
and

IfA
HG*
t18.2
HN
HN
HN
¡TA

ITB2
HBz
HGT
HBl
HN
HN
HN
HN

209
209
209
209
209
209
2LO
2LO
2LL
2L7
2Lt
2L7
2L7
2L8
2L7

a¡d
aud
and
and
a¡d
a.uô
a¡d
a¡¡d
and
and
a.ud
aad
a-d
and
a¡d

HB2
HÀ
HB1
IIA
ÍtB2
HB1
HN
HN
HN
IIBl
HN
HN
HB1
HA
ÍtB2

) (regíd
) (resLd
) (resló
) (resid
) (restd
) (resid
) (resLd
) (resíd
) (resLd
) (regid
) (resLô
) (resl,d
) (rasid
) (ragid
) (ragíd

388
1366
L31,2
268
269
63s
139
408
4t9
945
426
637
634
636
679

352
3s4
357
788
958
799
965
L244
1061
10 6¿
1160
1161
L282
L2t5
1 286
1445
1{98
L37
138
{10
407
448
450
L284
L247
1314
5
15
18
19
351
356
1s0

307
160
161
2L4
556
562
t47
7L8
720

)
)

)

)
)

)

)

)

)
)

)
)

)

)

)

2LL
2LL
2LL
2LL
2LL
2LL
2LL
2LL
2LL

a.ud
and
a¡d
a^ad
a¡d
a¡¡d
a.aô
a.nd
a.nd

DAßB
namå
aamê
namå
nam¡A
tlamâ
¡lama
nam/a
!,am¡Ê

2LL
2LL
2LL
2LL
2LL
2LL
2L2
2L2
2L2

and
a.ud
a¡d
and
a^ud
a¡d
a.nd
a.nd
and

namê
nam€
aamå
aañ9
namê
¡1èm/a

aamg
namâ
Aam/e

HBl )
HBl )
HÀ)
ÍrD22l
IB1 )
HBl )
HN)
HN)
HN)

HÀ ) (resLd
HN ) (resld
HN ) (re¡fó
HD21) (rcsld
IlD2L, (ra¡Id
IlD2zl (resf.d
HN ) (rc¡Ld
IfA ) (resld
lB1 ) (rcefd
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ÀsP 212
asslgn (rcsfd
aselgm (resld
asrigm (rcsld
asslgo (resfd
asslgm (resLd
asslgnr (reald
assJ.gm (resld
assiga (rasld
assigm (regíd
assign (reEld
assigra (resld
aesígrn (resLd
assiga (reEld

IJEU 213
assLga (resld
assign (resid
aasiga (rasíd
assiga (resid
assLgm (reaid
asslgm (resLd
asslgra (resid
asslgm (resld
assJ.gn (resLô
assfgrn (resiô
assigû (resf.d
asel,gm (reald
assLgm (resld
assigo (rasíd
assigm (resLd
assLgra (resíd
asaigm (resid
assLgn (resld

Hrs 214
assfgra (resíd
agsLgm (resid
assf,ga (resld
areLgra (resLd
assLga (resld
as¡l,grq (resLd
assign (rosid
aasLgo (resld
assLgn (resld
a¡sLgo (rcsld
assfgn (resLd
asslgra (resld
as¡Lgm (resíd
aselgra (regld
asaLgra (rcsLd

ITRP 215
asslgra (resl.d
assLgra (resld
agslgn (resLd
assfgra (rcsld
as¡Lgn (resLd
aselgr¡ (rcgld
asrlga (rc¡ld
acslgra (resLd
a¡cLga (rosld
a¡¡lgra (rc¡Ld
a¡slgn (rcgld

¡IÀ ) (resíd
HBz ) (resid
HB2 ) (resid
IB2 ) (resld
HBl ) (reeid
Hc ) (resid
ID1*) (resld
IÐ2*) (resld
HN ) (resid
HN ) (rasLd
HN ) (resLd
HN ) (resid
Hc ) (reeid
I¡D2*) (regid
Hc ) (resíd
HÀ ) (resid
HN ) (rasíd
HB1 ) (resíd

) (resld
) (resld
) (resld
) (reEid
) (reeid
) (resíd
) (resLó
) (resld
) (resLd
) (resLd
) (resló
) (resid
) (resíd
) (rasíö
) (resid

2L2
2L2
2L2
2L2
2L2
2L2
2L2
2L2
2L2
2L2
2L2
2L2
2L2

a.nd
and
and
a.nd
r-d
and
a.¡¡d
a.nd
and
a¡¡d
a¡rd
a.ud
and

IIÀ
HB2
HÀ
HN
IIA
HÀ
ItrB2
HB1
HN
ÊtB2
IIA
HB2
HB2

2L2
2L2
2L2
2L2
2L3
21,3
2L3
2L3
2L3
2L5
2L6
2L5
2L4

ané
a.nd
a¡d
a.sd
and
a.ud
a.nô
a-d
and
a¡¡d
a¡¡d
a.ud
a.ud

nama
aam€
nama
namå
nAm/e
l¡a¡ng
naÍl€
namê
namê
namê
namê
aamå
namê

) (reeld
) (resLd
) (resíd
) (resld
) (regíd
) (resid
) (resld
) (restd
) (resLd
) (restd
) (resid
) (reeid
) (reEíd

nanlg
¡l4ml9
nam¡8
tlême
na¡na
aanìê
Iamê
namå
l¡Am€
namê
nemê
nam€
¡¡amê

IB1 )
HB1 )
IB2 )
TIB2 )
IÐ1*)
HN)
HN)
HN)
IÐ1*)
IB* )
HDl )
HN)
HN)

24L
s43
1440
710
1093
620
622
623
72L
628
139s
t42
520

425
929
933
934
992
1028
1097
LLLT
263
264
625
76L
Lt77
518
519
52L
62L
775

2L3
2L3
2L3
2L3
2L3
2L3
2L3
2L3
2L3
2L3
2L3
2L3
2L3
2L3
2L3
2L3
2L3
2L3

a.nd
a¡d
a.nd
aad
a.ad
a¡d
a.nd
a^nd
a.nd
a¡d
.-d
a.ud
a¡d
a¡rd
a.nd
a.ud
a.nd
a.¡¡d

namê
nama¡
nenê
aam€
namê
namå
nemg
namê
Aam¡e
l¡ame
Ilan€
DAmê
aam/e
nanê
l1Amê
¡ramê
naÍl€
aaÍlg

