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vascular endothelial growth factor 

vascular endothelial growth factor receptor 

a yeast culture medium 
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Abstract 

S100A4, an EF-hand type calcium binding protein, has been shown to promote tumour 

metastasis. In order to understand the mechanism of the metastasis-inducing properties of 

$100A4, the molecular interactions between S100A4 and some target proteins, as well as 

the consequences of these interactions have been investigated in vitro and in vivo in this 

project. 

In mammalian cells, there exist two isoforms of non-muscle myosin heavy chain, named 

non-muscle myosin A and B (MHC-IIA and MHC-IIB), which have about 75% amino acid 

sequence identity. MHC-IIA was reported by Kriajevska and her colleagues to be a target 

protein of S100A4 and the effects of $100A4 on PKC phosphorylation and bundling of 

MHC-IA had also been reported thereafter. However, no studies have been carried out to 

explore the possible interaction between S100A4 and MHC-IB, the isoform of MHC-IIA. 

In this study, the interaction of $100A4 with MHC-IIB and its binding affinity were 

determined. The Kd from their kinetic parameters was 4 UM and the Kd from the extent of 

binding at equilibrium was 6.3uM determined using an optical biosensor. Their binding 

affinity is about 10 times lower than that of S100A4/MHC-IA (Kd from their kinetic 

parameters was 250nM and Kd from the extent of binding at equilibrium was 660 nM). The 

effects of S100A4 on the PKC phosphorylation and self-assembly of MHC-IIB were 

studied and compared with that of MHC-IIA. The results showed that $100A4 inhibited 

the phosphorylation of MHC-IIB by PKC, but not as effectively as that on MHC-IIA. 

Although $100A4 inhibited the self-assembly of MHC-IIA in a Ca’*-dependent manner, it 

showed no effect on MHC-IIB self-assembly. The effects of PKC phosphorylation of 

MHC-IIA and IIB on the binding of S100A4 were also investigated using gel overlay and 

an optical biosensor. The results showed that PKC phosphorylation of MHC-IIA reduced 

its binding to S100A4, but the PKC phosphorylation of MHC-IIB had no effect on its 

binding to S100A4. These results show that $100A4 preferentially interacts and affects 

MHC-IA in vitro 

The yeast two-hybrid system was used to investigate the interactions of S100A4 with its 
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targets proteins in vivo. The interactions of $100A4 with MHC-IIA, MHC-IIB and another 

in vitro target, p53, did not occur in the yeast two-hybrid system. However, S100A4 was 

found to interact with S100A1 from a yeast two-hybrid library, constructed with mRNA 

extracted from a human breast cancer specimen. The interaction of S100A4 and S100A1 

was confirmed by experiments in vitro. Point mutations of S100A4 and S100A1 suggest 

that the interaction of $100A1 and $100A4 is similar to that of S100A4 homodimerisation 

so it is probably heterodimerisation. The affinity of the S100A4/S100A1 interaction was 

also analysed using the biosensor. The data supported the monomer ($100A1)-monomer 

(S100A4) interaction model. The Kd of S100A4/S100A1 from kinetic parameters was 

300nM and the Kd from the extent of binding at equilibrium was 500nM. The Kd of 

S100A4/S100A4 from kinetic parameters was 670nM and Kd from the extent of binding at 

equilibrium was 1,000nM. In the yeast two-hybrid system, S100A4 was shown to associate 

preferentially with S100A1 than with itself. It is possible that the S100A4/S100A1 

heterodimers could be formed substantially if the two proteins co-exist in a cell. Further 

experiments showed that $100A4 and $100A1 proteins were co-expressed and 

co-localised in some cell lines, such as MDA-MB-231, a malignant breast cancer cell line, 

suggesting that the interaction may have biological significance. 

To test in vitro for biological significance, S100A4 was pre-incubated with S100A1 and 

the mixture was added to the PKC phosphorylation and sedimentation reactions of 

MHC-IIA. The results showed that S100A1 itself had no obvious effects on the 

phosphorylation and sedimentation of MCH-ITA. However, S100A1 reversed partially the 

inhibitory effects of S100A4 on PKC phosphorylation and self-assembly of MHC-ITA. 

To investigate if there is any biological effect of the interaction in vivo, S100A1 was 

up-regulated by transfection of its cDNA into cell lines Rama 37, a rat benign mammary 

cell line, and KP1-Rama 37, a transfected Rama 37 cell line expressing S100A4. Two new 

cell lines, RT4-Rama 37 and KT6-KP1-Rama 37, with S100A1 up-regulated were isolated. 

The cell motility and clone-forming ability in soft agar of the parental cell lines and the 
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resultant transfected cell lines along with the cell lines transfected with control vector were 

compared. The results showed that S100A1 had no effect on Rama 37 cells in term of cell 

motility and cloning efficiency, but had significant inhibitory effect on the increase of cell 

motility and clone forming ability induced by $100A4 in KP1-Rama 37 cells. The results 

suggest that S100A1 has an antagonistic effect on S100A4 and its presence in cells could 

affect $100A4-induced tumour metastasis. 
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Chapter One 

Introduction 

1.1 The multiple steps of tumour metastatic process 

The metastatic spread of cancer is a major obstacle to its successful treatment (John & 

Tuszynski 2001). Even after the primary cancer has been excised, the threat of death 

remains due to the metastases that may occur through the presence of tumour cells 

remaining at sites other than that of the primary cancer of the patient. Therefore metastasis 

has been an important target of cancer research for many years. However, cancer 

metastasis is a complex process and develops through multiple steps with many factors 

involved. The details of the mechanisms are still far from clear. 

1.1.1 Adhesion and motility 

When cells of a solid tumour invade adjacent tissues or enter blood or lymphatic vessels, 

the cells must detach from other tumour cells and be able to move away from the primary 

tumour. To detach from other tumour cells means that the cells have lost adhesion or 

cell-cell interaction. However, cell adhesion is also required for cell motility, which is 

believed to be essential for metastasis too. This process involves many different proteins 

and regulatory mechanisms. Some of these are described below. 

There are various family members of cell adhesion receptors, such as those of the cadherin 

family, the immunoglobulin superfamily, the selectin family, the integrin family and CD 

44. The maintenance of normal epithelial cell-cell interaction is the function of E-cadherin, 

a member of the cadherin family. E-cadherin is often reduced or lost in tumours of 

epithelial origin (Shiozaki et al., 1991). Loss or reduced expression of o-catenin, a binding 

partner of E-cadherin, could also interrupt cell-cell interaction and has been linked to 

metastasis (Rimm ef al., 1995). 

18



CD44 is a major cell surface receptor for the glycosaminoglycan, hyaluronan (HA). The 

major physiological role of CD44 is to maintain organ and tissue structure via cell-cell and 

cell-matrix adhesion (Goodison et al., 1999). CD44 is subject to a wide array of 

post-translational carbohydrate modifications, including N-linked, O-linked and 

glycosaminoglycan side chain additions (Naot ef al., 1997). These modifications, which 

differ in different cell types and cell activation states, can have profound effects on HA 

binding function and are the main mechanism of regulating CD44 function. Some 

glycosaminoglycan modifications also affect ligand-binding specificity, allowing CD44 to 

interact with proteins of the extracellular matrix, such as fibronectin, collagen and 

immunoglobin superfamily adhesion molecules (Naot ef al., 1997). Changes in CD44 

expression are associated with a wide variety of cancers and the degree to which they 

spread; however, in other cancers, the CD44 pattern remains unchanged. Increased 

expression of CD44 is associated with increased binding to HA and increased metastatic 

potential in some experimental tumour systems; however, in other systems, increased HA 

binding and metastatic potential are not correlated with one another (Lesley et al., 1997). In 

addition to the post-translation modifications and level of CD44, its splice variants 

contribute a lot to the diversity of its functions. For example, some of the CD44 splice 

variants might be linked closely with gastric carcinoma tumourigenesis and differentiation 

(Ue, et al., 1998). It was also reported that the magnitude of CD44 variant synthesis at the 

protein level correlates with lymph node metastasis (Naot ef al., 1997;Hsieh et al., 1999). 

Several different CD44 variants can bind to osteopontin (OPN) but the common form of 

CD44 does not. OPN binding to CD44 variants/betal -containing integrins promotes cell 

spreading, motility, and chemotactic behaviour (Katagiri et al., 1999). OPN is a 

calcium-binding phosphoprotein and is known to contribute importantly to cell adhesion 

interactions. The relationship of OPN and metastasis will be discussed later in Section 1.2. 

The integrins family is composed of 15a and 88 subunits that are contained in over twenty 

different 8 heterodimeric combinations on cell surfaces. Integrins, generally, mediate 

adhesion between cells and the extracellular matrix (ECM), although some members are 

also involved in cell-cell interactions (Berman & Kozlova 2000). Once a cell is spread over 
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the ECM, contractile forces are transmitted through the integrin-cytoskeletal connection to 

provide the force needed to generate movement (Holly et al., 2000). Besides their function 

of mediating specific binding of cells to components of the connective tissues, integrins 

also transduce signals from the extracellular space into the cells and regulate the expression 

of various genes (Dedhar 1999). Integrins also play an essential role with regard to tumour 

cell adhesion, migration, invasiveness and metastasis formation. The o.vB3 integrin was 

defined as an important adhesion molecule in metastasis of different types of tumours, such 

as epithelial ovarian carcinoma (Gillan et al., 2002), melanoma (Felding-Habermann ef al., 

2002;Voura et al., 2001) and breast cancer (Felding-Habermamn et al., 2001). Matrix 

metalloproteinase-2 (MMP-2) binds directly to the ovB3 and is thus localised, in 

proteolytically active form on the surface of cancer cells. This process is thought to 

facilitate cellular invasion processes (Brooks et al., 1996). ovB3 is also involved in critical 

events of blood vessel formation during tumour angiogenesis (Brooks ef al., 1994). The 

0684 integrin is normally a laminin receptor involved in maintaining proper epithelial 

architecture (Mercurio et al., 2001), but upon cellular transformation, «684 signaling is 

required for chemotaxis and invasion of carcinomas (O'Connor ef al., 1998). 

The selectins are a family of intercellular adhesion molecules that mediate the attachment 

of leukocytes to the endothelial lining of blood vessels. There is some evidence for the 

involvement of E-, P- and L-selectin in the metastasis of different tumour types (Krause & 

Turner 1999). For example, P-selectin facilitates human carcinoma metastasis in 

immunodeficient mice by mediating early interactions of platelets with blood-borne 

tumour cells via their cell surface mucins, and this process can be blocked by heparin 

(Borsig et al., 2001). L-selectin expressed on endogenous leukocytes also facilitates 

metastasis in both syngeneic and xenogeneic (T and B lymphocyte deficient) systems 

(Borsig et al., 2002). In vivo, pretreatment of nude mice by injecting intravenously C-raf 

anti-sense, which greatly reduced the hepatic E-selectin induction, singnificantly reduced 

the number of liver metastases of CX-1 cells, a highly metastatic human colorectal 

carcinoma cell line, relative to controls without the pretreatment (Khatib ef al., 2002). Ina 

syngeneic mice model, an antibody to E-selectin was shown to cause a marked, specific 
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and Fe-independent inhibition of experimental liver metastasis of H-59 cells, a metastatic 

murine carcinoma cell line, reducing the median number of metastases by 97% relative to 

the control groups (Brodt et al., 1997). 

Immunoglobulin superfamily adhesion molecules, containing one or more 

immunoglobin-like domains, are involved in the interactions with variety of ligands and 

play a major part in regulating embryonic neural development, wound healing and 

inflammation (Brummendorf & Rathjen 1995). L-CAM1, a member of the 

immunoglobulin super family, has been characterised as a marker of progression in 

malignant melanomas. As I-CAM 1 can bind to the 62 integrins expressed on circulating 

leucocytes, a large heterotypic cell clump may be formed and mediate adherence of the 

tumour cell to the endothelium (Gahmberg ef al., 1997), suggesting some of the 

immunoglobulin superfamily adhesion molecules (I-CAMs) are also involved in tumour 

metastasis. 

In general, motility or migration is a necessary ability of tumour cells to spread. This 

process is through dynamic contact with the ECM mediated by integrins (Holly et al., 

2000). The rate of cell migration is a consequence of variation in adhesiveness, too strong 

adhesion result in no movement, no adhesion means lack of traction and there is no 

movement too (Palecek ef al., 1997). Maximum migration can only be achieved in an 

optimal strength of adhesion. Besides the strength of adhesion, many factors, for example, 

hepatocyte growth factor (HGR), autocrine motility factor (AMF), can modulate cell 

motility (Weidner ef al., 1993;Nabi et al., 1992). 

1.1.2 Invasion and proteolysis 

One family of enzymes that has been shown previously to play a role in tumour 

progression is the matrix metalloproteinase (MMP) family (Yana & Seiki 2002). The main 

function of MMPs, also known as matrixins, is to degrade extracellular matrix, including 

basement membrane in physiological functions, such as wound healing, bone resorption 

and mammary involution. MMPs, however, also contribute to pathological conditions 
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including rheumatoid arthritis and coronary artery disease (John & Tuszynski 2001). 

Tumour cells are believed to utilize the matrix-degrading capability of these enzymes to 

spread to distant sites (John & Tuszynski 2001). An important proteolytic event in the 

metastatic cascade appears to be degradation of basement membrane components. Some 

evidence indicates that MMPs and tissue inhibitors of MMPs are involved in the event and 

are essential for tumour cell invasion and angiogenesis (Ray & Stetler-Stevenson 1994). 

Gelatinase A is reportedly associated with tumour spread when activated (Yu et al., 1996). 

Some novel MMPs that localize on the cell surface and mediate the activation of 

progelatinase A have been identified and named membrane-type matrix 

metalloproteinase-1 and -2 (MT-MMP-1 and -2, respectively) (Takino ef al., 

1995;Strongin et al., 1995). MT-MMP-1 is overexpressed in malignant tumour tissues, 

including lung and stomach carcinomas that contain activated gelatinase A. The expression 

of MT-MMP-1 also induced binding of gelatinase A to the cell surface by functioning as a 

receptor. MT-MMP-1 and its family may play a central role in the cell surface localization 

and activation of progelatinase A. The tumour cells may use exogenous progelatinase A to 

mediate, in part, proteolysis associated with invasion and metastasis (Sato & Seiki 1996). 

Cathepsin D is an acidic lysosomal protease present in all cells. Cathepsin D is 

overproduced both in vitro and in vivo in most breast cancer cells. In estrogen receptor 

positive and negative breast cancer cell lines, the mRNA coding for pro-cathepsin D is 

overexpressed (Garcia ef al., 1996). Transfection of an expression vector containing a 

human cathepsin D cDNA under the control of an SV40 promoter increases the clonigenic 

potential of rat tumourigenic cells when intravenously injected into nude mice (Garcia ef 

al., 1990;Rochefort et al., 1990). Several retrospective clinical studies indicate a 

significant correlation between high cathepsin D concentrations in the cytosol of primary 

breast cancer and further development of clinical metastases (Saad et al., 1998). The 

mechanism of cathepsin D action in facilitating metastasis is unknown and may involve 

proteolytic activity in an acidic compartment, and/or interaction with the Man 6P/IGFII 

receptor (Rochefort 1991). 
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The serine protease urinary plasminogen activator or urokinase (uPA) and urokinase 

receptor (uPAR), produced in abundance by many malignant cells, play a key role in 

cancer cell invasion and metastasis (Rabbani & Xing 1998). uPAR will be discussed in 

Section 1.2. uPA converts plasminogen to plasmin, which in turn activates procollagenases 

in cancer cells that can break down different components of the ECM and thereby promote 

cancer invasion and metastasis (Fisher et al., 2000). Increased uPA levels were found in a 

variety of human cancers, in particular those of breast, prostate, and colon, and were shown 

to correlate with the invasive and metastatic potential of these malignancies (Fisher ef al., 

2000;Rabbani & Xing 1998;Frandsen et al., 2001). The levels of uPA have also proven to 

be a useful prognostic marker of tumour progression (Brunner ef al., 1994). 

1.1.3 Dissemination of tumour cells and colonization at secondary sites 

Cancer cells may spread via blood and/or lymphatic vessels in which they can move freely 

and reach local lymph nodes and distant organs. Some cellular interactions, such as the 

formation of aggregates with other cancer cells or with host cells, e.g. lymphocytes and 

platelets, may result in the formation of large cellular emboli, which are more readily 

trapped in the distant capillary bed (Kinjo 1978). The organ-specific metastasis may be the 

results of the combination of several factors, for example, the anatomical location of the 

primary cancer, the fertile environment of the organ, and the molecular heterogeneity on 

the surfaces of the vascular endothelium and tumour cells (Chambers ef al., 2000). To 

explain the selection by cancer cells of secondary sites for colonization, both physical and 

chemical processes were proposed. The physical process is based on the sizes of cancer 

cells, i.e. the cells are trapped in the first capillary bed encountered. However, it fails to 

explain the specific organ in which metastasis occurs. Thus, a chemical process has been 

proposed. It is suggested that the secondary sites provide chemoattractant chemokines 

acting as homing signals for cancer cells to attach, move into the underlying matrix and to 

colonise (Nicolson & Custead 1982;Muller ef al., 2001). 

Once the tumour cells migrate to a secondary site, the cells have to survive and grow in 
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order to establish metastatic foci. The further growth of the cells is supported by 

angiogenesis and by local growth factor, which may or may not be specific to the host 

organ. 

1.1.4 Haemostatic factors 

There is considerable evidence that the haemostatic system is involved in the growth and 

spread of malignant disease. Coagulopathy and angiogenesis are among the most 

consistent host responses associated with cancer (Saaristo et al., 2000). These two 

processes may in fact be functionally inseparable as blood coagulation and fibrinolysis, in 

their own right, influence tumour angiogenesis and thereby might contribute to malignant 

growth. Angiogenesis and the development of metastases are intrinsically connected 

(Saaristo et al., 2000). Vascular endothelial growth factors (VEGF), and members of the 

angiopoietin family, which bind to the VEGF receptor (VEGFR) or the Tie-2 receptor, 

respectively, promote neovascularisation and the growth of cancer cells at a secondary site 

(Saaristo et al., 2000). VEGF is a multifunctional cytokine that promotes endothelial cell 

proliferation and migration in vitro and angiogenesis in various models. There are at least 

two VEGF receptor tyrosine kinases, Flt-1 (VEGFR1) and KDR (VEGFR2) (Shibuya 

2001). Both are expressed primarily on vascular endothelial cells. Although both receptors 

are essential for angiogenesis, KDR can mediate most VEGF activities. Elevated VEGF 

expression was detected in many tumours. VEGF level was also shown to have prognostic 

significance in breast, bladder, colon and stomach cancers (Gasparini 2000;Papamichael 

2001 ;Arii et al., 1999). Up-regulation of VEGF in MCF-7 cells, a human breast cancer cell 

line, resulted in faster growth of the tumours with many more blood vessels when the 

transfected cells were planted subcutaneously in nude mice (Zhang ef al., 1995). 

In addition, tumour angiogenesis appears to be controlled through both standard and 

non-standard functions of such elements of the haemostatic system as tissue factor, 

thrombin, fibrin, plasminogen activators, plasminogen, and platelets. "Cryptic" domains 

can be released from these proteins through proteolytic cleavage, and act systemically as 

angiogenesis inhibitors (e.g., angiostatin, antiangiogenic antithrombin III). Various 
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components of the haemostatic system either promote or inhibit angiogenesis and likely act 

by changing the net angiogenic balance (O'Reilly et al., 1996;Wojtukiewicz et al., 

2001;Rickles et al., 2001). Removal of inhibiting anti-angiogenic factors led to the growth 

of dormant metastases (Kirsch et al., 2000). For a number of cancers it has been shown that 

the dormant state of metastasis can be mediated through inhibition of angiogenesis. A 

number of endogenous inhibitors, such as angiostatin, endostatin, thrombospondin-1, have 

shown success in some experimental cancer therapeutic trials (Kirsch ef al., 

2000;Scappaticci 2002). 

Due to the complexity of metastasis, a large number of metastases-related genes and their 

products have been reported in the last decades. However, only a few products of the genes 

have been confirmed so far to possess metastasis-promoting properties using animal 

models. Some known metastasis-promoting genes will be discussed in next section. 

1.2 Metastasis-promoting genes 

1.2.1 Urokinase Receptor (uPAR) 

Urokinase Receptor (uPAR), a glycosyl phosphatidylinositol (GPI)-linked protein, is a 

multifunctional surface receptor with signalling and adhesive capabilities (Roldan et al., 

1990). As outlined in Section 1.1.2, uPAR and its ligand, uPA, play an important role in 

tumour invasion. It was also found that uPAR interacts not only with its ligand, uPA, but 

also with members of integrin family (Wei ef al., 1996), with activation of several groups 

of intracellular kinases, and convergence on a specific mitogen-activated protein kinase 

(MAPK) pathway (Aguirre-Ghiso ef al., 2001). UPAR, as a ‘facilitator’ of the 

cell-surface-based plasminogen activation, generates a proteolytic cascade important for 

matrix degradation in cancer invasion and tissue remodeling. Like uPA, uPAR was 

overexpressed in many types of cancers. When uPAR was up-regulated in a rat breast 

cancer cell line using gene transfer techniques, the experimental cells showed a 4-to 5-fold 

higher invasive capacity through Matrigel compared with control cells in a Boyden 

chamber assay (Xing & Rabbani 1996). When the experimental cells were injected into the 
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mammary fat pads of syngeneic female Fischer rats, the animals developed large 

metastatic lesions in liver, spleen and lymph nodes, indicating uPAR has metastatic 

promoting properties at least in the system (Xing & Rabbani 1996). 

1.2.2 E1AF 

E1AF is a member of the ets oncogene family of transcription factors which contain a 

family-specific ETS-domain involved in the binding to DNA sites containing a central 

5'-GGAA/T-3' motif (de Launoit ef al., 2000). Although the target genes of these 

transcription factors are multiple, up-regulation of E1 AF, by transfection or by stimulating 

cells with HGF (Hanzawa et al., 2000), is mainly accompanied by an increase of type IV 

collagenase (MMP-9) expression, which may lead to an increase of cell invasion (Hanzawa 

et al., 2000;Habelhah et al., 1999). Therefore, the most frequently studied role of ELAF 

concerns its involvement in the metastatic process. 

In fact, E1AF is over-expressed in metastatic human breast cancer cells and mouse 

mammary metastatic cancer (de Launoit ef al., 2000). In human squamous cell carcinomas 

(SCC), E1AF was mostly detected in invasive SCCs, whereas the majority of SCCs not 

expressing El AF showed an expansive growth pattern (Hida et al., 1997). Another report 

showed that over half of the lung tumour specimens examined expressed ELAF mRNA 

while normal lung tissue and concomitant normal cells within tumours did not. When the 

E1AF gene was transfected into and expressed in non-small-cell lung cancer (NSCLC) cell 

lines lacking E1AF expression, cell motility and invasion were increased about 2-fold 

(Hiroumi ef al., 2001). Transfection of the non-invasive human breast cancer cell line 

MCE-7 with an E1AF expression plasmid resulted in induction of invasive and motile 

activities in vitro. It was also observed that tumours derived from the E1 AF transfectants 

were highly invasive, suggesting that the E1AF might have metastasis-promoting 

properties (Kaya et al., 1996). To test the possibility, ELAF was up-regulated ina 

non-metastatic fibrosarcoma cell line by transfection. The up-regulated E1 AF was shown 

to contribute to an invasive phenotype including elevated MT1-MMP levels and enhanced 

cell migration in vitro (Habelhah et al., 1999). After co-implantation with a gelatin sponge 
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in syngeneic mice, the transfected cell lines with high level of E1 AF, exhibited enhanced 

tumourigenicity and pulmonary metastasis as compared with parental cells treated in the 

same way, indicating El AF has metastasis-promoting potential (Habelhah ef al., 1999). 

1.2.3 Human cutaneous fatty acid-binding protein 

Human cutaneous fatty acid-binding protein (C-FABP) was shown to be at a 5-17 fold 

higher level in certain malignant prostate and breast carcinoma cell lines than in the benign 

cell lines from the same tissues (Jing et al., 2000). Transfection of a C-FABP expression 

construct into the benign, nonmetastatic rat mammary epithelial cell lime, Rama 37, and 

inoculation of the C-FABP expressing transfectants into syngeneic female Wistar-Furth 

rats produced a significant number of animals with metastases. These results have 

demonstrated that elevated expression of C-FABP can induce metastasis and suggest that 

C-FABP is a metastasis-inducing gene, and under suitable conditions, it may induce 

metastasis of some human cancers. Up-regulation of the C-FABP was shown to increase 

the level of VEGF in rat Rama 37 model system, suggesting VEGF may play a crucial role 

in the metastatic cascade in this particular system (Jing ef al., 2001). 

1.2.4 Osteopontin 

Osteopontin (OPN) is a calcium-binding phosphoprotein that is a prominent component of 

the mineralized extracellular matrices of bones and teeth (Denhardt & Noda 1998). OPN is 

characterized by the presence of a polyaspartic acid sequence and sites of Ser/Thr 

phosphorylation that mediate hydroxyapatite binding, and a highly conserved RGD motif 

that mediates cell attachment/signalling (Rodan 1995). The RGD motif in OPN lies 

between amino acid residues 125 and 168, interacting with av/B3, av/Bv, av/B1, 08/81, 

and ov/B1, 04/61 (Bayless et al., 1998; Barry et al., 2000; Bayless & Davis 2001). OPN is 

also found to be a substrate for two MMPs, MMP-3 (stromelysin-1) and MMP-7 

(matrilysin) (Agnihotri et al., 2001). OPN was also reported as a major transcriptional 

target of HGF, and OPN overexpression dramatically increases the motile and invasive 

responses to HGF (Medico et al., 2001). Transcription factor, T-cell re 4 (Tcf 4) was 

shown to inhibit the expression of OPN (El-Tanani et al., 2001). 
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OPN is involved in diverse biological events, including developmental processes, wound 

healing, immunological responses, tumourigenesis, bone resorption, and calcification 

(Denhardt & Noda 1998). Recently, OPN has been found in many kinds of human cancers. 

For example, OPN was significantly overexpressed in hepatic cellular carcinoma (HCC) 

with capsular infiltration, compared with HCC without capsular infiltration. The 

OPN-positive cancer cells were often dispersed in the periphery of cancer nodules and 

were adjacent to stromal cells (Gotoh et al., 2002). OPN was over-expressed in cancer cells 

of non-small cell lung carcinomas (NSCLC) (Zhang et al., 2001). OPN was also found in 

about 70% of infiltrating ductal carcinomas of the breast, using immunohistochemical 

staining (Kim ef al., 1998; Rudland et al., 2002). The expression of OPN in human breast 

cancer was also shown to correlate with a poor prognosis of breast cancer patients 

(Rudland et al., 2002). Of the patients who have been classified as OPN-negative in cancer 

specimen, 94% were alive, but only 26% of those classified as OPN-positive were alive, 

after 19 years of follow-up, suggesting OPN could be a useful prognostic marker for breast 

cancer patients. 

Increased levels of OPN have been detected in the blood of patients with metastatic 

carcinomas. The plasma OPN level was associated with the presence of metastases to bone 

and with other measures of tumour burden, and it was correlated independently and 

negatively with survival in several types of cancer (Hotte ef al., 2002). Up-regulation of 

OPN in rat mammary tumour-derived epithelial cell line, Rama 37 which yields benign, 

non-metastasizing adenomatous tumours in syngeneic Furth-Wistar rats, was shown to 

induce the metastatic properties in the Rama 37 cells in the syngeneic animal model (Oates 

et al., 1996), indicating that OPN has metastasis-promoting propertities. 

The molecular mechanism of OPN-induced metastasis is not clear. It was found that 

overexpression of OPN increased the cell motility and invasiveness of the non-invasive 

human mammary epithelial cell line, 21PT and also resulted in increased uPA mRNA 

expression (Tuck et al., 1999). MMP-2 was also shown to play a direct role in 
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OPN- induced cell migration, invasion, and tumour growth. Both an MMP-2-specific 

antisense S-oligonucleotide and an MMP2-specific antibody were shown to reduce the 

tumour size of OPN-treated cells in nude mice. OPN-stimulated MMP-2 activation was 

shown to be through NF-kappaB-mediated induction of MT1-MMP (Philip ef al., 2001). 

OPN is also a ligand of the CD44 receptor, which mediates tumour cell adhesion, 

migration and metastasis formation (Weber ef al., 1996). OPN is a calcium binding protein 

(Denhardt et al., 1995) so the overexpression of OPN may alter the calcium signaling. 

1.3 Calcium ions and metastasis 

Apart from OPN, many other calcium-binding proteins were also shown relating to tumour 

metastasis. Cell adhesion, as an important factor in tumour metastasis, requires Ca’*. Two 

major adhesion receptor families, cadherins and selectins, are Ca’*-dependent cell 

adhesion molecules as outlined above. Cell adhesion also triggers intracellular calcium 

signalling pathways (Dunican & Doherty 2000). Calcium signalling, as a universal 

signalling, is also involved in the regulation of cancer cell metastatic processes. For 

example, in many cases, binding of integrins to ECM triggers intracellular signalling 

pathways. The intracellular Ca’* signalling participates in a positive feedback loop that 

enhances integrin-mediated cell adhesion (Sjaastad ef al., 1994), and transient changes in 

endothelial Ca?* may govern multiple steps of tumour cell extravasation (Lewalle et al., 

1998). However, the regulatory roles of intracellular signalling mechanisms in these events 

are still poorly understood. 

1.3.1 Calcium signalling 

Calcium is a universal, intracellular secondary messenger that plays a regulatory role in 

processes or events, such as cell adhesion, motility, growth, secretion, apoptosis, necrosis, 

proliferation and differentiation, signal transduction, muscle contraction, the conduction 

and transmission of the nervous impulse (Kallenberg 2000; Berridge ef al., 1999; Berridge 

et al., 2000b). Ca?* operates throughout the life history of a typical cell: it triggers new life 

at fertilization, it controls many developmental processes. How can a simple ion such as 

Ca?* control all these processes? The answer is that Ca?* signals are enormously versatile, 
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thus Ca** can operate within small cellular compartments, or it can act more globally and 

pervade the entire cytoplasm of a cell and also penetrate organelles such as mitochondria 

and the nucleus. Ca** signals can also have durations lasting from microseconds to hours, 

and occur transiently or in a pulsed manner. The pulsed Ca** signal not only depends on 

amplitude but also on frequency. The oscillation of the Ca’* signal is a very important 

aspect as it makes the signal more specific and meaningful (Dolmetsch ef al., 1998). 

Intracellular Ca’* is stored mainly in the endoplasmic reticulum (ER) or sarcoplasmic 

reticulum (SR) in muscle cells, where Ca”* concentrations can be as high as 3mM (Ashby 

& Tepikin 2001). In some cells, the ER accounts for approximately 75% of the total 

intracellular Ca’* reserve. Extending like a net over the entire cytoplasm, the ER 

determines, in great part, the generation of important Ca”* signals that are involved in most 

vital functions of the cell. Mitochondria are the other important reserves of intracellular 

Ca**, accounting for the remaining 25% of the Ca™* reserve in some cells such as 

endothelial cells. 

Ca** signals result generally from the opening of Ca’* channels or the activity of Ca’* 

transporters. These are located either in the plasma membrane, or inside the cell on the ER 

or SR. The plasma membrane Ca™* channels can be classified into different types, 

according to their activation mechanism: voltage-operated channels, receptor-operated 

channels, mechanically-activated channels and the so-called 'store-operated channels’ that 

are opened following the depletion of internal Ca”* stores (Berridge et al., 2000a). Ca** 

release from the ER and SR occurs via three types of channel. Of these, inositol 

1,4,5-trisphosphate (IP3) receptors (Europe-Finner & Newell 1985) and ryanodine 

receptors (Bennett ef al., 1998) are the best characterised. A third type of channel, known 

as SCaMPER (sphingolipid Ca”*-release-mediating protein of endoplasmic reticulum), 

seems to release Ca’* in response to an increase in intracellular sphingolipid concentrations 

(Mao et al., 1996). The differential expression of these Ca™* entry or release channels 

allows cells to respond to a diverse range of stimuli and to produce Ca™* signals that are 

tissue specific. 
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The release or entry of Ca** into the cytoplasm through the opening of different types of 

channels can result in local or global Ca”* signalling. There are several advantages to using 

local Ca’* signals, rather than global increases in Ca’*, to control cell processes. For 

example, as the local Ca” signals have only a limited spatial range, and the Ca** 

concentration declines sharply with distance from the site of origin, regulation of cellular 

activities relies on close localization of the Ca’* channels to their targets. This close 

proximity allows Ca”* to have a highly specific effect (Berridge et al., 1988). In addition, 

local Ca’* signals can have a rapid effect at relatively low energy cost to the cells, in 

contrast to global Ca”* changes. The limited number of Ca”* ions used to generate local 

signals can be removed from the cytoplasm more rapidly than global Ca”* signals, and 

without consuming as much ATP (Berridge 1990). 

In addition to controlling the local functions of cells, local Ca”* signals are responsible for 

the generation of global Ca™* signals, such as waves and oscillations. Essentially, global 

Ca?* signals arise via the co-ordinate recruitment of many elementary Ca™* release and 

entry channels. The mechanisms to achieve a global Ca?* signal, and the balance between 

Ca** influx and release, are cell-type specific. Thus different cell types use distinct Ca”* 

signals, as appropriate to their physiology (Petersen 2000). The ability to use Ca”™* in 

different modes helps cells to achieve a multitude of signals varying in amplitude, 

frequency, kinetics and localization, and also to avoid the deleterious effects associated 

. . 9 . 

with extensive Ca~* increases. 

1.3.2 Calcium binding proteins 

Ca”* is probably the most evolutionary-ancient and energetically inexpensive second 

messenger. Cells have evolved many classes of intracellular Ca”* binding proteins, which 

act to regulate the level of cytosolic Ca”* and to transduce the intracellular Ca™* signals. 

The diversity of Ca** binding proteins contributes a great deal to the versatility of Ca”* 

signals. In order to understand the mechanism of the various responses evoked by calcium 

in the cell, the identification and characterization of a number of calcium receptors have 
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been undertaken in the past three decades. Advances in determining the amino acid 

sequence and three-dimensional structure of proteins have led to the description of two 

families of calcium-binding proteins, the annexin family (Barwise & Walker 1996a) and 

the EF-hand homologue family (Kretsinger 1973). 

The annexins have a molecular weight of 35- or 67 kDa (Weinman 1991). The amino acid 

sequences of members of the annexin family show that each protein contains conserved 

internal repeats of about 70 amino acids. Mammalian annexins possess four or eight 

homologous internal repeats, which may be calcium and phospholipid-binding domains. 

The proteins are present in a wide range of tissues and cell types, with each cell type 

possessing all of, or a subset of, the proteins. The proteins are localized on the inner surface 

of the plasma membrane associated with the cytoskeleton and, in some cases also with 

intracellular structures and even nuclear (Barwise & Walker 1996b; 

Tzima et al., 1999; Geisow et al., 1990). Some members of the family are major substrates 

for tyrosine and/or serine kinases (Schmitz-Peiffer ef al., 1998). The precise functions of 

the proteins are largely unknown, but they are likely to play important roles in cellular 

regulation (Barwise & Walker 1996a). Previously suggested functions include inhibition 

of phospholipase A2 (Tzima ef al., 2000), membrane-cytoskeletal linkage and control of 

membrane fusion events in exocytosis (Gerke & Moss 2002). It has been also suggested 

that they may be involved in the regulation of cell surface receptors (Kim & Hajjar 2002; 

Brownstein ef al., 2001). 

The other large group of Ca’*-binding proteins is the EF-hand superfamily. The term 

EF-hand was first used by Kretsinger and Nockolds (Kretsinger 1973) nearly 30 years ago 

as a graphical description of the calcium-binding motif observed in parvalbumin. EF-hands 

have been identified in numerous calcium-binding proteins by the similarity of amino acid 

sequence and confirmed in some crystal structures. The EF-hand motif consists of two 

alpha helices, termed "E" and "F", joined by a calcium-binding loop (Kretsinger 1973). 

This structural motif has turned out to be widespread, and is found in a large number of 

protein families: some 66 subfamilies, more than 160 different Ca’*-modulated proteins, 
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are known to date (Nakayama 2000). 

Functional EF-hands occur usually in pairs. Most EF-hand motifs bind Ca”*, occasionally 

some of them additionally bind Mg”*, Zn’* or Cu**(Groves & Palezewska 2001). EF-hand 

proteins undergo conformational changes upon binding of Ca** (Nelson & Chazin 1998). 

This event is a crucial step in many Ca’*-dependent cellular processes. EF-hand proteins 

have a broad range of functions and they are important intracellular calcium sensors (Isobe 

& Okuyama 1988). 

1.3.3 $100 protein family 

One group of EF-hand-containing calcium-binding proteins is the $100 protein group, 

so-called because of their property of being soluble in 100% ammonium sulphate (Moore 

1965). S100 proteins are mainly low molecular weight, acidic proteins (Zimmer et al., 

1995). In general, the $100 family members have molecular weights between 9 and 14 kDa 

(Donato 2001). However, three large proteins, profilaggrin, trichohyalin and repetin, have 

also been classified as $100 proteins because the $100 motif, the EF hand, is found within 

the sequence of each of these proteins (Markova ef al., 1993; Rothnagel & Rogers 1986; 

Krieg et al., 1997). The low molecular weight $100 proteins have two distinct EF-hands 

with different affinities for calcium. Both EF-hands are flanked by hydrophobic regions 

and separated by a central flexible linker region. 

1.3.3.1 Members of the S100 family 

There are 21 members of the $100 family, 18 low molecular weight and 3 high molecular 

weight proteins, discovered so far. The alignment of the 18 low molecular weight $100 

proteins is given in (Figure 1.1) to show the common arrangement of the structural features. 

The sequences in the 4 & —helices and C-terminal Ca”* binding loop are highly conserved 

among all the members. However, the sequences in N-terminus, C-terminus, N-terminal 

Ca** binding loop and linker region between o-helix 2 and o-helix 3 are very diverse. 
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Figure 1.1. Sequence alignment of 18 members of the S100 family. The sequence 

alignment was generated by ESPript 2.0 program using human using human sequences 

obtained from Swiss-port database. Conserved residues are highlighted in yellow and red 

and fully conserved residues are highlighted in purple. Secondary structure (based on the 

apo-S100A1 NMR structure) is represented by pink filled rectangles for a-helices. 

1.3.3.2 The structure and dimerisation of S100 proteins 

A typical S100 protein consists of four a-helices and two B-sheets (Figure 1.2), which form 
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the backbone of the protein. Some residues in the backbone are highly conserved as shown 

in Figure 1.1. The Ca**-binding Loop 1 and Loop 2 are flanked by Helix 1 and 2, and Helix 

3 and 4, respectively. In each loop, there is a B-sheet. The N-terminus and Linker region 

are the flexible regions and the residues in these regions are not highly conserved. 

Loop 1 Linker region Loop 2 C-terminus    
   

N-terminus | 

Ca" Ca* 

Helix 1 Helix 2 Helix 3 Helix 4 

Figure 1.2. The diagram of the two-dimensional structure of $100 

proteins [i o-helix > f-sheet 

  

The first typical 3D structure of $100 protein was for S100A6, characterised by Potts 

(Potts ef al., 1995a). Many other $100 protein structures have been published since. The 

basic structures of these $100 proteins are very similar. The recently determined crystal 

structure of S100P (Zhang et al., 2003) is shown as an example (Figure 1.3) with main 

elements indicated. Two calcium-binding loops are closely located. On one side of the 

loops are helix 3 and helix 4 connected by linker region. On the other side of the loops are 

the helix 1 and helix 4, which are the main backbones of the structure. 

Although the known structures of low molecular weight $100 proteins are very similar, 

there are also some differences between them. This is illustrated by the comparison 

between S100P and 6 other $100 proteins shown in Figure 1.4. 

Most $100 proteins have the tendency to form dimers in vitro (Groves ef al., 1998). The 

first 3-dimensional structure of S100A6 homodimer characterised by Potts (Potts ef al., 

1995b), revealing a symmetric homodimeric fold. The dimer interface is mediated 

primarily by hydrophobic interaction between side chains. Helix 4 and helix 4’ form the 
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bulk of the dimer interface, from F70 to M82, packed antiparallel to each other. Residues in 

the C-terminus of helix 1, 113, F16, also contribute to the interface, making contacts with 

both helix 4 and helix 4’. The residues involved in the hydrophobic contacts are highly 

conserved, suggesting that many other $100 proteins could form dimers. The structure and 

dimer interface of S100P homodimer (Figure 1.5), which was crystallised by our 

collaborator (Zhang ef al., 2003), is very similar to that of S100A6. However, there are 

some exceptions. For example, Calbindin 3 is always monomer. $100B forms disulphide 

homodimers (Kilby et al., 1996). There are also several reports to show that $100 proteins 

can form heterodimers, such as S100A8/S100A9 (Bhardwaj et al., 1992), S1OOA1/S 100B, 

S100B/S100A11, S100B/S100A6, and S100A1/S100A4. However, no 3D structure of 

$100 heterodimer has been resolved yet. 
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Figure 1.3. Ribbon representation of the S100P monomer. Calcium ions are in blue. 