21,3
2L3
2L3
2L3
2L3
2t3
2L3
2L3
2L3
2L3
2L3
2l-3
2Lt
2L4
2Ll
2L4
2Ll
2L4

a.nd
a¡rd
and
a¡d
a¡¡d
and
a¡d
and
a.ud
and
and
a.nd
a¡d
a¡d
and
a.nd
a¡d
a¡d'

namê
nan€
ûame
nan€
na¡llê
Damê
lla¡nê
¡¡amê
namra
namê
nam¡E
aarnê
ûa¡n/A
Bamê
¡¡amê
tlamê
llamå
namg

HG
IIA
HB1
HG
ITA
HB1
HG
H8.z
IIBl
IIA
HB2
HG
HD2
HN
HN
HN
HN
HN

)
)
)

)
)

)
)

)
)

)
)
)
)
)

)
)
)
)

2t4
2L4
2Ll
2L4
2L4
2L4
2L4
2t4
2L4
2L4
214
2Lt
2L4
2Ll
2L4

a¡d
asd
a¡d
and
a.ud
a.nd
a¡d
and,
a.nd
a¡d
a¡d
anô
a.ad
aad
a.ad

nam¡e
aamê
AAm¡B

ûamê
aaÍt€
namla
aamê
lram/g
namê
nêmå
namê
¡amê
nama
¡amê
Damâ

¡ta¡M
aaÍte
Damê
aamê
¡taÍlê
aamê
aamê
¡¡a¡Ir/g
lta'mê
namê
namê

HD2
lIÀ
IIA
HB1
HD2
HN
H¡I
HN
t{82
HB1
HB1
ITA
HN
IIA
HA

2L4
2L4
2L4
2L4
2Ll
2L4
2t4
2Ll
2L5
2L5
2L5
2L5
2L5
230
230

a.nd
and
asd
and
a.nd
end
and
a.nd
and
a¡d
and
and
a¡d
aad
a.ad

¡¡AM/E

namê
namå
nanê
¡am/E
Damå
aam/a
¡¡ama
namê
¡1an/g
namê
aallê
aamâ
namå
lilam¡a

Hl.z
HB2
HB1

'lBzHB1
HB1
tß2
IIA
HD1
HE1
HN
HN
UN
HB2
HN

L25
398
399
L299
Lt76
20L
202
203
L374
337
{4L
4{3
522
857
756

2L
40
L82
49
18¿
625
159
335
338
t{4
692

)
)
)
)
)

)
)
)

)
)
)
)
)
)
)

2L5
2L5
2L5
2L5
2L5
2L5
21-5
2L5
2L5
2L5
215

a.¡¡d
a.nd
a.ud
a.ad
a.aé
a¡ó
a.ud
a.ad
a.sd
a.ud
a¡d

HZ2
Hz3
HZ3
IlH2
¡fA
IIB*
HN
IIEl
IIEl
TN
IIA

2L5
2L5
2L5
2L5
2L5
2L5
2L5
2L5
2L5
2L5
2L6

and
and
a.nd
and
aad
and
a.nd
.-d
a.ad
a¡d,
a.ud

ltamê
narn€
nam¡E
llA¡nê
aamâ
l¡Amê
nam/E
Aa¡n/a
¡¡AMJA

¡ramå
Da¡n/E

tÍÃ2
HE3
IIÀ
IIE3
HB*
HD1
IIA
HD1
sz2
IIDl
Htl

) (resid
) (restd
) (regld
) (resld
) (regld
) (resLô
) (resld
) (ragLd
) (regld
) (re¡ld
) (reeLd

)
)
)
)
)
)
)
)
)
)
)
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assigra
assLga
assLgrn
assLgra
a55igî
assLgra
asÉLgrfl
asElgrn
a6slgln

(reglé
(resLd
(resíd
(resld
(re¡ld
(resLd
(resLd
(resld
(resid

TRP 216
assiga (resid
assiga (resid
assLgm (resíd
assígn (resid
assigra (resLd
assigÉ (resld
aseíga (resld
assigra (resí6
agsigm (resid
assign (resiô
assigm (resld
assigrn (resid
assígn (resid
assigr¡ (regid
assLgm (resid
assiga (reeld
assLgra (resfd
asslgla (resld
assLga (resLö

ÃRG 217
assígrn (resíd
assí94 (resid
assigin (resLd
assfga (resLd
assLgra (resLd
asglgrn (resló
assLgra (resld
assigm (resld
assl,gro (reeld
aeslgm (resld
aselgm (resld
assígra (resld
agsLgro (reeid
assLgla (resLd
assigrn (resid
asslgrn (resid
asstglu (rasid
assLgm (resLd
arrlgm (rcgLd
a¡¡lgra (rc¡ld
asslgu (resLd
arsLga (rosLô
asslgra (resld
asslgra (rc¡fd
asgLgÉ (resld
aseLgB (rcgld
aseigra (resLd
asslgra (resl.d
a¡gLga (rc¡ld
ag¡lga (re¡Ld
r¡¡lgm (rcsLd

) (resíd
) (resíó
) (resid
) (resLd
) (resld
) (resíd
) (regíd
) (resid
) (resid

) (resíd
) (resid
) (resíd
) (resid
) (resid
) (resíd
) (regid
) (reeid
) (resíd
) (regid
) (resid
) (resid
) (resid
) (resid
) (resid
) (regLd
) (regid
) (reald
) (regid

2].5
2L5
2L5
2L5
2L5
2L5
2L5
2t5
2L5

a.nd
and
and
and
a.sd
and
and
and
a.ad

na¡n/E
¡tAmê
lta¡n/g
Dam¡g
namê
namê
namê
nêmâ
D'amê

Idz3
Itz.3
HE3
IIE3
ITA
ItZ3
IÈZ3
HE3
HÀ

227
227
228
229
229
229
227
229
230

and
a¡d
a.nd
a¡d
and
and
a¡¡d
and
and

Iam/a
nam€
uaÍr€
ûa¡nB
nam€
DaÍla
Iam/B
nana
naÍtê

HB1
HDT
HA
HD1
EÀ
IIA
HBz
HD2
HN

42
45
L28
L29
183
510
13s7
L392
s88

6
L4
16
94
150
15{
639
636
L2L
L23
422
423
t24
47
5¿
96
64L
1388
670

)
)

)
)
)

)
)
)

)

2L6
2L6
2L6
2L6
2L6
2L6
21,6
2L6
2L6
21,6
2L6
2L6
2L6
2L6
2L6
2L6
2L6
2L6
2L6

a¡rd
a¡¡d
and
a.sd
and
and
and
and
a-ud
a¡rd
and
a¡¡d
a¡d
and
anô
a¡.d
a¡d
r¡d
a.ad

HZ2
HD1
HD1
ttz3
tfA
HA
HBz
HB1
HN
HN
HB1
IIB2
HÀ
Hñ2
HZ3
TIE3
HB1
¡ID1
HN

2L6
2L6
2L6
2L6
2L6
2l-6
21-6
2L6
2]-6
2L6
2L7
2L7
2L7
233
230
233
230
230
228

H¡T2 )
ITA )
HB2 )
HE3 )
IB1 )
IB2 )
IB1 )
HZ3 )
HB2 )
IIA )
HN)
HN)
HN)
HG1*)
HA1 )
HGl*)
tIBl )
IB1 )
HN)

namê
DAÍl€
namê
[ênå
namê
nama
aBma
namê
nemê
aamê
Damê
nan€
namå
l¡am€
namê
Iamê
na¡ne
Dam¡e
aamê

2L7 a¡¡ll. ¡ra¡nê HÀ ) (resíd
2L7 a¡¡d namâ EA ) (rasíd
2L7 atít ntnê HÀ ) (resld
2L7 ¿td. nama HD2 ) (resLd
2Ll ¿¡¡ö, na¡na ED2 ) (resid
2L7 a¡¡ê. nama HDl ) (resld
2L7 ¿¡¡lI sama HD1 ) (resid
2L7 anë, name HD1 ) (rasid
2L7 atõ nams EBl ) (resid
2L7 a¡¡ð. aa¡nê HG2 ) (regLd
2L7 a¡¡lt na¡nâ HG1 ) (resid
2L7 a^ö. û!¡nå HGl ) (resLd
2L7 snð. ¡¡amê HÀ ) (reslô
2L7 ¿¡¡it Damê HN ) (resLd
2L7 a¡rd aünê HN ) (resid
2L7 s¡rð. aa¡nÊ EE ) (resíd
217 and na¡ne HE ) (resid
2L7 a¡rð. Dams HÀ ) (resid
2L7 a¡lö. samå HB1 ) (re¡ld
2L7 ¿sö. namâ HGl ) (resLd
2L7 a¡lll aama HDl ) (rsgLd
2L7 anö. ¡anna HB1 ) (reeld
2L7 ¿¡rö, na¡nê HÀ ) (resi.ó
2L7 at6 ¡ama EG1 ) (resLd
2L7 atö. na¡nÊ IIA ) (resld
2L7 a¡¡ö. Ãamå HG1 ) (resló
2L7 ¿td. nams IID1 ) (resLd
2L7 a¡rð. aama ltGl ) (resLd
2L7 a¡¡ll na¡oe HG2 ) (resld
2L7 ¿¡rð. ¡¡amâ HÀ ) (re¡ld
2L7 cníl ¡¡amå HÀ ) (resLd

and name
a¡¡ð name
a¡¡d uams
and nama
and nama
and, nama
and nama
and ¡¡ame
and name
a¡¡d nama
a.ud neme
a.ud name
a¡d na¡na
a.ud name
a¡eô aama
a¡d aame
and name
and nama
a,nd nama

217 and na¡nå EB1
2L7 EÐdt nama HG2

217 a.ad aame HD2

2L7 ¿nd name HBl
217 a.ud nama HG2
2L7 a¡.dl nama HD2
217 a.nd nama HG2
2L7 ¿all nama HB2
2L7 a¡;d aama HG2
217 and same HGl
2L7 atdl na¡nê HA
217 and namê HD1
2L7 a¡;(l aama HB2
217 and ¡¡ama IIB1
2L7 ¿nö. aama HB2
217 and name HD1
2L7 ¿Ãdl aams HG2

218 a.ud Damê HN

227 ¿¡;d nams HE*
227 ¿îA nams HE*
227 ¿¡¡ö' ¡lr¡ra IID*
227 ¿¡¡d nanna HD*
227 anê. aamå I{À
227 a¡l(I asma IIÀ
227 anö. aama lrE*
227 anö. nama HD*
227 and, nanns HN

227 ¿td, ¡¡a¡nê HN
226 a¡ld aame HN
226 ¿nö, aa¡nå HN
228 uê aam€ HN

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

)
)

327
328
329
941
1009
1301
6t5
649
1007
1130
L1,24
LLz8
L362
148
149
688
766
293
69
70
98
99
326
163
325
LL4I
L87
¿85
537
769
776
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ÀI¡À 218
a8slga (resid
as8lgrs (rasid
a6tlgr¡¡ (reeló
asslgra (resld
asslgro (resid
asBigra (resid
assLgro (regid
aeslgm (resLd
as8lgrn (reeld

ÀRG 219
aggíga (regid
assigra (ragid
asslgm (resíd
assigrr (resid
aaslgro (resid
aesl.gn (resid
assigra (resid
assLgû (resid
asslgn (regíd
aasigrn (resid
assLgr¡¡ (resLô
assiga (rasfd
aseígo (resld
aggLgr¿ (resLô
assigÊ¡ (resld
assLgm (resld
assfgm (resLd
assigo (resl.d
assLgrr (resid
assLga (resLd
assLgm (resld
aasig¡ (rasld
assLga (resld
assLga (resló
assíga (resLd
assLgrn (resLd
as¡igo (resLd
asslgo (resLd
a¡slgra (regld
aselgn (resLd
asslgß (rcsLd
assiga (resLd
assl,ga (reefd
aseLga (resld
aseLga (rcsló

As.P 220
asslgra (regLd
assLgm (resid
asslgra (regLd
acelga (resld
assLga (resld
asslgrr (resLd
acslgra (resLd
asslgra (re¡ld
agsLgrs (resLd
arsLgm (resld
ac¡iga (re¡fd
agslgra (rcgLd