Helices one, two, three and four are shown in flesh, lilac, pale-green and orange, 

respectively. Loops one and two are shown in pink and khaki. The linker region is in 

sky-blue, part of which is invisible in the crystal structure and thus marked with a broken 

line. The image was provided by Hongmei Zhang, Protein Science Laboratory, the 

University of Qinghua, as part of a collaborative study. 
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Figure 1.4. Comparison of 7 known three-dimensional structures of $100 proteins (Zhang 

et al., unpublished data). Three-dimensional monomer backbone structures of $100 

proteins were overlaid using CCP4 software. In (a), the structure of S100P (red), S100B 

(lilac), S100A7 (green), S100A11 (magenta), S100A.10 (yellow), calcyclin (khaki) and 

calbindin (cyan) are compared and shows the overall similarity of these proteins with 

r.m.s.d values close to 1.0 A, which mainly differ in the linker region. However, both 

S100A7 and Calbindin also have different C-terminal regions. (b) The structure of S100P 

(red) is compared with S100A8 (sky-blue), S100A9 (aquamarine) and S100A12 (pink) to 

show the similarity of the overall shape with r.m.s.d values above 1.1 A, but with different 

structures of the C-terminal region and linker region. Calcium ions are shown in blue. 
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( Linker region’ 

Linker region 

Figure 1.5. Ribbon model of the S100P dimer (Zhang et al.,., unpublished data). Two 

monomers are shown in red and royal blue respectively. Calcium ions are the blue spheres. 

Regions of contact between the subunits are marked in yellow. 
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1.3.3.3 Intracellular localisations and tissue distributions 

Many of the $100 proteins are located in the cytoplasm of the cells, some are located in the 

nucleus, while others have been reported to occur in both the cytoplasm and the nucleus, 

and some are associated with cell membranes or with the cytoskeleton (Takenaga ez al., 

1994b). For example, $100A1 and S100A4 are found predominantly in the cytosol of 

human smooth muscle cells (Takenaga et al., 1994b). They are found strongly associated 

with the sarcoplasmic reticulum and with actin stress fibres in rat mammary cell lines 

(Davies et al., 1993a; Gibbs et al., 1995). S100A6 has been shown to be located in both the 

cell nucleus and the cytoplasm in human smooth muscle cell lines cells, where it associates 

with sarcoplasmic reticulum. When the intracellular Ca** concentration was increased by 

treatment of the cells with thapsigargin, S100A1, A4 and A6 became concentrated in the 

sarcoplasmic reticulum forming specific vesicular structures (Mandinova et al., 1998). On 

the other hand, $100A2 is solely located in the nucleus (Shrestha ef al., 1998) under these 

conditions. The expression of $100 proteins can be cell type specific. For example, 

S100A1 and S100B occur mainly in neurons (Song & Zimmer 1996; McAdory et al., 

1998), however S100A1 is a major protein in muscle cells in mammals. S100A8 and 

S100A9 occur mainly in neutrophils and activated macrophages (Doussiere et al., 2002). 

In order to clarify the biological roles of $100 proteins in cells, many studies have been 

carried out to try to identify their target proteins. 

1.3.3.4 Interactions and possible target proteins 

An increasing body of evidence indicates that many of the $100 proteins interact with 

cytoskeletal proteins and may serve as potential regulators of the dynamics of cytoskeleton 

(Selinfreund et al., 1990). S100B and $100A1 have been reported to interact with tubulin 

and to block the self-assembly of microtubules as well as stimulating microtubule 

disassembly in brain extract (Hesketh & Baudier 1986). S100B and $100A1 also interact 

with type III intermediate filament subunits, GFAP and desmin, thereby inhibiting the 

self-assembly of the filaments (Bianchi ef al., 1994). $100A10 interacts with annexin II 

40



(Thiel et al., 1992) and promotes the annexin-dependent bundling of F-actin (Jones et al., 

1992; Kaczan-Bourgois et al., 1996). S100A8, S100A9 and $100A12 translocate between 

the plasma membrane and vimentin intermediate filaments in monocytes and granulocytes 

upon changes in the concentration of cytosolic calcium ions (van den Bos et al., 1996). All 

of the above observations suggest strongly that some $100 proteins respond to dynamic 

changes in the cytoskeleton and in cell morphology. 

Some $100 proteins have been reported to interact with enzymes and to affect their 

activities. For example, S100A1 and S100B interact with fructose-1,6-bisphosphate 

aldolase (energy metabolism), phosphoglucomutase (energy metabolism), and 

membrane-bound guanylate cyclase (dark-adaptation of photoreceptors) and usually 

stimulate their activities, except that S100A1 inhibits the phosphoglucomutase (Landar et 

al., 1996). S100A1 also inhibits glycogen phosphorylase (energy metabolism) (Zimmer 

and Dubuission 1993) and actomyosin ATPase (Zhao et al., 2000). S100A8/S100A9 in 

myeloid cell inhibits casein kinases I and II, which are involved in cell maturation (Murao 

et al., 1989). 

It is well documented that $100 proteins have the ability to modulate phosphorylation of a 

number of cellular proteins (Baudier & Cole 1988; Baudier et al., 1992; Lin et al., 1994; 

Sheu ef al., 1994), For example, S100A1 activates in vitro the myosin-associated giant 

protein kinase, twitchin from C. elegans, ina calcium-dependent manner (Heierhorst et al., 

1996). The S100A1-binding site is a part of an autoregulatory sequence, which is 

responsible for intrasteric autoinhibition of twitchin kinase. In higher organisms, 

calcium-dependent interaction of S100A1 with MyoD (a member of the myogenic basic 

helix-loop-helix transcription factors) inhibits the phosphorylation of MyoD by PKC as 

well as the MyoD DNA binding activity (Baudier ef al., 1995). S100B was shown to be 

involved in microtubule-associated tau protein phosphorylation by 

calcium/calmodulin-dependent protein kinase II (Baudier & Cole 1988). Either the S100B 

or a mixture of S100A1 and S100B, both from a brain glial cell source, inhibited in vitro 

phosphorylation of purified F1/GAP43 by PKC in a dose-dependent manner (Sheu et al., 
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1994a). S100B inhibition is thus substrate-selective and the effect of S100B on 

phosphorylation could not be explained by a direct inhibition of kinase activity (Sheu et al., 

1994a). From these observations mentioned above, the binding of $100 proteins to kinase 

substrates could be considered a general mechanism of $100 proteins in modulating 

protein phosphorylation. 

$100 proteins have also been found to interact with another proteins. For example, S100B 

and $100A4 interact with p53, tumour suppressor protein and inhibit p53-dependent 

transcriptional activation (Delphin et al., 1999;Grigorian et al., 2001). S100A1, S100B, 

S100A10 and $100A11 interact with annexins (Garbuglia et al., 2000;Rety et al., 2000). 

S100A1 and $100B interacts with Tt proteins that are associated with Alzheimer’s disease. 

$100A1 binds to the ryanodine receptor and stimulates Ca”*-induced Ca”* release in 

skeletal muscle (Treves et al., 1997). 

Many S100 proteins also have potential extracellular roles. $100B, S100A1 and S100A4 

have been reported to bind a receptor for advanced glycation end products RAGE (Schmidt 

& Stern 2001), and to stimulate neurite extension (Hofmann et al., 1999;Huttunen et al., 

2000). S100B also stimulates astrocyte proliferation, neuronal apoptosis, IL-6 secretion by 

neurons, nitric oxide synthase secretion by astrocytes and microglia (Huttunen et al., 

2000;Donato 2001). S100A2 and $100A7 have been reported to act as a chemotactic agent 

for eosinophils and CD4* lymphocytes in vitro, respectively while $100A10 inhibits blood 

coagulation, (Komada et al., 1996; Jinquan et al., 1996). S100A12 is a chemotactic agent 

for neutrophils and macrophages in vitro (Miranda et al., 2001). 

In general, the interactions of $100 proteins with their target proteins are 

calcium-dependent. However, some interactions, such as $100A1 with aldolase A (Landar 

et al., 1998) are calcium-independent, suggesting $100 proteins play roles not only in the 

calcium signal transduction pathways but also in other cellular processes. 
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1.3.3.5 $100 proteins and human diseases 

$100 proteins are not only involved in physiological processes but are also associated with 

many human diseases. For example, high levels of S100B have been found in the brain 

tissues of patients suffering from Down’s syndrome and Alzheimer’s disease (Sheng et al., 

1994). Patients with Down syndrome characteristically have an extra copy of chromosome 

21, the location of the human $100B gene (Allore et al., 1988). This is consistent with the 

elevated level of S100B protein in this disease. S100A8 (MRP8) and S100A9 (MRP14) 

occur mainly in neutrophils, activated macrophages and endothelial cells in some 

inflammatory diseases and in the epidermis in psoriasis (Semprini et al., 2002). The 

S100A8/S100A9 heterodimer has been suggested to regulate several steps of the 

inflammatory response (Kerkhoff ef al., 1998). The heterodimer is also found in body 

fluids in inflammatory conditions (Sorg 1992). 

S100P and $100A9 are found to be overexpressed in both ulcerative colitis and Crohn's 

disease (Lawrance ef al., 2001). S100P is also found to be one of the overexpressed genes 

in the immortal MCF-10F, a human breast epithelial cell line, when compared with the 

mortal $130 cell line, the mortal counterpart of MCF-10F. In addition, $100P is highly 

expressed in chemically-transformed breast epithelial cell lines (BP1E and D3.1), breast 

cancer cell line T47D, as well as in three invasive ductal carcinomas, in comparion to their 

normal adjacent tissue (Guerreiro Da Silva et al., 2000). The application of subtractive 

suppressive hybridization (SSH) techniques has identified S100P as being a 

differentially-expressed gene in three doxorubicin-resistant colon carcinoma cell lines 

(LoVo DxR, ARH D60 and KB-V1) in comparison with the drug-sensitive parental cell 

lines (Bertram ef al., 1998). Using a differential display method, $100P was found to be 

down-regulated in an androgen-responsive prostate cancer cell line after 30 hr of androgen 

deprivation. $100P is also dysregulated in other androgen-independent prostate cancer cell 

lines (Averboukh et al., 1996). In tissue microarrays (TMA) analysis, one of the most 

highly overexpressed mRNAs in hormone-refractory CWR22R xenografts was the S100P 

mRNA, which was significantly associated with progression in clinical tumours (P < 0.001) 
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(Mousses ef al., 2002). 

The levels of seven different $100 proteins (S100A1, S100A2, S100A3, S100A4, S100AS5, 

S100A6, and $100B) have been determined immunohistochemically in the epithelial and 

connective tissues of a series of 35 specimens of colon carcinomas (Bronckart et al., 2001). 

$100A2, S100A3, and S100B proteins were detected in normal colon tissues. The level of 

S100A6 increased in epithelial cells along with the increase in malignant characteristics 

(Maelandsmo ef al., 1997; Komatsu et al., 2000a; Komatsu ef al., 2000b). The 

node-positive cancers failed to express S100A1; whilst half of the node-negative 

specimens did (Bronckart et al., 2001), thus suggesting that S100A1 is not positively 

correlated with tumour metastasis. The levels of S100A5 were similar in epithelial tissues 

of different malignancy (Bronckart ef al., 2001). Another report showed that S100A1 and 

S100A2 could be detected in only a few normal tissues, whereas S100A4, S100A6, and 

S100B were expressed at higher levels in several kinds of cancer tissues (Ilg ef al., 1996). 

Since one $100 protein, $100A4 has been showed to have metastasis-promoting properties 

(Davies et al., 1993a), great efforts have been made for over a decade in order to clarify its 

roles and the mechanisms in tumour progression. 

1.4 §$100A4 

S100A4, also called p9Ka, Mts1, pEL98, 18A2, CAPL and 42A, is a typical $100 

calcium-binding protein (Barraclough ef al., 1982). It was first discovered in derivative 

cells of rat mammary tumour-derived cell lines (Barraclough ef al., 1982; 1987, 1988). The 

S100A4 gene is located on chromosome 1q21 within the S100A gene cluster (Engelkamp 

et al., 1993). 

1.4.1 Intracellular localisation 

The majority of immunoreactive staining for S100A4 is located in the cytoplasm of cells. 

In elongated myoepithelial-like cells, the pattern of immunofluorescent staining indicates 

its association with the cytoplasmic filamental structures. The identical pattern of staining 

for $100A4 and phalloidin staining in dual fluorescent labelling experiments suggested the 
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co-localisation of S100A4 and the actin-myosin filaments in the cells (Davies et al., 

1993b;Gibbs ef al., 1995). In human smooth muscle cells, S100A4 is relocated to the 

sarcoplasmic reticulum round the nucleus when the intracellular calcium is increased 

(Mandinova ef al., 1998). 

1.4.2 Tissue distributions 

S100A4 protein is expressed in the majority of rat tissues and in a diverse range of cell 

types, which include smooth muscle, brown adipose tissue, liver, some absorptive and 

keratinized epithelia, the acid-secreting parietal cells of the stomach, the neuronal cells 

within plexuses of the autonomic nervous system, and a proportion of cells of the immune 

system in spleen, lymph nodes, bone marrow, and blood (Gibbs et al., 1995). S100A4 is 

found widely in both arteries and veins, particularly in the smooth muscle and in the 

endothelium of smaller vessels (Gibbs ef al., 1995). Mouse S100A4 (Mts1) 

immunoreactivity is also reported to be present only in white matter astrocytes in the intact 

spinal cord. Injury of sciatic nerve or dorsal root induced a marked and prolonged 

up-regulation of mouse $100A4-immunoreactivity in astrocytes in the region of the dorsal 

funiculus containing the central processes of the injured primary sensory neurons (Kozlova 

& Lukanidin, 1999). Jn situ hybridization of mouse embryos has shown the expression of 

Mts1 mRNA to be highest in trophoblast cells of an 8-day old embryo. In normal adult 

mouse tissues, immunocytochemistry reveals that Mts1 occurs in T cells in the thymus, 

spleen (Ford & Zain 1995) and appendix (Taylor ef al., 2002). 

1.4.3 Interactions 

It has been reported that S100A4 protein interacts in vitro with actin microfilaments, 

tropomyosin, and particularly non-muscle myosin heavy chains (Kriajevska et al., 1994; 

Takenaga et al., 1994c; Ford & Zain 1995). Although immunofluorescent staining shows 

that $100A4 colocalizes with stress fibres in fixed cells, no evidence for these interactions 

have been observed in vivo. In experiments in vitro, non-muscle myosin A has been 

reported to be a target for S100A4 (Kriajevska et al., 1994). The mouse S100A4 

(Mts1)-binding site is located within a 29-amino acid region at the C-terminal end of the 
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myosin heavy chain (within amino acids 1909-1937). Two-dimensional phosphopeptide 

analysis showed that Mts1 protein inhibits protein kinase C (PKC) phosphorylation of the 

platelet myosin heavy chain at Ser-1917 (Kriajevska et al., 1998). High concentrations of 

S100A4 could disturb the formation of myosin filaments and inhibit the ATPase activity of 

myosin (Ford et al., 1997). Moreover, the interaction of mouse $100A4 (Mts1) with the 

human platelet myosin or C-terminal fragment of the myosin heavy chain inhibits 

phosphorylation of the myosin heavy chain by casein kinase II in vitro (Kriajevska, et al., 

2000). Thus it has been suggested that Mts1 might also directly bind the beta subunit of 

casein kinase II, thereby modifying the enzyme's activity (Kriajevska et al., 2000). 

Studies have also shown that mouse $100A4 expression levels correlate with increased 

levels of detectable p53 in B16 murine melanoma (Parker et al., 1994). Moreover, it has 

been reported recently that Mts1 binds to the extreme end of the C-terminal regulatory 

domain of p53 (Grigorian et al., 2001) using several in vitro and in vivo approaches: 

co-immunoprecipitation, affinity ohnaniatooranti and Far Western blotting. The mouse 

S100A4 protein inhibits phosphorylation of the full-length p53 in vitro and its C-terminal 

peptide by protein kinase C, but not by casein kinase II. The Mts1 binding to p53 interferes 

with the DNA binding activity of p53 in vitro and reporter gene transactivation in vivo, and 

therefore this inhibition may have a potential regulatory function. Differential modulation 

of p53 target genes (p21/WAF, bax, thrombospondin-1, and mdm-2) transcription was 

observed upon Mouse $100A4 induction in tetracycline-inducible cell lines expressing 

wild type p53. Mouse $100A4 is also reported to cooperate with wild type p53 in the 

induction of apoptosis (Grigorian ef al., 2001). 

A very recent report has shown that $100A4 interacts with the N-terminal half of MetAP2 

(methionine aminopeptidase 2) a protein with peptidase activity, using yeast two-hybrid 

and other methods, such as pull-down assays and co-immunoprecipitations. The S100A4 

binding site has been mapped to the region between amino acid residues 170 and 229 of 

MetAP2 (Endo et al., 2002). The binding of $100A4 did not affect the methionine 

aminopeptidase activity of MetAP2 in vitro, but regulates MetAP2 intracellular 
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localization. 

1.4.4 S100A4 and metastasis in model systems 

The levels of S100A4 have been extensively investigated in different cell lines and tumour 

specimens. Higher levels of expression of S$100A4 have been detected in specimens of 

breast cancer (Rudland ef al., 2000;Albertazzi et al., 1998), in breast cancer cell lines 

(Lloyd et al., 1996), human bile duct adenocarcinoma cell lines (Katayama et al., 2000) 

and of colorectal adenocarcinoma (Takenaga er al., 1997b), of pancreatic carcinomas 

(Rosty ef al., 2002), of esophageal squamous cell carcinoma (Ninomiya et al., 2001), of 

gall bladder cancer (Nakamura et al., 2002), of urinary bladder cancer (Davies et al., 2002), 

of gastric adenocarcinoma (Yonemura et al., 2000;El-Rifai et al., 2001) , and of non-small 

cell lung cancer (Kimura et al., 2000). The more important finding from these studies is 

that the levels of S100A4 are associated with metastasis in many of these cancers 

mentioned above. These observations have established a correlation of S100A4 with the 

level of malignancy in some tumours as well as with their metastases. However, it is hard 

to tell from these studies whether $100A4 is a causative factor in cancer metastasis or 

merely a passenger change. To establish a possible cause and effect relationship between 

S100A4 and metastasis, animal models have been employed as described below. 

Syngeneic rat model. Rama 37, a benign rat mammary epithelial cell line (Dunnington et 

al., 1983) was transfected with an expression plasmid, pS V2neo containing the rat S100A4 

gene under the control of the SV40 large T Antigen promotor. These transfected cells 

produced tumours when injected at subcutaneous sites in the mammary glands with a 

shorter median latent period than the tumours produced by the parental untransfected 

Rama 37 cells in syngeneic rat hosts (Davies ef al., 1993a). The transfected cells yield a 

higher incidence of tumours than untransfected Rama 37 cells, many of which metastasize 

to lungs and/or lymph nodes in syngeneic rats (Davies ef al., 1993a; Barraclough et al., 

1998). The high level of S100A4 and the metastatic potential were maintained when the 

cells from a metastasis were re-injected into syngeneic rats (Davies et al., 1993a). 

Transfection of a normal mammary-derived cell line, Rama 704, with the expression 

47



vector for $100A4 induced neither tumours nor metastasis (Barraclough 1998). Ina 

similar experiment, Rama 37 cells were transfected with the expression vector pS V2neo 

containing the human $100A4 gene (Lloyd ef al., 1998). The cells, which expressed a high 

level of human $100A4 mRNA, induced metastasis, whereas the cells transfected with the 

same vector but expressed an undetectable level of human S100A4, did not induce any 

detectable metastases when injected subcutaneously. In a bladder cancer system, 

overexpressing $100A4 in transfected MYU-3L cells produced primary tumours at similar 

frequencies and latencies to the parental cell line, but in addition induced a significant 

number of metastatic lesions primarily in the para-aortic lymph nodes or lungs (Levett ef 

al., 2002). Expression of $100A4 protein in the primary tumours was heterogeneous, but 

was stronger and more consistent in the metastases, suggesting that transfectants 

overexpressing S100A4 possess an enhanced ability to form the metastatic lesions in this 

rodent model of bladder cancer (Levett ef al., 2002). 

Nude mouse model. Transfection of estrogen-responsive human breast cancer MCF-7 

cells with the Mouse S100A4 gene under the control of a strong constitutive promoter 

conferred the ability for hormone-independent growth in nude mice (Grigorian et al., 

1996). Tumours derived from mouse $100A4 transfectants showed local invasion when 

the cells were transplanted into surrounding muscle and adipose tissues and metastasis to 

regional lymph nodes and lungs. These characteristics are rarely observed with the parental 

MCE-7 cells. Electron-microscopic analysis of MCF-7/mouse $100A4 cells showed 

structural changes in anchoring junctions, particularly in intermediate filament attachment 

sites (Grigorian et al., 1996). 

Transgenic mouse model. Rat $100A4 (p9Ka) acts synergistically with MMTV-neu in 

inducing malignant tumours in p9)Ka and MMTV-neu bitransgenic mice. The mice 

expressing both rat S100A4 (p9Ka) and neu proteins had a slightly earlier incidence of 

palpable mammary tumours than the MMTV-neu offspring and specifically exhibited 

macroscopic metastatic lesions in the lungs. The rat $100A4 transgene is expressed in 

primary and secondary lesions of the bitransgenic offspring and its expression is 
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particularly associated with regions of invasion of primary lesions and metastases (Davies 

et al., 1996). The parental MMTV-neu expressing animals produce primary tumours and 

no metastases whilst the p9Ka expressing parents produce no phenotype at all (Davies ef 

al., 1995). In another experiment, the mouse S100A4 gene, under the control of the 

MMTV promoter results in mouse $100A4 overexpression in the lactating mammary 

gland of transgenic mice. Animals bearing the transgene appear phenotypically normal. 

The Mouse S100A4 transgenic mice were then mated with the GRS/A strain, which is 

characterized by high incidence of mammary tumours and rarely metastasize. The mice 

bearing hybrid GRS/A-mouse $100A4 females were found to develop secondary tumours 

in the lungs (Ambartsumian ef al., 1996). 

A further demonstration that $100A4 is able to induce metastasis is the use of antisense 

RNA to the $100A4 gene to suppress the expression of $100A4 in highly metastatic Lewis 

lung carcinoma cells. The antisense mRNA-transfected cells do show a reduced incidence 

of metastasis (Takenaga ef al., 1997a). Similarly transfecting a hammerhead ribozyme 

directed against S100A4 mRNA into $100A4 highly expressing osteosarcoma cells 

suppressed the ability to give rise to skeletal metastases upon intracardial injection into 

nude mice (Maelandsmo et al., 1996). From the above experiments, it is clear that S1LO0A4 

can function as a tumour metastasis-promoting gene in animal models. 

Further studies have evaluated the clinical significance of $100A4 in prognosis of patients 

with breast or other cancers. The association of S100A4 with patient survival was first 

investigated in primary tumours from a group of 349 patients treated between 1976 and 

1982 for stage I and stage II breast cancer. After 19 years of follow-up, eighty percent of 

the S100A4-negative patients but only 11% of the S100A4-positive patients were alive. 

The former had a median survival of >228 months and the latter 47 months (Rudland et al., 

2000). 

S100A4 has also been found to be associated with malignancy and metastasis in many 

other cancers. Overexpression of $100A4 has been detected in pancreatic carcinoma cell 
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lines (18/19, 95%) and tumour samples, 57 of 61 invasive pancreatic carcinoma (93%). In 

contrast, 3 of 18 high-grade pancreatic intraepithelial neoplasias (17%), and 0 of the 69 

low-grade pancreatic intraepithelial neoplasias (0%) expressed S100A4 protein (Rosty ef 

al., 2002), whereas normal pancreatic tissue and tissue affected by chronic pancreatitis did 

not show any immunofluorescent staining. Expression of $100A4 was associated also with 

poor differentiation of the pancreatic adenocarcinomas (Rosty et al., 2002). Significantly 

higher levels of S100A4 were also reported in esophageal tumour tissues than in the 

corresponding normal esophageal mucosa. Patients with $100A4-positive esophageal 

carcinoma had significantly poorer prognosis than those with $100A4-negative carcinoma 

(Ninomiya ef al., 2001). In a recent study, 25 of 60 gall bladder cancers were positively 

stained for $100A4. The 5-year survival rate of the group staining positively for S1O00A4 

was significantly worse than that of the group staining negative for S100A4 (Nakamura ef 

al., 2002). In colon cancer, the level of $100A4 mRNA was significantly higher in 

carcinomas compared to normal specimens (Mann-Whitney U-test, P=0.05), and in liver 

metastases compared to carcinoma specimens (P=0.039) (Taylor ef al., 2002). The latter 

comparison included seven liver metastases and their matched primary carcinomas 

(P<0.001) from the same patient. Using in situ hybridization and immunocytochemistry 

techniques, S100A4 was shown to be present in both carcinoma cells and in T lymphocytes 

in the malignant specimens (Taylor et al., 2002). Moderate or strong expression of 

immunoreactive §100A4 was found in 28% of 101 bladder tumours and moreover, staining 

for S100A4 was more frequently observed in invasive bladder tumours than in 

non-invasive tumours. In invasive tumours, staining for S100A4 was usually strongest in 

invasive regions and in single infiltrating cells. Statistically significant associations were 

found between immunocytochemical staining for $100A4 and metastasis and reduced 

patient survival (Davies et al., 2002). 

The combination of these experiments and observations, strongly suggests that S100A4 

plays an important role in tumour metastasis, not only in animal models but also in many 

types of human cancers. Therefore, $100A4 becomes a very important molecule in the 

field of tumour metastasis. However, there is a little information on the roles and the 
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molecular mechanisms of $100A4 in cancer progression and metastasis. 

1.5 Aim of this project 

In order to understand the mechanisms of $100A4 in tumour metastasis, this project will 

focus on the interactions of S100A4 with known and unknown partners and the biological 

effects of those interactions. 
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Chapter Two 

Material and Methods 

2.1 Reagents 

2.1.1 Reagents for molecular biology 

  

Regents 

Agarose 

Ampicillin 

  

Bacto-agar 

Bromophenol blue 

Caesium chloride 

Calcium chloride 

Chloramphenicol 

Chloroform 

DEPC 

Dextran sulphate 

Deionised formamide 

Dimethylformamide. 

DNA polymerase I (Klenow fragment) 

di-Sodium hydrogen orthophosphate 

dNTP 

DNase-free RNase 

DTT 

EDTA 

Ethanol 

Ethidium bromide 

Ficoll 

Filter papers (33MM, DE81) 

HHMI ONO AN ONIN NOHAIOA NIT I ANIA IAAT ATI IANO NONI NONIONNI ONION OMIA NONI AION 

  

ARSE ERE I 

Supplier 

Pharmacia 

Sigma 

Difco 

Fisons 

Sigma 

Sigma 

Sigma. 

Sigma 

Sigma 

Sigma 

Sigma 

Sigma 

Roche 

Sigma 

Pharmacia 

Sigma 

Sigma 

Sigma 

BDH 

Sigma 

Sigma 

Whatman 
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Formaldehyde solution [40%(w/v)] 

Glacial acetic acid 

Glucose 

Glycerol 

Glycogen 

Guanidinium isothiocyanate 

Hybond-N Nylon membrane 

Isoamyl alcohol 

Isopropanol 

IPTG 

Lithium chloride 

N-lauroylsarcosine (sodium salt) 

Lysozyme 

Methanol 

MOPS 

Phenol 

Salmon sperm DNA 

Sephadex G50 

Sodium acetate 

T4 DNA ligase and compatible buffer 

Taq DNA polymerase 

Tris-base 

Tryptone 

X-gal 

Xylene cyanol FF 

Yeast extract 
Snir 

Sigma. 

Sigma. 

Rocher 

Fluka Biochemika 

Amersham International ple. 

Fisons 

BDH 

Novabiochem 

Sigma. 

Sigma 

Sigma. 

BDH 

Sigma. 

Sigma. 

Sigma 

Pharmacia 

Sigma 

New England Biolabs, Inc. 

Gibco 

Sigma. 

Difco 

Novabiochem 

BDH 

Beta Lab 
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2.1.2 Reagents for yeast two-hybrid 

  

Reagents ~~ ~~ ~~~. Supplier 
“Supplements Pe SE I Ms Pisin arcsvasernonrnnnpy ee eta Sn os ee 

Adenine Sigma 

L-Arginine Sigma 

L-Aspartic acid Sigma 

L-Glutamic acid Sigma 

L-Histidine Sigma 

L-Isoleucine Sigma 

L-Leucine Sigma 

L-Lysine Sigma 

L-Methionine Sigma 

L-Phenylalanine Sigma 

L-Serine Sigma 

L-Threonine Sigma 

L-Tryptophan Sigma 

L-Tyrosine Sigma 

Uracil Sigma 

L-Valine Sigma 

DMF Sigma 

Lithium acetate | Sigma 

ONPG Sigma 

PEG-3350 Sigma 

Sorbitol Sigma 

X-Gal Novabiochem 

Yeast nitrogen base Difco 
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2.1.3 Reagents for protein biochemistry 

Rennie iene YANN YMH NV EAE 

Reagents 

Ammonium persulphate 

ATP 

2-B-glycerol phosphate 

2-6-phosphorylserine 

BS3 

BSA 

Coomassie Brilliant Blue R250 

Diglycerol 

DEAE-sepharose 

Fast green 

Formaldehyde 

Gelatin 

Glutaraldehyde 

Histone 3 

Imidazole 

Immobilon PVDF-based membrane 

Dried milk 

2-mercaptoethanol 

Nickel sulfate 

Detergent NP-40 

Phenyl-Sepharose 

PMSF 

Protein assay kits 

Reduced glutathione 

Silver nitrate 

Sodium acetate 

Sodium carbonate 

Sodium orthovanadate 

Sodium thiosulphate 

Spectra/por dialysis tubing 
Annie 

    

Supplier 

BDH 

BDH 

Life Tech 

Sigma 

Sigma 

Pierce 

Sigma 

Sigma 

Sigma 

Sigma 

Sigma 

BDH 

Sigma 

BDH 

Sigma 

Sigma 

Millipore 

Marvel 

BDH 

Sigma 

BDH 

Sigma 

Sigma 

Bio-Red 

Sigma 

BDH 

Sigma 

Sigma 

Sigma 

Sigma 

Spectrum 
SRA ISASAAAAAASARAAN ANANSI VNR AVRO AVA AAR 
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Superdex 75 

TEMED 

Triton X-100 

Tween 20 
coeoes 

  

2.1.4 Reagents and consumables for tissue culture and cell biology 

SAAAARAAAAAAAVVAAAAAAAAVAAAIVAAA AAAI AAA AAA AAA 

Reagents 
“SovgeSennnaneSKannannnanasseanasanasacanaaananaananaccscaceececacaccacsaenennancanancccannecacccaceannacnane: 

Cell culture dishes 

DiffQuik reagent 

DMEM 

DMSO 

EGF 

FCS 

Freezing ampoules 

Fugene 6 

35mm glass-bottomed microwell dishes 

Hydromount 

Hydrocortisone 

Insulin 

Isoton II cell counting fluid 

Lipofectamine 

Streptomycin (10mg/ml) and 

Penicillin (10,000IU/ml) solution 

Paraformadehyde 

Trypsin 

Versene 

Zeocin 

  

eg eer amen ectinr ans ANAAANAGACAARA anaaaaannyna nan annnannaanan aan nceanicabaniSAice) 

Nunc 

Dade Behring 

Gibco Bio-Cult 

Sigma 

A gift from Dr. John Smith, University of 

Liverpool 

Sigma 

Nunc 

Roche 

Matek Corporation 

Mensura Tech Ltd 

Sigma 

Sigma 

Coulter Electronics 

Gibco 

Gibco 

Sigma 

Gibco 

Gibco 

Invitrogen 
ee etetenmeneeetaceneeeeeeeesaeinseneeceitsteienemteengettacetmeecaMantnoetnehettetibtetnbbeemteetvbeienencbenseetisbtesttesiieaestanseatssnaatanenenn 
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2.1.5 Reagent for radioisotopes and autoradiography 

    

Reagents Supplier 
“TE BATE GOOOCHRS nnn E sain tt Monet A rane accents artes 

[o°*P]dCTP (3000Ci/mmol) ICN 

X-ray film Fuji Photo Film Co 

RX-Omat-ARS film Kodak 

X-ray film developer and fixer Kodak 

  

2.1.6 Other materials 

    

Reagents Supplier a 

“DNAGelextractionkits =~S=<“‘—~‘“<‘“‘“‘“‘“‘< cge”S*™*~“‘S™C;™*™*™*™*™*™;™;C™;C™C™C™CC™C™C™C~C~C™ 

Plasmid miniprep kit Life Tech 

Plasmid midiprep kit Life Tech 

PCR purification kit Life Tech 

Random primed DNA labelling kit Roche 

Reverse transcription kit Life Tech 
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2.1.7 Sources of antibodies 

      

“Reagents re ee ae Supplier. Pv re a 
en ne ee ee sre ln ogee Rete 

Goat anti-human $100A1 Santa Cruze 

Mouse anti-S100A1 monoclonal antibody DAKO 

Rabbit anti-MHC ITA C-terminus Produced in the lab 

Fluorescein isothiocyanate (FITC)-conjugated Sigma 

anti-mouse IgG 

Tetramethylrhodamine-isothiocyanate Sigma 

(TRITC)-conjugated anti rabbit IgG 

HRP conjugated anti-rabbit IgG Sigma 

HRP conjugated anti-Goat IgG Sigma 

HRP-conjugated anti-mouse IgG Sigma 

LNOOOHHOHAOANHOL OOM OLIN IIIA MAILE HNN ENNIO NAINA IOI ONION AORN 

2.1.8 Source of plasmids 

“Reagents SSs=*~=<CS~*‘~*™*~*~””””:CSplicr SS 
“pETIOb+) ~~~. Novagen—S—<“‘<;~;*;*~*;*CS™SCCSSCSOS 
pETlla Novagen 

pGEX-2T Pharmacia 

pDsRED2-N1 Clontech 

pEGFP-C2 Clontech 

pCDNA4 Invitrogen 

pYESTrp2 Invitrogen 

pHybLex/zeo Invitrogen 

pSH18-34 Invitrogen 

PAD-GAL4 Stratagene 

PBD-GAL4Cam Stratagene 
en yn NN NNN RR NAN NN NY NY PARP R888 VASA 
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2.1.9 Cultured cell lines 

  

“Cell line Description _ ~~ Reference 
pease bape 2 Naa asatiad inc bonien cues ET 5 

mammary epithelial cell line with low 

expression of p9Ka 

KP1-Rama 37 Rama 37 cell line transfected with Davies et al., 1993a 

multiple copies of the $100A4. This cell 

line has high metastatic ability and high 

expression of S100A4 

MDA MB-231 Derived from a pleural effusion of a Fogh et al., 1975 

breast cancer patient 

SKBr-3 Derived from a pleural effusion of a Fogh et al., 1975 

breast cancer patient 

MCF-7A Derived from a pleural effusion of a Soule et al., 1973 

breast cancer patient 

POAT NIAAA ALANA AINA AAA AANA ANNAN ANA AR AAAI IANA IAAI IOI 

2.2 Reagents and buffers 

2.2.1 Reagents for agarose gel electrophoresis 

AAA SSAA AAAI AAA ARAVA AVIVA AAA RA AAR AAA A 

  

  
Butler ee Prepatatvory 
TBE buffer (10 x) 0.89 M Tris-HCl, 0.89 M Boric acid, 25 mM EDTA, pH 

8.3. 

TAE buffer (50 x) 2 M Tris-acetate, 0.05 M EDTA, pH 8.0. 

Agarose gel loading buffer 0.05% (w/v) bromophenol blue, 20% (v/v) glycerol. 

Ethidium bromide 10 mg/ml in H2O 
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2.2.2 Reagents for broths and agars 

  

LAO 

Buffer 

LB broth 

LB agar 

2xYT medium (1 litre) 

SOB medium 

SOC medium 

Terrific broth 

Antibiotics stocks (-20°C) 

    

Preparation 

NaCl, pH 7.0. 

LB broth + 1.5% (w/v) agar 

1.6% (w/v) Tryptone, 1%(w/v) yeast extract, 0.5%(w/v) 

NaCl, pH 7.0 

2%(w/v) Tryptone, 0.5%(w/v) yeast extract, 10mM NaCl, 

2.5mm KCl, 10mM MgCh, pH 7.0 

SOB medium plus 20mM glucose 

12%(w/v) Tryptone, 24%(w/v) yeast extract, 4% (v/v) 

glycerol with 10%(v/v) of a solution containing 0.17 M 

KH>POg, 0.72M K,HPO, 

Ampicillin 100mg/ml in H,O 

Chloramphenicol 34mg/ml in 95% ethanol 

Kanamycin 50mg/ml in H.O 

2.2.3 Reagents for small- and large-scale isolation of plasmid DNA 

AAA ARRAN AIAN 

Buffer 

  

SEENON NOIDA 

“AAA SAA RNA REA RAR nen nen enema nn nnnna nnn nenanennnmananennenaneneaeeneeceneneneneeeatanen cena nnnnaneneeennennnneennenanaeiaannennsceeKeeeAenetnncenanaaneneneeeccecQennnannnaandaaeeccececennneananeacennacananncans 

Solution1: cell resuspension 

solution 

Solution 2: lysis solution 

Solution 3: neutralizing solution 

3M NaAc pH5.2 

TE buffer 

pH 8.0 

0.2 M NaOH, 1% (w/v) SDS prepared freshly. 

5 M potassium acetate, 11.5%(v/v) glacial acetic 

acid 

3M NaAc, 11.5%(v/v) glacial acetic acid 

10 mM Tris-HCl, pH 7.5, 1 mM EDTA. 
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2.2.4 Buffers for the preparation of competent cells 

IOI 

Buffer 

RF2 buffer 

RRA int AAA 

  

RINDI OAAOIIIIIADANATAIIN 

Preparation 

  

CaCh, 15%(w/v) glycerol, 

Final pH 5.8 with acetic acid, filted through a 0.2 um 

Millipore filter. 

10 mM MOPS, 75 mM CaCh, 10 mM KC1, 15%(w/v) 

glycerol, final pH 6.8 with NaOH, autoclaved. 

  

2.2.5 Reagents for RNA extraction and Northern blotting 

SA eee IRS 

"Buffer 

~GuCNS reagent 

50 x Denhardt's solution 

20x SSC 

20 x SSPE 

Running buffer (1 x) 

Formaldehyde gel 

    

SAREE 

Preparation 

4 M guanidine thiocyanate, 50 mM Tris-HCl, 25 mM 

EDTA, 0.05%(w/v) N-lauroylsarcosine, pH7.5, filter 

sterilize through a 0.2 um Millipore filter. 

Prior to use, 2-mercaptoethanol added to 8%(v/v). 

1% (w/v) BSA, 1% (w/v) Ficoll, 1% (w/v) 

polyvinylpyrrolidone. 

3 M NaCl, 0.3 M sodium citrate, pH 7.0 

3 M NaCl, 0.2 M NaH2PO,, 20 mM EDTA, pH 7.7 

8 mM sodium acetate, 1 mM EDTA, 20 mM MOPS, pH 

8.0 

0.8%(w/v) agarose, 1 x formaldehyde gel running buffer, 

2.2 M formaldehyde (pH>4.0) 
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Loading buffer 0.33 mg/ml ethidium bromide, 50% (v/v) glycerol, 1 mM 

EDTA, 0.17% (w/v) bromophenol blue, 0.17% (w/v) 

xylene cyanol FF, pH 8.0 

Pre-hybridisation solution 50% (v/v) deionised formamide, 5 x SSPE, 2 x Denharde's 

solution, 0.1% (w/v) SDS, 40ug/ml salmon sperm DNA, 

Hybridisation solution 50% (v/v) deionised formamide, 5 x SSPE, 2 x 

Denharde's solution, 0.1% (w/v) SDS, 80 ug/ml salmon 

sperm DNA, 5%(w/v) dextran sulphate, 2x10°cpm /ml 

[x-**P]-labeled probe. 

All components made up in DEPC-treated double distilled water. 

2.2.6 Reagent for yeast culture 

XARA 

Buffer Preparation i 

“YAPD medium ===—«W:'%@ (w/) yeast extract, 2% (w/v) peptone, 2% (wiv) 

dextrose (D-glucose), 0.01% (w/v) adenine 

YAPD agar plate YAPD medium plus 2% (w/v) agar 

SD selective medium 2.7 gram yeast nitrogen base, 5.0 gram NH,Cl, 20 gram 

(1 litre) glucose, 100mg adenine, amino acids supplements added 

as required (L-histidine 40mg,L-leucine 200mg, 

L-tryptophan 40mg, uracil 40mg), H2O to 900 ml, pH 5.8, 

autoclaved, cooled then add 100ml] 10x drop solution. 