ra¡lÌ€
namê
na¡¡ta
namå
naÍtê
¡¡êmê
naÍr€
naÍìê
namê

219 and nams ¡IA ) (rasid
219 a¡d nam€ HÀ ) (resíd
219 a.ud Dam€ HÀ ) (resió
219 a.ud namê IIA ) (resid
219 and nama HD2 ) (regld
219 and nama HD2 ) (regid
219 anö name HD2 ) (resid
219 and nama HD1 ) (reeid
219 anð ûa¡nê HB2 ) (resíd
219 and Da¡nå HG1 ) (restd
219 a.sd name HGl ) (resid
219 and nama HG2 ) (regid
219 and ¡ama HN ) (resld
219 asd ¡,ama HE ) (rasid
219 and aame HE ) (resid
219 and ¡,ame HE ) (resid
219 a.n,d Da¡nê HE ) (resLd
219 and Dam€ IIE ) (regid
219 and nane HBl ) (regLd
219 and na¡r¡e HB2 ) (resld
219 a.nd ¡ama HA ) (reeíd
219 and aams HD2 ) (resLd
219 and name HDl ) (reeid
219 a¡d aame HD2 ) (resíd
219 and aanne HG1 ) (resid
219 a¡d nams HB2 ) (resLd
219 and sanne HD1 ) (re¡ld
219 a¡ô na¡îâ HÀ ) (roeid
219 and namå EA ) (resLd
219 a.nd ûa¡îå HGl ) (resLd
219 and ¡ame HG1 ) (resld
219 and nams HG1 ) (resld
219 !¡d aama HG2 ) (restd
219 and same HD1 ) (resLd
219 a¡¡d aams E¡|, ) (resLd

and
a¡d
and
and
a.ad
a¡rd
and
a.nd
a¡rd

Dam€
namê
Damå
nama
namg
na¡n€
aam€
namg
na¡n€

219 and nama HGl )

219 and na¡na IIB2 )
219 a.nd nama HG2 )

219 and nana HB1 )

219 and nane HB2 )
219 and name HBl )

219 and aama HG1 )
219 and name HD2 )

219 a¡¡d aama HBl )
219 a¡d nama HB2 )

219 a¡d nama HD1 )

219 a.nd aame HDl )
219 and na¡ne HBl )

219 and name HD2 )
219 a¡d nane HGl )
219 and name HB2 )
219 and nama HD1 )
219 and name HB1 )
22O anö. nama HN )
220 and aams HN )
22O at6, nanna HN )

223 anll ¡¡am€ EÀl )
223 and sama IIÀll )
22L a¡;ö, aa¡ne HB2 )
223 anö. namå HN )
223 a¡¡d na¡nê HN )
223 ¿til ¡ra¡ns HN )
225 and na¡na IIA )
225 ¿¡¡dl name HG1 )
225 and na¡ne HG2 )
225 atdl na¡ne üG1 )
225 ¿¡¡d ¡¡ama IIB1 )
225 anlt aa¡ne HG2 )
224 anö, aamê HN )
226 anö. aams HN )

2L8
2L8
2ta
2L8
21,8
2L8
2L8
2L8
2L8

a¡d
anô
and
and
a.nd
a¡rd
a"ad
a¡d
and

HA
HN
HN
HB*
¡IA
HB*
HN
HN
HN

2L8
2t8
2L8
2L9
2L9
228
227
226
228

tmr )
HA)
HB* )
HN)
HN)
IÐ1*)
IIA )
HN)
HB)

156
87
88
¿96
497
981
292
543
682

) (resld
) (resLd
) (resid
) (resid
) (resid
) (resld
) (rasid
) (resíd
) (reEtd

220
220
220
220
220
220
220
220
220
220
220
220

a¡d
a.ad
a¡¡d
asd
a.nd
.-d
a.nd
a¡ó
and
a.uó
a¡d
and

llam/a
l¡amê
aamg
Aam¡E

namg
nam/g
l¡amå
ûamê
Ilam/a
namâ
aam¡a
Iam/e

IIA
EÀ
HB1
HN
H¡I
HN
HÀ
HB1
HB1
Ð2
¡tB1
IIA

220
220
220
220
220
220
22L
22L
22L
22L
22L
22L

a^ud
a¡d
a.nd
and
a¡d
and
a.nd
a¡¡d
.-d
and
a-aô
a¡d

na:må
ßam€
aam¡e
namâ
¡ramå
nam/e
l¡AmA
l¡all¡g
namå
¡têmâ
¡¡amg
¡ama

HB1
t{82

'frB2HBz
HB1
aÀ
HG2

'lD2IlG2
HN
HN
HN

141
t44
146
L47
765
561
562
599
767
920
L426
L4t2
193
5¿5
546
548
7L2
762
385
386
387
363
585
898
553
654
6s5
L42
145
923
796
848
873
420
542

2LL
2L2
530
L25
L26
L27
2L4
523
526
513
514
516

) (resLd
) (resl.d
) (resl.ô
) (resld
) (resfd
) (reeLd
) (resLd
) (resld
) (resl,d
) (resld
) (resLd
) (realó

)
)
)
)
)
)
)
)

)
)
)
)
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L11f5 22L
as8Lgla (resl'd
a5sLgrD. (resLd
assLgB (rasld
assLgr¡ (resld
as6l-glg (resLd
asal,gr¡¡ (regid
assLgn (resíd
assLga (resid
asslgra (realô
asslgÉ, (resl'd
assigm (resid
assLga (resíd
aselgn (resid
asgfgo (resLd
asslgn (resld
assiga (raEid
assigm (regid
assigm (resíd
assígn (resíd
assigra (resid
agslgr¡¡ (regl'd
assígo (resíd
aesiga (resíd
asslgra (reeid
assigra (reeíd
assiga (resid
assfgm (rasLd
assígm (regíd
assíga (resLd
assLgra (reeld

1ft'R 222
ag¡lga (rasLd
assl,gn (resLd
assigra (rest d
asslgra (resl'd
aselga (regid
assigrn (resíd
asslgra (resld
as¡igia (resLd
as¡lgn (resLd
asslgra (re¡Ld
assLgm (resfd

Gf.Y 223
asslgo (resld
assLgra (resiô
as¡Lga (resl'd
assJ.ga (regLd

8ËR 224
asslga (resld
ascLgta (resLd
assLgm (reeLd
a¡¡Lgn (rcsld
as¡fgra (rccfd
asrlgra (re¡Ld
a¡gLga (roeLd
ag¡r.gra (reeld
asgfgn (resLd

22L a¡¡í! ¡¡ariâ IIÀ ) (reei6
22L ¿¡¡lf Dam€ tfÀ ) (regLd
22L anit nama HEt ) (rasíd
22L and nama EE* ) (resló
22L andl- aama HE* ) (resld
22L anit nama HB2 ) (rosld
22L anê nama HB1 ) (resLd
22L ¿nö, nama HD2 ) (resld
22L anö, nama HD2 ) (resld
22L ¿¡¡il nama HD1 ) (resld
22L ¿nd name HG2 ) (resid
22L cnlt nerna HG2 ) (resid
22L and ûa¡nê HG1 ) (resíd
22L ¿nö. ¡ramê HN ) (resid
22L a¡¡ê. na¡nê HN ) (reEíd
22L and. name HN ) (reeid
22L anö, name HG2 ) (resld
22L and nanna HE* ) (reEíd
22t a¡¡ö. nanna HGl ) (resid
22L anö. na¡ne HB2 ) (reeld
22L anö, nama HN ) (reslô
22L atô, na¡nê HA ) (reEld
22L ,^A nama HBl ) (resLd
22L ¿nð. same HGl ) (resié
22L a¡¡d. aame IIG2 ) (resíd
22L a¡rö. na¡ns HG2 ) (restd
221, atll na¡r¡s HG2 ) (rasid
22L a¡rd. nanre HG2 ) (regid
22L ¿¡¡ö. nama HD2 ) (resid
22L æë, na¡na IIÀ ) (resLd

22L anö' nama IIB2
22l. and aame HGl
22L anö, name lrBl
22L ¿¡;d aama lIDl
22L and ¡ama HG1
22L ¿¡l(l nama HGl
221 and ¡¡a¡îs IIA
22L anll ¡¡ams HE*
22L a¡ið, name HG1
22L æ6 aama HGI
22]- a¡¡'ö. nams HE*
22L anl(l nanne HGl
22L ¿ndt namê EBl
22L anö. namê HÀ
22L and name HG1

22L anö. na¡flê HG2

222 and name HE*
222 a¡/l ¡ame HD*
222 and aama HD*
222 ¿n(l uanne HB1
222 aa(l na¡ne III{
222 a¡;dl namå HliI
222 a¡'ö. namê HN

222 ¿¡;ö. nams HN
222 atd nama HN

224 ¿nlt namå HBl
221 and aams HB2
224 ¿nð. nama HN

221 ¿td, nama HN
223 ¿t(l rra¡na HN

222
222
222
222
222
222
222
222
222
222
222

a.ud
and
a.nd
a.nd
and
a.nd
and
a.nd
a.nd
a¡d
and

namê
l¡amê
Damê
gamg
namê
nam€
aamâ
Aam/g
l¡ame
lrama
aam/a

IIET
IIET
HE*
HEi
IIA
HB1
HN
HN
IIN
HII
HN

222
222
222
222
222
222
222
222
222
223
223

a^od
and
and
aad
a¡d
and
a¡d
a.nd
a¡d
and
and

¡¡anê
aame
nama
aamê
aame
¡¡a¡ng
¡¡anê
nam3
D.ama
namå
nam€

HD*
EÀ
ITB2
¡IB1
ftB2
HB2
HB1
HA
HE*
HN
fi2

4(t5
152
690
967
693
901
919
L46l
9s2
L265
LLz9
1141
L263
200
510
511
39
92
93
889
5L7
604
605
607
778
{36
LLz6
¿18
t2L
656

89
3{
35
36
321
598
253
255
603
706
763

)

)
)

)
)
)
)

)

)
)
)

)

)

)
)
)

)

)
)
)
)
)
)

)

)
)
)
)

)
)

) (resLd
) (resLd
) (resid
) (regíd
) (regid
) (resLd
) (resld
) (resld
) (resid
) (resíd
) (resld

)
)
)
)
)
)
)
)
)
)
)

223 a¡^ll name IIÀ1
223 ¿¡;dl ¡¡a¡nê HN

223 a¡;dl Da¡nê HN

223 ¿¡¡ll atmâ HN

223 ¿nð. sa¡ne EA2 )
223 a¡¡d, na¡ne EAil )
223 atd, nama HÀl )
22{ atd. uama Hlil )

) (rasid
) (resid
) (resld
) (resld

366
282
283
657

224
224
224
224
224
224
221
221
224

and
a.ad
a.nd
a¡d
a.nd
a¡d
and
a.nd
a^nd

¡1amâ
nam3
¡¡amå
nAm/A
l¡Amå
nalltê
nama
aamâ
¡1Amê

IIÀ
lIÀ
HB1
HN
HN
H¡T

Hl.2
HB1
TIÃ

224
22[
22t
221
224
224
225
225
225

a.ud
a¡d
a.od
and
and
a¡¡d
a¡d
asó
a¡d

namg
aama
tram/E
llamg
Iama
namâ
nama
uamå
tlamg

HB1
HB2
lÍl.2
Hl.2
HB1.

ITA
HN
HN
HN

332
333
466
1¿3
Ll4
1115

452
453
451

) (resld
) (resLd
) (ra¡ld
) (re¡Ld
) (resld
) (regLd
) (resLd
) (raeLd
) (regLd

)

)
)
)
)
)
)

)
)
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Gr.u 225
assign (rasLd
agslga (re¡ld
a¡slgm (resLd
assLgra (resld
asgLgo (resld
agslgm (reeLd
agelgm (resLd
assigra (rasld
assLgra (resld
asgígra (rasld
assigrn (resid
assíga (resld
assLgra (rasíd

GI'Y 226
assfgm (reslé
assLgß (regLd
aeslgr¡r (resíd

,ffi, 227
assign (resid
assígta (resid
asaigm (resid
assLgm (resíd

ÍÍ.8 228
assLga (resLô
assl,gra (resLd
asstgD (resiô
assl,grn (resid
assLgm (resid
assigra (rc¡id
assLgm (resid
asgígn (rcsld
assigra (reslð
a¡sLg¡, (resld
aseLga (resló
aseLga (resld
asslga (reslé
asalgra (regid
a¡slgra (resid
aselgr¡ (resid
a¡stgm (regid

PRO 229
assig¡¡ (resLd
aesfg¡r (resLd
agslgm (resid
assLgm (resld
agsígra (resLd
asglgm (rasld
a¡¡Lgrn (rcsld
a¡slgm (regLd
arsLgn (reeld
aesigra (regLd
asrlgm (rcsld
a¡¡lgra (reaLd
¡¡sLgm (resld
asalgra (rseld
a¡slgra (rcsLd
a¡¡lgm (rosLd
e¡¡lgm (rc¡ld
arslgm (rcsÍd

226 anö, name IIÀ2 ) (restd
226 a¡rll namê HN ) (resld
226 anö, aa¡ne IIA2 ) (resid

227 ¿¡rlx name HB2 ) (resíd
227 and aamê IIB1 ) (resld
227 ¿níl. ¡ra¡n€ lfÀ ) (resíd
227 ¿ndl na¡na HA ) (resid

226 ¿nö, nama IIA1 )
226 andl na¡ne IIÀ2 )
227 anð. name HN )