SD selective plate SD selective medium plus 18.22 % (w/v) sorbitol and 2% 

(w/v) agar 
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10x Drop Solution (1 litre) L-isoleucine 300mg, L-valine 1500mg, adenine 200mg, 

L-arginine 200mg 

L-lysine 300mg, L-methionine 200mg, L-phenylalanine 

500mg, L-tyrosine 300mg 

L-glutamic acid 1000mg, L-serine 400mg, L-threonine 

2000mg, L-aspartic acid 1000mg 

2.2.7 Reagents for yeast transformation 

RASS iii MLV AVA AAAS 

Buffer Preparation 

“IxliAc/IxTE—t—~C~S~SCS 100mM lithium acetate (LiAc), 10mM Tris-HCl, imM 
EDTA, pH 7.5 

1X LiAc/40%PEG-3350/1X — 1xLiAc/1xTE plus 40% PEG-3350 pH 7.5 

TE 
EPI NNN NEN VENI E SYREN NMEA 

  

SAS 

2.2.8 Reagents for lift assay and B-galactosidase assay 

SIMIAN GAO ANNI AA AA NAA HAHAHAHA AAA AAA HANAN AHHH HH NN ANATHEMA ARN HANAHAN A HERA HAAN AAA NHR R NRHA ANOO NANA ORONO 

Buffer Preparation 

“Z buffer 60 mM Na,HPO,, 40 mM NaH>PO;, 10 mM KCl, i mM 

MgS0O,-7H20, pH 7.0 autoclaved 

X-Gal solution X-Gal 50mg/ml in DMF 

Z buffer with X-Gal (100ml) 98ml Z buffer, 0.27ml 2-mercaptoethanol, 1.67ml X-Gal 

stock solution 

ONPG solution ONPG 4 mg/ml in H2O 

Stop solution 1M Na,CO3 

EAA AA DADA ARRAN 

  

SAA LOLWOOIONINOIAN NNN NOOO OOOOIONNAIAAAI AAAI AAA IA ANNONA AAAI 
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2.2.9 Reagents for plasmid recovery from yeast 

Se osonoronoronaa NN NNNNDA ANNAN AIROINNNTATNAN 

Buffer Preparation er 
yao 53h LICL 30 WAT TAS HICH pH 80, 46 GID Wien sete 

X-100, 62.5 mM EDTA 

Phenol-chloroform-isoamyl 50 ml neutralized phenol, 48 ml chloroform, 2 ml isoamyl 

Alcohol (100m1) alcohol 

SAAN OTA HONEA ON IIIA AANA AAI AANA NAAR AERA NAAR AERA AERA NADAL NII SOOIDIONOSIONNIOAONS, 

2.2.10 Reagents for His-tagged protein purification 

    

“Buffer "Preparation 7 
“$3 Winding bullet AT imidazole, GME NACL 180 EM HCL 7 ete 

8X Charge buffer 400 mM NiSO, 

8X Wash buffer 480 mM imidazole, 4 M NaCl, 160 mM Tris-HCl, pH 7.9 

4xElute buffer 4 M imidazole, 2 M NaCl, 80 mM Tris-HCl, pH 7.9 

4X Strip buffer 400 mM EDTA, 2 M NaCl, 80 mM Tris-HCl, pH 7.9 
ERNIE RENAE RAEN AANA AEA NANA AE AA NRHN AN HAAR RRNA ER HERA MRM ERM EE RM AHR AER HRA A HAR IAAI 

2.2.11 Reagents for GST-tagged protein purification 

  

“Buffer. ~~SCS*Cté‘;S*”:Sparction”s=~=~™*~*~*~C~CS~*=<“‘<‘<=<=~S~*é‘s=~*~™S 
TO GSE binding bale 4S ERE NGHBON 107 SAE ELBOD LMT 

mM KCl, pH 7.3 

Normal elut buffer 10mM reduced glutathione, 50mM Tris-HCl, pH 8.0 

Extreme elut buffer 20mM glutathione, 120mM NaCl, 100mM Tris HCl, pH 

8.0 

Regeneration buffer A 0.5M NaCl, M Tris-HCl pH 8.5 

Regeneration buffer B 0.1M sodium acetate, 0.5M NaCl, PH 4.5 

RRA AVA AMAA AAA 
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2.2.12 Reagents for S100 protein purification 

_ AANA NNN NANA NOAAA AAO NAMAANOHIAEOIANOANI ATI AAAI AINA AOA ATTAIN AINA AAAI DIANA TITANIA IAD ATARI 

Buffer Preparation 
a age pec in CTU EO 

Buffer B 20mM Tris-HCl, 5mM DTT, pH8.0 

AS AA RAAT 

2.2.13 Reagents for SDS —-PAGE gel running 

  

“Buffer — Preparation 

“Stock acrylamide = = =~ ~«<30%(w/vyacrylamide,0.8%(wvy) i (iti(‘s™éS~S™S 

N-N’-methylene-bisacrylamide 

Resolving gel buffer 3 M Tris-HCl, pH 8.8 

Stacking gel buffer 0.5 M Tris-HCl, pH 6.8 

Running buffer 50 mM Tris-HCl, 0.192M glycine, 0.1% SDS 

Sample buffer (Laemmli 62.5 mM Tris-HCl pH 6.8, 2% SDS (w/v), 10% glycerol, 

buffer) 5% 2-mercaptoethanol, 0.001%(w/v) bromophenol blue 

  

2.2.14 Reagents for Coomassie brilliant blue staining 

Nee eR NFP PNT 

  

SN NRE REE RNR EEE 

Buffer Preparation 

Coomassie blue staining 0.25%(w/v) Coomassie brilliant blue R250, 50% (v/v) 

Buffer methanol, 10% (v/v) acetic acid 

Destaining buffer 40%(v/v) ethanol, 10% (v/v) acetic acid 

SooorRDER AANA AANA 

  

oS 
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2.2.15 Reagents for Fast Green Staining 

  

SONIOHIIOONNONIINIOON 

“Buffer Preparation 

Fast green staining buffer 

Destaining buffer 

eannennennansannnsnansanansanan 

  

SERRE EER 

Fast green 1mg/ml, Isopropanol 50%(v/v), acetic acid 

10% (v/v) 

Iso-propanol-2 50%(v/v), acetic acid 10% (v/v) 

  

SR 

2.2.16 Reagents for silver staining 

“Buffer” 

“Gel fixation buffer 

Sensitizing buffer 

Silver nitrate buffer 

Developing buffer 

Stopping buffer 

Gel preserving buffer 

DONOHOE 

  

ONHOAAIAATNOONIOOAN ARNON ANON ANIA OIG 

OKLOILOIMOIOIOINOAOI NOLAN NINO NOON IOAN OHIO INIA INIINION 

Preparation 

“Acetic acid 10% (v/v), Ethanol 40%(v/v) 

Ethanol 30ml, glutaraldehyde (solution 25% w/v) 0.5ml, 

sodium thiosulphate.5H2O 2.0g, sodium acetate 6.82, H2O 

to 100ml 

Silver nitrate 0.25 g, formaldehyde (37%) 40ul, H2O to 

100ml 

Sodium carbonate 2.5g, formaldehyde (37%) 20ul, H2O to 

100ml 

EDTA 1.46g, H20 to 100ml 

Glycerol (87% w/w) 4.5% (v/v), ethanol 30% 

  

OOOO IIIA NAAN AIAN OANA INI OIA 

2.2.17 Reagents for Western blotting 

Buffer 

“Transfer buffer 

TBST buffer 

Blocking buffer 

    

50mM Tris-HCl, 0.192 M glycine, 20%(v/v) methanol 

50mM Tris-HCl, pH 7.2, 200mM NaCl, 0.03% (v/v) 

Tween 20 

5% (w/v) Marvel dried milk in TBST buffer 
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Washing buffer 1% (w/v) Marvel dried milk in TBST 

Antibody dilution buffer 5% (w/v) BSA in TBST 

PENNA HENAN AUN YR AANA YAWN WYNN AV BYE NALIN AN NN NNN NENA RNAS NAV VV VV 

2.2.18 Reagents for Gel Overlay 

sown 

  

SANSOM IANA IAAI 

Buffer Preparation 

“Overlay buffer 

  

SNOIOOOONOOHSOHNOHN HONING HII IONIAN IANO IAN IIMS 

0.5% (w/v) BSA, 0.25% (w/v) gelatin, 0.5% (v/v) NP4O, 2 

mM DTT, 100mM NaCl, 50 mM Tris-HCl, pH 7.5 
Overlay wash buffer 50mM Tris-HCl pH 7.5, 100mM NaCl, 2mM DTT, 0.5% 

(v/v) NP40 

Overlay block buffer 3% (w/v) BSA, 100mM glycine in TBST 

SOHAIL AAA AHN ANHARMONIC OOOO AARON 

2.2.19 Reagent for GST-pull down assay 

      

Eur ae Preparation ae 
EERIE Tn Ta TE REL, 80 AE HC GH TD CIS GT” 

Triton X-100, 5 mM dithiothreitol, with 1 mM CaCh, or 1 

mM EGTA 

GST elute buffer 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM 

dithiothreitol, 10 mM reduced glutathione, and 0.1% 

(w/v) Triton X-100 

RENNIN OARS AANA NARA AA NAAN ANAT A HRA RAHA MIAH AA AAA HSH AMARA HEH AH RE AHA H A NEARER ARERR RR AEN EN EC AHAERIEREE IAI ONAIASOSONY 

2.2.20 Reagents for protein phosphorylation by PKC 

SOMAONAANATNANANAI NOAA IAAI 

  

“Buffer — , Preparation Ee, 7 
“ADB buffer "30 ma MOBS, 353 Ta beta giyestol phosphate, TaN 

sodium orthovanadate, 1 mM dithiothreitol, 1 mM CaCl, 
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PKC activation buffer 100ul 

[r-P**]ATP mixture 100uU1 

5 ul B-phosphorylserine (10mg/ml stock), 5 ul diglycerol 

(1mg/ml stock), 90 ul ADB buffer 

lul ATP (50 mM stock), 1 ul MgCl (750 mM stock), 10 

ul [r-P**] ATP , 88 ul ADB buffer 

2.2.21 Reagents for Biosensor 

ENF ENENRAEENAN NNN PUNE ENN 

; Buffer 

BS3 Solution 

| Pi Buffer 

PBST Buffer 

20mM HCl 

3M Tris-HCl pH 8.0 

AAAS 

    

A SY 

Preparation 

0.56 mg/ml in HO 100u1 in each tube, stored at -80°C 

10mM NaHPO,, pH 7.7 

137 mM NaCl, 2.7 mM KC1, 8 mM Na,HPO, 1.5 mM 

KH>»POg, pH 7.4, 0.05% Tween 20, 0.02% NaN3 

20 mM HCI in ddH,O 

3M Tris-base in H2O, adjusted pH with HCl to 8.0 

  

SAAR 

2.2.22 Reagents and Buffers for Cell Culture Procedures 

Re RR BBM RNAP NBR YB BB 

Buffer 

PBS 

Stock insulin 

Insulin Solution (Sug/ml) 

Hydrocortisone (Sug/ml) 

Trypsin/EDTA Solution 

Preparation 

137 mM NaCl, 2.7 mM KC1, 8 mM NaHPO,, 1.5 mM 

KH2PO,, pH 7.4 

1mg/ml in 5mM HCL, filter sterilized and stored at —20°C 

1 ml stock insulin was added to 0.18 ml concentrated HCl 

and 200 ml sterile saline, store at 4 °C 

Hydrocortisone S5ug/ml in 25%(v/v) ethanol and 75% 

(w/v) PBS 

25 ml versene containing 0.5 ml 2.5%(w/v) trypsin 
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Basal medium (BM) 

Culture medium for Rama 

Cells (Routine Medium) 

Culture medium for 

MDA-MB-231 

Culture medium for MCF-7A 

Culture medium for 

SKBr-3 

Freezing medium 

1 x DMEM, 0.375%(w/y) sodium bicarbonate, 20 mM 

L-glutamine, 100 JU/ml penicillin, 100 ug/ml 

streptomycin 

BM plus 5%(v/v) FCS, 50ng/ml insulin, and 50 ng/ml 

hydrocortisone. 

BM plus 10% (v/v) FCS, 1ug/ml insulin 

BM (0.5 x DMEM and 0.5 x RPMI) plus 5% (v/v) FCS, 

lyg/ml insulin, and 1ng/ml EGF 

BM plus 20%(v/v) FCS 

DMEM supplemented with 20%(v/v) FCS, 7.5%(v/v) 

DMSO 

  

2.2.23 Reagents for Cell Immunostaining 

PAAR NAAR SAA SAAR AAAS 

“Butter 

Permeabilisation buffer 

(PBST) 

Blocking buffer 

Wash buffer 

Antibody dilution buffer 

  

SOON 

      

Preparation 

4% (w/v) paraformadehyde in PBS, incubate at 70°C and 

add NaOH to pH 7.0 

1%(v/v) Triton X-100 in PBS 

5%(w/v) BSA in PBST 

PBST 

5%(w/v) BSA in PBST 
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2.3 General Molecular Biology Methods 

2.3.1 Small Scale Isolation of Plasmid DNA 

Five ml of L-broth (Section 2.2.2) containing 100ug/ml ampicillin was incubated with a 

single colony of bacteria at 37°C overnight with vigorous shaking. Two x 1.5 ml aliquots of 

the culture were transferred to a microfuge tube. The bacterial cells were collected by 

centrifugation for 30 sec at 12,000 x g, and the supernatant was removed by aspiration. 

Plasmid DNA was isolated using a Plasmid Miniprep Kit (Gibco) or using the procedure of 

Birnboim and Doly (Birnboim & Doly 1979), as modified by Ish-Horowicz and Burke 

(Ish-Horowicz & Burke 1981) and described below. The bacterial pellet was resuspended 

by vortexing in 100 ul cell resuspension solution (Section 2.2.3) and left to stand at room 

temperature for 5 min. After adding 200 ul of NaOH/SDS solution (Section 2.2.3), the 

contents were mixed by inversion and left at room temperature for 5 min. 150 ul of 

potassium acetate solution (Section 2.2.3) was added and bacterial debris was removed by 

centrifugation at 12,000xg for 10 min. The supernatant was transferred to a fresh tube. 

DNA in the aqueous phase was precipitated by the addition of 1/10 volume of 3 M sodium 

acetate pH 5.6 (Section 2.2.3) and 2 volumes of ethanol at -70°C for 10 min. The 

precipitated DNA was collected by centrifugation at 12,000xg for 10 min at 4°C, and the 

resulting pellet washed with 70% (v/v) ethanol. The air-dried DNA pellet was dissolved in 

20ul ddH20. 

2.3.2 Medium Scale Extraction of Plasmid DNA 

A75 ml bacterial culture was grown overnight, and the DNA was extracted with a medium 

plasmid midi-kit (Life Tech) following a protocol provided by the manufacturer. The yield 

of DNA extracted was quantified spectrophotometrically based on the fact that at 260 nm, 

an optical density of 1.0 corresponds to 50 ug/ml of double-stranded DNA. 

2.3.3 Purification of Plasmid DNA by Density Gradient Centrifugation 

This procedure was adapted from the method of Radloff (Radloff et al., 1967) and used to 

purify DNA for the purpose of DNA transfection into mammalian cells. 500ml of 
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overnight culture was harvested by centrifugation at 5,000 rpm at 4°C. The pellet was 

resuspended in 4 ml Solution 1 (Section 2.2.3), mixed, and 4ml Solution 2 (Section 2.2.3) 

was added and the mixture kept at room temperature for 10 min. Then 6ml of Solution 3 

(Section 2.2.3) was added and mixed and the mixture kept at room temperature for Smin, 

then centrifuged at 15,000 rpm, 20 °C for 20min. The supernatant was transferred to a fresh 

50ml tube and 10ml of isopropanol-2 was added, the mixture kept at room temperature for 

10min, and centrifuged at 4°C, 10, 000 rpm for 10 min. The pellet was dissolved in 4ml of 

1x TE. 4.3 g of caesium chloride and 200ul of ethidium bromide (Section 2.2.1) were 

added to the mixture and dissolved. The contents were transferred to a 6 ml SORVALL 

ultracentrifuge tube and sealed. The CsCl density gradient was formed in situ by 

centrifugation at 40,000 rpm. for 20 h at 20°C in a TV1665 vertical rotor. The rotor was 

slowed without the use of the brake. The plasmid DNA was removed with a Pasteur pipette 

and the total volume was adjusted to 3 ml with ddH20. The ethidium bromide was removed 

by repeated extraction with isoamyl alcohol, and the band of plasmid DNA was 

precipitated by the addition of 1/10 volume of 3 M sodium acetate (Section 2.2.3) and 2.5 

volumes of ethanol, followed by incubation at —70°C for 1 h. The plasmid DNA was 

collected by centrifugation at 12,000xg for 20 min at 4°C, and then dissolved in a suitable 

volume of sterile, ddH20. The yield of DNA was quantified as described in Section 2.3.2. 

2.3.4 Restriction Endonuclease Digestions 

Plasmid DNA was digested with restriction enzymes, which were used according to the 

manufacturers' recommendations. Restriction enzyme digests were monitored by agarose 

gel electrophoresis. 

2.3.5 Treatment of DNA with Alkaline Phosphatase 

The method for removal of the 5' phosphate group of DNA following digestion of DNA 

with restriction endonucleases was adapted from the method of Sambrook (Sambrook et 

al., 1989). Digests of plasmid DNA were adjusted to a total volume of 25 ul containing 1 

mM ZnCl, and 1 unit of calf intestinal alkaline phosphatase, and the reaction incubated at 

37 °C for 10 min. To inactivate the calf intestinal phosphatase, SDS and EDTA (pH 8.0) 
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were added to final concentrations of 0.5% (w/v) and 5 mM, respectively. Proteinase K was 

added to a final concentration of 100 ug/ml and the reactants incubated at 56°C for 30 min. 

The sample was extracted once with phenol/chloroform, followed by the addition of 0.1 

volume 3 M sodium acetate (pH 5.6) and 2.5 volumes of ethanol to precipitate the DNA. 

The DNA was recovered by centrifugation at 12,000xg for 10 min at 4°C. The resultant 

pellet was washed with 70% (v/v) ethanol and then dissolved in sterile ddH,0. 

2.3.6 Agarose Gel Electrophoresis of DNA 

Methods were adapted from those of Sambrook (Sambrook et al., 1989). Agarose gel 

electrophoresis was carried out in 1 x TBE buffer (Section 2.2.1). Gels were made 

0.8%(w/v) in agarose for plasmid and genomic DNA, or 1.2%-2% (w/v) in agarose for 

PCR products. 1 kbp ladder was used as a DNA size marker. DNA was visualised on a UV 

transilluminator (302 nm) by inclusion of 500ng/ml ethidium bromide in the gel. For the 

isolation of fragments of digested DNA, or for purifying PCR products, a low-melting 

point agarose was used. 

2.3.7 Gel extraction of DNA 

Plasmid DNAs that had been digested with restriction enzymes, or PCR products were 

subjected to electrophoresis using 0.8%-2% (w/v) in agarose gels. The required fragment, 

visualised with ethidium bromide, was excised from the gel. The DNA fragment was 

extracted from the agarose using Gel extraction kit from Qiagen according to the protocol 

provided by the company. 

2.3.8 Growth and storage of bacterial stocks 

A single colony of E. coli was incubated in 3 ml L-broth (Section 2.2.2), containing 

100ug/ml ampicillin if appropriate, and incubated in a 37°C shaking incubator overnight. 

Sterile glycerol was added to 15% (w/v) and the culture stored at 70°C in cryotubes. When 

required, the culture was thawed on ice, and a small amount streaked to produce single 

colonies onto a L-agar or L-amp agar plate (Section 2.2.2) and then incubated at 37°C 

overnight. 
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2.3.9 Preparation of frozen competent cells 

The method presented here (Barraclough, personal communication) was used to prepare 

frozen competent cells. About 20 colonies of E. coli strain DHSa or XLI-Blue or BL21 

DE3 from a freshly streaked L-broth plate were inoculated into 100 ml of SOB medium 

(Section 2.2.2). These cells were incubated at 37°C with shaking, until the optical density at 

550 nm was 0.4. The cultures were chilled on ice for 10 min in universal tubes and 

recovered by centrifugation at 2,000 x g at 4°C for 10 min. After being drained, the cells 

were resuspended in 66 ml of ice-chilled RF1 buffer (Section 2.2.4), incubated on ice for 10 

min and re-centrifuged as above. The resulting pellet of cells was resuspended in 16 ml of 

ice-cold RF2 buffer (Section 2.2.4). Following incubation on ice for 10 min, the cell 

suspension was aliquoted, snap frozen in liquid nitrogen and stored at -70°C. 

2.3.10 Transformation of competent cells 

The method was adapted from that of Hanahan (Hanahan 1985). Competent cells were 

removed from —70°C storage and thawed on ice. Ligation samples were mixed thoroughly 

with the cell suspension at 5 ul of ligation mixture per 100 ul of cells, and incubated on ice 

for 30 min. The samples were heat-shocked at 42°C for 50 sec, and incubated on ice for a 

further 2 min. After the addition of 800 ul] SOC medium (Section 2.2.2), samples were 

incubated at 37°C with shaking for 45 min. The cells were collected by centrifugation for 

10 sec at 12,000 x g, 750 pl of supernatant was removed, and the cells were resuspended in 

the remaining supernatant and plated on to SOB-amp plate (Section 2.2.2). In the case of 

the blue/white colony screening procedures, prior to plating, the cell suspension was mixed 

with 40 ul of 2%(w/v) X-gal (dissolved in dimethylformamide) and 40 pl of 200 mM IPTG. 

Control transformations containing no DNA were plated onto SOB agar and SOB-amp 

agar plates (Section 2.2.2), to assess viability and contamination, respectively. 

2.3.11 Oligonucleotide synthesis and DNA sequencing 

Oligonucleotides were purchased from MWG biotech or Invitrogen. DNA sequencing was 

carried out inthe DNA sequencing laboratories in the School of Tropical Medicine or in the 

School of Biological Sciences at Liverpool University. 
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2.3.12 PCR 

PCR reactions were carried out in a total volume of 50 ul, and each reaction contained 100 

ng DNA, 10 pM of each primer, | x supplied PCR buffer (20 mM Tris-HCl, pH 8.0, 50 mM 

KC1), 0.2 mM of each dNTP, 1.5 mM MgCh and 2.5 units of Tag DNA polymerase (Life 

Tech). A suitable annealing temperature for each pair of primers was calculated using the 

computer software "Oligo". The reactions were incubated on a T gradient thermal cycler 

(Biometra), for 1 cycle at 95°C for 5 min and for 30-35 cycles at: (1) 95°C for 45sec; (2) a 

suitable annealing temperature (depending on the primers used) for 50 sec and (3) 72°C for 

90 sec. Negative controls, in which either DNA or enzyme was omitted, were also carried 

out. 

2.3.13 Total RNA extraction from cultured cells 

Cells were grown to approximately 80% confluence in 15 cm diameter tissue culture dishes. 

Prior to being harvested, cells were washed twice with ice-cold PBS. Cells were then 

frozen on a dry ice/ethanol mixture and scraped from the dish, while still frozen, into a 

sterile container using 3.5 ml GuCNS reagent (Section 2.2.5) per dish. The cells were 

scraped, transfered to a 14ml Falcon tube and homogenised at 16,000 rpm. for 1 min at 

room temperature using a Polytron PT 3,000 homogeniser to shear high-molecular-weight 

genomic DNA. The suspension was centrifuged at 8,000 rpm for 10 min at 4°C in Sorvall 

high-speed centrifuge to pellet any insoluble cellular debris. Aliquots of the supernatant, 

each of 3.5 ml, were carefully layered on 1 ml of a CsCl cushion (5.7 M CsCl, 100 mM 

EDTA pH 8.0) in a polycarbonate tube of a 6 x 5 ml centrifuge rotor (AH650). The samples 

were centrifuged for 20 h at 32,000 rpm. at 20°C in a Sorvall ultracentrifuge and slowed 

with the brake off. After centrifugation, the supernatant was removed carefully and the tube 

inverted and allowed to drain. The pellet was then resuspended in 360 ul of 0.1%(w/v) SDS 

per tube. The RNA was precipitated by adding 1/10th volume of 3 M sodium acetate and 2.5 

volumes of ethanol and was incubated overnight at -70°C. The RNA was recovered by 

centrifuging at 12,000 x g for 20 min at 4°C. The supernatant was removed, the pellet dried, 

then resuspended in 200 ul 0.1 % SDS (w/v) and the RNA concentration was determined 

by measuring the absorbance at 260 nm in a spectrophotometer. The yield of RNA 
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extracted was quantified on the basis that at 260 nm an optical density of 1 corresponds to 

40 ug/ml RNA. 

2.3.14 RT-PCR 

For RT-PCR, | yg of total RNA or 0.5 pg of poly (A)-containing RNA was reverse 

transcribed using Superscript according to the supplier's protocol (Life Technologies Inc., 

Paisley, Scotland), and the resulting cDNA was amplified by 35 cycles of PCR using Taq 

polymerase (Life Technologies Inc.) with the following human S$ 100A1-specific primers: 

5'-primer, ACAGGTCTCCACACACAGCTCC; 3'-primer, 

AGGCTCGAGAGGAAGGGCGCTGC. PCR products were analysed by electrophoresis 

on 1.4% (w/v) agarose gels and stained with ethidium bromide. Control amplifications 

omitted the reverse transcriptase. 

2.3.15 Random-primed labelling of DNA probes with [o°?P]dCTP 

The procedure for labelling the DNA probes was a modified method of Feinberg and 

Vogelstein (Feinberg & Vogelstein 1984). The plasmid, which contained the specific DNA 

fragments to be used as probes, was digested with suitable restriction enzymes. DNA probe 

fragments isolated from an agarose gel with Gel Extraction kit (Qiagen) were labelled 

using a random-primed DNA labelling kit (Life Technologies Inc.). Fifty ng of DNA 

fragment in 1141 ddH2O was denatured by heating for 10 min in a boiling water bath, 

followed by cooling on ice for 10 min. The following were added to the solution of DNA, 1 

ul of dATP, 1 lof dGTP and 1 ul of dTTP, 2 ull of reaction mixture, 30 uCi of [a *?P] dCTP 

(3,000 Ci/mmol aqueous solution from ICN) and 11 (1 unit) of Klenow DNA polymerase. 

The reaction mixture was incubated for 30 min at 37°C. One ull of the reaction mixture was 

diluted in 100 ul of ddH,0O, and 2 ul samples were applied to each of six Whatman filter 

paper flags (approximately 8x8 mm”). Three of the flags were washed as follows: 2 x 1 

minute in a solution containing 5% (w/v) TCA, 1 x 1 min in 95%(v/v) ethanol and 1 x 1 min 

in diethyl ether. Three flags were left unwashed. The flags were then dried with 

compressed air. The radioactivity present on the washed and unwashed flag was 

determined by scintillation counting and the specific activity of the probe was calculated. 
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2.3.16 Denaturing agarose gel electrophoresis of RNA, Northern blotting and 

hybridisation 

This method was adapted from that of Sambrook, ef al., (1989). Ten ug of total RNA was 

separated electrophoretically in 0.8%(w/v) formaldehyde-containing agarose gels (Section 

2.2.5). RNA samples or size marker were resuspended in 20u of 1 x formaldehyde gel 

running buffer, 50% (v/v) deionised formamide and 2.2 M formaldehyde (pH>4), 

incubated for 15 min at 65°C and then cooled on ice. Samples were loaded onto the gel after 

the addition of 2.5 ul of formaldehyde gel loading buffer (Section 2.2.5) and 

electrophoresis was performed at 3 to 4 V/cm of gel. The region of the gel containing the 

size markers was removed after electrophoresis. After electrophoresis, the gel was 

denatured with a solution containing 50 mM NaOH, 10 mM NaCl for 45 min, and then 

neutralized with 0.1 M Tris-HCl pH 7.5,10 mM NaCl for 45 min. The RNA was transferred 

onto Hybond-N Nylon membrane (Amersham International plc) via capillary transfer. 

After an overnight transfer using 20 x SSC (Section 2.2.5) as the blotting buffer, the 

membrane was air-dried. The RNA was fixed to the membrane by exposure to UV light 

(302 nm) for 3 min. The fixed membranes to be screened with hybridisation probes were 

incubated in 20 ml of pre-hybridisation buffer (Section 2.2.5) at 42°C for 4 h in a rotating 

hybridisation oven. Then the pre-hybridisation buffer was replaced with 10 ml of 

hybridisation solution containing radioactively-labelled DNA hybridisation probe (Section 

2.2.5), and incubated at 42°C overnight. The hybridisation solution was then discarded, 

and the membrane rinsed at room temperature with a solution of 1 x SSC, 0.1 %(w/v) SDS 

for 30 min and, then with fresh 1 x SSC, 0.1%(w/v) SDS solution preheated at 65°C. 

Washing was continued for a further 60 min twice with shaking at 65°C. Finally, the 

membrane was rinsed once in 2 x SSC, excess liquid was removed, the filter was subject to 

autoradiography. To standardise loading levels between different RNA samples, the level 

of the constitutively-expressed non-muscle actin mRNA was determined by hybridising the 

transferred RNA with a radiolabelled actin cDNA probe. 
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2.4 General methods in Yeast two-hybrid system 

2.4.1 Yeast two-hybrid systems 

Yeast two-hybrid system takes advantage of the separable domains of some transcription 

factors (Chien et al., 1991). The DNA binding domain (BD) and activating domain (AD) of 

a transcription factor are fused to bait and prey proteins, respectively. If the prey protein 

binds to the bait protein, the AD and BD have been brought together. This event can be 

made to trigger transcription of reporter genes. The binding strength can be estimated by 

the level of the expression of the reporter genes. 

There are two basic yeast two-hybrid systems commercially available as follows. 

1, Gal4 system (from Strategene or Clonetech). In this system, the DNA binding domain 

(BD) and transcription activating domain (AD) of Gal4, a yeast transcription factor, are 

fused with bait and prey proteins to produce Gal4 BD hybrid protein and Gal4 AD hybrid 

protein, respectively. GAL4 BD hybrid protein binds to the GAL4 UAS (upstream 

activating sequence), which is present upstream of a LacZ reporter gene, and is integrated 

into the yeast chromosome. The GAL4 AD hybrid protein binds transcription factors in the 

nucleus but does not bind to the GAL4 UAS. If the bait (X) and target (Y) protein interact, 

the AD and BD are brought close together and act with bound transcription factors to 

initiate the transcription of the reporter gene. The expression of the reporter gene, LacZ, 

can be detected by the lift assay (Staudinger ef al., 1993) or by directly measuring the 

activity of beta-glactosidase (Becker and Fikes, 1993) 

The yeast strain in this system is YRG-2 with the genotype of Mata wra3-52 his 3-200 ade 

2-101 lys2-801  trp1-901 leu2-3 112gal4-542  gal80-538 LYS2::UASgari-HIS3 

URA3::UASGavai7mer(x3)- LAT Acyei-lacZ. 

Vectors used for this system are pAD-GAL4-2.1 (Figure 2.1) and pBD-GAL4 Cam (Figure 

205, 

2, LexA-B42 system (Invitrogen). In this system, two separate hybrid proteins are 
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constructed, the LexA BD/protein X fusion known as the "bait" and the B42 AD/protein Y 

fusion known as the "prey". Protein Y can be replaced with a cDNA library in order to 

screen for unknown proteins that interact with the bait of interest. These two hybrids are on 

separate plasmids and are transformed into a yeast strain that contains two reporter genes 

(lacZ and an auxotrophic marker). The regulatory regions for these two reporters contain 

the LexA DNA binding sites (operator sequences) that act as upstream activating 

sequences (UAS) in yeast. If protein X interacts with protein Y in the nucleus, this will 

bring the activation domain together with the DNA-binding domain to reconstitute 

transcriptional activation and results in expression of the reporter genes. Positive 

interactions can be detected by selecting on plates lacking the auxotrophic marker (HIS3), 

followed by a second screen for B-galactosidase expression. 

The yeast strain used for this system is L40 with the genotype of MATa his3-200 trp1-901 

leu2-3112 ade2 LYS2:: (4lexAop-HIS3) URA3:: (8lexAop-lacZ) GALA. 

The vectors used in this system are pHybLex/Zeo (Figure 2.3) and pYESTrp2 (Figure 2.4). 

3, Modification of LexA vector. To avoid using Zeocin, a very expensive antibiotic, for 

routine selection, a modified LexA vector, pLlexApAD vector, has been engineered. The 

selection marker for this vector is LEU2 instead of Zeocin. The map and MCS are shown 

in Figure 2.5. 
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pAD-GAL4-2.4 

  

    
7.70 Kb 

Amp 

ws pUC ori 

ft ori 

RS Sf sod 
Se 

MCS 

End of GAL4 activation domain BamHI __ 
CCA AAC CCA AAA AAA GAG ATC GAA TTA GGA TCC TCT GacT 

Nhel EcoRI Xhol 
AGC AGA GAA TTC AAT TCT CTA ATG CTT CTC GAG AGT ATT 

Sall Xbal Pstl 
AGT CGA CTC TAG AGC CCT ATA GTG AGT CGT ATT ACT GCT 

Belll stop stop stop 
GAG ATC TAT GAA TCG TAG ATA CTG AAA AAC 

Figure 2.1 pAD-GAL4-2.1 vector. GAL4-AD:GAL4 activation domain (488- 
829); ADH1 p: yeast ADH1 promotor (4-408); ADH1 T: yeast ADH1 terminator 
(1168-1318); LEU2: yeast LEU2 selection marker (1615-2079). Amp: ampicillin 
resistance gene (5245-6102); 2 ori: 2 yeast origin; MCS: multiple cloning site 
region. This vector is for subcloning a bait gene downstream the GAL4 activation 
domain to express GAL4AD-bait fusion protein in yeast. 
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GAL4-BD 

fig ho “y ADH? T 

fr 2 UW ori 

pBD-GAL4 Cam 

6.50 Kb TRPI 

/ 

/ 

ft ori a    
2 

ee 

puc ari 

  

MCS 

End of GAL4 binding domain EcoRI Smal i 
5’ CAA AGA CAG TTG ACT GTA TCG CCG GAA TTC GCC CGG GCC 

Xhol Smal Sall Xbal 

TCG AGC CCG GGT CGA CTC TAG AGC CCT ATA GTG AGT CGT ATT 

PstI stop stop 
ACT GCA GCC AAG CTA ATT CCG GGC GAA TTT CTT ATG ATT TAT 

stop 

GAT TTT TAT TAT TAA A 3’ 

Figure 2.2 pBD-GAL4 Cam vector. GAL4 DNA binding domain (434-877); ADH 1 p: 
yeast ADH 1 promotor (4-408); ADH1 T: yeast ADH1 terminator (948-1154); TRP1: 
yeast TRP1 selection marker (1197-1871); Chlor: chloramphenicol resistance gene 
(4174-4275); 2 u ori: 2u yeast origin (5330-6489); MCS: multiple cloning site region. 
This vector is for subcloning prey gene downstream the GAL4 DNA binding domain to 
express GAL4-BD-prey fusion protein in yeast. 
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   ADHp 
pUuc Qrigin    

    

   
   

LaxA 

     
     

  

    

Hai 

itt CNYGAT \ , / pHybLex/Zes MCS 

4.80 Kb ADH T    
Zeocin 

EM-7 p 

Se 

pT eee : 

MCS 

End of LexA EcoRI Sacl 

AAC GGC GAC TGG CTG GAA TTC AAG CTT GAG CTC AGA TCT CAG 

Apal Kpni Notl Xhol Salli PstI 
CTG GGC CCG GTA CCG CGG CCG CTC GAG TCG ACC TGC AGC CAA 

stop 

GCT AAT TCC GGG CGA ATT TCT TAT GAT TTA TGA TTT TTA TTA 

Figure 2.3 pHybLex/Zeo vector. ADH p: yeast ADH promotor(1-399); LexA: LexA 

open reading frame (420-1025); ADH T: yeast ADH termimator (1141-1298); 2 m Ori- 

gin: 2 m yeast origin (1474-2308); TEF1 p: TEF1 promotor(2855-3263); EM-7 p: EM- 
7 promotor(3267-3334); Zeocin: Zeocin resistance gene (3335-3709); CYC1 T: CYC1 
terminator (3710-4027); MCS: multiple cloning site region. This vector is for subclon- 

ing bait gene downstream the LexA gene to express LexA-bait fusion protein in yeast. 
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Map fl ori . 

GALI p 

V8-NLS-B42 
2 UL origin MCS 

CYC; T 
PYESTrpe 

   
   

   

    

   

        

5822 bp ! 

DUC origin 

MCS 

end of B42 Hindi Kpnl Sacl 

CTC TTG CTG AGT GGA GAT GCC TCC AAG CTT GGT ACC GAG CTC 

BamHI EcoRI 

GGA TCC ACT AGT AAC GGC CGC CAG TGT GCT GGA ATT CTG CAG 

Notl Xhol Sphi 
ATA TCC ATC ACA CTG GCG GCC GCT CGA GGC ATG CAT CTA GAG 

stop 

GGC CGC ATC ATG TAA 

Figure 2.4 pYESTrp2 vector. GAL1 p: yeast GAL1 promotor (1-497); V5-NLS- 

B42: V5 epitope (559-600)-nuclear localisation signal (616-642)-B42 activation do- 

main (646-883) fusion protein; CYC1 T: CYC1 terminator (997-1245); Amp: am- 

picillin resistance gene (2219-3105). TRP1: yeast TRP1 selection marker (33 13- 

4089); f1 ori: fi origin (5396-5768); 2 ori: 2u yeast origin (4493-5327); MCS: mul- 
tiplr cloning site region. This vector is for subcloning prey gene downstream the B42 

activation domain to express B42-prey fusion protein in yeast. 

82



oa 
7 ADH 
oe 2 micro ari Lexa 

a Mcs 

  

   

  

‘. ae
 

plexApAD 

7973 bp ra 

    
pu orf é 

fi on a 
oe we 

os io 
Mens én a 

MCS 

end of LexA EcoRI Xhol 

5’ -AAC GGC GAC TGG CTG GAA TTC AAT TCT CTA ATG CTT CTC GAG 

SalI Xba I Pst I 
AGT ATT AGT CGA CTC TAG AGC CCT ATA GTG AGT CGT ATT ACT GCA 

Stop Stop 
GAG ATC TAT GAA TCG TAG ATA CTG AAA AAC-3’ 

Figure 2.5. pLexApAD vector. ADH p: yeast ADH promotor(4-408); 
LexA: LexA open reading frame (488-1193); ADH T: yeast ADH termi- 
nator (1432-1582); LEU2: yeast LEU2 selection marker (1897-2973). 
Amp: ampicillin resistance gene (5509-6366); 2 1 Origin: 2 w yeast ori- 

gin (6753-7917); MCS: multiple cloning site region. This vector is for 
subcloning bait gene downstream the LexA gene to express LexA-bait 
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2.4.2 Small scale yeast transformation 

To prepare yeast competent cells 10ml of YPAD (Section 2.2.6) were incubated with a 

single clone of yeast strain, L40 or YRG-2, and shaken overnight at 30°C. After 

determining the OD¢o00m of the overnight culture, it was diluted to an OD¢00nm of 0.4 in 200 

ml of YPAD and incubated for an additional 4 h. The cells were centrifuged at 4,000 rpm 

in a Sorvall Centrifuge and the pellet was washed once with 50ml ddH;0. The cell pellet 

was then resuspended in 50 ml of 1xLiAc/1xTE (Section 2.2.7). After incubation at 30°C 

for 30 min, the cells were again collected by centrifugation and then resuspended in 0.8ml 

1x LiAc/1xTE and 0.2ml denatured, sheared salmon sperm DNA (10mg/ml). After adding 

9m] 1xLiAc/40% PEG-3350/1xTE buffer (Section 2.2.7) and mixing well, 300 ul of each 

of the yeast competent cells were aliquoted into 1.5ml microcentrifuge tubes. The 

competent cells can be used immediately for transformation or frozen at -80°C for use later. 

For transformation, 2 ug DNA was added to each tube of competent cells and incubated at 

30°C for 30min. After two heat shocks at 42°C for 8 min each with an 8 min interval on ice 

between, the cells were centrifuged and the pellet was resuspended in 200 ul SD medium, 

the cells of each transformation were transferred to a 9cm SD selective agar plate. The 

plate was then incubated at 30°C for 4-7 days. 

2.4.3 Lift assay 

When the transformants grew to 1-2 mm in diameter, the lift assay (B-galactosidase filter 

assay) was performed. A dry Whatman filter circle was laid onto the yeast colonies that 

were on a Selective plate. The filter paper was removed and put into nitrogen liquid for 30 s. 