225
225
225
225
225
225
225
225
225
225
225
225
225

a"nd
--d
a.ad
a¡¡d
and
aad
and
a.nd
a¡d
a.nd
and
and
a.nd

aaÍlê
na¡M
EAmê
aamê
l¡a¡nê
11amê

ûamå
nan€
namê
nam/a
¡1am¡g

naÍì€
nam/a

IfA
HA
IIÀ

'l:G2HG2
HB2
HBz
HN
HN
HN
HN
HG1
IIA

225
225
225
225
225
225
225
225
225
225
225
226
226

a¡d
and
a¡d
a¡d
a¡ró
and
and
a.nd
and
a¡rd
and
and
a¡¡é

DaÍte
namg
uamê
name
nan€
nam€
na¡n€
namå
namê
namê
namê
nam6
namå

HG2
HG1
HB1
HG1
IIBl
TIA
HG2
HG1
HG2
EÀ
HBl
HN
HN

133
134
135
795
849
829
835
153
164
166
,t[55

540
5{t1

) (reeid
) (resíd
) (resl-d
) (resld
) (resíd
) (resíd
) (resid
) (reEid
) (resid
) (resid
) (resid
) (regid
) (resld

)
)

)
)

)

)
)

)

)
)

)
)

)

L29l
209
486

227 anll ¡ra¡n€ IIÀ )
227 a¡¡d na¡n€ IIÀ )
228 ¿tdl nams HGll)
228 anö, aa¡ne HN )

13s4
608
1480
665

228
228
228
228
228
228
228
228
228
228
228
228
228
228
228
228
228

a^od
and
a.nö
a.ud
a¡d
a¡d
aad
a.aó
a.sd
and
a.ud
a.od
a.sd
a.ad
a.nd
a.ad
a.nd

ûamg
aamê
namê
n4m€
aêmå
uam3
¡ramê
ûam¡g
aam3
ûamê
Damrg
aamê
nam/a
I¡Ang
naÍ¡ê
naÍlê
namê

228
228
228
228
228
228
228
228
229
229
229
229
229
229
232
230
230

a.od
a¡d
and
and
a.nd
and
--d
a.nd
and
and
and
a¡d
a.sd
and
and
a.nd
a¡d

naÍ¡€
nam€
nêmê
nam/a
n&mê
¡1amÊ
namê
Damê
name
¡¡amê
llamÊ
naÍl€
Da¡nê
aame
aaÍr€
namâ
Banng

HG12)
HG2*)
HGl1)
IÐ1*)
HG11)
IÐ1*)
HD1*)
HG12)
HD2 )
HD1 )
frDz )
HD2 )
HD1 )
HD1 )
H82 )
HN)
HN)

Ila.2
HG2
HB1
HG2
HG1

'tD2HG1
HGz
ItG2
HB1
HG1
HG1
HG1
HN
ITN

HN
IIA
HN

220
22L
222
226
95¿
963
659
661
2L7
2L8
7L2
7L3
724
725
580
585
586

IIA ) (resld
IIA ) (resLd
HA ) (resid
HA ) (resid
Hc12) (resld
IIc12 ) (resid
HN ) (regí¿l
HN ) (resld
IIÀ ) (reeLd
IfÀ ) (resld
Hc2*) (reeld
Hc1l) (resld
Hc2*) (reslô
Hcll) (resíd
Hcz*) (regíd
Hc2*) (resíd
IrB ) (resid

229
229
229
229
229
229
229
229
229
229
229
229
229
229
229
229
229
229

a.nd
a.ad
a.nd
a-d
a.ad
and
a¡d
and
a.nd
a.nd
a.nd
and
a.nd
a.nd
a.ad
a¡d
a¡d
a.ad

HA
EÀ
¡fA
Ð2
HD2
HD1
HD1
HD1
llB2
H8.2

'lB2IIBl

'':GzIIBl
tÍl.z
HÀ
IIBt.
HB1

229
229
229
229
229
229
229
229
229
229
229
229
229
230
230
230
23L
23L

a¡d
a-nd
and
a¡d
and
a.¡rd
a.nd
aad
a.nd
and
a¡d
a¡d
a.ad
a.nd
a.ad
and
a¡d
a.ué

¡¡an€
¡lamê
namê
¡lAmê
¡amâ
l¡a¡ne
ûamg
Dam/a
nama
nam/E
aa¡Ille
aamå
nam/a
namê
nam€
aamâ
DAm¡Ð

Damâ

) (resLd
) (resid
) (rasid
) (recid
) (resld
) (regld
) (re¡ld
) (reslô
) (regLd
) (resld
) (reeLd
) (restd
) (resLd
) (rcgfd
) (rcsLd
) (regld
) (rcsld
) (re¡Ld

aamê
aamê
namê
Aam¡E

namê
namê
ltAMJA

Damê
namå
aamê
aamê
Damå
Aam¡E

¡1ama
DA¡nJB

¡1a¡na
D,Amå

DaÍra

508
509
51{
7L4
L255
723
727
730
1036
LL62
1039
L253
L254
583
58{
587
339
626

)

)
)
)
)
)
)
)
)
)

)
)
)

)

)
)

)

)
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asrLg!, (rcsLd
aseigm (resLd
aselgn (resLd

sER 230
assLgn (resid
assLgrn (resíd
assLgÉ, (resid
assígn (resíd
assigrn (resld
assigra (resíd
agsígn (resLd

ÀsN 231
assí94 (resid
assiga (resld
as¡Lgm (resíd
assigß (resid
as¡ígr¡¡ (resid
assí94 (resid
assigm (resid
assLgn (resid
assLgra (resld
assLgn (resld
assigo (regld
asslgm (resld
aselgra (reeLd

!rr-R 232
assLgro (resíd
assLgm (resíd
asslga (resLd
assLgm (resid
as¡iga (resid
assLgm (regíd
assLgrn (resíd
assLgo (resld
assign, (resid
assLga (reald
asslga (resid
asslga (resld
assLgt¡ (resld
assLgra (rcstd
assLgra (resld

VÀL 233
asgLgra (regld
assLga (resld
asslgra (resLd
agsLg¡, (resld
aselgß (reeld
asslgro (resf.d
agslgro (resLd
assLgm (resld
aggLga (resLd
agslgrn (rsgLd
assLga (re¡ld
aesfgra (resld
agslgra (resld
a¡slgrn (resLd

229 anê nams HB2 ) (reeLd
229 aadt nama HB1 ) (resid
229 atd ¡ra¡î€ HB2 ) (resid

232 atdx name HN
232 a¡;dl aam€ HN
231 and aama HN

230
230
230
230
230
230
230

a.nd
and
a.nd
a¡rd
anó
a¡rd
a.ud

tfÀ
ITA
HB2
HN
IIBl
IIÀ
IIA

230
230
230
230
23L
233
233

asd
and
a¡¡d
a¡d
and
a¡¡d
and

namå
Ba¡n/B

¡¡an€
nam€
namê
namå
namê

) (regid
) (resid
) (resld
) (resÍd
) (resíd
) (regid
) (resid

namg
na¡n€
aamê
¡¡eme
¡¡amå
namê
name

IIB2 )
IB1 )
HBl )
TIA )
HN)
HN)
HGl* )

ITB1 )
aA)
ITB1 )
HD21)
HB1 )
HBz )
IIA )
IB2 )
HBl )
HB1 )
HB2 )
HN)
HN)

IIB2 )

HB1 )
IB1 )
IGl )
TB2 )
tÐ* )
IB1 )
HB2 )
IIA )
HD* )
HG2* )
HN)
HN)
IIrf)
HG2*)

) 648
) 711
) 713

700
70L
960
238
7L4
699
702

23L
23L
23L
23L
23L
23L
23L
23L
23L
23L
23L
23L
23L

a"nd
a¡¡d
and
a¡d
a¡¡d
a¡d
and
and
and
and
a.sd
a.ud
and

lraÍù9
nan€
namê
nAm/E

¡¡amê
Damê
Ia¡nB
naÍl€
l¡AMJE

Bamê
I¡aÍlê
ltamê
Dam€

23]-
23L
23L
23L
23L
23L
23L
23]-
23L
23L
23L
232
232

and
a¡¡d
a.nô
and
a.nd
and
a¡d
and
a.nd
anô
and
a¡d
a¡d

name
nam€
namg
naÍt€
ûaÍre
nBm¡g
naÍtg
Da¡na
aa¡¡r€
name
namå
ûamê
namå

331
638
645
2L7
265
266
267
554
s55
560
561
652
6{9

IIA ) (reEid
HB2 ) (resid
HB2 ) (resid
rtD22) (resíô
HN ) (resíd
HN ) (resíd
HN ) (reeiô
HD22) (resld
ÍrD22l (resid
HD21) (resid
IlD21) (resid
HN ) (resLd
HB1 ) (resLd

232
232
232
232
232
232
232
232
232
232
232
232
232
232
232

.-d
a.aó
a.ad
a^ad
a¡d
a¡d
a.uô
and
a¡d
and
aad
a.od
a¡d
a¡d
.-d

nam€
DêMA
nêmê
namê
namê
nama
nêmê
¡¡am€
llamå
I¡ATT€

ûamå
I¡amê
namå
aamå
naÍtg

HD*
HD*
IIÀ
ÍTl.2
IfÀ
IIA
HN
HN
HN
HN
TIBl
HB1
HA
III{
HN

232
232
232
232
232
232
232
232
232
232
233
233
233
233
233

and
a¡d
and
aad
and
a¡d
aad
a¡d
a¡d
a¡d
and
a¡d
and
and
a.ud

name
nanê
¡¡amê
namê
I¡am/a
llamê
nanê
ûa¡n€
aa¡¡rg
ûame
name
aamå
nam€
nama
Damå

82
8l
301
578
1348
1439
278
279
280
6s0
L209
565
s66
651
647

165
168
169
813
L2L'.
L2LI
224
s63
564
239
524
527
529
530

) (reaid
) (resid
) (resLd
) (resíô
) (rasid
) (resid
) (resid
) (reeid
) (resid
) (reeLd
) (resLd
) (resíd
) (resid
) (reeid
) (resl.d

233
233
233
233
233
233
233
233
233
233
233
233
233
233

a.nd
aad
and
a.ad
asó
asd
a.rrd
a.ad
a.nd
a.od
and
a.nd,
a¡d
a¡d

ltamå
aam/e
nèmê
namra
namå
aamg
¡amê
¡1emâ
nama
l¡Am€
Aam/A
naÍlê
namê
aam/E

233
233
233
233
233
233
233
233
233
234
234
23t
234
234

and
and
asd
aad
a.ad
a.sd
a¡d
and
and
a.ud
a.nd
and
a¡d
a.ad

D,am/e

namå
aamê
nèmê
nèma
lramê
nam/e
namâ
namå
l¡amê
Iamê
namê
name
¡1ama

HB)
HGl* )
HG2*)
IIGI* )
HGz* )
HG1*)
TIA )
HG2* )
HG1I)
HA)
HN)
HN)
HN)
HN)

rrÀ ) (resLd
HÀ ) (resLô
HA ) (resíd
HB ) (resid
HB ) (resíd
rrc2t) (resLd
HN ) (resld
HN ) (reeid
HN ) (resid
Hel*) (resló
HA ) (ragLd
HB ) (resld
Hc2*) (resld
Hcli) (resld
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THR 23¿
asslga (resíd
aselga (re¡íd
assigra (resfd
assl-gn (regLd
asslgm (resíd
asslgra (regl.d
asglgra (resíd
asgigra (resíd
assLgra (reeid

GI.Y 235
assigra (resld
assign (resid
assigo (rasíd
assLgn (resíd

LYS 236
assign (resid
asgigrn (resié
assigß (resíd
assígn (resld
assLgm (reeid
assigr¡ (resid
assigrn (resid

ÍrYS 237
assigm (resiô
assf.gn (resíd
asslgra (regíd
asslgra (regid

sER 238
asglga (resid
assLgra (real'd
assign (resLd
asslgrn (resLd

ÀsN 239
assigrs (resLô
assf.ga (resLd

ÀsN 240
aseíga (resl.d
aseigra (resid
asslgn (resld
assLgm (rasid

IIEU 24L
assLgra (resíd
assLgra (reeLd
as¡lgm (reeld
a¡slgra (rcsld
agelg¡r (resld
assLga (resLd
a¡sLgra (ragld
assLgm (rcsló

^sP 
2{2

asrLga (resld
arrlgra (resLd
arrLga, (restô
a¡¡lgra (rcsLd
agsfgrn (resld

lrÀ ) (resíd
IIA ) (restd
Hcz*) (resLd
HN ) (resl.d
HN ) (reetd
He2*) (reslö
IIA ) (resíd
IIB ) (resíd
HÀ ) (resíé