At the same time, 2m] Z Buffer with X-Gal (Section 2.2.8) was placed in a lid of a 9cm petri 

dish. A Whatman filter circle was then carefully laid on the Z buffer-containing X-gal. The 

filter was removed from nitrogen liquid and placed colony side up on top of the wet filter in 

the petri dish lid, avoiding forming air bubbles between the two filter papers. Then the filter 

was covered with the bottom of the dish and the dish placed in 30°C incubator overnight. 

The development of blue colour was checked at 1 hour, 3 h, 6 h and 16 h. 
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2.4.4 Liquid beta-galactosidase assay 

A single yeast transformant was cultured in 3ml SD selective medium overnight at 30°C 

with constant shaking. After recording the OD¢o0nm value, 1.0 ml of the culture was 

transferred to a clean glass test tube and centrifuged at 3,000rpm at room temperature for 5 

min. The pellet was resuspended in 1.0 ml Z Buffer (Section 2.2.8) and 2 drops of 

0.1%(w/v) SDS and 2 drops of chloroform were added. The mixture was vortexed 

vigorously for 1 min; 200 ul ONPG solution (4mg/ml) (Section 2.2.8) was added and 

mixed well. The glass tube was incubated at 30°C for 90min or stopped earlier when the 

colour became medium yellow. The reaction was stopped with 0.5 ml 1.0M Na,CO3. The 

cell debris was removed by centrifugation and the values of OD220nm of the supernatant 

were recorded. Beta-galactosidase activity was calculated as follows: Miller units =1,000 x 

ODa20nm /(volume of cell was assayed in ml x time in min x OD¢00nm)- 

2.4.5 Recovery of plasmid DNA from yeast 

Five ml of YAPD with a single transformant was incubated overnight at 30°C with constant 

shaking. The cells were centrifuged at 2,500rpm for 5 min a bench top centrifuge and the 

cell pellet was resuspended in 0.3 ml of in Yeast Lysis Buffer (Section 2.2.9). 

Approximately 150 mg of glass beads (0.5um) and 0.3 ml of phenol/chloroform were then 

added. After vortexing the mixture vigorously for 1 min, a drop of the solution was placed 

on a microscope slide to check the extent of lysis. Vortexing was continued until 80% of 

the cells were lysed. The lysate was centrifuged in a microcentrifuge at 1, 400 rpm for 1 

min. The aqueous phase was transferred to a fresh 1.5m] tube and shaken twice with a 

phenol-chloroform-isoamyl alcohol mixture (Section 2.2.9). Plasmid DNA was 

precipitated from the upper aqueous phase with 0.1 volumes of 3M sodium acetate (Section 

2.2.3) and 2.5 volumes of ethanol and resuspended in 25 pl of TE. The plasmid was 

amplified by growth in an E.coli strain, XL-1 blue and identified by DNA sequencing. 

2.4.6 Yeast two-hybrid library screening 

Large-scale library transformation. The yeast two-hybrid library (Invitrogene) was 

constructed from the mRNA extracted from a human breast cancer specimen. The yeast 
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strains transformed with bait plasmid were used to make competent cells. The procedures 

were similar to those described above except that a 500ml culture was used each time and 

the cells were resuspended in 1ml of denatured, sheared salmon sperm DNA, 500 ug 

library DNA, 70ml of 1x lithium acetate/40% PEG-3350/1xTE (Section 2.2.7) and 8.8ml 

of DMSO. After a second heat shock, the cells were immediately diluted with 400m] 

YPAD medium, collected by centrifugation and then washed once with YAPD (Section 

2.2.6). The pellet was resuspended in 500 ml YAPD and incubated at 30°C for 1 hour with 

constant shaking. Cells were collected by centrifugation and washed with SD medium 

(Section 2.2.6) twice. Finally, the cells were resuspended in 10 ml SD medium and plated 

on 20 15 cm diameter SD agar selective (Section 2.2.6) plates. 

Analysing the transformants. All the colonies growing on the selective plates were 

grided onto fresh SD selective agar plates. When the colonies grew to 1-2 mm in diameter, 

lift assays were carried out. The blue colonies identified within 16 h in the lift assay were 

cultured and the plasmids were recovered from them. All the recovered prey plasmids were 

co-transformed with bait plasmid in yeast L40. The plasmids that still gave blue coloured 

clones in lift assay and exhibited higher beta-galactosidase activities were subjected to 

DNA sequencing and further analysis. 

2.5 Preparation of recombinant proteins 

2.5.1 Expression of proteins in £.coli with the pET system 

Two protein fragments were produced using pET16 b (+) vector (Novagen). Target genes 

are cloned in pET plasmids under the control of the strong bacteriophage T7 transcription 

and translation signals (Studier & Moffatt 1986). 

For protein production, a recombinant plasmid was transferred to the host E. coli strain, 

BL21 DE3, containing a chromosomal copy of the gene for T7 RNA polymerase. These 

hosts are lysogens for bacteriophage DE3, a bacteriophage lambda derivative that has the 

immunity region of phage 21 and carries a DNA fragment containing the Lac I gene, the 

86



LacUVS5 promoter, and the gene for T7 RNA polymerase (Studier & Moffatt 1986). This 

fragment is inserted into the int gene, preventing DE3 from integrating into or excising 

from the chromosome without a helper phage. Once a DE3 lysogen is formed, the only 

promoter known to direct transcription of the T7 RNA polymerase gene is the lacUV5 

promoter, which is inducible by isopropyl-8-D-thiogalactopyranoside (IPTG). Addition of 

IPTG to a growing culture of the lysogen induces T7 RNA polymerase, which in turn 

transcribes the target DNA under the control of T7 promotor. 

pET16b(+) Vector (Figure 2.6) for N-terminal his-tagged protein expression and pET11a 

vector (Figure 2.7) for non-tagged protein expression were used in this study. 

87



Map gene, MCS 

   
7p 

; pET-16b 
f 

5711 bp 

i 

<q or 

he 

MCS 

Bell T7 promotor, lac operator 
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCG 

lac operator tbs 
GATAACAATTICCCCTCTAGAAATAATTTIGTTTAACTTTAAGAAGGAGATATA 

Neol His.Ta 
CCATGGGCCATCATCATCATCATCATCATCATCATCACAGCAGCGGCCAT 

MetGlyHisHisHisHisHisHiSHisHisHisHis SerSerGlyHis 

Ndel_ _Xhol_ BamHI 

ATCGAAGGTCGTCATATGCTCGAGGATCCGGCTGCTAACAAAG 

IleGluGlyArgHisMet 

Factor Xa 

Figure 2.6 pET-16b vector. T7 p: T7 promotor (466-482); Amp: ampicillin 

resistance gene (4646-5503); ori: pBR322 origin. lacI: lacI coding sequence 

(869-1948), MCS: multi-cloning sites (319-331); rbs: ribosome binding site. 

Factor Xa: Factor Xa enzyme cleavage site. Target gene can be inserted be- 

tween NdeI nad BamHI restriction sites for expressing His-tagged target pro- 

tein in FE coli strain, BL21. 
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i pET-1ta 

5677 bp 
i 

< ori 

MCS 

Bglll T7 promotor lac operator 
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTIGTGAGCG 

lac operator tbs 
GATAACAATTCCCCTCTAGAAATAATTTIGTTTAACTTTAAGAAGGAGATATA 

Ndel BamHI 
CATATGGCTAGCATGACTGG TGGACAGCAAATGGGTCGCGGATCCGGCTGC 

stop 
TAACAAAGCCC 

Figure 2.7 pET-11a vector. T7 p: T7 promotor (432-448); Amp: ampicillin 
resistance gene (4612-5469); ori: pBR322 origin. lacI: lacI coding sequence, 
MCS: multi-cloning sites (319-359). Target gene can be inserted between 
NdeI nad BamHI restriction sites for expressing non-tagged target protein in 
E coli strain, BL21. 
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2.5.2 Constructs for protein expression using pET expression system 

The pET16-MHCIIB expression vector was constructed with 5’-3’ primer 

CTGCTCGAG5587CGACACGCGGACCAG and 3’-5’ primer CGAGGATCC 

5931TTACTCTCTGACTGG. The coding sequence (coding 114 amino acids from R1863 

to E1976) was amplified by PCR, digested with restriction enzymes XhoI and BamHI and 

subcloned into pET16b(+) vector at XhoI and BamHI sites. 

The pET16-MHC-IIA expression vector was constructed by Dr. Hailan Chen. The coding 

sequence of MHC-IIA C-terminus (coding 149 amino acids from L1813 to E1961) was 

amplified by PCR with 5’-3 primer GGTTTTCCATGCTCGAGGCCAAGATTG and 

3’-5’ primer GGGGATCC GGGTGTCTGTCTGTC and subcloned into pET16(+) vector 

at restriction enzymes NdeI and BamHI sites. 

pET11a-S100A1 expression vector was constructed by ligating the S100A1 coding 

sequence into pET] 1a vector at NdeI and BamHI sites. The S100A1 coding sequence was 

amplified by PCR with the 5’ NdeI primer, CTGCGTTTGCATATG (translation start) 

GGCTCT GAGCTGG and 3’ BamHI primer. CGAGGATCCTCA (translation 

stop)ACTGTTCTCGGAGAAG. 

pET11a-S100A2 expression vector was constructed by ligating the S100A2 coding 

sequence into pET1 1a vector at NdeI and BamHI sites. The S100A2 coding sequence was 

amplified by PCR with the 5’ NdeI primer CGAATCGTACATATG (translation 

start) TGCAGT TCTCTGGAG and 3’ BamHI primer GCAGGATCCTCA (translation 

stop)GGGTCGGTCTGGGCA G. 

pET11a-S100A4 expression vector was constructed by ligating the S100A4 coding 

sequence into pET11a vector at NdeI and BamHI sites. The $100A4 coding sequence was 

amplified by PCR with the 5’ NdeI primer CGATGCACTCATATG (translation 

start)GCGTGC CCTCTGGAG and 3’ BamHI primer CATGGATCCTCA (translation 

stop) TTTCTTCCTGGGCTG. 
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pET11a-S100P expression vector was constructed by ligating the S100P coding sequence 

into pET11a vector at NdeI and BamHI sites. The S100P coding sequence was amplified by 

PCR with the 5’ NdeI primer GCATGCACTCATA TG (translation start)ACGGAA 

CTAGAGACAGCCATG and 3’BamHI primer CGTGGATCCTCA (translation 

stop) TTTGAGAGT ACTTGTGAC. 

The coding sequences and junction sequences of the engineered expression vectors were 

checked by DNA sequencing. 

2.5.3 Protein expression in E.coli 

The expression construct was transformed into the BL21 DE3 strain of E.coli, which was 

grown on selective LB plates (Section 2.2.2) and incubated at 37°C overnight. Ten colonies 

from each of the transformations were cultured in 3ml of selective LB broth overnight at 

37°C. One hundred ul of overnight culture from each colony was diluted into 3ml LB broth 

and incubated with constant shaking at 37°C. When the OD¢o0nm of the culture reached 0.6, 

lmM IPTG was added and the culture continued to be incubated for 4-8 h, depending on 

the yield of target proteins. One ml of the overnight culture and 1ml of the IPTG-induced 

culture were collected in 1.5 microcentrifuge tubes by centrifugation in a microcentrifuge. 

The cell pellet was then resuspended in 2001 of 1x Laemmli Buffer (protein loading buffer) 

(Section 2.2.13) and incubated in boiling water both for 10min. The cell lysates were 

analysed SDS-PAGE. Expression of target proteins was identified by Coomassie blue 

staining of the gel and by Western blotting with specific antibodies. The colonies that 

produced a highest level of expression of the target protein were stored at -80°C for future 

use. 
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Induction 

Time (h) 

S100A1 

  
Figure 2.8 The induced expression of $100A1 in E coli BL21 DE3 with IPTG. The 

bacteria transformed with pET11a S100A1 were cultured in 50m1 LB broth (Section 2.2.2) 

at 37°C with constant shaking until the OD¢00nm reached 0.6. One ml sample was collected 

for control (lane 7), then 1 mM IPTG was added to the remaining culture to induce the 

expression of S100A1 protein. Samples were collected at different times after the induction, 

1h (lane 2), 2 h (lane 3), 4 h (lane 4), 8 h (lane 5). Samples were centrifuged and the 

resultant cell pellets were resuspended in 100 wl 1x Laemmli Buffer, boiled for 5 min and 

20 ul of each sample was analysed on a SDS-PAGE (15%). The gel was stained with 

Coomassie brilliant blue. The arrow indicates the position of recombinant $100A1. 

For large-scale production of soluble target proteins, the bacteria were cultured overnight 

in 50 ml selective LB broth. Next morning, the culture were diluted 200 times in 1-4 litre 

LB broth with suitable antibiotics and incubated at 37°C with constant shaking. When the 

OD¢o0nm reached 0.6, IPTG was added to a concentration of 1mM and the culture was 
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incubated further for a period of time determined by the results of pilot times course. The 

bacteria were collected by centrifugation and resuspended in an ice-cold buffer suitable for 

purification. The bacteria were normally sonicated to assist their lysis and shearing of the 

genomic DNA. After sonication, the cell lysate was centrifuged at 15,000 rpm for 30 min in 

a Sorvall centrifuge. The cleared lysate was stored at —80°C or directly used in purification 

procedures. 

2.5.4 Purification of his-tagged proteins 

Ni-NTA HissBind Resin was used for rapid one-step purification of recombinant proteins 

containing a HiseTag® sequence by metal chelation chromatography (Hoffmann & Roeder 

1991). The HiseTag sequence binds to Ni cations, which are immobilized on the Ni-NTA 

His*Bind Resin. The unbound proteins can be washed away with low concentrations of 

imidazole buffer and the target protein is recovered by elution with higher concentrations 

of imidazole buffer. The Ni-NTA HissBind Resins use nitriloacetic acid (NTA) as the 

chelator, which has four sites available for interaction with metal ions. NTA chemistry 

minimizes leaching of the metal during purification and is compatible with up to 20 mM 

2-mercaptoethanol for reduction of disulphide bonds. Ni-NTA HiseBind Resin has a 

binding capacity of 5-10 mg protein per ml resin. 

To prepare the column, 2.5m] of the NTA His*Bind slurry were transferred to a 10 ml 

column and allowed to settle by gravity. After washing with 30 ml ddH,0, 10 ml of 1x 

NiSQg (Section 2.2.10) was applied to the column. The column was then washed with 30 

ml of 1x binding buffer (Section 2.2.10) to remove the unbound Ni *. The column was 

loaded with cell lysate in 1x binding buffer and washed with 60 ml 1x washing buffer 

(Section 2.2.10). The his-tagged protein was eluted with 10 ml 1x elute buffer (Section 

2.2.10). 

2.5.5 Further purification of MHC-IIAF21 and MHC-IIBF17 protein 

The MHC-HAF21and MHC-IIBF17 proteins recovered from His-binding columns were 

first dialysed for 16 h against 20mM Tris-HCl (pH 7.5), 0.5M NaC] with the buffer 
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changed twice. The concentration of the proteins was determined by Bradford method 

(Section 2.6.1). For further purification, half volume of ddH,O was added and the mixture 

was incubated at 4°C for 3 h. The MHC-IIAF21 and MHC-IIBF17 filaments were formed 

in the low salt buffer and the filaments were precipitated by centrifugation at 15,000 x g for 

20 min in a Sorvall centrifuge. The resultant pellets were resuspended in 10mM Tris-HCl 

(pH 7.5), 0.5 M NaCl or Pi buffer (Section 2.2.21) with 0.2%(w/v) SDS for biosensor 

assays. The proteins were aliquoted and stored at —80 °C. 

2.5.6 Purification of non-tagged S100 proteins 

S100 proteins were purified on three columns: DEAE Sepharose (ion exchange), Phenyl 

Sepharose (hydrophobic), and Superdex75 (gel filtration). S100A1, S100A2, S100A4 and 

S100P were purified using the same methodology and so that for $100A1 purification will 

serve as an example. 

2.5.6.1 Ion-exchange chromatography 

The DEAE Sepharose column (25 cmx2.6 cm) was equilibrated overnight with buffer A 

(Section 2.2.12) at a flow rate of 2 ml/min. The bacterial extract was passed through the 

column and the unbound protein was washed away with buffer A until a flat Uvicord 

reading was obtained. The bound proteins were eluted with a 600 ml linear gradient of 

0-600 mM NaCl in buffer A and then with 500 ml of buffer A/2M NaCl. Twenty m1 

fractions were collected at the beginning of the salt gradient (Figure 2.9 A). Twenty ul 

samples from each fraction were analysed on SDS-PAGE and fractions with right size of 

protein band were identified (Figure 2.9 B) and pooled for further purification. 
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Fractions 21 22 23 24 25 26 27 28 

  

Figure 2.9. Partial purification of S100A1 by DEAE chromatography. A The cell lysate 

containing S100A1 protein was applied at the flow rate of 2 ml/min to a DEAE-Sepharose 

column equilibrated in a buffer A (Section 2.2.12). After unbound proteins had been 

washed through the column with buffer A (Section 2.2.12), a linear gradient of NaCl (0-600 

mM) in buffer A was applied to the column as indicated in blue line. Proteins eluted from 

the column during the application of the gradient were collected as 20 ml fractions (total 30 

fractions). B. The samples of the fractions were analysed on 15% SDS-PAGE. The gels 

were stained with Coomassie blue (Section 2.6.3). The S100A1 recombinant protein was 

eluted mainly in fractions 25 and 26. 

96



2.5.6.2 Hydrophobic-interaction chromatography 

The second chromatography step used a Phenyl Sepharose column (15 cm x 1.5 cm), which 

was equilibrated with buffer B containing 0.1mM CaCl (Section2.2.12) at 2 ml/min for 2h 

prior to use. The pooled sample was adjusted to a final concentration of 5mM Ca™* with 1M 

CaCl, and applied to the column at 1 ml/min. The column was washed with 75 ml buffer B, 

followed by 75 ml buffer B containing 0.5M NaCl and then 75 ml buffer B. The bound 

$100 protein was eluted with buffer B containing 1mM EGTA. The peak fractions were 

collected (Figure 2.10A) and analysed using SDS-PAGE (Figure 2.10B). 
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S100A1 => 

  

Figure 2.10. Purification of S100A1 by a phenyl-Sepharose chromatography. Flow rate: 

1ml /min. A. .At the point indicated by A in the figure, the pooled samples collected from 

DEAE-Sepharose column were applied to the phenyl-Sepharose column. At the point 

indicated by B, C, D in the figure, the column was washed with buffer B (Section 2.2.12), 

buffer B containing 0.6 M NaCl, and buffer B, respectively. At point indicated by E in the 

figure, the column was eluted with buffer B containing 1mM EGTA. At the point indicated 

by F, the column was washed by H20. B. Fractions collected from phenyl-Sepharose 

column were analysed on 15% SDS-PAGE. Twenty wl from each fraction was loaded on 

each well. Lane J, pooled sample from previous DEAE column, lane 2, pass through; lane 

3 washings with buffer B + 0.6M NaCl; lane 4, washings with buffer B collected before 

elution; lane 5, elute with buffer B + 1 mM EGTA; lane 6, washing with HO. The gel was 

stained with Coomassie blue (Section 2.6.3). 
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2.5.6.3 Size exclusion chromatography (gel filtration) 

Fractions with recombinant protein from the phenyl-Sepharose column were pooled and 

dialysed using a dialysing tubing (3,000 Dalton cut off, Spectrum) against Pi buffer 

(Section 2.2.21) + 0.2 M NaCl for 24 h with two buffer changes. The protein in Pi buffer + 

0.2 M NaCl was concentrated to 6mg/ml with ULTRAFREE-15 Centrifugal Filter Device 

(Millipore, 3,000Da cut off) by centrifugation at 3,000g at 4°C. The Superdex 75 column 

(fractionation range 3 kDa to 70kDa) was packed in a C 16/70 column (Pharmacia), washed 

with PBST (Section 2.2.21) and equilibrated with Pi buffer + 0.2 M NaCl overnight. 3mg 

of the concentrated protein in 0.5ml was loaded each time on to the Superdex 75 column 

and run at 2ml/min with Pi buffer + 0.2 M NaCl The elution profile was measured as OD at 

280 nm and fractions were collected (Figure 2.11) and analysed on SDS-PAGE (data not 

shown). The two peaks indicated by B and C (Figure 2.11) contained the S100A1 protein. 

As the elution time for peak B (35min) is similar to that of lysozyme (35min, molecular 

weight 24 kDa) (data not shown), the size of S100A1 is close to that of a dimer. Therefore, 

the S100A1protein in peak C should be in monomer form. Very similar chromatographic 

patterns were observed for other $100 proteins purified. The late eluting $100 protein 

peaks containing small molecular weight (presumably monomers) were collected and their 

purities normally reached 99% and no SDS resistant multimers were observed when 

analysed on SDS-PAGE (Figure 2.12). Concentration of the pooled protein was determined 

as described in Section 2.6.1 and then aliquoted. The protein aliquots were immediately 

frozen at -80 °C and used only once after thawing. 

100



1.0 7 rk 

=
 

Superdex 75 
Separation 3000-70,000 Dalton 
Exclusion limit 100,000 Dalton 
Column size 16mm x 700mm 

—
 

| 

| Column volume 144ml 

| | | | Void volume 48ml 

| | Loading: S100A1 3mg in 0.5ml 
| Flow rate: 2ml/min 0.5 = | 

i Detection 280nm 

  

M
o
n
i
t
o
r
 
2
8
0
n
m
 

  
Time min 

Figure 2.11 Purification of S100A1 by Gel filtration chromatography. The Superdex-75 

column was self-packed and tested using 0.2m] 1% (w/v) bromophenol blue dye (indicated 

by D) and 0.1m1l o-2-macroglobulin (0.5mg/ml, molecular weight, 170 kDa) (indicated by 

A) separately. The calculated void volume of the packed column was 48ml and the 

included volume was 50 ml. The S100A1 was eluted in two peaks indicated by B and C. 

Only peak C was collected, and immediately aliquoted for store at -80°C 
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Figure 2.12. Purified $100 proteins. The $100 proteins were collected from the late peak 

following Superdex-75 chromatography and analysed on 15% SDS-PAGE. Twenty ul 

from each pooled (estimated 20ug, 12g and 6g proteins) collection was loaded on the gel. 

S100A1 was originally expressed using the pET11a-S100A1 vector, $100A2 was 

expressed using the pET11a-S100A2 vector and S100A4 was expressed using the 

pJLA602-S100A4 vector. The gel was stained with Coomassie blue (Section 2.6.3). 

2.5.7 GST and GST-S100A1 fusion protein expression 

The pGEX-2T expression vector for GST and GST-S100A1 proteins was purchased from 

Pharmacia (Figure 2.13). 
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Arap 

pBR322 ori      

MCS 

END OF GST BamHI — Smal EcoRI 
CTG GTT CCG CGT GGA TCC CCG GGa ATT CAT 
Leu Val Pro Arg| Gly Ser Pro Gly Ile His 
Thrombin 

CGT GAC TGA C TGA CG 
Arg Asp stop stop 

Figure 2.13 pGEX-2T vector. Ptac: tac promotor(183-211); GST: glu- 
tathione S-transferase region (258-918); Thrombin: thrombin cleavage site 
(918-935); Amp: ampicillin resistance gene (1309-2214 ); lacI: lacI4 gene re- 
gion( 3297-4377); pBR322 oi: plasmid replication origin (2974-2977); MCS: 
multiple cloning site region (930-945). This vector is for expressing GST or 
GST-target fusion proteins in E coli. 
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The GST protein is a 26 kDa enzyme (Smith & Johnson 1988), which can be easily purified 

on affinity columns (Kaelin et al., 1992). The Ptac promotor is designed for inducible and 

high level of expression in E.coli strain BL21, which has an internal LacI® gene for 

expression control. The LacI* product binds to the operator region in the Ptac promotor to 

prevent transcription until induction by IPTG. This maintains a tight control over 

background expression. When IPTG is added to cell culture, the IPTG will bind to LacI and 

release the repression of the Ptac promotor. 

For construction of pGEX-S100A1, the $100A1 coding frame was amplified by PCR with 

the primers: 5’ $100A1 BamHI primer GCT GGA TCC ATG GGC TCT GAG CTG G and 

3’ SIO0A1 EcoRI primer AGT GAA TTC TCA ACT GTT CTC GGA GAA G. The PCR 

fragment was extracted from the gel, digested with restriction enzymes, EcoRI and BamHI 

and subcloned into the pGEX-2T vector at BamHI and EcoRI sites. The whole of 

S100A1coding sequence and the junctions between S100A1 and the vector were sequenced 

to rule out the possibility of mutations resulting from the PCR reaction. 

For large-scale expression, the BL21 DE3 competent cells were transformed with 

pGEX-S100A1 and pGEX-2T vectors. A single colony from each transformation was 

cultured in 5 ml LB overnight at 37 °C. The overnight culture was transferred to 500 ml2 x 

YT medium and cultured to OD¢00nm of 0.5. Then 1mM IPTG was added and the culture 

was incubated for a further 90 min with constant shaking at 37°C. The cell was harvested 

by centrifugation. 

2.5.8 GST and GST-S100A1 purification 

The cell pellet from above was resuspended in 1x GST-binding buffer (Section 2.2.11) with 

100 ug/ml lysozyme and mM PMSF. After incubation on ice for 15min, 5mM DTT was 

added and the cell extract was sonicated. Triton X-100 was added to the extract to a final 

concentration of 1%(v/v) and the extract was centrifuged at 15,000rpm at 4°C for 20 min in 

Sorvall centrifuge. The supernatant was applied to a Glutathione-S-Sepharose column 

(Section 2.5ml) equilibrated with PBS. The unbound proteins were washed away with 25 
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ml PBS. The GST or GST-tagged protein was eluted from the column with normal elution 

buffer or extreme elution buffer (Section 2.2.11). The proteins were analysed on 

SDS-PAGE. The column was regenerated with regeneration buffer A and B (Section 

2.2.11). The GST and GST-S100A1 were normally over 95% pure but the GST-S100A1 

always showed some evidence of degradation (Figure 2. 14). The proteins were then 

dialysed against PBST (Section 2.2.21) for 24 h with two buffer changes. Concentrations of 

the proteins were determined by the Bradford method (Section 2.6. 1) and the dialysate was 

aliquoted and stored at —80 °C. 
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S100A1   
Figure 2.14 Purification of GST-S100A1 and GST proteins. The GST and GST-S100A1 

fusion protein were expressed in E coli and purified by affinity chromatography on 

Glutathione-Sepharose columns. The purified proteins were analysed on 15% (w/v) of 

SDS-PAGE and the gel was stained by Coomassie blue (Section 2.6.3). Lane 1, non-tagged 

S100A1 protein (Section 2.5.7), the weak band with higher molecular weight (about 22 

kDa) than the major band (10kDa) is the $100A1dimer as it can be recognised by 

anti-S 100A1 antibody; Jane 2, GST-S100A1 fusion protein, the weaker, smaller bands than 

the major band (36 kDa) are thought to be degradation products of GST-S100A1; lane 3, 

GST (26kDa). 
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2.5.9 Expression $100A4 protein using pJLA vector 

The pJLA 602-S100A4-expression vector was generated originally by Gibbs (Gibbs ef al., 

1995). The map of the construct is shown in Figure 2.15. The transcription of S100A4 

mRNA is initiated at the bacteriophage major left (P,) and right promoters (Pr) in tandem 

and terminated by the bacteriophage fd-terminator. Transcriptional activity is very 

effectively repressed at 28°C-30°C by the temperature-sensitive product of the 

bacteriophage cl'**’ gene, and induced by inactivating the cl gene by raising the incubation 

temperature to 42 °C. 

  

   

    

PR 
    

    

PL 7 Se or 
“a Ba 

Md S100A4 \S 
wt . \ 

pJLA602S100A4 \ 

5.30 Kb    
Figure 2.15 pJLA602S100A4 expression vector. pL and pR: bacteriophage major left 

and right promotors. fd T: bacteriophage fd-terminator. cI: bacteriophage cl ‘*°” gene, 

which can be inactivated by raising temperature to 42°C. Amp: ampicillin resistance 

gene. S100A4: rat S1O0A4 coding sequence. 
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R1180 competent bacteria were transformed with the expression meni 

pJLA602S100A4. A single transformant was cultured in 30 ml Terrific Broth (Section 

2.2.2) containing ampicillin and tetracycline overnight at 30°C with shaking at 

200rpm. Thirty ml of the overnight culture was diluted to 3,000m1 Terrific Broth (Section 

2.2.2), divided into 6 x 2L flasks and incubated at 30°C with shaking at 200 rpm. When the 

culture reached OD¢o00um 0.5, the temperature of the incubator was raised to 42°C and the 

culture was incubated for a further 22 h. The bulk bacterial culture was harvested by 

centrifugation for 10 min at 4,000 rpm and the pellet was washed with 50 ml buffer B 

(Section 2.2.12). The pellet was resuspended in 30 ml buffer B and frozen at -80°C. The 

cells were thawed at 37°C and PMSF was added to a final concentration of 1 mM. The cells 

were then sonicated on ice and centrifuged at 15,000 rpm for 30min and the resultant 

supernatant was collected for purification. The remainder of the procedures was exactly the 

same as that described in Section 2.5.7. 

2.6 General protein biochemistry methods 

Protein concentration determination 

The concentrations of the purified recombinant protein preparations were determined using 

the methods of Bradford (1976) using the Coomassie reagent from Bio-Rad conducted 

according to the supplier’s instructions. 

For $100A4, a sample of purified S100A4 was extensively dialysed against ddH2O to 

remove any salt, freeze-dried and weighed. The sample was then used as a standard for 

measuring $100A4 at the absorption of 280nm in a spectrophotometer. 

2.6.1 Protein electrophoresis 

Protein samples and standards for SDS-PAGE analysis were dissolved in SDS-PAGE 

sample buffer (Section 2.2.13) and boiled for 5 min before being subjected to SDS-PAGE 

(Laemmli 1970) using the Bio-Rad Mini Protean Gel System. The concentrations of the 

resolving gels were 7.5% to 15%(w/v) in acrylamide depending on the protein analysed 

whilst that of the stacking gel was always 4 % in acrylamide. Gels were run at 160 V. 
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2.6.2 Coomassie brilliant blue staining of protein gel 

The gels after electrophoresis were stained with Coomassie blue staining solution (Section 

2.2.14) containing Coomassie brilliant blue 250R for over 3 h or overnight, rocking at room 

temperature and destained with destaining buffer (Section 2.2.14) until clear protein bands 

were revealed. 

2.6.3 Silver staining of protein gel 

Silver staining was carried out in a clean glass or plastic container with constant gentle 

rocking at room temperature. The gels after electrophoresis were fixed in Fixation Buffer 

(Section 2.2.16) for 30 min and sensitised in Sensitising Buffer (Section 2.2.16) for 30 min. 

After washing twice with ddH,O for 5 min, silver reaction was carried out in silver nitrate 

solution (Section 2.2.16) for 20 min. The gel was washed twice with ddH20, for 1 min each 

time and then incubated in developing buffer (Section 2.2.16). When clear bands appeared, 

the reaction was terminated with Stop Buffer (Section 2.2.16) for 10 min. The stained gel 

was finally preserved in gel preserving buffer (Section 2.2.16). 

2.6.4 Western blotting 

Proteins were separated by SDS-PAGE using the Bio-Rad Mini Protean Gel System and 

electrophoretically transferred to a PVDF membrane (Milipore) using the method of 

Towbin (Towbin et al., 1992) using a Bio-Rad mini transblot apparatus at 70V for 2 h. 

After transfer, the membrane was incubated with blocking buffer (Section 2.2.17) for at 

least 1 h at room temperature or overnight at 4°C. The membrane was incubated with 

primary antibody in the Antibody Dilution Buffer (Section 2.2.17) for over 2 h at room 

temperature or overnight at 4°C. After washing with Washing Buffer (Section 2.2.17) four 

times, 10 min each time, the membrane was incubated a further hour at room temperature 

with a peroxidase-conjugated secondary antibody (1:2,000-1:8,000). After washing, the 

antibodies bound to the membrane were visualised by incubation with ECL reagents for 2 

min at room temperature and recorded on X-ray film with 1-10 min exposure. 
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2.6.5 Gel overlay with S100A4 protein 

The gel overlay method used in this study is a modification of a previously published 

procedure (Burgess ef al., 1984). The recombinant proteins were subjected to SDS-PAGE 

using the buffer system of Laemmli (Laemmli 1970) and electroblotted onto PVDF 

membranes (Towbin ef al., 1979). The membranes were incubated overnight with Overlay 

Buffer (Section 2.2.18) containing 3 wg/ml rat rS100A4 and 0.5 mM CaCl and washed 

four times, 5 min each time with gel overlay wash buffer (Section 2.2.18). Membranes 

were then incubated with overlay blocking buffer (Section 2.2.18) for 1 hour and washed 

three times, 5 min each time with wash buffer (Section 2.2.17). The membranes were 

incubated for 2 h with 2.5 ml of the Antibody Dilution Buffer (Section 2.2.17) containing a 

500-fold dilution of the rabbit anti-rat S100A4 serum. After washing in buffer six times, 5 

min each time, the filters were incubated for 1 hour in a 4,000-fold dilution of a secondary 

antibody (HRP-conjugated anti-rabbit IgG, Sigma). After a final wash with TBST (Section 

2.2.17) for 30 min, bound antibody was detected using the ECL system with exposure 

against Kodak XAR-5 film. 

2.6.6 GST-pull down assay 

For the detection of binding of S100A1 and S100A4 proteins in vitro, the GST-S 100A1 

fusion protein or GST alone was attached to glutathione S-Sepharose slurries (Amersham 

Pharmacia Biotech) at a concentration of 0.5 mg/ml of slurry. One hundred p11 of a solution 

of 0.1mg/ml rS100A4 protein in KTT buffer (Section 2.2.19) was incubated with 1001 

aliquots of the GST or GST-S100A1 slurries for 3 h at 4°C. The mixtures were applied to 

spin columns and centrifuged in a microcentrifuge at 800 rpm for 1 min. The columns were 

spun-washed with the KTT buffer at least 10 times. Unbound proteins were eluted with at 

least 50 bed volumes of KTT, until no further protein was eluted. Bound proteins were 

eluted with GST Elute Buffer (Section 2.2.19), Eluted $100A4 was analyzed by 

SDS-PAGE, followed by transfer onto PVDF filters (Immobilon, Millipore, France), and 

incubation with a 1:500 dilution of an affinity-purified rabbit polyclonal antibody to rat 

rS100A4. Bound antibodies were detected using the ECL system (Amersham Pharmacia 

Biotech). 
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2.6.7 | PKC phosphorylation 

The PKC was purchased from Upstate Biotechnology (purified, having a, B, Y-PKC 

activities) and the phosphorylation reactions were carried out according to the 

manufacturer’s instructions. The reaction mixture was prepared as follows: 5.2 ug of 

MH-IIAF21 or 4.2 ug MHC-IIBF17 (to make a final concentration of 5 uM), 10 ul PKA 

inhibitor, 10 ul PKC activator mixture (Section 2.2.20), 10 ul [r-P**] ATP mixture (Section 

2.2.20) and 3 ul PKC enzyme (25ng), ADB buffer (Section 2.2.20) to a total volume of 

50 ul. To test the effect of S100A4 on MHC phosphorylation, 0 to 3.2 ug (to make a final 

concentration of 5 uM) S100A4 was pre-incubated with MHC at room temperature for 40 

min. To test the effect of S100A4/S100A1 on MHC phosphorylation, 3.2 ug S100A4 was 

pre-incubated overnight with 0 to 5.3 ug S100A1 (to make a final concentration of 10 uM) 

in the ADB buffer containing 0.5mM CaCl at 4°C. The mixture was then incubated with 

MHC-IAF21 or MHCIIBF17 at room temperature for 40 min. The phosphorylation 

reactions were incubated at 30°C for 10min and were stopped by adding 12 ul of 5x SDS 

loading buffer (Section 2.2.13). After boiling for 10 min, 15 wl of sample was loaded on 

10% SDS-PAGE. The gel was then dried with a Bio-Rad gel drier and phosphorylation 

signals were recorded on X-ray film by an overnight exposure. 

For the phosphorylation of immobilised MHC-IIAF21 or MHC-IIBF17 on biosensor 

surface, the [r-P*”] ATP was substituted by same amount (in molar) of cold ATP and the 

reaction mixture was incubated at 30°C for 30 min. The reaction was stopped by removal of 

the reaction mixture and a thorough wash using PBST. 

2.6.8 Myosin sedimentation 

The semi-quantitative method was adapted from Murakami (Murakami ef al., 1995). 10.5 

uM of MHC-IIAF21 or 8.5 ug of MHC-IIBF17 (to make a final concentration of 5uM) was 

incubated at 4°C overnight in the bundling buffer: imidazole-HCl (pH 7.5), 100 mM NaCl, 

2.5 mM MgCh in a total volume of 100 wl. After centrifugation at 13600g for 30 min, 20 ul 

of the supernatant was analysed on SDS-PAGE. For detection of MHC IIA, Western 

blotting was used with a polyclonal anti- MHC IIA C-terminal antibody whilst for detection 
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of MHC IIB, silver staining or anti-His tag antibody was used. 

To test the effect of some $100 proteins on myosin II self-assembly, 6.3ug of S100A4, 5.3 

ug of S100A1, and 5.9 ug of S100A2 proteins (to make a final concentration of 5 uM) were 

pre-incubated for 8 h at 4°C with MHC-I[AF21 or IIBF17 in the presence or absence of 0.5 

mM CaCl. To test the effect of S100A4/S100A1 on the MHC IIA self-assembly, 6.3 ug 

S100A4 (to make a final concentration of 5 uM) was pre-incubated overnight at 4°C with 0 

to 5.3 ug S100A1 (to make a final concentration of 5 UM) in the presence of 0.5 mM CaCl, 

The mixture was then incubated with MHC IIA for 8 h at 4°C. Bundling buffer was then 

added to the mixture and incubated overnight at 4°C. The rest of the procedures are same as 

above. 

2.7 Optical biosensor 

2.7.1 Introduction 

Since the introduction of a commercial surface plasmon resonance (SPR) biosensor in 1990 

(Fagerstam ef al., 1990), SPR has become increasingly popular for the qualitative and 

quantitative characterization of the specific binding of a mobile reactant to a binding 

partner immobilized on the sensor surface (Szabo ef al., 1995). This new technique can 

measure the binding affinities and the kinetic constants of reversible interactions between 

biological macromolecules. SPR biosensor is attractive, in part, because the measured 

physical quantity is a refractive index change and therefore no chromophoric group or 

labeling of macromolecules is required. The SPR can be applied to interactions within a 

range of affinities from UM to sub-nM. The SPR uses only small sample volumes and can 

provide a large amount of real-time information on the course of binding. With this 

information, the equilibrium constants of association and dissociation of the reactants can 

be determined (Schuck 1997) 

2.7.2 Protein preparation and immobilization 

The purified $100 proteins were extensively dialysed against the Pi buffer (Section 2.2.21) 

and the protein solutions were concentrated with ULTRAFREE-15 Centrifugal Filter 
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Devices (Millipore). The concentrations of the recovered protein were determined as 

described in Section 2.6.1. The MHC-IIAF21 and IIBF17 proteins were dissolved in Pi 

buffer with 0.2 % (w/v) SDS after final step of purification (Section 2.5.7) to keep them in 

a soluble form. 

A dual beam manual biosensor machine (Affinity Sensor) was used in all the related 

experiments. The dual well cuvettes with an amino silane surface were purchased from 

Affinity Sensor and the immobilisation was carried out according to the protocol supplied 

by the company as follows: (1) wash the surface with Pi buffer 50 ul x 3; (2) to activate the 

surface, 3 x 30 ul of BS3 solution (Section 2.2.21) were added and removed, the last 

solution was left for 8min and a binding curve was viewed on the window of IAsys Auto 

programme; (3) wash the surface with Pi buffer 50 wl x 3; (4) add 25 ul Pi buffer and 5 ul 

of prepared protein solution with 10-20 ug protein, leave for about 30 min for binding and a 

binding curve was displayed; (5) wash the surface with Pi 50 ul x 3 and the binding 

response generated should be between 150-300 arc seconds. If less than 150 arc seconds, 

step (4) was repeated; (6) to block the excess binding sites on the surface, 3x50 ul of 3M 

Tris-HCl (pH 8.0) were added and the last solution was left for 10 min. After washing with 

PBST (Section 2.2.21) 50 wl x3, the surface was ready for use. All the procedures were 

carried out at 20 °C with frequent stirring at 100 times per second. 

2.7.3 Determination of the binding affinity with the biosensor 

The ligates, S100 proteins, were in Pi buffer and diluted to different concentrations with 

PBST buffer (Section 2.2.21). For each binding cycle, the surface was first washed with 

PBST 3 x 50 ul and the last wash was left for 5-10 min, until a stable base line was achieved. 

Then 26 to 29.5 ul PBST (Section 2.2.21) with or without CaCl (depending on the 

experiment) was added and left for 3 min and from 0.5 to 4 I of ligate was added to make 

a total reaction volume of 30 wl. The binding phase lasted 5 mim. The surface was then 

washed with 3 x 50 ul of PBST. The last wash was left for 3 min to determine the 

dissociation rate. The last step in the cycle was to regenerate the surface with 3 x 50 ul 

washes of 20 mM HCI followed by 3 x 50 ul washes of PBST. For measuring the binding 
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affinity of each pair of proteins, a series of concentrations of ligate were used and a set of 

binding cycles were generated. Their Kds were then calculated using Fastfit software 

provided by the company (IAsys sensor). 

2.8 Cell culture 

2.8.1 Routine culture of cells 

Rat mammary (Rama) cells and human mammary cells were seeded into 9 cm diameter 

tissue culture dishes and grown in monolayer culture in Routine Medium for Rama cells 

(Section 2.2.22) at 37°C in a humidified atmosphere of 10% CO): 90% air. The cells were 

washed twice with PBS and incubated in 5 ml Versene (Gibco) at 37°C for 10 min and then 

washed twice with PBS before each passaging. The human mammary cell lines, MCF-7A, 

MDA-MB-231, and SKBr-3, were grown in a specific culture medium for each individual 

cell line (Section 2.2.22). The cultured cells were transferred or passaged when the cell 

monolayer was 80% confluent. 

2.8.2 Counting cells 

The number of cells in suspension was determined using a particle counter (Coulter 

Electronics). A sample of cell suspension (0.5 ml) was mixed with 9.5 ml of Isoton I 

(Coulter Electronics, Luton, UK). Replicate counts were performed upon each suspension 

of cells and the mean was used to calculate the number of cells in the original suspension. 

2.8.3 Freezing cells 

When cell monolayers were ready for passaging, they were detached as described in 

Section 2.8.1. The resuspended cells were transferred to a 25 ml plasticUniversal tube and 

the total number of cells determined (Section 2.8.2). The cell suspension was centrifuged at 

800 rpm. for 5 min in a bench centrifuge, and the supernatant removed by aspiration. The 

cell pellet was resuspended in an appropriate volume of Freezing Medium (Section 2.2.22) 

to produce a final cell density of 1 x 10° cells/ml and 1 ml aliquots were transferred to 

cryotubes. The cryotubes were placed on dry ice for 2 h and then stored at -70°C for 2-3 

days before being transferred to a—140°C freezer for long-term storage. 
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2.8.4 Thawing cells 

Cryotubes were removed from —140°C storage and thawed by being placed in a 37°C water 

bath. The cells were transferred to a 25 ml plastic Universal tube to which 10 ml of Routine 

Medium (Section 2.2.22) was added slowly. The cell suspension was then centrifuged at 

800 rpm for 5 min. The supernatant was discarded and the cell pellet was resuspended in 9 

ml Routine Medium (Section 2.2.22). The cell suspension was transferred to three 9 cm 

dishes and suitable culture medium was added to give a final volume of 10 ml per dish. 

2.8.5 Cell transfection 

For transient transfection of GFP or dsRED fusion plasmids, cells were routinely cultured 

and passaged into 35 mm diameter glass-bottomed microwell dishes (p35G-1.5-7c, Matek 

Corporation) at a density of 2 x 10° cells/dish. After 24 h incubation at 37°C in an 

atmosphere of 10% COz, the medium was changed to 1.5ml of normal medium without 

antibiotics (penicillin and streptomycin). Two ul of Fugene 6 (Roche) was used for each 

transfection, which was mixed with 100 wl serum free medium and incubated for 5 min. 

One Ug DNA was added and the resultant mixture was incubated at room temperature for 

20 min. Finally the mixture was added to the dish. After 24 h of incubation at 37°C in an 

atmosphere of 10% COs, the dish was checked in a confocal microscope with excitation at 

488 nm for GFP and 543 nm for dsRED. 

For generating stably transfected cell lines, the Rama 37 and KP1-Rama 37 cell lines 

(Davies et al., 1993b) were seeded at a density of 8 x 10° cells per well in 6-well dishes and 

incubated, routinely overnight. The cell monolayer was washed twice with PBS and 800ul 

serum-free and antibiotics-free medium was added. For each transfection, 100 ul of 

serum-free and antibiotics-free medium was mixed with 6 ul of lipofectamine (Life 

Technologies) in a sterile tube and then 0.5 ug pCDNA4-S100A1 DNA was added and 

mixed. After 45 min of incubation at room temperature to allow DNA-liposome complexes 

to form, 100 ul of serum-free and antibiotics-free medium was added and the resultant 

mixture was transferred to one well in a 6-well dish with gentle mixing. The cell culture 

was then incubated for 5 h and then 1 ml antibiotics-free medium containing 20% FCS was 
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added. After a further 19 h of incubation, this medium was replaced by Routine Medium 

and Zeocin at a final concentration of 750 ug/ml was added for selection. Cells were 

cultured in the Selective Medium for a further 2-3 weeks until the cells in control mock 

transfection wells all died and healthy cell clones had formed in the transfected wells. The 

clones surviving in Zeocin-containing medium were isolated and transferred using a ring 

cloning technique (McFarland 2000). These clones were grown in culture under selective 

condition for a further 7 days. For each clone, a fraction of the cells was frozen for future 

use and the remainder were used to prepare total RNA. After analysis using Northern 

blotting, the clones with high level, medium level and undetectable level of expression of 

S100A1 mRNA were selected and used for the following experiments. 

2.8.6 Immunofluorescent staining of cells 

About 500 cells were seeded per well of chambered slides and grown in culture for 24 h. 

The cells were fixed with 4% (w/v) paraformadehyde (Section 2.2.23) in PBS for 10 min. 

and then permeabilized with Permeabilisation Buffer (Section 2.2.23) for 5 min. After a 

30-minute incubation in Blocking Buffer (Section 2.2.23), the cells were incubated with 

primary antibody, either rabbit anti-S100A4 (1:50 dilution) or mouse anti-S100A1 (1:20 

dilution) in Blocking Buffer (Section 2.2.23). After washing four times with PBS, the cells 

were incubated for 1 hour with the appropriate secondary antibody. Fluorescein 

isothiocyanate (FITC)-conjugated anti-mouse IgG was used for staining with anti-S100A1 

while tetramethylrhodamine-isothiocyanate (TRITC)-conjugated anti-rabbit IgG was used 

for staining with anti-S100A4. After washing, the slides were dried and mounted. 

Photographs were taken using a Zeiss LSM 510 confocal microscope. 

2.8.7 Soft Agar Assay 

To prepare pre-coated agar dishes, 35 mm diameter culture dishes were coated with 2 ml of 

0.6% (w/v) agar in Routine Culture Medium with 10% (v/v) FCS. The cells were routinely 

grown to 80% confluence, detached by trypsinisation and counted as described in Section 

2.8.1. The cells were washed once by centrifugation and resuspended in Routine Culture 

Medium with 10% FCS at 2 x 10°/ml. One hundred 11] of the cell suspension (2 x 10* cells), 
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750 wl routine culture medium and 250 pl 1.2% (w/v) agar were mixed and the resultant 

mixture were added to one pre-coated dish. Triple dishes were used for each cell line. The 

dishes containing agar were then incubated at 37 °C in the atmosphere of 10% COp for 4 

weeks. During this period, 2 drops of routine culture medium were added to each dish twice 

a week to keep them moist. The resultant clones, > 0.06 mm in diameter, were counted 

using a microscope. This is because the cell mass < 0.06mm was dying and too small to be 

counted as a clone that survived in the semi-solid medium. Ten microscopic fields were 

randomly selected and the average number of clones in each field was calculated. The 

statistical significance of number of clones between different cell lines was determined 

using a Fisher Exact test. 

2.8.8 Migration assays 

Migration assays for Rama 37, KP1-Rama 37 and cells transfected with pCDNA4-S100A1 

were carried out using Boyden Chamber units with 6.5 mm diameter polycarbonate 

membrane inserts with 8 zm pores (Corning Costar). 1 x10° cells was added to the upper 

compartment in 200 ul of BM (Section 2.2.22) with 2% (v/v) FCS. Four hundred ul BM 

with 10% FCS were added to the lower compartment. At the same time the cells were also 

seeded into 24 well dishes, 1x10° cells in 200 u1 BM with 2% (v/v) FCS were added to each 

well of 3 wells for each cell line analysed. The cells were then incubated at 37°C in an 

atmosphere of 10% (v/v) CO; for 20 h. The filters were then washed with PBS. The cells on 

the upper surface of the inserts were removed by wiping with a cotton swab, and the cells 

on the lower surface of the filter were fixed and stained with DiffQuik reagent (Dade 

Behring). The number of cells of per field that migrated to the lower surface of the filters 

was determined microscopically. Six to ten randomly chosen fields, 0.5 x 0.5 mm, were 

counted per filter. The total number of cells per filter was calculated as follows: the average 

number per 0.25mm’ x 4 x area (3.25 x 3.25 x 3.14 mm”) of the filter. The migration ability 

of each cell line was expressed as a percentage of total cell seeded, which shows how many 

cells migrated to the lower side of the membrane of each hundred cells added. The results 

were finally normalized by the cell number in the 24 well plates after 20 h incubation. This 

is based on the fact that the cells after trypsinisation may vary in viability. In this way, the 
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cell motilities measured from different cell lines are more comparable. 
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Chapter Three 

  

The effects of interaction of S100A4 with the C-terminal regions of 

non-muscle myosin ITA and IIB heavy chain 

  

3.1 Introduction 

It has been recognized that cell motility by non-muscle cells requires virtually continuous 

restructuring of the cytoskeleton (Wilson et al., 1992). It is also clear that cell motility 

requires a mechanism for converting chemical energy into mechanical work. Actin and 

myosin, two important constituents of the cytoskeleton, have been postulated to act as the 

chemicomechanical transducer in motile cells. Central to their role as a force generating 

mechanism in motile cells is the ability of myosin to hydrolyse ATP when it interacts with 

actin (Collins & Matsudaira 1991). 

Myosins constitute a superfamily of actin-dependent molecular motors. Phylogenetic 

analysis currently places myosins into 15 classes. The conventional myosins that form 

filaments in muscle and non-muscle cells are grouped as class II myosins. There has been 

extensive characterization of these myosins and much is known about their functions 

(Sellers 2000). 

Myosin II is an ubiquitous actin-based motor protein and directly involved in regulating 

cytokinesis, cell motility and cell morphology. All vertebrate cells, including muscle cells, 

contain a form of myosin II (DeLozanne et al., 1985). Myosin II is composed of a pair of 

heavy chains, a pair of essential light chains and a pair of regulatory light chains. The two 

myosin heavy chains are self-associated in their intermediate regions and form a helical 

coiled coil (rod-like domain). To its N-terminus are two heads. Each head can be divided 

into a globular motor domain of approximately 770 amino acids that contains the catalytic 

and actin binding sites, and a neck region of approximately 70 amino acids which binds one 

essential and one regulatory light chain (ELC and RLC). The neck region with its 
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associated ELC plays both structural and regulatory roles. In the absence of calcium, the 

RLC is not phosphorylated and the myosin cannot interact with actin. Calcium activates the 

specific calmodulin-dependent kinase, myosin light chain kinase (MLCK), which 

phosphorylates the RLC, initiating actin-myosin interaction (Scholey et al., 1980). RLC is 

the only known substrate for MLCK (Gallagher et al., 1997). To the C-terminus of the rod 

region is a non-helical tailpiece of approximately 34-44 amino acids (Korn et al., 1988), 

which was shown to regulate filament formation and localization of myosin II (Sabry et al., 

1997). 

  

Figure 3.1 Adiagram of myosin II molecules. The Myosin II molecule is shown consisting 

of a pair of essential light chains (in black), a pair of regulatory light chains (in grey) and a 

pair of heavy chains (in color) which form the basic structure of the molecule, head (blue), 

rod (white and yellow) and tail (green) 

Vertebrates express at least two non-muscle myosin-II heavy chain isoforms, myosin IIA 

(MHC-IIA) and myosin ITB (MHC-IIB) (Simons et al., 1991; Saez et al., 1990). These two 

isoforms exhibit 85% amino acid identity in the motor domain and 72% identity in the rod, 

with most of the differences clustered in the nonhelical tailpiece. Most tissues express 

various ratios of MHC-ITA and MHC-IIB; however, the relative amount of the two 

isoforms in a given tissue is species-dependent, and some tissues and individual cell types 

within a specific tissue express only a single isoform (Cheng et al., 1992). For example, 

chicken intestinal epithelium, platelets and rat basophilic leukemia cells express 

exclusively MHC-IIA, whereas embryonic cardiac myocytes only express MHC-IIB and 

brain is highly enriched in MHC-IIB. The isoforms of non-muscle myosin II have different 
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distributions in vivo, even within individual cells. Cultured bovine aortic endothelia 

contained both MHC-IIA and IIB. Both isoforms are distributed along stress fibres, in 

linear or punctate aggregates within lamellipodia, and diffusely around the nucleus. The 

MHC-IIA isoform was preferentially located toward the leading edge of migrating cells 

while the MHC-IIB isoform was enriched in structures at the trailing edges of cells (Cheng 

et al., 1992). The MHC-IIA isoform appeared in newly formed structures more rapidly than 

the MHC-IIB isoform, and was also lost more rapidly when structures disassembled. These 

observations suggest that the different localizations of MHC-IIA and IIB reflect different 

rates at which the isoforms transit through self-assembly, movement and disassembly 

within the cell. The relative proportions of different myosin II isoforms within a particular 

cell type may determine the lifetimes of various myosin II-based structures in that cell 

(Kolega 1998). 

The biochemical properties of the two isoforms are also consistent with the premise that 

MHC-IIA and MHC-IIB are functionally distinct. MHC-IIA has a maximal actin-activated 

ATPase activity that is 2.6-fold greater than that of MHC-IIB, and moves actin filaments at 

velocities 3.4- fold faster than those observed with myosin-IIB (Kelley et al., 1996). The 

identification of a single isoform in some cell types suggests that in certain contexts 

MHC-IIA and MHC-IIB may be functionally interchangeable; however, the localization of 

the two isoforms to different actin-rich structures suggests that myosin-II molecules with 

different biochemical activities are required at specific subcellular sites. The proposal that 

MHC-IIA and MHC-IIB have unique functions in vivo is further supported by the 

observation that inhibition of MHC-IIB expression in neurons diminishes the length of 

neuritic extensions without affecting the number of neurites per cell or the extension of 

small protrusions (Wylie et al., 1998). These findings suggest that MHC-IIB mediates 

neurite growth and growth cone advancement, and that MHC-IIA cannot compensate for 

MHC-IB in these processes. 

Three additional MHC-IIB splice variants have been identified in neuronal tissue, which 

result in the insertion of 10(B1a), 16(B1b) or 21(B2) amino acids within the motor domain 
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(Itoh et al., 1995). In the cloning of MHC-IIB cDNA from the chicken brain, two exon 

cassettes that undergo alternative splicing have been identified. One insert encoding 10 

amino acids (termed a B1 cassette) is located near the ATP binding region, and another 

insert encoding 21 amino acids (termed a B2 cassette) is located near the actin binding 

region (Takahashi et al., 1992;Takahashi ef al., 2001). B1 and B2 cassettes are inserted into 

flexible structures loop 1 and loop 2, respectively, which are thought to be important in 

regulating actin motor activities. The expression of these two exon cassettes is specific to 

the central nervous system. In the chicken brain, MHC-IIB with the B1 cassette (MHC-IIB 

(B1)) is highly expressed during early embryonic stages, while that with the B2 cassette 

(MHC-IIB (B2)) begins to be expressed around birth (Itoh K 1995). Further study of the 

C-terminus of rabbit brain MHC-IB, two different MIIB clones containing closely related, 

but distinct, CDNA sequences were identified (Murakami ef al., 1998). These two species 

of MHC-IIB were designated MHC-IIB“ and MHC-IIB®. The two isoforms showed 

differences in filament self-assembly properties in the presence of various concentrations 

of salt. PKC incorporated 1 mol of phosphate/ mol peptide to MHC-IIB® but 2 mols to 

MHC-IIB®. However, PKC had very similar effects on the filament self-assembly 

properties of the two isoforms. Casein kinase II incorporated 4 mol of phosphate/mol 

peptide to MHC-IIB“ but 2 to MHC-IIB? and this caused strong inhibition of self-assembly 

to MHC-IIB® but only slight inhibition to MHC-IIB*. The human MIB identified is more 

similar to the rabbit MIB“ than to MIIB® according to their amino acid sequences (see 

figure 3.1). 
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Figure 3.2 Comparison of the amino acid sequences of human MHC-IIB C-terminus with 

rabbit MHC-IIB* and MHC-IIB?. In this region, there are 6 amino acids in human 

MHC-IB (in purple) different from both MHC-IIB® and MHC-IIB* of rabbit. There are 6 

different amino acids between rabbit MHC-IIB® (in red) and MHC-IIB® (in blue), among 

them, 4 amino acids in MHC- IIB? are different from human MHC-IIB and only 2 amino 

acids in MHC- IIB“ are different from human MHC-IIB. Therefore, human MHC-IIB is 

more similar to rabbit MHC-IIB® than MHC-IIB? in identical amino acids in the 

C-terminal region of 366 amino acids. 

Cells lacking myosin II appear to be incapable of generating or maintaining 3D shape 

independent of a substrate. When a substrate is available, these MHC II (lack of myosin II) 

cells can attach and spread on the surface in a myosin-independent manner but cannot 

maintain their normal 3D cell shapes that require myosin II (Shelden & Knecht 1996). 
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Myosin I is important to cell motility. Amongst the remarkable variety of motility that 

cells display, cytokinesis (cell division) is particularly striking. Dramatic changes in cell 

shape occur before, during and after cytokinesis. Myosin II is implicated in the 'rounding 

up’ of cells prior to cytokinesis, and is essential in the formation of the contractile cleavage 

furrow during cytokinesis (Maciver 1996). 

Phosphorylation is an important factor in regulating the functions of myosin II. 

Phosphorylation occurs not only on its regulatory light chains (RLC), essential light chains 

and also on heavy chains. During cellular events, such as mitosis (Yamakita ef al., 1994) 

and secretion (Choi 1994), multiple residues on the RLC and myosin-II heavy chain are 

phosphorylated. These phosphorylation events have been attributed to several different 

kinases, including protein kinase C, the Ca’*/calmodulin-dependent myosin light chain 

kinase (MLCK) (Scholey et al., 1980), Rho kinase (Amano ef al., 1998), p21-activated 

kinase (Chew et al., 1998) or casein kinase II. This suggests that myosin II may be 

subjected to regulation by multiple phosphorylation signals. Equally important for the 

regulation of myosin II function will be the activities of the phosphatases that mediate 

dephosphorylation of the heavy and light chains, although at present very little is known 

about these activities (Somlyo et al., 2000). 

Although most research has been carried-out on the phosphorylation of myosin light chains, 

distinct phosphorylation sites for PKC and casein kinase IT on MHC-IIA and MHC-IIB 

have also been identified. Jn vitro, PKC phosphorylates MHC-IIA on a single serine residue 

near the carboxy-terminal end of the predicted helical domain (Conti et al., 1991), and 

MHC-IIB on multiple serines in the non-helical tailpiece (Murakami et al., 1998). Casein 

kinase II phosphorylates both isoforms on the non-helical tailpiece (Murakami ef al., 1998, 

Murakami ef al., 1990). Importantly, phosphorylation of the heavy chain is also observed 

in vivo (Moussavi 1993). In resting T lymphocytes, MHC-IIA is phosphorylated on the 

casein kinase II site; however, following treatment with phorbol esters, the heavy chain is 

also phosphorylated on the PKC site in vivo (Moussavi 1993). MHC-IIA heavy chain 

phosphorylation at the PKC site is also observed following phorbol ester-induced 
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activation of PKC in platelets (Kawamoto et al., 1989) and rat basophilic leukaemia cells 

(Ludowyke e7 al., 1989). MHC-IIB purified from bovine brain is phosphorylated on a 

single casein kinase II site (Murakami et al., 1990). The Drosophila myosin II tail was also 

phosphorylated in vitro by PKC at serines 1936 and 1944, which are located in the 

non-helical globular tailpiece. These sites are close to a conserved serine that is 

phosphorylated in vertebrate, non-muscle myosin-Is. If the two serines are mutagenized to 

alanine or aspartic acid, phosphorylation no longer occurs (Su & Kiehart 2001). The 

non-muscle myosin heavy chain in Drosophila appears to be similar to rabbit non-muscle 

myosin-IIA in having phosphorylation sites on C-terminus. Conservation during 

530-1,000 million years of evolution suggests that regulation by heavy chain 

phosphorylation may contribute to non-muscle myosin-II function in some real way (Su & 

Kiehart 2001). 

In the case of MHC-IIA, it is known that the non-helical tailpiece contributes to filament 

formation. Heavy chain phosphorylation by either PKC or casein kinase II inhibits the 

self-assembly of MHC-IIB into filaments; whereas, the self-assembly of MHC-IIA is 

unaffected by this phosphorylation (Murakami ef al., 1998). Inhibition of MHC-IIB 

filament self-assembly by casein kinase II requires phosphorylation of multiple sites on the 

non-helical tailpiece. In contrast, even though PKC is observed to phosphorylate the 

non-helical tailpiece of MHC-IIB on multiple sites, PKC phosphorylation on only a single 

residue is sufficient to inhibit the self-assembly of myosin-IIB into filaments (Murakami ef 

al., 1998). 

Conversion of the three mapped threonine phosphorylation sites in the myosin II heavy 

chain tail to alanines results in a mutant in Dictyostelium discoideum, which displays 

constitutive myosin overassembly in the cytoskeleton and increased cortical tension (Stites 

et al., 1998). Myosin II localization in dividing cells is also regulated by myosin heavy 

chain phosphorylation (Sabry ef al., 1997). The myosin II heavy chain (MHC)-specific 

protein kinase C (MHC-PKC) isolated from Dictyostelium discoideum has been implicated 

in the regulation of myosin II self-assembly in response to the chemo-attractant, cAMP 
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(Ravid & Spudich 1989). Cells devoid of MHC-PKC exhibit substantial myosin II 

over-assembly, as well as aberrant cell polarization, chemotaxis, and morphological 

differentiation. Cells over-expressing the MHC-PKC contain highly phosphorylated MHC 

and exhibit impaired myosin II localization and no apparent cell polarization and 

chemotaxis (Abu-Elneel et al., 1996). Self-assembly of MHC-IIB F47 (C-terminal 47KDa), 

but not MHC-ITAF46 (C-terminal 46KDa fragment), was significantly inhibited by PKC 

phosphorylation (Murakami e/ al., 1995), suggesting that the self-assembly of MHC-IIA 

and IIB is regulated by different mechanisms. 

The interaction of $100A4 and natural MHC-IIA was first revealed by 

co-immunoprecipitation (Kriajevska et al., 1994) and Ca’*-dependent association between 

mouse §100A4 protein and recombinant MHC-IIA was confirmed by gel overlay technique 

(Kriajevska et al., 1994). The mouse $100A4-binding site on MHC-IIA was mapped to a 

29-amino acid region at the C -terminal end of MHC-IIA (between amino acids 

1909-1937;Kriajevska ef al., 1998). Co-sedimentation analysis and electron microscopy 

suggested that mouse S100A4 destabilizes myosin filaments (Ford e7 al., 1997) In the 

presence of Ca’*, mouse $100A4 has been reported to inhibit the actin-activated 

MgATPase activity of myosin in vitro (Ford et al., 1997), suggesting the interaction has 

functional effects. Further investigation found that mouse $100A4 binding to MHC-IIA 

inhibits the phosphorylation of the myosin heavy chain by PKC and protein kinase CK2 in 

vitro (Kriajevska et al., 2000). Two-dimensional phosphopeptide analysis showed that 

Mouse $100A4 protein inhibits PKC phosphorylation of the platelet myosin A heavy chain 

at Ser-1917 (Kriajevska ef al., 1998), which is within mouse $100A4 binding site. 

As outlined before, overexpression of $100A4 can increase cell motility and cause tumour 

metastasis (Sherbet & Lakshmi 1998;Davies et al., 1996) and the mechanism is still unclear. 

Therefore the interaction of S100A4 with the motor molecule in non-muscle cells provides 

a window to look deep inside the molecular mechanism of metastasis. Thus, in this chapter, 

the binding of $100A4 on the heavy chain of the other non-muscle myosin II isoform, 

MHC-IIB and its effects, have been investigated and compared to that of MHC-IIA. 
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3.2 Results 

3.2.1 Preparation of recombinant MHC-IIAF21 and MHC-IIBF17 

The constructs, pET16-MHC-IAF21 and pET16-MHC-IBF17, which express MHC-IA 

C-terminal 21 kDa fragment and MHC-IIB C-terminal 17 kDa fragment, respectively, were 

described in Section 2.5.3. The plasmids were transferred into host strain, BL21 DE3, 

induced with IPTG (Section 2.5.4), and the resulting recombinant myosin fragments 

purified with His-Binding columns (Section 2.5.5). The purified proteins were analysed on 

SDS-PAGE (Section 2.6.2) and the gel was stained with Coomassie Brilliant Blue (Section 

2.6.3). Both MHC-IIAF21 and IIBF17were over 95% pure (Figure 3.3), based upon 

scanning of stained gels. 
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MHC -IIBF17 

Figure 3.3 Purified MHC-IJAF21 and MHC-IIBF17 recombinant proteins. Lane J and 

lane 3, 2ug and 4ug of MHC-IIBF17 (C-terminal 17kDa fragment); lane 2 and lane 4, 6ug 

and 12ug of MHC-IIAF21 (C-terminal 21kDa fragment). 

3.2.2 The interaction of S100A4 with MHC-IIAF21 and IIBF17 revealed by gel 

overlay experiments 

To confirm the ability of S100A4 to bind to the MHC-IIAF21 and II BF17 recombinant 

proteins, gel overlay experiments (Section 2.6.6) were performed. In these experiments, 

varying amounts of MHC-IIAF21 (from 0.05ug to 4.5ug) and IIBF17 (from 0.07ug to 6ug) 

were loaded onto SDS polyacrylamide gels and subjected to electrophoresis. Known 

amounts of the proteins were loaded so that the binding of S100A4 to MHC-IIAF21 and 

MHC-IBF17 could be quantified. The $100A4 was shown to bind to both MHC-IIAF21 

and IIBF17 (Figure 3.4). However, the binding to MHC-IIAF21 appeared stronger than 

that to MHC-IIBF17 because the binding signal was detected from 0.5ug/lane or above on 

MHC-IIAF21 while the binding signal was only detected from 2ug/lane or above on 

MHC-IIBF17 (Figure 3.4). To achieve the same intensity of signal, about 5 times more (in 

moles) MHC-IBF17 than MHC-IIAF21 on the gel was needed. This result suggests that 

S100A4 has a higher affinity for MHC-I[AF21 than for MHC-IIBF17. The control proteins 

and molecular marker have no background signals, suggesting that the binding is specific 

for MHC-IIAF21 and MHC-IIBF17. 
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Figure 3.4 S100A4 binding to both MHC IAF21 and IIBF17 revealed by gel overlay assay 

(Section 2.6.6). Varying amounts of MHC-I[AF21 and IIBF17 were loaded on SDS-PAGE 

and blotted onto Immobilon P membrane. The membrane was overlaid with S100A4 in 

overlay buffer containing 0.5mM CaCh. The binding of S100A4 to MHC-ITAF21 and 

IIBF17 was detected by an anti-S100A4 antibody. Lanes J and 8, bacterial lysate (SOpg) of 

BL21 DE3 for negative control. Lanes 2-6, different amounts of recombinant MHC-IIBF17: 

0.07 ug (lane 2); 0.22ug (lane 3); 0.66ug (lane 4); 2ug (lane 5); 6g (lane 6). Lane 7, 

molecular weight marker. Lanes 9-13 different amounts of MHC-IIAF21: 0.05ug (lane 9), 

0.16ug (lane 10); 0.5ug (lane11); 1.5ug (lane 12); 4.5ug (lane 13). Lane 14, 2ug of 

S100A4 was used as a positive control for the binding of the $100A4 antibody. 

3.2.3 Characterisation of the binding properties of S100A4 to MHC-IIAF21 and 

IIBF17using an optical biosensor 

The recombinant proteins of MHC-IIAF21 or MHC-IIBF17 were separately immobilized 

onto the amino silane surfaces of the biosensor (Section 2.7.2). The binding properties of 

S100A4 to immobilized MHC-IIAF21 or MHC-IIBF17 were characterized by fast 

association kinetics in 0.5 mM calcium buffer. The binding of S100A4 to MHC-IIAF21 or 

MHC-IIBF17 was always homogenous; there was no evidence for the presence of more 

than one binding site for S100A4 in MHC-IIAF21 or MHC-IIBF17. Plots of kp, against 

ligand concentration for the binding of $100A4 to immobilized MHC-IIAF21 or to 

immobilized MHC-IIBF17 in the presence of Ca** were plotted using FastPlot software 
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(Figure 3.5) and yielded straight lines (r = 0.96-0.99; Table 3.1). In the presence of 0.5 mM 

Ca**, the association rate constant for the S100A4/MHC-IIAF21 interaction (Kass = 53,000 

+ 300 M-1s-1) was much higher than for the $100A4/MHC-IBF17 interaction (Kass = 790 

+10 M-1s-1) (Table 3.1). The dissociation rate constant of $S100A4 from MHC-IIAF21 

(Kgiss = 0.035 +0.007 s‘') was much faster than that of S100A4 from MHC-IIBF17 (kaiss = 

0.005 + 0.001 s") (Table 3.1). Thus, when the kinetic parameters were used to calculate 

affinities, the interaction between S100A4 and MHC-IIAF21 had a much higher affinity 

(Kd 660 +20 nM) than the interaction! beRVES §100A4 and MHC-IIBF17 (Kd 6,300+ 

100nM). The Kd values calculated from the extent of binding observed at equilibrium were 

very similar to those calculated from the kinetic binding parameters (Table 3.1). 
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in 0.5mM Ca** buffer. 

        
    

   

  

Table 3.1, Kinetics of S100A4 binding to immobilized MHC-IIAF21 and MHC-IIBF17 

Kq 0M ° PT Kaiss Kq 0M‘ 

(Kinetics) | (Equilibrium) 

MHC-IIAF21| 0.53 +0.003 x10° Ea 0.035+0.007 | 660+ 20 | 250 + 20 

MHC-IBF17 | 0.79+0.01 x10 ing 0.005£0.001 | 6,300+100| 4,000 + 300 

a. The S.E. of each determination of k,,, is derived from the deviation of the data from 

     Proteins 

    

   
   

immobilised 

    

  

         

a one-site binding model, calculated by matrix inversion using the FastFit software 

provided with the instrument. No evidence was found for a two-site model of 

association. 

b. The correlation coefficient of the linear regression through the k,, values used for 

obtaining Kags. 

c. The kajss is the mean +S.E. of at least 6 values, obtained at different concentrations 

of S100A4. No evidence was found for a two-site model of dissociation. 

d. The Kd (kinetics) was calculated from the ratio of Kaiss/Kass, and the S.E. is the 

combined S.E. of the two kinetic parameters. 

e. Kd (equilibrium) were calculated from the extent of binding observed at five or 

more different concentrations of ligate (S100A4) in two independent experiments. 

The S.E. is the combined error of the two experiments. 
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Figure 3.5 S100A4-MHC-IIAF21 and $100A4-MHC-IIBF17 interactions using an 

optical biosensor. Recombinant MHC-IIAF21 (panels a-b) and MHC-IIBF17 (, panels 

c-d) were immobilized on an aminosilane surface (Section 2.7.3). Varying 

concentrations of recombinant $100A4 were added in the presence of calcium ions 

(0.5mM). The extents of binding were observed for 300-400 seconds (panels a and c). 

The concentration of added $100A4 was plotted against kp, using FastPlot software 

(panels b and d) and yielded a straight line (r = 0.96 -0.99) in each case. 
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3.2.4 Calcium influence on the interaction of S100A4 with MHC-IIAF21 and 

MHC-IIBF17 

Using the biosensor assay, the effects of Ca’* on the binding of $100A4 to MHC-IIAF21 

and IIBF17 can be quantified. In a Ca’* free buffer, S100A4 binds to either immobilised 

MHC-IAF21 or MHC-IIBF17 (Figure 3.6). When 0.5mM Ca”* is added to the reaction 

buffer, the binding responses are obviously increased (Figure 3.6 a, b and c). However, the 

effect of Ca”* on the binding of S100A4 to immobilised MHC-IIAF21 is much more 

dramatic than that to immobilised MHC-IIBF17. The binding response (extent) of S100A4 

to MHC-IIBF17 increases about 40% whilst the binding response of $100A4 to 

MHC-IIAF21 increases about 600% relative to the no-added-calcium control after the 

addition of 0.5 mM Ca’*(Figure 3.6d). 
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Figure 3.6. Effects of Ca”* on the binding of S100A4 to immobilised MHC-IIAF21 and 

MHC-IIBF17 detected using biosensor. Panels a and b: examples of the binding curves of 

$100A4 (300nM) on either immobilised MHC-IIAF21 (panel a) or MHC-IIBF17 (panel b) 

in the presence or absence of added Ca”*. Panels c and d: the extents of each binding cycle 

were calculated using Fastfit software (Affinity Sensor) (panel c) and the extent expressed 

as percentages with the extent in Ca’*-free buffer shown as 100% (panel d), for S100A4 

binding to MHC-IIAF21 (columns I and 2) or MHC-IIBF17 (columns 3 and 4) in Ca?*-free 

buffer (columns I and 3) and in the presence of 0.5 mM CaCl (columns 2 and 4). 

From the results of the above experiments, S100A4 was shown to bind both MHC-IIA and 
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IIB in vitro. The binding is not Ca’*-dependent but can be enhanced by added Ca’*. The 

next step of this study is to find out whether the interactions have some biological effects or 

not. 

3.2.5 $100A4 inhibits the phosphorylation of the C-terminus of MHC-IIAF21 and 

IIBF17 by PKC 

As outlined above, natural MHC-IIA and MHC-IIB can be phosphorylated by PKC. To 

show that the recombinant MHC-IIAF21 and IIBF17 can also be phosphorylated by PKC, 

phosphorylation reactions in vitro were carried out as described in Section 2.6.8. The 

results show that both MHC-IIAF21 and IIBF17 can be phosphorylated by PKC (Fig. 3.7). 

MHC-IITAF21 es = + 

MHC-IIBF17 _ + = 

  

Figure 3.7. Phosphorylation of MHC-IIAF21 and MHC-IIBF17 by PKC in vitro. The 

purified MHC-IIAF21 (5.2 ug) and MHC-IIBF17 (4.2 ug) recombinant fragments were 

used as the substrate for PKC. The phosphorylated MHC-IIAF21 and IIBF17 were 

analysed on SDS-PAGE and radioactive phosphate was detected by autoradiography. Lane 

J, negative control without substrate; Jane 2, MHC-IIBF17; lane 3, MHC-ILAF21. 

To investigate the effects of S100A4 on the PKC phosphorylation of MHC-IIAF21 and 

MHC-IIB, S100A4 was pre-incubated with non-phosphorylated MHC-IIAF21 and 

MHC-IIBF17 to allow $100A4 to bind to MHC-IIAF21 and IIBF17 before in vitro PKC 

phosphorylation as described in Section 2.6.8. S100A4 greatly reduced the 

phosphorylation of MHC-IIAF21 but little effect was observed with the same molar ratio of 

BSA as S100A4 (Figure 3.8). 
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MHC-IIAF21 + + + + 

S100A4 - - = + 

BSA - - + - 

PKC - + + + 

  

1 2 3 4 

Figure 3.8. S100A4 inhibits the PKC phosphorylation of MHC-IIAF21. Five uM 

MHC-IIAF21 was used as the substrate of PKC in each reaction. Lane 1, PKC was omitted 

as a negative control, lane 2, MHC-IIAF21 alone as a positive control, lane 3, 5 uM BSA 

and lane 4, 5 UM S100A4 protein were pre-incubated with MHC-IIAF21 in the presence of 

0.5mM Ca” at room temperature for 40 min and the mixtures were used in the 

phosphorylation reactions. Arrow indicates the phosphorylated MHC-IIAF21. 

To rule out the possibility, that S100A4 could directly inhibit the activity of PKC, the effect 

of S100A4 was tested on another substrate of PKC, histone 3 (Figure. 3.9). S100A4, from 

0.5 UM to 16 uM, was pre-incubated with 5 uM histone 3, but there was no obvious effect 

on the phosphorylation of histone 3. These results suggest that S100A4 specifically 

inhibits the phosphorylation of MHC-IIAF21. This may result from its specific binding to 

MHC-IIA. However, there is a slight inhibitory effect on histone 3 phosphorylation when 

16 UM of S100A4 was used. This could be due to non-specific effect of high concentration 

of proteins in the reaction. 

Histone III + + + + + 

S100A4 
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Figure 3.9. The effects of S100A4 on the phosphorylation of histone 3 by PKC. Two uM 

of histone 3 was used as the substrate of PKC in each reaction. The histone 3 was 

pre-incubated at room temperature for 40 min in the presence of 0.5mM Ca™* with varying 

concentrations of S100A4, 0 uM (Lane 1), 0.5 uM (lane 2), 2 uM (lane 3), 8 uM (lane 4), 

16 UM (lane 5). Arrow indicates the phosphorylated histone 3. 

To confirm the inhibitory effect of S100A4 on the MHC-IIA phosphorylation by PKC, 

varying concentrations of S100A4 were pre-incubated with MHC-IIAF21 and the mixtures 

were used in phosphorylation reactions. The results show that $100A4 inhibited the 

phosphorylation of MHC-IIAF21 by PKC in a dosage dependent manner (Figure 3.10). 
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Figure 3.10 The dosage dependent inhibition of S100A4 on the phosphorylation of 

MHC-IIAF21 by PKC. Panel A. Five uM MHC-IIAF21 was used as the substrate of PKC 

in each reaction. The MHC-IIAF21 was pre-incubated at room temperature for 40 min in 

the presence of 0.5mM Ca** with varying concentrations of S100A4, 0 uM (lane 1), 0.15 

uM (lane 2), 0.5 uM (lane 3), 2 uM (lane 4), 8 UM (lane 5), 16 uM (lane 6). Lane 7,a 

negative control with PKC omitted. Arrow indicates phosphorylated MHC-ILAF21. Panel 

B. A plot of MHC-IIAF21 phosphorylation intensities against Log S100A4 concentrations 

in the PKC phosphorylation reaction yielded a straight line (r = 0.89, p< 0.01). 
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To investigate if S100A4 has a similar effect on MHC-IIB, the same experiments were 

carried out, except that MHC-IIBF17 was used as the substrate for PKC. $100A4, from 0.1 

UM to 16 uM, was pre-incubated with 5 uM MHC-IIB. Only the high concentrations of 

S100A4, 8 UM and 16 uM, showed an inhibitory effect. 

MHC-IIBF17 + + + + “ + 

S100A4 - + + + + + 

  

Figure 3.11. S100A4 inhibits the phosphorylation of MHC-IIBF17 by PKC. Five uM of 

MHC-IIBF17 was used as the substrate of PKC in each reaction. The MHC-IIAF17 was 

pre-incubated at room temperature for 40 min in the presence of 0.5 mM Ca”* with varying 

concentrations of S100A4, 0 uM (lane J), 0.1 UM (lane 2), 0.5 uM (lane 3), 2 uM (lane 4), 

8 UM (lane 5); 16 uM (lane 6). Arrow indicates phosphorylated MHC-IIBF17. 

3.2.6 | PKC phosphorylation of MHC-ITAF21 and IIBF17 influences their binding 

to S100A4 

To investigate whether the PKC phosphorylation of MHC-I[AF21 and MHC-IIBF17 has 

any influence on their binding to $100A4, two independent in vitro methods were 

employed: gel overlay assay and biosensor assay. 

3.2.6.1 Gel overlay assay 

In these experiments, the recombinant MHC-IIAF21 and MHC-IIBF17 fragments were 

first phosphorylated with PKC as described in Section 2.6.8 and then subjected to gel 

overlay assay. Phosphorylated MHC-IIAF21 proteins were subjected to electrophoresis in 

two SDS-PAGE gels and one was dried and exposed to X-ray film, the other was 

transferred to PVDF membrane. The membrane was overlaid with S100A4 and the binding 

of S100A4 to immobilised MHC-I[AF21 was detected by an anti-S100A4 antibody as 
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described in Section 2.6.6. The result shows that the phosphorylation was increased with 

increasing PKC in reactions and the binding of S100A4 to MHC-ITAF21 was gradually 

reduced with the increasing of MHC-IIAF21 phosphorylation (r= - 0.85, P<0.05) (Pearson 

Correlation in SPSS), suggesting that phosphorylation of MHC-ILAF21 by PKC reduced its 

ability to interact with S100A4. 
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Figure 3.12. Phosphorylation of MHC-IIAF21 with **P by PKC reduced its ability to 

interact with $100A4. Panel a: autoradiography of phosphorylated MHC-IIAF21 with 

varying amounts of PKC (from 0 to 30ng in a SOul reaction) at 30 °C for 15 min. Arrow 

indicates phosphorylated MHC-IIAF21. Panel b: The same samples of phosphorylated 

MHC-IIAF21 as those used in panel b were analysed by gel overlay assay with S100A4. 