HÀ,

IIA
IIEi
HB*
HG*
HN
TIA

) (resiô
) (resíd
) (resld
) (resLd
) (resid
) (resíd
) (resid

) (resid
) (resld
) (resid
) (resLd

235 and nama IlÀ2 | lL2
235 and nama IIAII ) 2O7

235 and nema IrAl ) 208
236 a¡d na¡nê HN ) ¿13

234
234
234
234
234
234
234
234
231

ç-d
and
a¡d
and
and
aad
a¡d
a.nd
a¡d

namê
nam¡g
naml
ltam€
l¡a¡n/g
uam¡E
namê
namâ
nêm/E

234
234
23{
23{
234
235
235
237
237

and
a.nd
a.ud
a.nd
and
and
a¡¡d
and
and

uêmß
ll4me
n&mê
nêm/e
nama
nam€
nemg
na¡n¡g
nèmå

IIB )
HG2*)
HB)
HB)
HG2* )
HN)
HN)
HB2 )
HN)

236
238
1034
205
206
533
534
440
366

235 and name IIA'1 ) (resiô
235 aad D,a¡îê HN ) (resid
235 and nams HN ) (reEl,d
235 a.ud name llÀ2 ) (resid

236
236
236
236
236
236
236

and
a.nd
a¡d
a"nd
and
a¡d
and

na¡ng
aamg
nêmg
Damg
namê
aama
aamê

236
236
236
236
236
236
237

and
and,
and
and
a.nô
a¡d
a.ad

namê
¡¡am€
namå
nemê
aamê
namå
Dam/A

¡¡g* ¡ 420
HD* ) t2L
HD* ) 652
HD* ) 977
¡tE* ) 979
IrB* ) L4L
HN ) 365

237 andl na¡nå IIA
237 ¿td nams HE*
237 and aams IIIiI
237 ¿¡ldl ûams HBl

237 and name HG2 I 374
237 a.nd aa¡ns HD* ) 62L
237 and ¡ta¡nÊ ¡IA ) 104
238 and aa¡nå HN ) 727

238 a¡d Da¡nl IIÀ
238 a¡d Da¡nê EA
238 and namê HN

238 a.ad tra¡nê EA

238 a¡d Bamê HB2 )
238 a¡d nama HBl )
238 and nama HBl )
239 a¡d nam€ HN )

240 a¡d Âam€ HN )
2rt1 and aa¡ne HD1*)

) (reelô
) (resLd
) (rasíd
) (resíd

361
362
73L
739

726
1499

239 a¡d nerna HB1 ) (resLô
239 and na¡nâ HA ) (resíd

240 a¡é ûams HÀ

2{0 and aünå HN

240 a.ud nama EB2
240 a.ud ¡la¡îå IfA

240 a.nô na¡nê HB2
240 and ûam€ IIA
2{1 a¡d aam€ HN
241 a¡d na¡nê HN

) (resLd
) (resld
) (resfd
) (regid

) 310
I 72s
) 249
) se9

24L
2lL
211,
24L
2tL
24L
2rL
24L

242
242
242
242
242

and
a¡d
and
and
a.nd
a.sd
a¡d
a¡ô

aamå
namå
Dama
namå
name
¡1ama
aamâ
¡lAmA

24L
24L
24L
24L
2t2
242
2{2
244

a.nd
a¡d
and
and
and
a¡d
and
a¡d

aamå
namâ
¡1ame
nam/E
namlg
aamå
nam/e
aamå

IIÀ)
HG)
¡ID2* )
HG)
HN)
HN)
HN)
tD* )

L352
1089
595
597
615
616
707
1100

a¡d
a.r¡d
--ó
a.ad
aad

¡¡am/E
¡1AmA

11amå

aamå
nam¡g

242
242
242
243
243

and
and
a¡d
a.sd
aad,

nam/E
aamg
aan€
¡am/E
namå

Hc ) (resLd
ED1*) (resLd
HN ) (resLd
HN ) (re¡Ld
IIA ) (resld
Hc ) (resLd
¡¡D2*) (re¡Ld
ED2*) (resld

IIA ) (re¡Ld
HN ) (resld
Hlf ) (regLd
IIA ) (resLd
gB* ) (resid

¡s* ¡ 705
rrÀ | 261,
¡¡¡* | 262
H![ I 644
HN ) 645

t82



GLII 2{3
assfgrn (resld
asslgrs (resLd
atslgrD (reefd
assLgra (resLô
assLgn (resLd
aeslgn (reeld
assLga (resid
asslgo (reeíd
asslgm (resld

rrr-R 244
asgigm (resíd
a¡sigm (resLö
assiga (reslô
asslgo (resld
asslgra (resld
asslgm (resid
assigra (resíd
assign (resid

ÀsP 245
asgigrs (resid
assl,gm (resid
assLgn (resld
as¡lga (resLd

243
243
2t3
2t3
243
243
243
243
243

a.ad
and
and
a.ad
and
and
and
a.nd
a.nd

namê
l¡am/E
Aam/A
nêmê
nam/a
namê
namÍ¡
aam€
¡amÊ

TIA
HA
HG*
HB2
IIBl
HN
HN
IIBl
EA

243
2t3
2^3
2L3
2L3
243
243
244
2{4

and
a.ad
a.nd
and
and
and
and
a¡d
and

uamå
Iam/g
tlAmê
namå
aaflt€
Damê
namÊ
nanrê
nam/E

HG*
HB1
HB1
ITA
t{82
HB1
¡IA
HN
HN

418
419
836
82t
831
275
277
596
601

¡¡aÍì€
Damê
ûam/a
nam/a
talllg
ûamê
I¡amÊ
nam/E

) (resió
) (reEld
) (resld
) (resid
) (resíd
) (resid
) (resíd
) (resid
) (resíd

) (resíd
) (regid
) (resid
) (resi6
) (reEid
) (reEid
) (resLó
) (resid

) (resid
) (resíd
) (resid
) (resLd

nêmå
nam€
namê
Damê
name
¡1amg
namê
nann€

58
59
311
316
65¿
1369
252
226

696
1303
1351
225

)
)
)
)

)

)

)
)
)

214
2t{
24t
244
244
2{t
2ll
241

a.nd
and
and
a.nd
a¡rd
a.nd
a.nd
a.ad

HD*
HD*
HÀ
HA
HB1
IIA
HN
IIA

244
241
244
2{4
2{4
2t4
241
245

a¡d
and
and
and
and
aad
and
and

HE*
HB1
HD*
IIBl
\TB2
ÍTB2
HÀ
HN

)
)

)
)
)
)
)

)

245 a.od uama HB2
245 and name HB2
2{5 a^nd nams HÀ
2{5 a¡ó ¡¡ame HN

2{5 and ¡ramê I'lA )
2{5 and aame IIB1 )
2{5 and na¡ne HBl )
245 a.nd na¡ne HB1 )
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