The binding of $100A4 onto the MHC-IIAF21 was detected with anti-S100A4 antibody 

(DAKO). The arrow indicates the position of MHC-IIAF21. Panel c, the plot shows the 

relationship between MHC-IIAF21 phosphorylation by PKC and $100A4 binding from the 

data in panel a and b. 
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Figure 3.13. The effect of PKC phosphorylation of MHC-IIBF17 C-terminus on its ability 

to interact with S100A4. Panel a: autoradiography of PKC phosphorylation. Five ug of 

MHC-IIBF17 was used in each reaction and about 2ug was loaded on SDS-PAGE. The 

gel was dried and X-ray film was exposed for 4 h. Lanes 1-6 used different amount of PKC, 

from 0 to 30ng in each 501] reaction. Arrow indicates phosphorylated MHC-IIBF17. 

Panel b: same samples as that used in Panel a were analysed by gel overlay assay with 

S100A4. The binding of $100A4 was detected by anti-S 100A4 antibody (DAKO). The 

arrow indicates the position of MHC-IIBF17. Panel c, the plot shows the relationship 

between MHC-IIBF17 phosphorylation by PKC and $100A4 binding from the data in 

panel a and b. 
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When the experiments were repeated with MHC-IIBF17, the reduction of binding of 

S100A4 was not observed associated with the increase of MHC-IIBF17 phosphorylation (r 

= 0.02, p>0.05) (Pearson Correlation in SPSS) (Figure 3.13). 

3.2.6.2 Biosensor assay 

In these assays, the recombinant MHC-ITAF21 and MHC-IIBF17 were separately 

immobilized on to aminosilane surfaces. The binding of S100A4 to the immobilised 

MHC-IIAF21 and JIBF17 on the surfaces was analysed as described in Section 2.7.3. Then 

the immobilised MHC-I[AF21 and IIBF17 on the surfaces were phosphorylated with PKC 

as described in Section 2.6.8. The binding of S$100A4 to the surfaces after phosphorylation 

was analysed and compared with the binding before phosphorylation. The result shows 

that phosphorylation of MHC-IIAF21 by PKC reduced by about 30% its binding to 

S$100A4, but the phosphorylation of MHC-IIBF17 by PKC did not obviously reduce its 

binding to S100A4 (Figure 3.14). The mock phosphorylations without PKC of the 

MHC-IIAF21 and IIBF17 on the surfaces had no effect on the binding of S$100A4 (data not 

shown). 
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Figure 3.14 The effects of PKC phosphorylation of MHC-IAF21 and IIBF17 on their 

binding to $100A4 revealed by biosensor assay. MHC-ILAF21 and IIBF17 were 

immobilised onto the aminosilane surfaces and the PKC phosphorylation reactions were 

carried out on the surfaces. The binding of $100A4 to the immobilised MHC-IIAF21 

(column I and 2) and IIBF17 (column 3 and 4) were analysed before (column I and 3) and 

after (column 2 and 4) the phosphorylation. The extents calculated with Fastfit software 

were used to measure the binding changes before and after phosphorylation. The average 

extent before phosphorylation was designated as 100%. The values shown in this figure are 

the averages of three separate measurements + SD. 

3.2.7 §100A4 inhibits the sedimentation of MHC-ITAF21 but not MHC-IIBF17 

Since the $100A4 binding site partly overlaps the assembly site on the MHC II heavy chain 

(Figure 3.18), the binding of S100A4 may affect the self-assembly of MHC-IIAF21 and 

MHC- IIBF17. In these experiments, S100A4 was pre-incubated with MHC-IIAF21 or 

MHC-IIBF17 as described in Section 2.6.9.Then sedimentation assays were carried out. 

The results showed that S100A4, but not S100A1, inhibited sedimentation of MHC-IIAF21 

(Figure 3.15) in a Ca’* dependent manner. However, S100A4 showed no effect on the 

144



sedimentation of MHC-IIBF17 (Figure 3.15b). 

MHC-ITAF21 

    

- MHC-IIBF17 

Figure 3.15 Effects of S100A4 on the sedimentation of MHC-IIAF21 and MHC-IIBF17. 

Five uM MHC-IIAF21 (Panel a) and 5uM MHC-IIBF17 (Panel b) were preincubated with 

$100A4 or $100A1 in the presence or absence of Ca”* at 4°C for 8 h. MHC-IIAF17 (panel 

a) or MHC-IIBF17 (panel b) alone in the presence of 0.5 mM Ca” (lane 1), or in the 

absence of Ca* (lane 2); with 5 uM S100A1 in the presence of 0.5 mM Ca”*(lane 3); with 

5 uM $100A4 in the absence of Ca”* (lane 4); with 5uM $100A4 in the presence of 0.5 mM 

Ca** (lane 5); MHC-IIAF21 (Panel a) or MHCIIBF17 (Panel b) alone without 

centrifugation (lane 6). Then the mixtures were incubated in bundling buffer (Section 2.6.9) 

at 4 °C overnight and centrifuged at 13,500 x g in a microcentrifuge for 30 min. Twenty ul 

of the resultant supernatant was analysed by SDS-PAGE. The MHC-IIAF21 and 

MHC-IIBF17 were detected by Western blotting using anti- MHC-IAF21 antibody (Panel 

a) and anti-His tag antibody (Panel b), respectively. 
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Figure 3.16 Dosage dependent effect of S100A4 on the sedimentation of MHC-IIBF17. 

Five uM of MHC-IIBF17 was pre-incubated at 4°C for 8 h with varying concentrations of 

S100A4, MHB only (lane 7), 0.25 uM S100A4 (lane 2), 1 uM S100A4 (lane 3), 4 uM 

§100A4 (lane 4), 8 UM S100A4 (lane 5), 16 UM S100A4 (lane 6), 4 uM S100A4 (lane 7), 

MHC-IBF17 alone without centrifugation (Jane 8). Except lane 7, in which MHC-IIBF17 

was pre-incubated in the absence of Ca’*, the remaining reactions were all carried out in the 

presence of 0.5mM Ca™*. The mixtures were then incubated overnight in bundling buffer 

(Section 2.6.9) at 4 °C. The mixtures were centrifuged at 13,500 x g for 30 min ina 

micro-centrifuge. Twenty 1] of the resultant supernatants were analysed on SDS-PAGE. 

The gel was stained with silver nitrate (Section 2.6.4) (panel a) or blotted to membrane 

(panel b) and the MHC-IIBF17 was detected by Western blotting with anti-His tag 

antibody. 
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To confirm the negative result with MHC-IIBF17, varying concentrations of S100A4 from 

0 to 16UM were preincubated with MHC-IIBF17 in the presence of 0.5mM CaCh. The 

MHC-IIBF17 remaining in the supernatant was detected both by silver staining (Figure 

3.16a) and by Western blotting with anti-His tag antibody (Figure 3.16b). The S100A4 

showed no effect on the sedimentation of MHC-IIB. For MHC-IIAF21 there is always a 

detectable amount of protein in the supernatant in the sedimentation experiment while the 

MHC-IBF17 could not be detected in the supernatants at all by silver staining or by 

Western blotting. The reason is not clear. 

3.2.8 Exploration of the interactions in vivo of S100A4 with MHC-IIA and 

MHC-IIB using the yeast two-hybrid system 

The experiments described above were all carried out in vitro thus the yeast two-hybrid 

system was used to explore the interaction of $100A4 with MHC-IIA and IIB in vivo. 

3.2.8.1 Constructs used in this work 

BD constructs in pBD-GAL4 Cam vector (bait), 

PBD-S100A4 (full length of human $100A4 fused with GAL4 BD). 

PBD-MHC-IIBc823 ( C-terminal 823 amino acids (aa) of MHC-IIA fused with GAL4 BD). 

PBD-MHC-IIAc105 (C-terminal 105 aa of MHC-IIA fused with GAL4 BD). 

PBD-MHC-IIBe115 (C-terminal 115 aa of MHC-IIB fused with GAL4 BD). 

AD constructs in pAD-GAL4-2.1 vector (prey) 

pAD-S100A4 (full length of human $100A4 fused with GAL4 AD), 

pAD-MHC-IIBc823 ( C-terminal 823 aa of MHC-IIB fused with GAL4 AD) 

pAD-MHC-IIBe204 (C-terminal 204 aa of MHC-IIB fused with GAL4 AD). 

pAD-MHC-IBce115 (C-terminal 115 aa of MHC-IIB fused with GAL4 AD). 

pAD-MHC-IIBc72 (C-terminal 72 aa of MHC-IIB fused with GAL4 AD). 

pAD-MHC-IIAc105 (C-terminal 105 aa of MHC-IIA fused with GAL4 AD). 

LexA (bait) and pYES-trp2 (prey) constructs for LexA-B42 yeast two-hybrid system 

LexA-S100A4 (full length of human $100A4 fused with LexA) 

LexA-MHC-IIBcel115 (C-terminal 115 aa of MHC-IIB fused with LexA 

LexA-MHC-IIAc105 (C-terminal 105 aa of MHC-IIA fused with LexA) 

YES-S100A4 (full length of homan $100A4 fused with B42) 

YES-MHC-IIBc115 (C-terminal 115 aa of MHC-IB fused with B42) 

YES-MHC-IIAc105 (C-terminal 105 aa of MHC-IIA fused with B42) 
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3.2.8.2 MHC-IIA, MHC-IIB and S100A4 are self-associated in yeast cells. 

In the yeast two-hybrid system, constructs yielding proteins containing 105 amino acids at 

the C-terminus of MHC-IIA were shown to self-associate. Similarly, constructs containing 

823, 204 or 115 amino acids from the C-terminus of MHC-IIB were also shown to 

self-associate (Table 3.2). However, a construct containing 72 amino acids failed to 

associate with a construct yielding protein containing the C-terminal 115 amino acids of 

MHC-IIBB, suggesting that the self-association of MHC-IIB requires a certain length of 

helical region (Table 3.2). 

The $100A4 self associates in the yeast two-hybrid systems (Table 3.2) although the 

interaction signal (reporter gene expression) is not as strong as that of the self-association 

of MHC-IIA or MHC-IIB based on the intensity of the colour in lift assay. 
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Table 3.2 Self-associations of MHC-IIA, IIB and S100A4, and the interactions of $100A4 

with MHC-IIA or IIB in yeast two-hybrid systems 

Bait Prey Growth* B-galactosidase activity” 

pBDMHC-IIBc823 

pBD-MHC-IIBe115 

pBD-MHC-IIBe115 

pBD-MHC-IAc105 

LexA-MHC-IIBel 15 

LexA-MHC-IIAc105 

pBD-S100A4 

LexA-S100A4 

pBD-S100A4 

pBD-S100A4 

pBD-S100A4 

pBD-S100A4 

pBD-S100A4 

pBD-MHC-IIBc823 

pBD-MHC-IBe115 

pBD-MHC-IBe115 

pBD-MHC-IAc105 

LexA-S100A4 

LexA-S100A4 

LexA-MHC-IIBe115 

LexA-MHC-IIAc105 

pBD-MHC-IBc823 

pBD-MHC-IIBe115 

pBD-MHC-IIBel 15 

pBD-MHC-IIAc105 

LexA-MHC-IIBc115 

LexA-MHC-IAc105 

pBD-S100A4 

LexA-S100A4 

pAD-MHC-IIBc823 

pAD-MHC-IIBe115 

pAD-MHC-IIBc72 

pAD-MHC-IIAc105 

YES-MHC-IIBe115 

YES-MHC-ITAc105 

pAD-S100A4 

YES-S100A4 

pAD-MHC-IIBc823 

PAD-MHC-IIBc204 

pAD-MHC-IIBe1 15 

pAD-MHC-IIBc72 

pAD-MHC-IIAc105 

pAD-S100A4 

pAD-S100A4 

pAD-S100A4 

pAD-S100A4 

YES-MHC-IIBe115 

YES-MHC-IIAc105 

YES-S100A4 

YES-S100A4 

pAD-MHC-IIBc823 

PAD-MHC-IIBc204 

pAD-MHC-IIAc105 

pAD-MHC-IIBe72 

YES-MHC-IBel 15 

YES-MHC-IIAc105 

in His’ plate 
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pAD-S100A4 +++ - 

YES-S100A4 eee - 
  

a. The growth of transfected yeast with Bait and/or Prey vectors in selective 

plate (His-). +++: Grows well. +: Only a few tiny clones grow. 

b. The lift assay was carried out as described in Section 2.4.3. The intensity 

and speed of the development of the blue colour developed in most of 

clones are grouped as: -, no blue colour developed within 16 h. ++: blue 

colour developed within 16 h, +++: blue colour developed within 3 h and 

very intense. 

c. +++** indicates that the yeast grows in selective plates with sufficient 

histidine. 
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Table 3.3. MHC-IIA/IIB constructs and their self-associations/interactions 

with S100A4 in yeast two-hybrid systems 

MHC-IIB/IIA Diagram* Self Interaction 

constructs and length association” | with S100A4° 

(amino acid) 

MHC-IIBe 823 

MHC-IIBc 204 

MHC-IIBe 115 

MHC-IIBc 72 

MHC-IIAc 

  

a. The diagram of MHC-IIA and IIB C-terminal region. Blocks in blue and green 

represent the assembly site and blocks in yellow and green represent the S100A4 

binding site. Block in green is the overlapped region of the assembly site and the 

S100A4 binding site. 

b. MHC-IIB self-association or MHC-IIA self-association in yeast determined by lift 

assay. 

c. The interaction of each MHC-IIA or IIB C-terminal fragment with wild type S100A4 in 

yeast determined by lift assay. 
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3.2.8.3 S100A4 does not interact with MHC-IIA or IIB in the yeast two-hybrid 

system 

To check the interaction of $100A4 with non-muscle myosins in vivo, a construct 

containing the C-terminal 823 amino acids of MHC-IIB in the Gal4 BD-AD system was 

first used. However, no interactions were detected in this experiment. The first factor that 

might cause this negative result was the rod structure of MHC-IIB, as it might prevent the 

close interaction of the DNA binding and activation domains in the yeast two-hybrid 

system. Thus, constructs containing 204, 115 and 72 amino acids of MHC-IIB C-terminus 

were generated but none of them was shown to interact with $100A4 (Table 3.2 and 3.3). 

The MHC-IIA containing 105 C-terminal amino acids did not interact with S100A4 either. 

The fact that the 105 and 115 or 72 amino acids C-terminal fragments of MHC-IIA and IIB, 

which contains a very short rod region, also failed to interact, suggests that the rod shape of 

MHC-IIA or IIB is not the cause of the negative results. In order to rule out the second 

possibility that this negative result was due to a specific property of the Gal4 yeast 

two-hybrid system, the experiments were repeated using the LexA-B42 yeast two-hybrid 

system and §100A4 did not interact with MHC-IIA containing C-terminal 105 amino acids 

nor MHC-IIB containing C-terminal 115 amino acids in the system (Table 3.2). 

The third factor that might be important is that the low level of free Ca** in yeast might be 

insufficient to support a calcium-dependent binding phenomenon. To test this possibility, a 

mutant yeast strain, K610 with the pmr1 null mutation, was used. The PMR1 gene is a 

member of a Ca’* ATPase family (Rudolph ef al., 1989), which serves as a Ca** pump in 

the Golgi and Golgi-like membranes to maintain the homeostasis of ions. It was found that 

exposure to moderately high Ca** concentrations led to elevated levels of Ca** in cells of 

pmrl null mutant, in comparison with cells of wild type (Halachmi & Eilam 1996). The 

highest cytosolic free Ca’* that has been observed is about 1500nM. 

In this thesis, the K610 strain was transfected with a yeast two-hybrid reporter plasmid, 

pSH18-34 (Invitrogen), which has 8 LexA operator sites upstream of the lacZ reporter gene. 
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When bait and prey proteins bind, the LexA and B42 are brought together and then the 

transcription of LacZ reporter gene is triggered. Stable transformants were selected by 

URAS3 marker after transformation of K610 strain with pSH18-34 and was used in the 

LexA-B42 yeast two-hybrid system. Although, the interactions of S100A4 with MHC-IIA 

or IIB were detected using the system (data not shown), no conclusion can be made without 

a full characterization of the system, which needs to be done in the near future. 

3.3 Discussion 

S100A4 binding site, assembly site, and PKC phosphorylation site are all mapped to their 

C-terminus of MHC-IIA and IIB (Kriajevska et al., 1998; Mitsuo, et al., 2001). Since it is 

much more convenient to use C-terminal fragments than the large and less soluble 

MHC-IIA and MHC-IIB whole molecules (Niederman & Pollard 1975) for in vitro assays, 

the recombinant C-terminal tails of MHC-IIA and MHC-IB, named MHC-IIACF21 (21 

kDa fragment) and MHC-IIBCF17 (17kDa fragment), which contain the functional sites 

listed above, were produced for the binding, PKC phosphorylation, and sedimentation 

assays. The protein sequences of MHC-IIAF21 and MHC-IIBF17, along with the 

functional sites indicated, are shown in Figure 3.18. 
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MHCIIA(HUMAN)1812 LEAKIAQLEEQLDNETKERQAACKQVRRTEKK 

MHCIIB (HUMAN) 1863 

LKDVLLQOVDDERRNAEQYKDOQADKASTRLKOLKROLEEAEEEAQRANASRR 

RHADOQYKEQMEKANARMKOLKROLEEAEEEATRANASRR 

Bundling domain S100A4 binding site 

1917 

I VSN = GDL. P FV PRRMARKGAGDGSDE 
QLHLEGAS 

1924 

helical 

EVDGKADGAEAKPAE* 1961 

LELSDDDTESKTSDVNETQPPOSE*1977 

1939   
Figure 3.18. The assembly site, S100A4 binding site and PKC phosphorylation site in 

MHC-IIA and IIB. S100A4 binding site (29 amino acids) is highlighted in yellow and 

green. Assembly site (28 amino acids), which is essential for myosin self-assembly and 

filament formation, is highlighted in blue and green. The green region is the overlapped 

region of S100A4 binding site and the assembly site. The possible PKC phosphorylation 

sites (S1917 in MHC-IIA and $1939 in MHC-IIB) are in red. The up-right arrow indicates 

the boundary of the helical domain and non-helical tail. The S100A4 binding site is located 

on the junction of the helical domain and non-helical tail. The assembly site is located in 

the C-terminal end of the rod region of MHC-IIA and IIB. 

Both MHC-ITAF21 and MHC-IIBF17 are soluble in buffers with NaCl concentration over 

0.3M. Both fragments can be phosphorylated by PKC in normal reaction conditions 

suggested by the supplier of PKC. Both fragments are shown to be able to bind to S100A4 

and both fragments can self-assembly in Bundling Buffer (Section 2.6.9) with 100mM 

NaCl and 2.5 mM MgCh. Therefore these fragments are suitable to substitute for MHC-IIA 
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and IIB for the experiments carried out in this project. Murakami (Murakami, ef al., 2000) 

used the C-terminal MHC-IIA (46kDa) and MHC-IIB (47kDa) for bundling and 

phosphorylation experiments in vitro. Although these fragments are longer than the 

fragments used in this project, the results from the different lengths of myosin II fragments 

are very similar, which will be discussed later. Similar results were also reported using the 

full length of MHC-IIA. For example, $100A4 was shown to bind to and inhibit the PKC 

phosphorylation of full length of MHC-IIA (Ford ef al., 1997). Therefore, the short 

fragments, MHC-IIAF21 and MHC-IBF17, may well represent the whole molecules for 

the functional assays employed in this work. 

In this study, $100A4 has been shown to bind to both MHC-IIAF21 and IIBF17. Although 

the binding of S100A4 to MHC-IIA was already reported (Kriajevska et al., 1994), this is 

the first time that the binding of S100A4 to MHC-IIB has been studied in detail in vitro. In 

gel overlay experiments, S100A4 was shown to bind more strongly to MHC-IIAF21 than 

that to MHC-IIBF17, but the binding strengths are not fully quantifiable using this 

technique. Their binding affinities were determined in the biosensor assays. $100A4 

showed a 10-fold faster binding to MHC-IIAF21 than to MHC-IIBF17 in the presence of 

0.5mM Ca**. Moreover, the interaction between S100A4 and MHC-IIAF21 is more 

sensitive to added Ca”* in the concentration range of 5uM to 0.5mM than that between 

S100A4 and MHC-IIB as shown in the biosensor assay. Although the effective range of 

Ca’* in the assay is over the physiological range of cytosolic free Ca’*, which is about 

100nM to 500nM in mammalian cells, the possibility exists that higher local Ca** level 

upon stimuli may appear in some cells. Therefore, the effect of Ca’* on the interactions of 

S100A4 with MHC-IIA and IB may occur in vivo. Further investigation needs to be carried 

out in the future. 

S100A4 does bind to MHC-IIB with a Kd = 4-6 uM. However, it is still unknown what is 

the molar concentration of S100A4 in different breast cancer cell lines and S100A4 

transfected cell lines. Therefore it is difficult to predict if the interaction of $100A4 with 

MHC-IIA and MHC-IIB occurs in physiological or pathological conditions in cells. Further 
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studies will need to be carried out to determine the concentrations of S100A4 in different © 

cell lines and to directly show that these interactions occur in vivo. As MHC-IIB was shown 

to have a tumour suppressive effect (Yam et al., 2001), the binding of S100A4 to MHC-IB, 

if it occurs in vivo, may be a key link to tumour progression. In addition, the 

S100A4-induced metastasis only occurs when $100A4 was greatly up-regulated in cell 

lines. Therefore the lower affinity binding of S100A4 to MHC-IIB may play a more 

important role in tumour metastasis than its binding to MHC-IIA in carcinoma cells with 

very high levels of S100A4. 

In this work, S100A4 has been shown to inhibit the phosphorylation of MHC-IIAF21 ina 

dose dependent manner and this result is the same as reported previously (Kriajevska et al., 

1998). In contrast, S100A4 at the same concentrations has much less effect on the PKC 

phosphorylation of MHC-IIBF17 than that of MHC-IIAF21. Only a very high 

concentration of $100A4 could affect the PKC phosphorylation of MHC-IIBF17. 

The PKC phosphorylation site on human platelet myosin was mapped previously to 

Serine-1917 (Conti et al., 1991;Kriajevska et al., 1998) (Figure 3.18), which is within the 

S100A4 binding site of the MHC-IIAF21 fragment. Although the PKC phosphorylation 

site(s) in human MHC-IIBB is not clear, the mapping on rabbit MHC-IIB by Murakami and 

his colleagues (Murakami ef al., 1998) could be helpful in predicting the possible site(s) on 

human MHC-IIBF17. On rabbit MHC-IIB’, a closer isoform to haman MHC-IIB than 

rabbit MHC-IIB®, PKC only phosphorylated serine, but not threonine residues. PKC 

phosphorylation sites in rabbit MIB’ were mapped to a region containing a cluster of 

serine residues near the predicted junction of the helical and nonhelical domains: 

P-I-S(PO4)-F-S(PO4)-S(PO4)-S(PO4)-R-S(PO4)-. It was reported from quantitative data 

that out of these five potential PKC sites, only one site seemed to be phosphorylated per 

peptide (Murakami er al., 1998). As outlined before, the MHC-IIBF17 is similar to rabbit 

MUB’ in amino acid sequence and the predicted PKC phosphorylation sites are identical 

between human MHC-IIB and rabbit MIIB*. If only one site can be phosphorylated, 

PhosphoBase v2.0 predicts it to be Ser-1939 (-P-I-S-F-S-S(P04)-S-R-S-) in human 
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MHC-IB. 

There is not a PKC phosphorylation site in MHC-IIA corresponding to the Ser-1939 in 

MHC-IIB and the corresponding site in MHC-IIB to the site Ser-1917 in MHC-IA is 

threonine (Thr-1924) instead of serine. In this case, the MHC-IIB is different from 

MHC-IIA. According to a previous report (Murakami et al., 1998) that no threonine is 

phosphorylated in rabbit MHC-IIB, Thr-1924 in human MHC-IIB may not be 

phosphorylated by PKC. Although a detailed peptide mapping of the PKC phosphorylation 

sites in human MHC-IIB has not been carried out yet, it is highly probable that PKC 

phosphorylates different sites in human MHC-IIA and MHC-IB. 

Both Ser-1917 in MHC-IIA and Ser-1939 in MHC-IB are within the $100A4 binding 

region predicted by alignment with the S100A4 binding site in MHC-IIA (Figure 3.18) so 

§100A4 binding may compete with PKC for binding to the sites and thus inhibit the 

phosphorylation. The fact that S100A4 has a stronger effect on PKC phosphorylation of 

MHC-IIA than that of MHC-IIB is consistent with the fact that S100A4 has a much higher 

affinity with MHC-IIA than that with MHC-IB. This argument supports a competition 

model. Therefore, another question has been raised: does the phosphorylation of MHC-IA 

and MHC-IIB by PKC affect their binding to $100A4? To answer this question, the binding 

of S100A4 to pre-phosphorylated MHC-IIA and MHC-IIB was analysed using gel overlay 

experiment and an optical biosensor. 

The results show that PKC phosphorylation of MHC-IIAF21 did reduce the $S100A4 

binding in both experiments. In a biosensor assay, the S100A4 binding to the immobilised 

MHC-IIA was reduced about 30% after PKC phosphorylation (Figure 4.5). However, 

phosphorylation of MHC-IIBF17 by PKC showed no obvious effect on its binding to 

S100A4 in both gel overlay experiment and biosensor assay. The different results from 

MHC-IIAF21 and IBF17 may be explained by the sequence alignment of the two peptides 

(Figure 3.18). The PKC phosphorylation site, Ser-1917 in MHC-IIA is within the 

conserved region of $100A4 binding site. Therefore the addition of a phosphate group may 

157



cause enough change to affect the binding of S100A4. However, the 5 potential PKC 

phosphorylation sites, including Ser-1939, in MHC-IIB (Murakami et al., 1998) are located 

in the non-conserved region of S100A4 binding site based on the sequence alignment of 

MHC-IIA and IIB (Figure 3.18), so phosphorylation of Ser 1939 may not be sufficient to 

affect the binding of S100A4. 

The binding of S100A4 also showed differential effects on the self-assembly of 

MHC-IIAF21 and MHC-IIBF17. The binding of S100A4 inhibited the self-assembly of 

MHC-IIA filaments in calcium dependent manner. However, the binding of $100A4 did not 

reduce the self-assembly of MHC-IIBF17. This result is same as a previous report 

(Murakami et al., 2000). The assembly sites for both MHC-IIA and MHC-IIB self-assembly 

are highly conserved between the two isoforms and both located at C-terminal ends and 

overlap the $100A4 binding sites (Figure 3.18). The binding of S100A4 may change the 

conformation of the C-terminal tails and block the process of self-assembly. As the affinity of 

S100A4 to MHC-IIB is lower, and probably much lower than that of self-assembly of 

MHC-IIB in low salt condition, so S100A4 could not compete for the shared site with 

MHC-IIB itself and thus had no effect on the self-assembly of MHC-IB. These differential 

effects of S100A4 on MHC-IIA and IIB in vitro suggest that the two isoforms of non-muscle 

myosins might be modulated by $100A4 in vivo in a very different way. 

There is, however, no direct evidence to show that S100A4 interacts with either 

MHC-IAF21 or IIBF17 in vivo. Although, the co-immunoprecipitation and co-localization 

of MHC-IIAF21 and $100A4 were reported, these experiments have their limitations and 

cannot fully represent the interaction in vivo because immuno-precipitation might 

precipitate a complex, which formed after cell lysis, and co-localization does not indicate 

direct molecular interactions. As the yeast two-hybrid system is a simple method to test 

protein-protein interaction in vivo, it was used to detect the interactions between S$100A4 

and MHC-IIA or MHC-IIB. However, $100A4 does not interact with MHC-ITAF21 and 

IIBF17in two separate yeast two-hybrid systems (Table 3.1), although the S100A4 

self-association and MHC-IIA or IIB self-assembly were well detected in the same 
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conditions. The reason why S100A4 could interact with MHC-IIA and IB in many 

experiments in vitro but not in the yeast two-hybrid assay is not clear. It is unlikely that the 

rod shape of myosin is responsible for the negative results in yeast two-hybrid system 

because no interaction occurs even when the short constructs that do not have rod region 

were used. The low Ca”* concentration in yeast may be the major reason for the negative 

results. The interactions of S100A4 with MHC-ITAF21 and IIBF17 in vitro are Ca** 

independent but are sensitive to added Ca”*. In most experiments, 500M Ca”™* was used. In 

biosensor assays, the Ca”* started to have an effect on binding at the concentration of 4-6 

uM (data not shown) and obtained maximum effect at about 500UM. However, in yeast, 

the cytosolic free Ca”* is only in the range of 50nM to 200nM. In most situations, the 

nuclear Ca”* changes follow the Ca”* changes in cytosol although the Ca”* changes in 

nucleoplasm and open are different upon some stimuli (Lin ef al., 1994;Badminton ef 

al., 1996). Therefore, there is the possibility that the nuclear Ca”* in yeast could be too low 

to support the calcium-sensitive interaction of S100A4 with MHC-ITAF21 or IIBF17 and 

no detectable reporter gene product (beta-galactosidase) was produced in the assay. 

Although some preliminary results from the yeast two-hybrid system with nmr1 mutant 

yeast support the hypothesis, this question is still left open because the system has not been 

fully validated yet. Alternative means to detect interactions in vivo are the mammalian 

two-hybrid system, and fluorescence resonance energy transfer (FRET). However, these 

techniques are beyond the scope of this thesis. 
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Chapter Four 

Interaction of S100A4 with S100A1 

4.1 Introduction 

Since $100A4 has been shown to play an important role in tumour metastasis, it is very 

important to fully understand the mechanism of S100A4 in this process. One of the 

approaches has been to find possible target proteins of S100A4. As outlined earlier, 

$100A4 was shown to interact with number of proteins, such as MHC-IIA and IIB, actin, 

tropomysin, p53, (Kriajevska et al., 1994;Takenaga et al., 1994c;Ford & Zain 1995; 

Grigorian ef al., 2001) and most recently, the metastasis-associated protein II (MetAP2) 

(Endo et al., 2002) all in vitro. In this project, the yeast two-hybrid system was employed to 

screen a yeast two-hybrid library of breast cancer cells in order to identify interacting 

partners of $100A4 in vivo. Unexpectedly, $100A4 was found to interact with S100A1 

(Wang ef al., 2000). The nature of the interaction, the co-expression and co-localization of 

S100A4 with S100A1 is now reported. 

4.2 Results 

4.2.1 Yeast two-hybrid screen 

More than 2 x 10° yeast cell transformants from a yeast two-hybrid cDNA library, constructed 

from mRNA isolated from a human breast cancer specimen, were transfected with the S100A4 

(p9Ka) cDNA bait vector. Target plasmids were recovered from 14 independent blue colonies, 

and purified plasmid DNAs were co-transformed individually into L40 yeast cells along with the 

S100A4 (p9Ka) bait plasmid. Reisolation of plasmid DNA and cotransformation were repeated 

serially three times, during which only four colonies showed the blue colour in lift assay oneach 

occasion. Plasmid DNA was isolated from these four transformants, and the nucleotide 

sequences of the cDNAs in the target vectors were determined. The sequence of each of the four 

target plasmids was precisely that of human S$100A1. The four colonies containing both the 
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$100A4 bait and S100A1 prey plasmids exhibited B-galactosidase activities that were 20-70-fold 

higher than colonies containing only bait plasmid or only a prey plasmid (Figure 4.1). However, 

the prey constructs in the library (Invitrogen) contained an additional 19 amino acids 

(AICPEPAPTSGPGQPCTAA) of protein sequence inserted between the B42 activating domain 

and the N-terminus of the target protein. To rule out the possibility that this extra sequence might 

be interacting directly with the S100A4 protein, the extra sequence was deleted from one of the 

isolated target clones. L40 strain yeast transformants containing both the pYESTrp2ExS100A1 

prey construct, bearing the deletion, and the S100A4 bait construct LexA-S100A4, yielded ablue 

colour within 3 h in the lift assay, and the B-galactosidase activity of the deleted clone was greater 

than that of the original clone containing the additional 19 amino acids insert (data not shown). 

Thus, the B-galactosidase activity was not caused by the presence of these additional amino acids 

at the NH> terminus of the cloned $100A1 protein in the yeast cells from the breast cancer library. 

The above experiments suggest that, at least in yeast cells, S100A4 can interact in a heterologous 

manner with S1O0OAI1. 
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Figure 4.1 B-Galactosidase activities of yeast clones bearing S$100A4 bait and/or target vectors 

isolated from the breast cancer two-hybrid library. Clones of yeast strain L40 were transformed 

with the DNA constructs indicated below, grown up, and B-galactosidase activity determined in 

Miller units as described under in section 2.4.4. column 1, bait plasmid LexA-S100A4 alone; 

columns 2-5, each of four recovered target plasmids, alone; column 6, bait vector, LexA-S100A4, 

and target vector pYESTrp2 without insert; columns 7-12, bait vector LexA-S100A4 and each of 

six recovered target vectors, A-F, four of which contained $100A1 cDNA (columns 7-10). 
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4.2.2 Point mutation disrupts the heterodimerisation of S100A4 and S100A1 in 

yeast 

Two single nucleotide point mutations of the S100A4 cDNA were generated which yielded 

amino acid substitutions in residues involved in the dimer interface reported previously for 

S100A6 (Potts et al., 1995b). These changes, which resulted in conversion of phenylalanine 

72 and tyrosine 75 of the S100A4 protein sequence to glutamine, individually fully (Phe-72), or 

partially (Tyr-75), disrupted S100A4 dimer formation with wt $100A4 in the yeast two-hybrid 

system (not shown). Bait plasmids containing cDNAs bearing either of these mutations 

completely failed to yield blue colonies when co-transfected withS100A1 prey plasmids under 

the same conditions that yielded blue colonies within 6 h when un-mutated $100A4 was used. 

These specific mutations individually abolished the interaction between S100A4 and S100A1 in 

the yeast cells as determined by B-galactosidase activity (Figure 4.2). The mutation, F15A in 

S100A1 disrupted both $100A1 homodimerisation and the heterodimerisation with S100A4 

(Figure 4.2). The B-galactosidase activity produced by S100A4wt/S100A1wt interaction is 

similar to that produced by $100A1/S100A1 interaction in yeast. 
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Figure 4.2 B-Galactosidase activities of yeast clones bearing S100A4 and $100A1 mutants. 

LexA-S100A4wt and YESTrp2-S100A1wt (column /); LexA-S100A4wt and YESTrp2 vector 

(column 2); LexA vector and YESTrp2-S100A1wt (column 3); LexA-S100A4 F72Q mutation 

and YESTrp2-S100A1wt (column 4); LexA-S100A4 Y75Q mutation and YESTrp2-S100A1wt 

(column 5); column 6, YESTrp2-S100A1wt alone; LexA-S100A4wt alone (column 7); bait 

LexA-S100A1wt and YESTrp2-S100A1wt (column 8); LexA-S100A1F15A and 

YESTrp2-S100A1wt (column 9); LexA-S100A1F15A and YESTrp2-S 100A4wt (column 10). 

The means + S.D. of at least three experiments are shown. 

4.2.3 S100A4 prefers to form heterodimer with S100A1 in the yeast two-hybrid 
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system 

To show that the interaction between S100A4 and S100A1 was specific, interactions of 

S$100A1/S100A1 (bait/prey), S100A4/S100A1, S100A4/S100A4, S100A4/S100P, 

S$100A4/S100A2 and $100A4/ pYEStrp2 vector were tested using the yeast two-hybrid system 

(Figure 4.3). The B-galactosidase activities were measured (Section 2.4.4) and used to represent 

the telative strength of interaction of each pair of fusion proteins. In order to reveal that the 

various levels of B-galactosidase activities are of statistical significance, the non-paired f test 

(using SPSS software) was employed (Table 4.1). The B-galactosidase activities from the yeast 

cells expressing $100A4/S100A1 fusion proteins are significantly higher than that of S100A4/ 

$100A4 (p<0.01) S100A4/S100A2 (p<0.01) and $100A4/S100P (p<0.01) but shows no 

significant difference from that of S100A1/S100A1 (p>0.05) in the yeast two-hybrid system 

(Table 4.1), indicating stronger interactions of S100A1/S100A1, S1O0A1/S100A4 occurred in 

yeast cells. These results suggest that S100A4 might preferentially bind to S100A1 at least in the 

fusion forms in yeast. 
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Figure 4.3. Comparison of B-galactosidase activities produced by the interactions of S100A4 

with S100A1, S100A4, S100P and S100A2 in yeast. LexA-S100A1wt + 

YESTrp2-S100A1wt (column 1), LexA-S100A4wt + YESTrp2-S100A1wt (column 2); 

LexA-S100A4wt + YESTrp2-S100A4wt (column 3); LexA-S100A4wt + 

YESTrp2-S100Pwt (column 4), LexA-S100A4wt + YESTrp2-S100A2wt (column 5); 

LexA-S100A4wt + YESTrp2 vector (column 6). 
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Table 4.1 The statistical analysis of the interactions of S100A4 with other $100 proteins in 

yeast two-hybrid system 

Bait Prey B-galactosidase activities 

Means + SD* (Miller units) 

LexA-S100Al1wt YESTrp2-S100A1wt 6.23 +2.21- 

LexA-S100A4wt YESTrp2-S100Alwt | 5.78+1.82° 

LexA-S100A4wt YESTrp2-S100A4wt | 0,99+0.45° 

LexA-S100A4wt YESTrp2-S 100Pwt 0.87+ 0.54 

LexA-S100A4wt YESTrp2-S100A2wt | 0.23+0.12° 

LexA-S100A4wt YESTrp2 0.14+ 0.11 

     
    

        
      

d. Means and SD calculated form more than 6 samples from at least two 

individual experiments. Non-paired f test (in SPSS software) was used for 

the statistical analysis. 

e. The B-galactosidase activity in the $100A1/S100A1-containing yeast cells 

is significantly higher than that in $100A4/S100A2, or S100A4/S100A4, 

or S100A4/S100P containing yeast cells (p<0.01) but has no significant 

difference from that in $100A1/S100A4-containing yeast cells (p>0.05). 

f. The B-galactosidase activity in S100A1/S100A4-containing yeast cells is 

significantly higher than that in S100A4/S100A2, S100A4/S100A4 and 

S$100A4/S100P-containing yeast cells (p<0.01). 

g. The B-galactosidase activity in S100A4/S100A4-containing yeast cells is 

significantly higher than that in S100A4/S100A2-containing yeast cells 

(p<0.05) but has not significantly different from that in 

S100A4/S100P-containing yeast cells (p>0.05). 

h. The B-galactosidase activity in S100A4/S100A2-containing yeast cells is 

not significantly different from that in the negative control 

(S100A4/control vector) (p>0.05). 

4.2.4 Interaction of S100A4 with S100A1 in vitro 

To confirm the interaction by methods in vitro, the recombinant proteins of S100A4, 
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S100A1, GST and GST-S100A1 were produced (Section 2.5.8). GST-pull down assays and 

gel overlay assays were employed, where anti-S100A4 was used. As S100A1 and $100A4 

are similar in protein sequence and 3D structure (Vallely et al., 2002; Rustandi et al., 2002), 

it is possible that the anti-body to one protein may cross react with the other. To role out the 

possibility and make the assays valid, the binding of anti-S100A4 to His-S100A1, GST, 

and GST-S100A1 recombinant proteins was checked by Western blotting (Figure 4.4). The 

results showed that the anti-S100A4 does not cross-react with S100A1, nor GST and 

GST-S100A1 fusion protein. In addition, anti-S100A1 does not cross-react with S$ 100A4 

recombinant protein. 
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Figure. 4.4. The specificity of antibodies directed against recombinant S100A1 and 

$100A4 proteins. Samples of proteins, 5 ug His-S100A1 (lane 1), 5 ug GST-S100A1 (lane 

2), 5 ug GST (lane 3), 5 ug S100A4 (lane 4), purified 5 ug His-S100A1 (Jane 5), 20 ug cell 

lysate with induced His-S100A1 (lane 6), 5 ug S100A4 (lane 7), and 5 ug GST-S100A1 

(lane 8) were subjected to SDS-PAGE and transferred to PVDF membranes. The 

membranes were incubated with rabbit polyclonal anti-S100A4 (left panel, lanes 1-4) or 

mouse monoclonal anti-S100A1 (right panel, lanes 5-8) and then with a second antibody 

that was detected in turn using the ECL system as described in Section 2.6.5. The lower 

band of $100A1 or S100A4 is the monomer and the upper band is an SDS-resistant 
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multimer arising from storage of the recombinant proteins. 

4.2.4.1 Interactions in vitro revealed by affinity chromatography (GST-pull down 

assay) 

To find out whether it is possible to detect interaction between S$100A4 and $100A1 in vitro, the 

GST-S100A1 fusion protein and the control GST were immobilized on Sepharose-glutathione 

columns. The interaction in vitro with recombinant $100A4 was detected by the retention of the 

§100A4 on the Sepharose-glutathione-GST-S100A1 column. After extensive washing, the 

bound proteins were eluted from the columns with excess glutathione, and the proteins in the 

resulting fractions were analysed by SDS-PAGE and Western blotting with anti-S100A4 

antibody. When a sample of recombinant $100A4 was passed through a column containing 

bound recombinant GST, no reduced glutathione-elutable $100A4 was retained on the column 

beyond the wash fraction (Figure. 4.5a). However, when the $100A4 was passed through a 

similar column but containing immobilized GST-S100A1 fusion protein, S100A4 was retained 

on the column, even after extensive washing with buffer, and was eluted, along with the 

GST-S100A1 fusion protein, with reduced glutathione. This result suggests strongly that S100A4 

can bind to GST-S100A1 fusion protein but not to the GST control in vitro. Exactly the same 

result was obtained when the experiment was carried out with a cell lysate of Escherichia coli 

BL-21 cells, which had been induced to produce $100A4 with IPTG (Figure. 4.5b). The 

interaction in vitro of purified recombinant GST-S100A1 with S100A4 (purified or non-purified) 

was detected in the presence of 0.5 mM calcium ions and could be reversed in the presence of 

1.0 mM EGTA (Figure. 4.5)). 

168



  

oa
t 

ar
 

wo
 

as
) aes
 

10
0%
 

ae
 

ey
 

we
 

   OSTSWOAT 2 4 kel : 

elim ‘e ss i ee ne re ee 

STS a “et Pa Se & “ee Ps “ae 

Fraction WE W EF W E W E Mr iys 

    
   

   
EI QOAéH 

Steam. 

Sake 

Staessen 

GSTSWOAT «= «= = & * * 4 
SST de he ee Ea “oe ae oe 00 

PT MW E PP PP mr E MW PT Ad 

  
169



Figure 4.5 Interaction between S100A4 and S100A1 in vitro. Recombinant GST (panels a and b, 

lanes 1,2, 5, and 6; panel c, lanes 1-4) or GST-S100A1 recombinant fusion protein (panels a and 

b, lanes 3, 4, 7, and 8; panel c, lanes 5, 7, 8, and 9) were purified and immobilized on 

glutathione-Sepharose columns. Either a bacterial extract containing recombinant S$ 100A4 

(panels a and b; shown in lane 10) or purified $100A4 (panel c; shown in lane 10) was passed 

through the columns using a Tris buffer (panels a and b) or a phosphate-buffered solution (panel 

c), as described in Section 2.6.7. In panels a and b, the buffer contained either calcium (Janes 1, 

2,7, and 8) or EGTA (lanes 3-6). The proteins that passed through the columns (designated PT) 

were collected (panel c, lanes 1 and 9). The columns were washed until no more protein was 

eluted, and the washes were either pooled (panel c, lanes 2 and 8, designated MW for mixed 

wash), or a final wash fraction was passed through (panels a and b, lanes 1, 3, 5, and 7, 

designated W). Proteins remaining bound to the columns were eluted, designated by E (panels a 

and b, lanes 2, 4, 6, and 8; panel c, lanes 3 and 7), as described in Section 2.6.7. Samples of the 

fractions were subjected to SDS-PAGE as described in Section 2.6.2 and a gel was stained (panel 

a) ot the proteins were transferred onto membranes (panels b and c). S100A4 was detected by a 

rabbit anti-S100A4, which did not cross-react with S100A1 (panels b and c). The molecular 

masses of marker proteins (panel a, lane 9, designated M,) are indicated in kDa alongside panel a. 

On panel c the markers on the original stained gel (lane 6, designated M,) are not visible on the 

autoradiograph but have been drawn in to indicate their position. On panel c, samples of pure 

proteins (PP) of the recombinant glutathione S-transferase (lane 4), the GST-S100A1 

recombinant fusion protein (Jane 5), and recombinant $100A4 (lane 10, designated A4) were 

also subjected to electrophoresis and Western blotting. m, monomeric; n, multimeric; n/a, not 

applicable. The multiple weak bands in panel a, lanes 4 and 8, arise from degradation of the 

GST-S100A1 fusion protein, and the apparent doublet for S100A4m in panel b is an overloading 

artefact. 
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4.2.4.2 Interaction revealed by gel overlay 

Interaction between S100A1 and S100A4 was demonstrated using a gel overlay technique with 

purified $100A1 and $100A4 proteins (Figure. 4.6). $100A4 protein binding to the proteins on 

the membrane was detected by anti-S100A4. The results showed that S100A4 could bind to both 

His-S100A1 and GST-S100A1, but not GST protein. 
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Figure. 4.6 Interaction in vitro between S100A1 and S100A4 using gel overlay. Purified 

recombinant proteins, His-S100A1 (lane 1), GST (lane 3), rat S100A4 (lane 4), 

GST-S100A1 (lane 5), GST (Jane 6), and human $100A4 (Jane 7) were separated by 

SDS-PAGE (15% (w/v)) and blotted onto PVDF membranes. The membranes were 

incubated with $100A4, and any binding of $100A4 was detected by anti-S100A4 (see 

Section 2.6.6). The banding pattern of molecular masses of markers in kDa is shown on the 

left side of the image. Lane 2 contained no protein. 

4.2.5 Binding affinities of S100A4 to S100A1 characterised by an optical biosensor 

The binding strengths of S100A1/S100A4 and $100A4/S100A4 detected in yeast 

two-hybrid system were represented by B-galactosidase activities and may not be 

proportional to their binding affinities. Moreover, the interactions detected in yeast 

two-hybrid system are the interactions of fusion proteins and their binding strength may be 

different from that of the native proteins. Therefore non-tagged S100A1 and S100A4 

recombinant proteins were produced and their binding affinities were detected using a 

biosensor. The binding properties of S100A4 to immobilised $100A4 and immobilised 

S100A1 were characterized by fast association kinetics (Section 2.7.3). In the presence of 
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0.5mM Ca”*, the association rate constant for the $100A4/S100A1 (homodimer) 

interaction (Kass = 0.20 + 0.03 x 10° M-1s-1) was slightly higher than that for the 

$100A4/S100A4 interaction (Kass = 0.12+ 0.01 x10° M-1s-1) (Table 4.2), indicating that 

the interaction of S100A4 with immobilized $100A1 is slightly faster than that with 

immobilized $100A4. The dissociation rate constant of S100A4 from $100A4 was similar 

to that of S100A4 from S$100A1 (Table 4.2). The affinity calculated from the kinetic 

parameter between S100A4 and S100A1 (Kd 300+ 60 nM) was similar to that between 

S100A4 and $100A4 (Kd 670+80nM). The Kd values calculated from the extents of 

binding observed at equilibrium were Kd 500 + 140nM for $100A4/S100A1 interaction 

and Kd 1,000 + 300nM for $100A4/S100A4 interaction, which are similar to these 

calculated from the kinetic binding parameters. 

The binding of $100A4 to immobilized $100A4 or S100A1 was always homogenous; there 

was no evidence for the presence of more than one binding site for S1O0A4 with 

immobilized $100A4 or S100A1. This result supports the monomer-monomer interaction 

model. Plots of kon against ligand concentrations yield straight lines in both 

S100A4/S100A4 (Figure 4.7a, r = 0.94) and $100A4/S100A1 (Figure 4.7b, r = 0.98) 

interactions. The binding of different concentrations of S100A4 to immobilized S100A1 or 

S100A4 were also plotted using FastPlot software (Figure 4.7c and d). 
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Table 4.2. Kinetics of S100A4 binding to immobilized S100A4 and S100A1 in the 

presence of 0.5mM CaCl, 

ass M-ls-1* |r Kdiss S-1° Kg nM Kg nM 

(kinetics) | (equilibrium) 

S100A4 0.12+0.01 x10° 0.008+0.0005 | 670 +80 1,000+300 

S100A1 0.20+0.03 x10° 0.006+0.001 | 300 +60 500+ 140 

Immobilised     
   

         
     

    

        

      

protein 

a.  TheS.E. of each determination of Kags is derived from the deviation of the data from 

a one-site binding model, calculated by matrix inversion using the FastFit software 

provided with the instrument. No evidence was found for a two-site model of 

association. 

b. The correlation coefficient of the linear regression through the ko, values used for 

obtaining Kass. 

C; The kgiss is the mean + S.E. of at least 6 values, obtained at different concentrations 

of S100A4. No evidence was found for a two-site model of dissociations 

d. The Kd (kinetics) was calculated from the ratio of kgiss/kass, and the S.E. is the 

combined S.E. of the two kinetic parameters. 

e. Kd (equilibrium) values were calculated from the extent of binding observed at five 

or more different concentrations of ligate in two independent experiments. The S.E. 

is the combined error of the two experiments. 
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Figure 4.7 Measurement of $100A4-S100A4 and $100A4-S100A1 interactions using an optical 

biosensor. The plot of the response (arc seconds) of different concentrations of S100A4 binding 

to the S100A1 surface (panel a) and S100A4 surface (panel c). The plot of kon against the 

concentration of ligand: $100A4 recombinant protein binding to S100A1 surface (panel b) and 

S100A4 surface (panel d). 

4.2.6 Calcium influence on the interaction of S100A4 and S100A1 

To investigate in more detail the influence of calcium ions on the interaction between S100A4 

and S100A1, the GST-S100A1 columns described above were utilized, with buffers containing 

between 0 and 1.0mM calcium ions or 0.5 and 1.0 mM EGTA. Interaction between S100A1 and 

S100A4 could be detected using the buffer with no added calcium; however, the amount of 

S100A4 retained on the Sepharose-glutathione-GST-S100A1 column increased as the 
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concentration of calcium in the buffer was increased (Figure. 4.8). 0.5 mM EGTA reduced the 

amount of $100A4 retained on the Sepharose-glutathione-GST-S100A1, and no detectable 

S100A4 was retained with 1.0 mM EGTA. These results suggest that although the interaction of 

$100A4 with S100A1 can occur in the presence of a low Ca”*ion concentration, high Ca”* can 

promote the interaction. However, a high concentration of EGTA creates conditions that reduce 

the retained $100A4 to an undetectable level. 

To quantify the Ca’* enhancements of the binding of S100A4 to $100A4 and $100A1, biosensor 

assays in the presence and absence of Ca”* were carried out. In Ca™* free buffer (with 501M 

EGTA), S100A4 can bind to both immobilised $100A4 and immobilised $100A1. However, in 

the presence of 0.5mM Ca”, the binding responses increased about 50-60 % relative to that in 

Ca** free buffer (Figure 4.9). 
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Figure. 4.8. Effect of calcium ions on the interaction in vitro between $100A4 and S100A1. 

GST-S100A1 fusion recombinant protein was purified and immobilized on 

glutathione-Sepharose beads. The beads were incubated at 4 °C overnight with $100A4 protein 

in Tris buffer containing no added CaCl, (Janes 1-3) or added CaCl to 0.1 mM (lanes 4, 5, and 7), 

0.5 mM (lanes 8-10), 1.0 mM (lanes 11-13) or EGTA added to 0.5 mM (lanes 14-16) or 1.0 mM 

(lanes 17-19). The mixtures were then applied to spun columns. After extensive washing, the 

GST-S100A1 was eluted from the beads with glutathione. The fractions, P (pass-through), W 

(last wash), and E (elute) were subjected to SDS-PAGE and Western blotting. The S100A4 that 

had been retained on the column was detected with anti-S100A4. The smear in the pass-through 

fractions arises from aggregation of the excess recombinant $100A4 protein. Molecular mass 

markers (M,) of standard proteins on the stained gel are shown in lanes 6 and 20. 
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Figure 4.9 The effects of Ca** on the binding of $100A4 to immobilised $100A4 and S100A1 in 

the biosensor assay. S100A4 and $100A1 were immobilised onto the aminosaline surfaces of the 

biosensor cells separately. Freshly thawed $100A4 in Pi buffer (Section 2.2.21) was used as the 

ligate in the assay. Each binding assay was repeated 4 times with the same reaction conditions. 

The extent from each cycle was calculated with the Fastfit software and average extent and 

standard deviation (panel a) was obtained using the computer programme Excel. The average 

extent in the absence of Ca”* was designated as 100% and the average extent in the presence of 

Ca?* were shown as the percentage (panel b) of that in the absence of Ca”*. $100A4 binds to 

immobilised S100A4 in the absence of Ca”* (columns 1) and in the presence of 0.5mM 

Ca?*(columns 2), and $100A4 binds to immobilised S100A1in the absence of Ca”™* (columns 3) 

and in the presence of 0.5mM Ca™*(columns 4). 

4.2.7. Co-expression of S100A4 and S100A1 in MDA-MB-231 cell line 

To find out whether S100A1 and $100A4 coexist in the same cells naturally, the presence 

of S1O0A1 mRNA was sought in breast tumour cell lines of known $100A4 status using a 

PCR-based assay. A correctly sized ethidium bromide-stained band of DNA on agarose 

gels was obtained following RT-PCR using human S 100A1-specific primers on RNA from 

human mammary cell lines, MCF-7, MDA-MB-231, and SKBr-3 (Figure. 4.10). The latter 

two cell lines have been shown previously to contain high levels of S100A4 mRNA. 

Sequencing of the PCR products confirmed that their sequences corresponded to the human 

S100A1 mRNA. No bands were obtained with any of the RNAs when RT-PCRs were 

carried out in the absence of the Superscript reverse transcriptase. Thus, the mRNAs for 
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both S100A1 and S100A4 were present in MDA-MB-231 and SKBr-3 cell lines. The 

presence of both S100A1 and S100A4 proteins in the same cells has also been shown by 

Western blotting (Figure. 4.11). 
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Figure. 4.10 Detection of mRNA for S100A1 in breast tumour cell lines. RNA from the 

malignant human breast cancer cloned cell lines, MCF-7 (lanes 3 and 4), SK-Br-3 (lanes 5 

and 6), and MDA-MB-231 cells (lanes 7 and 8) was subjected to RT-PCR (lanes 4, 6, and 8) 

or control amplification in which the reverse transcriptase was omitted (lanes 3, 5, and 7), 

using primers specific for human $100A1, as described in Section 2.3.14. A PCR reaction 

without template was also carried out (lane 2). The resulting PCR products were subjected 

to agarose gel electrophoresis along with molecular size markers (Jane 1), and the gel was 

stained with ethidium bromide. The image has been reversed. The band of S100A1 

amplification product is indicated by the arrow. 
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Figure. 4.11 Western blotting of S100A1 and $100A4 proteins in cell lines. Recombinant 

proteins His-S100A1 (lane 1, 15 wg and lane 2,2 wg), GST-S100A1 (lane 3,5 wg), and 

lysates from cell lines SK-Br-3 (lane 5, 40 wg) and MDA-MB-231 (lane 6, 40 wg) were 

separated by SDS-PAGE (15% (w/v)) and blotted onto PVDF membranes. The $100A1 

was detected by polyclonal anti-S100A1 (Section 2.6.5). Molecular weight markers are 

shown diagrammatically (lane 4), with their molecular masses indicated in kDa on the left 

side. 

4.2.8 Co-localisation of S100A4 and S100A1 

By dual labeling immunofluorescence on MDA-MB-231 cells, both S100A1 and S100A4 were 

localized to the perinuclear region and to the cytoskeleton, and the fluorescence of each could be 

removed by preincubating each antibody separately with its cognate, but not the other 

recombinant protein (Figure. 4.12). Superimposition of the staining shows their partial 

co-localization on stress fibres and in the perinuclear region. 
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Figure. 4.12 Immunofluorescent localization of S1IOOA1 and S100A4 in human mammary cells 

in culture. MDA-MB-231 cells were grown in chambered slides, fixed, and incubated with a 

mouse monoclonal anti-S100A1 and fluorescein isothiocyanate-conjugated anti-mouse IgG 

(panel A) or with a rabbit polyclonal anti-S100A4 and tetramethylrhodamine -isothiocyanate 

conjugated anti-rabbit IgG (panel C) (Section 2.8.6). Superimposition of the images in A and C 

indicates partial co-localization of the two S100A proteins around the nucleus and on stress 

fibres. Panels A-C and the phase-contrast image (panel B) are of the same field. bar = 20 um. 
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Figure. 4.13 Co-localization of S100A1 and S100A4 in Hela cells. HeLa cells were grown in 3.5 

cm culture dishes and transfected with pCDNA4-dsREDS 100A 1-GFPS100A4 plasmid. 24 h 

after transfection, the cells were examined under a confocal microscope. GFP-S100A4 (panel A), 

dsRED S100A1 (panel C). Superimposition of the images in A and C indicates partial 

colocalization of the two S100A proteins around the nucleus and in cytoplasm (panel D). Panel 

A, C, D and the phase-contrast image (panel B) are of the same field. 

The localisation of GFP-tagged human $100A1 and human $100A4 in HeLa cells (Figure 4.13) 

were very similar to the pattern observed by immunofluorescent staining (Figure 4.12). Both 

S100A4 (panel A) and S100A1 (panel C) fusion proteins were located in the peri-nuclear region. 

Superimposition of panels a and c showed co-localisation of S100A4 and S100A1 fusion 

proteins (panel D). This experiment confirmed the observations of the immunofluorescent 

staining with anti-S100A4 and anti-S100A1 and also ruled out the possibility of cross-reactions 
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of the antibodies used for immunofluorescent staining. 

4.3 Discussion 

S100A1 is the first $100 protein isolated from bovine brain in 1965 and has been 

extensively studied since then. The S100A1 gene is located in the same $100 gene cluster 

(human chromosome 1q21) (Ridinger ef al., 1998) as the S100A4 gene. Human S100A1 

protein has 93 amino acids with a typical structure of $100 proteins (Baudier ef al., 1986). 

Although it has been reported previously that both S100A1 and $100A4 form homodimeric 

forms (Tarabykina et al., 2001; Ig et al., 1996; Pedrocchi ef al., 1994), this is the first 

report of S100A4 interacting with S100A1. The interaction of S100A4 with S100A1 was 

found in yeast two-hybrid system and confirmed by experiments in vitro, including 

GST-pull down experiments and gel overlay assays. The Ca”* influence on the interaction 

was also investigated. Using the GST-pull down assay, the interaction was not 

Ca?*-dependent and could occur in the buffer with 0.5mM EGTA (a Ca”*-free 

environment). However, increasing the concentration of Ca”* in the reaction buffer 

dramatically promoted the binding of $100A4 to the GST-S100A1 fusion protein. In 

biosensor assays, the extents of the binding of $100A4 to immobilised S100A1 increased 

50-60% when the Ca”* in the buffer was changed from 0 (with 50UM EGTA) to 0.5mM. 

The result is similar to that observed in the interactions of S100B with S100A6 and 

S100A1, which are calcium-independent in co-immunoprecipitation experiments, and Ca™* 

only strengthens the interactions (Deloulme et al., 2000a). Using an optical biosensor, the 

Kd of $100A4 binding to immobilised $100A1 is about 300-500nM in the presence of 0.5 

mM Ca”*, which is similar to the Kd of $100A4 binding to immobilised $100A4, about 

700-1,000nM. 

In the screening of the yeast two-hybrid library constructed from a human breast cancer 

specimen (Invitrogen), only S100A1 was found to interact with the $100A4 bait. This 

could be because of the low Ca** environment in yeast, which was suitable for the 

Ca**-independent interactions but not for Ca’*-dependent interactions, such as the 
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interaction with MHC-IIA and IIB as discussed in Chapter 3. To explore if the way of 

interaction of $100A4/S100A1 is similar to that of the previously characterised 

homodimerisations of S100A1/S100A1 and S$100A4/S100A4 (Osterloh et al., 1998; 

Rustandi ef al., 2002; Tarabykina ef al., 2001; Vallely et al., 2002), S100A4 and S100A1 

molecules had been specifically mutated. The conserved amino acid residues, Y72 and 

Y75, were reported previously to be associated with the dimer interface of S100A6 

(calcyclin) (Potts et al., 1995a) and it was also shown in yeast two-hybrid system that these 

two conserved residues are important to the homodimerisation of S100A4. In this study, 

the mutation of Y72Q and Y75Q, which prevented $100A4 homodimerization in the yeast 

two-hybrid system, also prevented interaction of S100A4 with S100A1. The dimer 

interface of apo-mouse $100A4 (Ca’*-free state) defined by NMR involves residues in 

helix 1 (P4, L5, B6, A8, L9, V11, M12, T15, and F16), helix 2 (L38), loop 3 (L42), helix 4 

(F72, Q73, V77, L79, S80, and A83), and loop 5 (F89) (Vallely et al., 2002). F72 is on the 

interface while F75 is not. The reason of F75Q interrupting the S100A4 homodimerisation 

and $100A4/S100A1 heterodimerisation could be due to a conformation change in the 

hydrophobic core. 

The dimer interface of apo-S100A1 determined by NMR involves (E3, L4, E5, A7, M8, 

L11, V14, and F15 in helix 1, L41 in loop 2, Q72, V76, V78, A79, and T82 in helix 4, and 

F88 in loop 4) (Rustandi ef al., 2002). F15 inS100A1 is on the ane interface and was also 

shown to be important for S100A1 homodimerisation. The F15A mutation in this study 

interrupted both $100A1 homodimerisation and the heterodimerisation of 

S$100A1/S100A4. All these results strongly suggest that the $100A4/S100A1 interaction 

resembles the natural association of other $100 proteins into homo- (Potts ef al., 1995a) and 

hetero- (Teigelkamp et al., 1991) dimeric forms. This result is also supported by the 

observation that Ca2* influences the $100A4/S100A1 interaction, which is consistent with 

the fact that homodimers of many $100 proteins can be formed in the presence or in the 

absence of Ca** (Otterbein ef al., 2002). 
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Based upon the time taken for the blue dye arising from B-galactosidase activity to become 

visible, the interaction between S100A4 and S100A1 in vivo was more effective at 

stimulating reporter gene activity than the homodimeric interaction of $100A4 in the same 

yeast two-hybrid system (Figure 4.3). In the biosensor assay, the binding affinity of 

$100A4 to immobilised $100A4 is similar to that of $100A4 to immobilised $100A1. This 

result suggests that the S100A1/S100A4 heterodimer could be formed as efficiently as that 

of the $100A4 homodimer in cells if the two proteins co-existed. 

To check the possible co-existence of S100A1 and $100A4 in cell lines, RT-PCR and 

Western blotting were used to detect the mRNA and protein of S100A1 in S100A4 

expressing cells, MDA-MB-231 and SKBr-3. The results showed that both mRNAs and 

proteins of S100A1 and S100A4 are present in these cell lines. Immunofluorescent staining 

and living colour GFP fusion proteins showed that $100A1 and $100A4 partially 

co-localised in the perinuclear and cytoplasmic regions of individual cells. Co-expression 

of S100A1 and S100A4 has also been reported previously in primary cultures and cell lines 

of human vascular smooth muscle cells (Mandinova et al., 1998). Localization of S100A4 

(Mandinova et al., 1998; Davies et al., 1993b; Gibbs et al., 1994), and of S100A1 to the 

cytoskeleton (Mandinova et al., 1998) has been reported previously. These observations 

suggest that S1OOA1 and $100A4 might also be interacting inside the cell at these same 

locations. 

The distribution of S100A1 and S$100A4 proteins in normal cells is much more diverse. 

Although $100A1 was originally found in brain, where it interacts with S100B, it is also 

found in heart, slow twitch skeletal muscle, smooth muscle, and kidney (Zimmer et al., 

1995). In contrast, $100A4 is not found in significant quantities inbrain, but it is distributed 

widely and specifically elsewhere in the body, including kidneys, lungs, thymus, and 

muscle tissues, at least in the rat (Gibbs ef al., 1995). The observation that $100A1 interacts 

with $100A4 as well as with S100B, but that S100B, but not S 100A4 (Gibbs ef al., 1995), is 

found widely in brain tissue, raises the possibility that S1O00A1 has different $100 partners 

depending upon the S100 proteins that are expressed in the particular cells concerned. 
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Chapter Five 

The effects of S100A1 on S100A4 activities in vitro and in vivo 

5.1 Introduction 

The homodimerisation and heterodimerisation of $100 proteins have been well 

documented. The first two $100 proteins identified were S100A1 homodimer and 

S100A1/S100B heterodimer. Further studies found that most $100 proteins exist in 

dimeric or multimeric states except calbindin D9k, which is always a monomer (Kordel, et 

al., 1990). This has been proved for S100A1, $100A4, S100A6, S100A7, S100A8, 

S$100A10, $100A11, S100P and S100B by nuclear magnetic resonance (NMR), X-ray 

crystallography or multiple anomalous wavelength dispersion (Donato 2001). Although 

S100A12 was shown in a hexameric form (Moroz et al., 2002), dimeric states are more 

common at least in vitro. Some $100 proteins were also shown to form heterodimers, such 

as the $100A1/S100B, the S100A8/S100A9, the S100B/S100A6, the S100A1/S100A4, the 

S100B/S100A11, and the S100A1/S100P (Deloulme ef al., 2000b; Baudier & Gerard 1983; 

Bhardwaj et al., 1992; Isobe, et al., 1983). 

Some $100 dimeric states seem to exist in vivo. S100A8/S100A9 heterodimer has been 

shown to be the prefered form within cells and was shown to be involved in inflammatory 

processes, fatty acid transportation and the metabolism of arachidonic acid in human 

neutrophils (Kerkhoff ef al., 1999; Roulin et al., 1999; Kerkhoff et al., 2001; Siegenthaler 

et al., 1997; Kerkhoff et al., 1998). S100B forms several heterodimeric forms although 

S100B2 homodimer is the prevalent form (Donato 1986; Drohat et al., 1997). 

S100A1/S100B heterodimer was also detected in the serum of patients during cardiac 

surgery (Anderson et al., 2001). Therefore, some cellular functions of S100A1 and S$100B 

may be performed in the $100B/S100A1 heterodimer form, suggesting that 

heterodimerisations of $100 proteins do have some biological functions. 
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In Chapter 4, the interaction of $100A4 with S100A1, most probably heterodimerisation 

has been characterised. Evidence is also provided that S100A1 and S100A4 interact in 

yeast cells and co-expressed and co-localised in some breast cancer cells. Does the 

interaction have any biological functions? In this Chapter, the possible effects of S1O0A1 

on some activities of $100A4 are investigated. 

5.2 Results 

5.2.1 S100A1 partially reverses the inhibitory effect of S100A4 on the 

phosphorylation of MHC-ITAF21 

$100A4 was shown to have an inhibitory effect on the phosphorylation of MHC-IIAF21 by 

PKC in Chapter 3. To investigate the possible effect of S100A1 on S100A4, the two 

proteins were pre-incubated and the mixture was added into PKC phosphorylation 

reactions of MHC-IIA (Section 2.6.8). S100A4 has obvious inhibitory effect on 

MHC-IIAF21 phosphorylation reaction as shown in Chapter 3, while S100A1 has no 

obvious effect on the phosphorylation (Figure 5.1). If the two proteins were pre-incubated, 

the inhibitory effect of $100A4 on the phosphorylation was reduced (Figure 5.1) and the 

overall phosphorylation of MHC-IIAF21 was increased. However, S100A1 could not fully 

abolish the inhibitory effect of S100A4 on the PKC phosphorylation of MHC-IIAF21. 
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MHC-IIAF21 + + + + + + + + + + 

S100A4 + + + + + + - - - + 

S1LOOA1 + + + + + - = ag + - 

S100A2 = - - - - - = — fa 4: 

  

Figure 5.1. S100A1 partially reversed the inhibitory effect of S100A4 on the 

phosphorylation of MHC-IIAF21 by PKC. Five uM MHC-ITAF21 was used as the 

substrate for PKC in each reaction. In the experiment, $100 proteins were pre-incubated 

first and then the mixtures were incubated with MHC-IIAF21 prior to PKC 

phosphorylation reaction. Lanes 1-6,5 uM S100A4 was pre-incubated overnight at 4°C in 

the presence of 0.5mM CaCl with varying concentrations of S100A1, 0.1 uM (Jane), 0.3 

uM (lane 2), 1 uM (lane 3), 3 WM (lane 4), 10 uM (lane 5), 0 uM (lane 6). Lane 7, 

MHC-IIAF21 only. Lane 8, 1 uM S100A1 and lane 9, 10 uM S100A1 were pre-incubated 

with MHC-IIAF21. Lane 10,3 uM S100A2 was pre-incubated with $100A4 in the 

presence of 0.5 mM CaCh. The arrow indicates phosphorylated MHC-IIAF21. 

5.2.2 S100A1 reverses the inhibitory effect of S100A4 on the sedimentation of 

MHC-IIAF21 

In Chapter 3, $100A4 was shown to inhibit the self-assembly of MHC-IIAF21 in 

Ca**-dependent manner. To investigate effects of S100A1 on $100A4 in the sedimentation 

assay of MHC-ITAF21, 5 uM S100A4 was pre-incubated with varying concentrations of 

S100A1 ranging from 43 nM to 4.28 uM. The amount of MHC-IIAF21 in the supernatant 

of the sedimentation assay decreased with the increasing of $100A1 concentration and 

reached a low level at an S100A1 concentration of 4.28 uM, which is similar to that without 

S100A4 in the reaction. S100A1 itself (4.28uM) had no obvious effect on the 

self-assembly of MHC-IIAF21. However, S100A2 seems to co-operate with S100A4 to 
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enhance the inhibitory effect on the self-assembly of MHC-IIAF21 into a pelletable form. 

MHC-ITAF21 + + + + + + + e i 

S100A4 + + + e + + - fe = 

S100A1 ~ + + + af + - = he 

S100A2 - - - - - - = - a 

  

Figure 5.2 Effects of $100A4/S100A1 on the sedimentation of MHC-ITAF21. 5 uM of 

S100A4 was preincubated overnight at 4°C in the presence of 0.5mM Ca”* with varying 

concentrations of S100A1,0 uM (lane 1), 43nM (lane 2), 128nM (lane 3), 428nM (lane 4), 

1.28 uM (lane 5), 4.28 uM (lane 6) or S100A2 (lane 8, 4,28 uM). Then 5uM MHC-IIAF21 

were added to the mixture and incubated for another 8 h. Finally the mixtures were 

incubated in Bundling Buffer for a sedimentation assay (Section 2.6.9). Twenty ul of the 

resultant supernatant was analysed on SDS-PAGE. The MHC-IIAF721 retained in the 

supernatant was detected by Western blotting with anti-MHC-IIA antibody. Lane 7, 4.28 

uM S$100A1 was pre-incubated with 5 uM MHC-IAF21 and $100A4 was omitted. Lane 9, 

5 uM of MHC-IIA alone. 

5.2.3 S100A1 reduced the motility and cloning formation of a high 

S100A4-containing rat mammary cell line 

To investigate the possible effect of S1LOOA1 on S100A4 in vivo, the expression of S100A1 

was up-regulated in the rat mammary cell lines, Rama 37 and KP1-Rama 37, by 

transfection of an S100A1-encoding expression vector. The Rama 37 is a benign tumour 

cell line with very low level (undetectable by Northern or Western blotting) of S100A4 and 

S100A1. KP1-Rama 37 cell line was derived from the Rama 37 cell line by transfection of 
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S100A4, The KP1-Rama 37 cells were shown to have higher motility than its parental cell 

line, Rama 37 (Davies ef al., 1993) and to have metastatic ability when it was injected into 

syngeneic rats while the Rama 37 cell line does not. The increased motility and metastatic 

ability in KP1-Rama 37 cells is believed to arise from the up-regulation of S100A4 (Davies 

et al., 1993a). S100A4 was also shown to positively correlate with the motility of mice cell 

lines isolated from a tumour of an $100A4 transgenic mouse strain (Jenkinson et al., 2002). 

In this experiment, the effect of S100A1 on S100A4 induced cell motility was checked. 

5.2.3.1 Construction of S100A1 expression construct 

The S100A4 expressing plasmid, pCDNA4-S100A1, was constructed as follows. The 

PCR fragment of $100A1-coding sequence was ligated to the pCDNA4 vector at Hind III 

and BamH] sites and the pCDNA4-S100A1 expression vector was generated (Figure 5.3). 

The whole insert and the sequences around its junctions were sequenced. 
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A. S$100A1 coding sequence amplified by PCR 

Hindill BamH1 

ATG S100A1 coding sequence TAG 

B. Final construct of S100A1 expression vector, pCDNA4-S100A1 

Hind III S100A1 BamH I 

  
Figure 5.3 The diagram of the construction of pCDNA4-S100A1 expression vector. Panel 

A, the PCR product of S100A1 coding sequence flanking with restriction enzymes: 5’ 

Hindill and 3’ BamH\. Panel B, the final construct of pCDNA4-S100A1. The red block 

represents ATG, the translation start of SIOOA1 and the blue block represents the 

translation stop code of S1O0A1. 
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5.2.3.2 Transfection of Rama 37 and KP1-Rama 37 cells and selection of stable 

transfected cell lines 

The pCDNA4-S100A1 and pCDNA4 (as a control plasmid) were first linearised with Fsp 

I restriction enzyme, which does not cut any of the expression cassettes in the constructs. 

The Rama 37 cells and KP1-Rama 37 cells were transfected with linearised 

pCDNA4-S100A1 or pCDNA4, using lipofectamine (Gibco) as described in Section 2.8.5. 

The cells were then grown under selection with 750ug/ml Zeocin (Invitrogen) for 4 weeks. 

The Zeocin resistant clones transfected with pCDNA4-S100A1 were isolated and cultured. 

The Zeocin-resistant clones transfected with pCDNA4 control plasmid were pooled. Total 

RNA was extracted from the cells derived from each individual clone as described in 

Section 2.3.13. 

To detect the expression of genes delivered by transfection in isolated clones, 10 tg of the 

extracted RNA were analysed by Northern blotting as described in Section 2.3.16. Some 

transfected cell lines were chosen according to the similar mRNA levels of SIOOA1 and 

§$100A4, which were normalised by the mRNA levels of beta-actin (Figure 5.4). One clone 

selected from transfected KP1-Rama 37 cells (KT6), has a high and similar level of 

S100A1 mRNA and $100A4 mRNA. One clone isolated from transfected Rama 37 cells 

(RT4) has a similar level of S100A1 mRNA to that of KT6. Both the parental cell lines and 

the cells transfected with pCDNA4 vector (Rama 37V and KP1V) have an undetectable 

level of S1IOOA1 mRNA (Figure 5.4). 

S100A4 mRNA levels in the selected clones and in parental cell lines were checked by 

Northern blotting. In Rama 37 cells, RT4 and Rama 37V cells, S100A4 mRNA is 

undetectable. In KP1-Rama 37 cells, KT6 and KP1V cells, high levels of S100A4 mRNA 

were detected. The transfected cells were then passaged 7 times without Zeocin selection 

and the S100A1 and $100A4 levels did not change through the passaging (data not shown). 

This indicated that these selected clones have stable levels of SLOOAI and S100A4. 
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Figure 5.4. Northern blotting analysis of S100A1 and $100A4 transfected cell lines. Ten ug 

of total RNA extracted from parental and transfected cell lines were analysed by Northern 

blotting with *7P dCTP-labelled probes. Panel a, filter incubated with $100A1 probe; panel 

b, filter incubated with $100A4 probe; panel c, filter incubated with beta-actin probe. RNA 

extracted from KT6 (Lane J), RNA extracted from KP1V (lane 2, KP1-Rama 37 cells 

transfected with pCDNA4 control plasmid), KP1-Rama37 cells (Jane 3), RNA isolated 

from RT4 (lane 4), RNA extracted from Rama37V (lane 5, Rama 37 cells transfected with 

pCDNA4 control vector) and RNA extracted from Rama 37 cells (Jane 6). 

To detect the levels of S100A1 and S100A4 proteins, Western blotting was carried out 

(Figure 5.5). The results show that $100A4 is present in the KP1 cell line and its derivatives. 

S100A1 is expressed in $100A1expression plasmid transfected cell lines, RT4 and KT6. 

$100A4 levels are very similar in all S100A4 expressing cell lines. $100A1 levels are also 

very similar in the two S100A1 expressing cell lines. 
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<S100A1 

  

=S100A4 

Figure 5.5 Detection of S100A1 and S100A4 proteins in parental and $100A1 expression 

plasmid transfected cell lines using Western blotting. Forty ug of total proteim from each 

cell lysate was analysed on a 15% SDS-PAGE. The mouse anti-human S100A1 

monoclonal antibody (DAKO) and rabbit anti-human S100A4 polyclonal antibody 

(DAKO) were used to detect S100A1 (panel a) and S100A4 (panel b) respectively. 

Lanes1-6, cell lysates from cell lines: KT6 (Jane 1); KP1V (lane 2); KP1-Rama37 cells 

(lane 3); RT4 (lane 4); Rama37V (lane 5); Rama 37 cells (lane 6). 

As the Western blotting only checks the total amount of S100A1 and $100A4 proteins in a 

given number of cells, it does not show the proportion of cells expressing the proteins in the 

cell population. To check whether the $100A4 and S100A1 are uniformly expressed in 

each cell line, immunofluorescent staining was carried out. The results showed that 

S100A1 and $100A4 are uniformly expressed in all the $100A4 or S100A1 expression cell 

lines (Figure 5.6). In the Rama 37 cells, neither S1OOA1 nor S100A4 was detected. In the 

KP1 Rama 37 cells, no S100A1 was detected while $100A4 was detected in all the cells 

examined. In the RT4 cells, no S100A4 was detected while S100A1 was detected in all the 

cells examined. In the KT6 cells, all the cells examined expressed both S100A1 and 

S100A4. However, only about 90% of the cells examined expressed both S100A1 and 

S$100A4 at similar levels, about 5% expressed more $100A1 than S100A4 and about 5% 

expressed more $100A4 than S100A1. This was determined by the colour of superimposed 

image (Figure 5.6 column 3) of each cell examined (200 cells in total were examined), 

yellow colour indicates similar amounts of S100A1 and S100A4, green colour indicates 

more $100A1 than S$100A4, and red colour indicates more $100A4 than S100A1. 
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Rama 37 

      

Figure 5.6. Immunofluorecent staining of S1O0A1 and S100A4 in parental and transfected 

cell lines. The same primary antibodies as those used in Western blotting were mixed and 

incubated overnight with paraformadehyde fixed cells at 4°C. After washing, two 

secondary antibodies, FITC-conjugated goat anti-rabbit IgG to detect rabbit anti-S100A4 

and Texas Red conjugated goat anti-mouse IgG to detect mouse anti-S100A1, were mixed 

and incubated with the cells for 1h at room temperature. The images were captured with a 

confocal microscope with excitation wavelength, 488 nm for FITC and 543nm for Texas 

RED. Column / is image from the staining of anti-S100A4 antibody and column 2 is the 

image from the staining of anti-S100A1 antibody. Column 3 is the superimposed images of 

column I and 2 of each cell line. Column 4 is the phase construct. 
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At higher magnification, the immunofluorescence experiments also show that S100A1 and 

S100A4 were co-localised mainly in the perinuclear region and small amounts of the 

proteins co-localisation on the cell surface of the KT6 cell too (Figure 5.7). 

  
Figure 5.7 The co-localisation of S100A1 and S100A4 in a KT6 cell revealed by 

immunofluorescent staining. The experimental conditions were exactly the same as those 

in Figure 5.6. Panels a-d are same field. Panel a is the image from the staining of 

anti-S100A1, panel b is the phase contrast. Panel c is the images from the staining of 

anti-S100A4. Panel d is the superimposed image of a and c. Arrow indicates the 

co-localisation of S1IO0A1 and S100A4 in the cell membrane. 

5.2.3.3. Over expression of S100A4, but not S100A1, increased the motility and 

cloning formation ability of Rama 37 cells 

The cell motility assay with the Boyden Chamber has been widely used. The conditions for 

testing the motility of the Rama 37 cells were also fully characterised in this lab (Jenkinsson et al., 

unpublished data). Therefore, the method was chosen to measure the motilities of these S100A4 
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and S100A1 transfected cell lines. The results show that KP1-Rama 37 cell line is more motile 

than its parental cell line, Rama 37(p<0.05), while the RT4 cell line (Rama 37 cell line 

transfected with S100A1 expression plasmid) has similar motility rate to that of Rama 37 cells 

(Table 5.1). This suggests that a high level of $100A4 was able to promote cell motility, while 

the high level of S100A1 did not affect the motility of Rama 37 cells (Table 5.1). 

The cloning formation ability in soft agar of the transfected cells and their parental cells 

were also examined. The Rama 37 cells and $100A1 transfected Rama 37 cells, RT4, grew 

poorly in soft agar assay (Table 5.1). However, KP1-Rama 37 cells have shown much 

stronger ability to grow in soft agar than that of its parental cells, Rama 37. This result 

suggests that up-regulation of S100A4 promotes the anchorage-independent growth of 

Rama 37 cells. 

5.2.3.4 Up-regulation of S100A1 reduced the motility and cloning formation ability 

of KP1-Rama 37 cells but not Rama 37 cells 

Cells (KT6) expressing $100A1 in addition to S100A4 had a lower motility rate than the cells 

(KP1 Rama 37 or KP1V) expressing $100A4 alone (P<0.001) (Table 5.1), suggesting that 

up-regulated S100A1 could reduce the cell motility induced by up-regulated $100A4 in Rama 37 

cells. 

The KT6 cells, expressing both $100A1 and S100A4, also showed lower ability to grow in soft 

agar than the cells, KP1-Rama 37 or KP1V, expressing $100A4 alone (p< 0.05) (Table 5.1). This 

suggests that up-regulation of S100A1 may interact with S100A4 and reduce the ability of 

anchorage-independent growth promoted by S100A4. 
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Table 5.1 Cell motility and soft agar assays 

SONIA 

Cell lines 

     

   

         
     
   

   

S100A4 | Motility Cloning formation Per 

mRNA? | x+spD (%) © microscope field? 

S100A1 | 

mRNA? 

Rama 37. . ~15.8+1.0 0' 

~ Rama 37V 16.041.7° 0° 

RT4 - 15.641.0° 0! 

KP1-Rama 37 + 19.5+0.7' 9.2+3.0) 

KP1V ~ 18.6+2.18 8.742.9* 

KT6 + 9.4+1.6" 2115! 
Sen ene niiniy 

. and b.§100A1/S100A4 mRNA level was detected by Northern blotting and 

normalised with beta-actin. 

- indicates that no mRNA was detected. 

+ indicates that a strong signal of mRNA was detected. 

Motility assay using the Boyden Chamber. Each cell line was subjected to at least 3 

independent experiments. Motility is the mean percentage of cells that moved through 

the filter in a period of 20 h against the total number of cells seeded in a 24 well plate 

and cultured in the same medium and under same conditions as that used in the upper 

Chamber (Section 2.8.8). The mean% =x standard deviation (SD) are shown. 

The cloning formation in soft agar. 2 x 10° cells were seeded in a 35mm culture dish. 

Each cell line was subjected to at least 3 independent experiments. After 4 weeks of 

routine culture, clones with diameter larger than 0.06mm were counted under 

microscope. Clone formation efficiency is the mean=t standard deviation (SD) is 

shown in this column. 

No significant differences (Non-paired f test) were shown between the transfected cell 

lines and their parental cell line, Rama 37. 

. KP1-Rama 37 cell line shows significantly higher motile ability than that of its parental 

cell line, Rama 37 (p<0.05) (Non-paired f test). 

. The KP1V cell line is not significantly different from KP1-Rama 37 cell line (p>0.05) 

(Non-paired ¢ test). 

. KT6 cell line shows statistically-significantly lower motility than KP1-Rama 37 cell 

line (p<0.001), Rama 37 (p<0.001) and RT4 (p<0.001) (Non-paired f test). 

These cell lines did not form clones in soft agar. 

j. KP1 Rama 37 cell line formed more clones in soft agar than KT6 cells (p<0.001) 

(Non-paired / test). 

. KP1V formed similar number of clones in soft agar assay to that of its parental cell line, 

KP1-Rama 37 and there is no significance in statistical analysis (Non-paired f test). 

KT6 cells also formed clones in soft agar but the number of the clones is statistically 

less than that of KP1 Rama 37 cells (p<0.001) (Non-paired 1 test). 
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5.3. Discussion 

In the experiments in vitro, the inhibitory effects of S100A4 on both PKC phosphorylation and 

self-assembly of MHC-IIA were greatly reduced if the S100A4 was pre-incubated with S100A1. 

S100A1 itself showed no obvious effects on either PKC phosphorylation or the self-assembly of 

MHC-IIA. As the $100A1 showed no obvious binding to immobilised MHC-IIA in a biosensor 

assay (data not shown), the in vitro effect of S100A1 is unlikely to be due to the competition of 

the binding sites on MHC-IIA with $100A4. From a previous study, recombinant $100A1 and 

$100A4 proteins were shown to form a heterodimer in solution (Tarabykina et al., 2000). The 

biosensor assay in this Chapter also showed that $100A4 binds to the immobilised S100A1 in the 

manner of monomer-monomer interaction, suggesting the effects of SIO0A1 on S100A4 in the in 

vitro experiments resulted from $100A1 and $100A4 heterodimerisation. 

In the experiments in vivo, up-regulation of S100A1 in the KP1-Rama 37 cells, a cell line 

with $100A4 up-regulated, showed inhibitory effects on the motility and cloning formation 

abilities of the cells. However, up-regulation of S100A1 in the Rama 37 cells, a cell line 

with undetectable $100A4, showed no effect on the motility and cloning formation of the 

cells. The results suggest that S100A1 may exert its effect through direct interaction with 

S100A4 in these rat breast cell lines. 

The reason for using the Rama 37 and KP1-Rama 37 cell lines in the experiments is that the 

Rama 37/KP1 cell system has been well characterised both in vitro and in vivo in this 

laboratory (Davies ef al., 1993a). The Rama 37 cell line is a near-diploid, genetically stable 

epithelial cell line, which has been derived from a benign 

7,12-dimethylbenz-2[a]anthracene-induced rat mammary tumour (Dunnington et dl.,., 

1983). This cell line produces benign, non-metastatic encapsulated tumours when injected 

into the mammary fat pads of its syngeneic rat host (Dunnington et al., 1983). KP1 Rama 

37 cell line is one of the cell lines derived from Rama 37 by transfection with $100A4 and 

selected through the rat breast cancer model. KP1-Rama 37 cells have gained the metastatic 
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ability. 

mRNAs and proteins of S100A1 and $100A4 could not be detected by Northern and 

Western blotting in the Rama 37 cell line. Inthe KP1-Rama 37 cell line, S100A1 is 

undetectable by Western blotting, but a high level of S100A4 can be detected. Therefore 

the two cell lines are suitable for the up-regulation of S100A1 by transfection. The new 

cell lines isolated after transfection with pCDNA4-S100A1 or empty vector pCDNA4 , 

RT4, KT6, Rama37V, and KP1V have very similar growth rates to their parental cell lines 

(data not shown). S100A1 is stably expressed in transfected cell lines, RT4 and KT6. 

$100A4 is stably expressed in KP1-Rama 37 and its derivatives, KT6 and KP1V. Moreover, 

no endogenous $100A4 was detected in RT4 and Rama37V and no endogenous S100A1 

was detected in KP1V through 6-10 passages after transfection. Therefore, the cell lines 

are reliable for further analysis. 

The motility assays were carried out with the Boyden Chamber system (Albini ef al., 1987). 

In this system, the percentage of the cells migrating from upper-chamber to the lower side of 

the membrane or the lower compartment in a given time period represents the ability of the 

cells to migrate. The Rama 37 cells were shown to be very motile (Rudland unpublished 

data). However, the KP1-Rama 37 cells were shown to be statistically significantly more 

motile than its parental cell line, Rama 37. The increased motility of KP1-Rama 37 cells was 

linked to the increased expression of S100A4 in the transfected cell line. The results are 

consistent with previous studies using fibroblasts. Transfectants expressing large amounts of 

the $100A4 protein showed significantly higher cell motility than their parental cells, sre 

3Y 1-H, anormal rat fibroblast (Takenaga et al., 1994a). The expression of S100A4 was also 

correlated with motile and invasive abilities in various clones derived from Lewis lung 

carcinoma (Takenaga et al., 1994a). These results suggest that the $100A4 protein plays a 

role in regulating cell motility and tumour cell invasiveness. CSMLO cells, a nonmetastatic 

mouse mammary adenocarcinoma cell line, transfected with S100A4 were assessed in in 

vitro motility and invasion assays, as well as in in vivo metastasis assays. Cell lines 

expressing S100A4 displayed an altered morphology as well as increased motility in 
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modified Boyden chemotaxis chambers (Ford ef al., 1995). However, no significant increase 

in in vitro invasion or in in vivo metastasis was observed, suggesting that the presence of 

S100A4 may be important for metastasis by increasing motility, but may not be sufficient for 

invasion in vitro or metastasis in vivo (Ford et al., 1995), a view supported by results of 

Jenkinson (unpublished data). 

In the present experiments, the Rama 37 cells transfected with S100A1 showed no obvious 

change in cell motility compared to untransfected R37 cells although the S100A1 level in the 

cells was up-regulated to a similar level to that of S100A4 in KP1-Rama 37 cells. However, 

up-regulated $100A1 in KP1-Rama 37 cells to the similar level to S100A4 dramatically 

reduced the cell motility in the Boyden chamber assay. The effect of S100A1 on the motility 

of KP1-Rama 37 cells could be partly the result of heterodimerisation of S100A1 and 

S100A4 in the cells. However, the heterodimerisation could not explain the result that the 

motility rate of KT6 is significantly lower than that of Rama 37. Therefore, some unknown 

effects may contribute to the reduction of the motility rate in KT6 cells where both S100A1 

and $100A4 were up-regulated. 

In the soft agar assay, Rama 37 cells did not form clones in our experimental conditions. 

However, the KP1-Rama 37 did form clones in soft agar, indicating that the KP1-Rama 37 

cells gained the ability of anchorage-independent growth. This ability is most likely 

correlated to the higher level of $100A4 expression, suggesting that S100A4 may have the 

ability to promote the anchorage independent growth of cells. $100A4 was shown to be a 

metastasis-promoting gene but this is the first time its effect on the anchorage-independent 

growth has been shown. In contrast, the Rama 37 cells with S100A1 up-regulated did not 

gain the ability of anchorage independent growth. The KP1-Rama 37 cells with S100A1 

up-regulated by transfection significantly reduced their anchorage-independent growth 

activity, which may result from the antagonism of S100A1 to S100A4 possibly through 

direct interaction in the cells. The results suggest that S100A1 might effectively reduce any 

S$100A4-induced anchorage-independent growth activity in vivo. 
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The soft agar assay is also used to estimate the changes of cell malignancy as the 

non-malignant cell growth is prevented by the semisolid medium. The ability of cells to 

grow in the semi-solid medium is the ability of anchorage-independent growth where 

cancer cells need to survive without cell-substratum interaction. It was reported that the 

highly metastatic cell lines showed a high anchorage-independent growth (Nakanishi ef al., 

2002). In the multistep process of metastasis, anchorage-independent growth might be 

important. Other metastasis inducing or related gene products, such as 

metastasis-associated gene 1 (MTA1), can enhance anchorage-independent growth 

(Mahoney et al., 2002) whereas tumour suppressor genes such as p53 suppress 

anchorage-independent growth (Rauth et al., 1998). S100A1 was shown to reduce both 

S100A4 induced cell motility and anchorage-independent growth, which are two major 

factors relating to tumour metastasis, it is thus possible that S100A1 may have the ability to 

reduce $100A4-induced metastasis. 

So far, the experiments discussed above have shown that S100A1 has antagonistic effects 

on the activities of S$100A4 both in vitro and in vivo. The effects most probably result from 

their direct interaction although this has yet to be proven. The interaction of S100A1 and 

S100A4 in vivo was first shown in the yeast two-hybrid system (Wang et al., 2000; 

Tarabykina ef al., 2000). S100A4 was also shown to be more likely to form a heterodimer 

with $100A1 than an §100A4 homodimer in the yeast two-hybrid system (Chapter 4). In 

this Chapter, $100A1 was shown to co-localise with S100A4 in KT6 cells, a mammalian 

cell line. Therefore, the heterodimerisation of S100A1 and S100A4 may occur in the KT6 

cells but there is no direct evidence for this at present. Fluorescence resonance energy 

transfer (FRET) may provide more direct evidence of interaction in the mammalian cells 

and this work will be done in the near future. 

If the interaction which occurred in vitro and in vivo is heterodimerisation, the results from 

the experiments in vitro and in vivo indicate that the S100A1/S100A4 heterodimer might 

function differently from an $100A4 homodimer. Up-regulated S100A1 could greatly 

reduce the S100A4 homodimer in KT6 cells and decrease the cell motility and 
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anchorage-independent growth induced by S100A4. Since S100A1 has many other 

interacting partners, up-regulation of S100A1 in the cells may also have effects on other 

S100A1 target proteins and cause other changes in the cells. Therefore further 

investigation will need to be carried out in order to understand fully the relationship 

between S100 proteins and tumour metastasis. 

Although $100A1 and $100A4 were shown to co-exist in some human breast cancer cell 

lines, such as MDA-MB-231, SKBR3 and MCF-7, the levels of $100A4 in these cell lines 

were much higher than that of S100A1. The effect of S100A1 on S100A4 could be 

unnoticeable. When the $100A1 was up-regulated to the level similar to that of S100A4 in 

KP1-Rama 37 cells, the effects of S100A1 on S$100A4 became obvious, suggesting a 

balance model between $100 proteins. The possible heterodimerisation of S1O0A1 and 

S100A4 may serve as a regulatory mechanism in balancing the effects of one $100 protein 

by another. 
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Chapter Six 

General discussion and future works 

This thesis has examined interactions of $100A4 with three potential protein targets in vitro 

and in vivo. A comparative study on the interactions of $100A4 with MHC-IIA and 

MHC-IB as well as the resultant effects has been carried out. A new interacting partner of 

S100A4, S100A1, has been discovered by yeast two-hybrid screening and its effects on the 

activities of $100A4 in vitro and in vivo have also been investigated. 

The interaction of S100A4 with myosin A heavy chains has been studied in some detail 

previously (Kriajevska et al., 1994, Ford et al., 1997) and it is thus known that $100A4 

binds to MHC-IIA and shows inhibitory effects on its phosphorylation and self-assembly in 

vitro (Kriajevska, et al 1998; Murakami et al 2000). However, this thesis reports the first 

detailed examination of MHC-IIB as a target of S1LOOA4. Although, MHC-IIA and 

MHC-IB are very closely related isoforms, their binding affinities for S100A4 and 

resultant effects are quite different. The Kd for $100A4 and MHC-IIA is about 10 times 

lower than that for S100A4 and MHC-IIB. The inhibitory effects on the phosphorylation of 

MHC-IB could only occur when a much higher concentration of $100A4 was used than 

that for MHC-IIA. $100A4 inhibits the sedimentation of MHC-IIA but not of MHC-IIB. 

These results indicate that the effects of S100A4 on MHC-IIA are different from those on 

MHC-IB in vitro. It is possible that these effects might reflect to some extent some 

differences in biological function between the MHC isoforms in vivo. 

Non-muscle myosins were shown to be important in cell motility, cell morphology and cell 

division (Bresnick 1999). Much less is known about the function of individual MHC 

isoforms. From previous studies, it is known that the biology of MHC-IIA and MHC-IIB is 

different in several respects. In most cell types, myosin-I[A and myosin-IIB co-localise to 

perinuclear stress fibers, but in cortical regions, the two isoforms exhibit cell specific 
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differences in their patterns of localization. MHC-IIA is preferentially located towards the 

leading edge of migrating cells when compared with MHC-IB by double 

immunofluorescence staining (Kolega 1998) while the MHC-IB is enriched in structures 

at the cells' trailing edges in neurons (Cheng et al., 1992). Time-lapse imaging of injected 

fluorescently labelled MHC-IIA and MHC-IB in bovine aortic endothelial cells revealed 

differences in the rates at which the two isoforms rearranged during cell movement. 

MHC-IIA appears in newly formed structures more rapidly than the MHC-IIB and is also 

lost more rapidly when structures disassembled (Kolega 1998). The maximal 

actin-activated ATPase activity of non-muscle myosin-IIA is 2.6-fold greater than that of 

non-muscle myosin-IJB, and the velocity of actin filaments moved by non-muscle 

myosin-IIA is 3.4-fold faster than those observed with non-muscle myosin-JIB (Kelley et 

al., 1996). These observations indicate differences in both distributions and kinetic 

properties of the two isoforms. Notwithstanding, the differential effects of S100A4 on 

MHC-IIA and IB may have diverse biological functions if the interactions occur in vivo. 

High levels of S100A4 in cancer cells may interact with both MHC-IIA and MHC-IIB and 

the overall outcome might affect the patterns of cytoskeletal dynamics and favour cell 

motility, invasion, anchorage-independent growth and tumour metastasis in these cancer 

cells. 

Interestingly, MHC-IIB has been proposed to have a tumour suppressor effect (Yam et al 

2001). Down-regulation of MHC-IIB but not MHC-IIA was found in rat 6 embryo 

fibroblast cells transfected with a temperature-sensitive mutant p53” , an inactivating 

mutant for normal p53 function. The down-regulation of MHC-IIB was also found in the 

rat 6 cells transfected with c-H-ras or v-myc oncogenes but not in the mouse SVT2 cells 

expressing a high level of the normal p53 gene (Yam et al 1999). The overexpression of 

transfected MHC-IIB but not MHC-IIA was shown to be very effective in suppressing the 

anchorage-independent growth in soft agar assay and the tumourigenicity of the T2 cells, (a 

transformed cell line isolated from rat 6 embryo fibroblast cell line transfected with mutant 

p53""55), when tested in nude mice (Yam et al 2001), raising the possibility that MHC-IB 

has a tumour suppressor function. It is not yet known whether the anchorage-independent 
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growth-promoting capability of S100A4 in KP1 Rama 37 cells has any relationship with its 

effect on MHC-IIB. However, interruption of the function of MHC-DB by a high level of 

$100A4 might be more important in promoting tumour progression than that of MH-C-IIA. 

As outlined before, both MHC-IIA and MHC-IIB can be phosphorylated by PKC in vitro. 

In vivo, following treatment with phorbol esters, MHC-IIA is also phosphorylated on the 

PKC site at Serine-1917 in human T lymphocytes (Moussavi et al., 1993), platelets 

(Kawamoto et al., 1989) and rat basophilic leukaemia cells (Ludowyke et al., 1989). There 

are presently no published reports showing that MHC-IIB is phosphorylated by PKC in 

vivo. In this work, S100A4 was shown to bind to MHC-IIB and to inhibit its 

phosphorylation by PKC but not to affect its self-assembly in vitro. It is not known whether 

$100A4 binds to MHC-IIB in vivo and what is the outcome if they do interact with each 

other in cells. 

To investigate the interaction in vivo, the yeast two-hybrid system was used. However, the 

interactions of $100A4 with MHC-IIA and IB were not detected although the 

self-associations of MHC-IIA, MHC-IIB and $100A4 were detected in the yeast 

two-hybrid system. One reason for the failure to detect the calcitum-dependent interaction 

between S100A4 and MHC could be the low level of Ca”* in yeast, which only support the 

calcium-independent interactions, such as S100A4 homodimerisation and 

S100A4/S100A1 heterodimerisation, and cannot support the Ca’*-dependent interactions, 

such as the interaction of S100A4 with MHC-IIA. Further evidence supporting this 

argument is that the calcium-dependent interaction of S100A4 with p53, which was 

revealed by some experiments in vitro (Grigorian et al 2001), also cannot be detected in the 

yeast two-hybrid system (data not shown). Therefore, a calcium-sensitive two-hybrid 

system needs to be developed in future to identify and test the Ca** dependent interactions. 

Although a suitable yeast strain was identified, further extensive work to develop the 

system was outside the scope of the present work. In addition, some available techniques, 

such as the mammalian two-hybrid system or FRET as discussed in Chapter 3 might be 

usefully employed to overcome the limitation of the present yeast two-hybrid system. 
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At present, it is difficult to evaluate any role of S100A4 on the activities of MHC isoforms 

in vivo, based on existing knowledge of non-muscle myosin isoforms. Once S100A4 

interaction with MHC isoforms in vivo has been shown, up-regulation of $100A4 or MHC 

isoforms in vivo might provide a means to probe the effects of S100A4 on cell activities 

like motility and division. Further investigation on the regulatory effects of S100A4 on 

non-muscle myosins in vivo will need to be carried out in future. 

- More importantly, work carried out for this thesis led to the first identification of an 

interaction with S1O0A1 (Wang ef al., 2000). This observation was confirmed shortly 

afterwards (Tarabykina et al., 2000). These results have been extended in this thesis to 

show that S100A1 affects some activities of S100A4 both in vitro and in vivo. .S100A1 has 

been known to be an important molecule in regulating cytoskeletal fibres, including 

microtubules, type III intermediate filament and actin (Garbuglia et al 1999). S100A1 is 

mainly expressed in muscle cells and neurones. In the present study, a low level of 

expression of S100A1 can be detected in some breast tumour cell lines, such as 

MDA-MB-231, which express high levels of S1O0A4. S100A4 and S100A1 are also found 

to co-localise mainly in the perinuclear region but also in stress fibres and near the cell 

surface in MDA-MB-231 cells and in the S100A1 transfected rat mammary cell line, RTO. 

In the yeast two-hybrid assay, the relative binding strength indicated by the ability to 

activate reporter gene transcription seems stronger for the interaction of S100A4 with 

S100A1 than that for $100A4 self-assembly. In biosensor assays, the binding affinity of 

§$100A4 to immobilised $100A1 is similar to, at least not lower than, the affinity of 

§$100A4 to immobilised $100A4. Moreover, the interactions of S100A4 with SIO0A1 and 

with itself are not Ca”*-dependent although these fieearints can be enhanced by high Ca”* 

concentrations. Therefore, these interactions are very likely to occur in some mammalian 

cells, such as human muscle cells expressing high level of S100A1 and S100A4 

(Engelkamp et al., 1992) and the high-S100A4-expressing breast carcinoma cell line, 

MDA-MB-231 cells as outlined above. The data from biosensor assays support a model of 

monomer-monomer interaction of both $100A4/S100A4 and $100A1/S100A4. From the 
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point mutation analysis in the yeast two-hybrid system, the residues, which are important 

for homodimerisation of S100A1 or $100A4 are also important for the interaction of 

S100A1 with S100A4, suggesting that the structural elements associated with the 

interaction of S100A1 with $100A4 are very similar to those of $100A4/S100A4 or 

S100A1/S100A1 dimerisation The involvement of similar residues indicates that S100A1 

might compete with $100A4 for interaction with $100A4 molecule and affect the 

dimerisation of S100A4. Therefore, this observation may provide an explanation for the 

effect of S100A1 on S100A4 activities. 

In the experiments in vitro, S100A1 can reduce the inhibitory effect of S100A4 on both the 

self-assembly of and PKC-dependent phosphorylation of MHC-IIA. A high level of 

S100A1 in high $100A4-expressing KP1-Rama 37 cells reduced both cell motility and the 

capability for anchorage-independent growth, indicating that S100A1 is able to modulate 

the activities of S100A4, both in vitro and in vivo and suggesting a possibility that S100A1 

might inhibit S100A4-induced metastasis. To clarify this important latter point, 

experiments to check the possible effect of S100A1 on $100A4 induced metastasis in our 

rat breast cancer model are presently being carried out. 

The evidence presented in this thesis demonstrates that S100A1 can antagonise some 

activities induced by S100A4. The effects of S100A1 on $100A4 may result from the direct 

interaction of the two proteins, probably, but not certainly, as heterodimers. Although 

heterodimerisations of various $100 proteins have been described previously (Heizmann, 

2002), the antagonistic modulation model, proposed here, not only provides a new 

mechanism for regulating the kinetics of the cytoskeleton and cell motility but may also 

suggest a general modulatory mechanism amongst many $100 proteins. 
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The calcium-binding protein S100A4 (p9Ka) has been 
shown to cause a metastatic phenotype in rodent mam- 
mary tumor cells and in transgenic mouse model sys- 
tems. mRNA for S100A4 (p9Ka) is present at a generally 
higher level in breast carcinoma than in benign breast 
tumor specimens, and the presence of immunocyto- 
chemically detected S100A4 correlates strongly with a 
poor prognosis for breast cancer patients. Recombinant 
S100A4 (p9Ka) has been reported to interact in vitro 
with cytoskeletal components and to form oligomers, 
particularly homodimers in vitro. Using the yeast two- 
hybrid system, a strong interaction between S100A4 
(p9Ka) and another S100 protein, S100A1, was detected. 
Site-directed mutagenesis of conserved amino acid res- 
idues involved in the dimerization of $100 proteins abol- 
ished the interactions. The interaction between S100A4 
and S100A1 was also observed in vitro using affinity 
column chromatography and gel overlay techniques. 
Both S100A1 and S100A4 can occur in the same cultured 
mammary cells, suggesting that in cells containing both 
proteins, S100A1 might modulate the metastasis-induc- 
ing capability of S100A4. 

$100 proteins are a family of low molecular weight, acidic 
proteins that contain two distinct EF-hands with different af- 
finities for calcium (1). Elevated levels of one S100 protein, 

$100A4, are closely associated with the process of metastasis in 

breast and other cancer cells in rodent animal models and in 
human cancer specimens. $100A4 or its mRNA is found at an 

elevated level in metastatic relative to non-metastatic rat (2) 

and mouse (3) tumor cell lines and benign relative to malignant 
human breast tumors (4). Elevation of the level of rat (5) or 
human (6) S100A4 in benign rat mammary tumor cells results 
in the acquisition of metastatic capability by some of the cells. 
In transgenic mouse models of breast cancer, elevated levels of 

$100A4 in new oncogene-induced (7), or in murine mammary 
tumor virus-induced (8), benign mammary tumors yield lung 
metastases. In colorectal adenocarcinoma specimens, elevated 
levels of immunocytochemically detected S100A4 are associ- 
ated with the more malignant carcinomatous regions of the 

primary tumors and with liver metastases (9). The precise 

interactions whereby S100A4 induces metastasis are not fully 
understood. 
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$100A4, or its mRNA, is found in many normal cells, some of 

which are motile (10, 11), and S100A4 has been associated 

immunofluorescently with the actin/myosin cytoskeleton in 
fixed cells (5, 12-14). Calcium-dependent interaction of S100A4 
with actin (15), tropomyosin (16), and non-muscle myosin (17— 

20) has been reported in vitro. S100 proteins form homodimers 
and heterodimers (21, 22); S100A4 forms calcium- and dithio- 

threitol-independent homodimers in vitro (23). The conditions 
employed for these interactions in vitro cannot match the con- 

ditions inside the cell, where functional interactions are likely 

to take place. Thus, the yeast two-hybrid system has been 

utilized to find interactions in vivo for the metastasis-inducing 

protein S100A4. 

EXPERIMENTAL PROCEDURES 

DNA Constructs for the Yeast Two-hybrid System—For screening a 

human breast tumor two-hybrid library constructed with pYESTrp2 
vector (Invitrogen, Groningen, Netherlands), a bait vector was con- 

structed by excising the LexA cassette from the pHybLex/Zeo vector 

(Invitrogen), and inserting it into the pAD-GAL4-2.1 vector (Strat- 

agene, La Jolla, CA) to produce the LexA vector with the LEU2 select- 

able marker. A 303-base pair cDNA corresponding to the coding region 

of human S$100A4 (p9Ka) mRNA was obtained by PCR? of an expression 

vector pET-p9Ka? and was subcloned into the LexA vector to produce 

the LexA-S100A4 bait construct. Nucleotide sequencing ensured the 

integrity of the cloning and sequences. Selection for this bait plasmid in 

yeast cells was on leucine-free plates or medium. 

Yeast Transformation and Lift Assays and Liquid B-Galactosidase 

Assays—For the screening of the breast cancer two-hybrid library, yeast 

strain L40 (genotype: MATa his3A200 trp1-901 leu2-3112 ade2 

LYS2::(4lexAop-HIS3) URA3:: (8lexAop-lacZ)GAL4) cells were trans- 

formed with LexA-S100A4 to produce a stable L40-LexA-S100A4 strain. 

A culture was transformed with the human breast cancer pYESTrp2 

library DNA according to the lithium yeast transformation protocol 

(Invitrogen). Yeast transformants were selected by their growth on 

leucine-, tryptophan-, and histidine-free plates and media. Lift assays 

(according to Stratagene’s protocol) were carried out 7 days after trans- 

formation, and colonies that gave a blue color within 16 h were isolated. 

For each individual clone, both the bait plasmid, LexA-S100A4, and 

the target plasmid from the YESTrp2 library were isolated from the 

cells. The recovered YESTrp2 target plasmids were cotransformed into 

L40 yeast cells along with the original bait plasmid, LexA-S100A4, and 
lift assays were carried out to reconfirm the interaction in the yeast 

cells. 
The activity of B-galactosidase of each positive transformant was 

determined using a liquid B-galactosidase assay (24). The number of 

Miller units of B-galactosidase activity was calculated using the for- 

mula: Miller units = (1,000 optical density of the reaction)/(volume of 

cell assayed in ml X time in min X optical density of the culture at 600 

nm). 
Mutagenesis of S100A4—Amino acid residues phenylalanine 72 and 

tyrosine 75 of the human S100A4 protein sequence (25) were both 

altered to glutamine by changing the triplets from TTC and TAC to 

1The abbreviations used are: PCR, polymerase chain reaction; 
rS100A4, recombinant S100A4; GST, glutathione S-transferase; PAGE, 

polyacrylamide gel electrophoresis; PVDF, polyvinylidene difluoride; 
RT-PCR, reverse transcript PCR. 

2 B. Lloyd and R. Barraclough, unpublished data. 
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CAG using the PCR extension method of site-directed mutagenesis (26). 
The two external primers used were: 5'-Xhol primer, TCTCTCGAGCT- 

GCTGTCATGGCGTGC and 3’-PstI primer, TGCGCCTGCAGTG- 
GAGTTTTCATTTCTTC. The inner primers for the F72Q mutation 

were: 5'-GACCAGCAAGAGTACTGTGTCTTCC and 3’-CTCTTGCTG- 
GTCCACCTCGTTGTCCC. The inner primers for the Y75Q mutation 
were: 5'-GAGCAGTGTGTCTTCCTGTCCTGC and 3’-GACACACT- 
GCTCTTGGAAGTCCACC. The cDNAs with the point mutations were 
digested with XhoI and PstI and inserted into the LexA vector. DNA 
sequencing confirmed the nucleotide changes and the coding frames for 
fusion protein expression. 

Recombinant Proteins—Rat recombinant S100A4 (rat rS100A4) was 
produced and purified as described previously (12). A recombinant 
human S100A1 cDNA was obtained using PCR from a clone selected in 
the two-hybrid screen. The cDNA open reading frame, which encoded 
the 93 amino acids of human S100A1 protein, was subcloned into the 
expression vector pGEX-2T, and rS100A1 was produced as a fusion 
protein with 26 kDa of glutathione S-transferase (GST) protein at the 
NH, terminus (GST-S100A1). The fusion protein was purified to near 
homogeneity using glutathione-Sepharose 4B (Amersham Pharmacia 
Biotech). Histidine-tagged-rS100A1 (His-S100A1) was expressed in 
pET16b(+) vector and purified with histidine-binding resin (Novagen). 

In Vitro Binding Assay for S100 Proteins—For the detection of bind- 
ing of S100A1 and S100A4 proteins in vitro, the GST-S100A1 fusion 
protein or GST alone was attached to glutathione S-Sepharose (Amer- 
sham Pharmacia Biotech) slurries at a concentration of 0.5 mg/ml of 
slurry. 100 pl of a solution of 0.1 mg/ml rS100A4 protein in KTT buffer 
(140 mm KCl, 20 mm Tris-HCl, pH 7.4, 0.1% (w/v) Triton X-100, 5 mm 
dithiothreitol, with 1 mm CaCl,, or 1 mm EGTA) was incubated with 
100-1 aliquots of the GST or GST-S100A1 slurries for 3 h at 4 °C. The 
mixtures were applied to spin columns and centrifuged in a microcen- 
trifuge at 800 rpm for 1 min. The columns were spun-washed with the 
KTT buffer at least 10 times. Unbound proteins were eluted with at 
least 50 bed volumes of KTT until no further protein was eluted. Bound 
proteins were eluted with 20 mM Tris-HCl, pH 8.0, 150 mm NaCl, 5 mm 
dithiothreitol, 10 mm reduced glutathione, and 0.1% (w/v) Triton X-100. 
Eluted S100A4 was analyzed by SDS-polyacrylamide gel electrophore- 
sis (PAGE) (27) followed by transfer onto PVDF filters (Immobilon, 
Millipore, France), and incubation with a 1:500 dilution of an affinity- 
purified rabbit polyclonal antibody to rat rS100A4, produced as de- 
scribed previously (28). Bound antibodies were detected using the ECL 
system (Amersham Pharmacia Biotech). 

For gel overlay, the recombinant GST-S100A1, His-S100A1, GST, 

and S100A4 proteins were subjected to SDS-PAGE (12.5% (w/v)) and 
electroblotted onto PVDF membranes. The membranes were incubated 
with overlay buffer (0.5% (w/v) bovine serum albumin, 0.25% (w/v) 
gelatin, 0.5% (w/v) detergent Nonidet P-40, 100 mm NaCl, 50 mm Tris, 
pH 7.5, containing 3 pg/ml rat rS100A4 plus either 0.5 mm calcium ions 
or 1mm EGTA) for 4 h and washed four times for 5 min each in the same 
buffer without the bovine serum albumin, gelatin, or S100A4. Mem- 
branes were incubated with blocking buffer (3% (w/v) bovine serum 
albumin, 0.1% (w/v) Tween 20, 2% (w/v) Marvel in Tris-buffered saline). 

The membranes were washed three times for 5 min each in wash buffer 
(0.1% (w/v) Tween 20, 2% (w/v) Marvel in Tris-buffered saline). The 
membranes were incubated with 2.5 ml of the wash buffer containing a 
500-fold dilution of the rabbit anti-rat S100A4 serum for 1.5 h. After 
being washed in buffer six times for 5 min each, the filters were 

incubated in a 2,500-fold dilution of a secondary antibody for 1 h. After 
a final wash with Tris-buffered saline for 30 min, bound antibody was 
detected using the ECL system with exposure against Kodak XAR-5 
film. 

Cell Culture, Isolation of RNA, and Reverse Transcript Polymerase 
Chain Reaction (RT-PCR)—The human malignant breast tumor cell 
lines MCF-7, SK-Br-3 and MDA-MB-231 (29) were cultured as de- 
scribed previously (30). Total RNA was isolated using the guanidinium 
isothiocyanate/CsCl method as described previously (31-33). 

For RT-PCR, 1 yg of total RNA or 0.5 yg of poly(A)-containing RNA 
was reverse transcribed using Superscript according to the supplier’s 
protocol (Life Technologies, Inc., Paisley, Scotland), and the resulting 

cDNA was amplified by 35 cycles of PCR using Taq polymerase (Life 
Technologies, Inc.) with the following human S100A1-specific primers: 
5'-primer, ACAGGTCTCCACACACAGCTCC; 3'-primer, AGGCTC- 

GAGAGGAAGGGCGCTGC. PCR products were analyzed by electro- 
phoresis on 1.4% (w/v) agarose gels and stained with ethidium bromide. 
Control amplifications omitted the reverse transcriptase. 

Immunofluorescent Detection of S100 Proteins—About 500 cells were 
plated per well of chambered slides and cultured for 24 h. The cells were 
fixed with 4% (w/v) paraformadehyde in phosphate-buffered saline for 
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10 min and permeabilized with 0.1% (w/v) Triton X-100 in phosphate- 
buffered saline for 5 min. After a 30-min incubation in blocking buffer 

(2% (w/v) bovine serum albumin in phosphate-buffered saline), the cells 
were incubated with primary antibody, either rabbit anti-S100A4 (1:50 
dilution) or mouse anti-S100A1 (1:20 dilution) in blocking buffer. After 
being washed four times with phosphate-buffered saline, the cells were 

incubated with secondary antibody for 1 h. Fluorescein isothiocyanate- 
conjugated anti-mouse IgG for anti-S100A1 staining and tetramethyl- 
rhodamine B-isothiocyanate-conjugated anti-rabbit IgG for S100A4 
staining were used. After washing, the slides were dried and mounted. 
Photographs were taken using a Zeiss LSM 510 confocal microscope. 

RESULTS 

Interaction of S100A4 in Yeast Cells—To identify heterolo- 
gous interactions in vivo between S100A4 and components of 
malignant/metastatic cells, more than 2 X 10° yeast cell trans- 

formants from a two-hybrid cDNA library, constructed from 

mRNA isolated from a human breast cancer specimen, were 

transfected with the S100A4 (p9Ka) cDNA bait vector. Target 

plasmids were recovered from 14 independent blue colonies, 

and purified plasmid DNAs were cotransformed individually 

into L40 yeast cells along with the S100A4 (p9Ka) bait plasmid. 
Reisolation of plasmid DNA and cotransformation were re- 
peated serially three times, after which only four colonies 

showed the blue color in lift assay on each occasion. Plasmid 
DNA was isolated from these four transformants, and the nu- 

cleotide sequences of the cDNAs in the target vectors were 

determined. The sequence of each of the four target plasmids 
was precisely that of human S100A1. The four colonies contain- 

ing both the S100A4 bait and S100A1 prey plasmids exhibited 

B-galactosidase activities that were 20—70-fold higher than 
colonies containing only bait plasmid or only a prey plasmid 
(Fig. 1a). However, the prey constructs in the library (Invitro- 
gen) contained an additional 19 amino acids of protein se- 
quence inserted between the B42 activating domain and the 
NH, terminus of the target protein. To rule out the possibility 
that this extra sequence might be interacting directly with the 
$100A4 protein, the extra sequence was deleted from one of the 
isolated target clones. L40 strain yeast transformants contain- 
ing both the pYESTrp2ExS100A1 prey construct, bearing the 
deletion, and the S100A4 bait construct LexA-S100A4, yielded 

a blue color within 3 h in the lift assay, and the B-galactosidase 
activity of the deleted clone was greater than that of the orig- 

inal clone containing the additional 19 amino acids insert (Fig. 
1b). Thus, the B-galactosidase activity was not caused by the 
presence of these additional amino acids at the NH, terminus 
of the cloned S100A1 protein in the yeast cells from the breast 
cancer library. The above experiments suggest that, at least in 

yeast cells, S100A4 can interact in a heterologous manner with 
$100A1. 

Point Mutation in the S100A4 cDNA Interrupts the Interac- 
tion between S100A4 and S100A1 in Vivo—Two single nucleo- 
tide point mutations of the S100A4 cDNA were generated 
which yielded amino acid substitutions in residues involved in 
the dimer interface reported previously for S100A6 (34). These 

changes, which resulted in conversion of phenylalanine 72 and 

tyrosine 75 of the S100A4 protein sequence to glutamine, indi- 

vidually fully (Phe-72), or partially (Tyr-75), disrupted S100A4 

dimer formation in the yeast two-hybrid system (not shown). 

Bait plasmids containing cDNAs bearing either of these muta- 

tions completely failed to yield blue colonies when cotrans- 

fected with S100A1 prey plasmids under the same conditions 

that yielded blue colonies in 6 h when unmutated S100A4 was 

used, These specific mutations individually abolished the in- 
teraction between S100A4 and S100A1 in the yeast cells as 
determined by B-galactosidase activity (Fig. 1c). 

Interaction between S100A4 and S100A1 in Vitro—Antibod- 

ies directed against recombinant S100A4 or S100A1 were
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Fic. 1. B-Galactosidase activity of yeast clones bearing S100A4 
bait and/or target vectors isolated from the breast cancer two- 
hybrid library. Clones of yeast strain L40 were transformed with the 
DNA constructs indicated below, grown up, and B-galactosidase activity 
determined in Miller units as described under “Experimental Proce- 
dures.” Panel a, column 1, bait plasmid LexA-S100A4 alone; columns 
2-5, each of four recovered target plasmids, alone; column 6, bait vector, 
LexA-S100A4, and target vector pYESTrp2 without insert; columns 
7-12, bait vector LexA-S100A4 and each of six recovered target vectors, 
A-F, four of which contained S100A1 cDNA (columns 7-10). Panel b, 
column 1, LexA-S100A4 bait plasmid alone; column 2, with the original 
recovered target plasmid A alone; column 3, with the original recovered 
target plasmid A lacking the 19-amino acid region alone; column 4, with 
LexA-S100A4 bait plasmid and the original recovered target plasmid; 
column 5, with LexA-S100A4 bait plasmid and original recovered target 
plasmid lacking the 19-amino acid region. Panel c, column 1, bait 
LexA-S100A1 and YESTrp2-S100A4; column 2, LexA-S100A4 and 
YESTrp2-S100A1; column 3, LexA-S100A4 and YESTrp2 vector; col- 
umn 4, LexA vector and YESTrp2-S100A1; column 5, LexA-S100A4 
F72Q mutation and YESTrp2-S100A1; column 6, LexA-S100A4 Y75Q 
mutation and YESTrp2-S100A1; column 7, YESTrp2-S100A1 alone; 
column 8, LexA-S100A4 alone. The means + S.D. of three experiments 

are shown. 

tested for their specificity toward their target recombinant 

proteins (Fig. 2). Using Western blotting, anti-S100A4 did not 

cross-react against NH,-terminal  polyhistidine-tagged 
$100A1, recombinant GST, nor against a GST-S100A1 fusion 

recombinant protein, but did recognize S100A4 protein at the 
same loading. Anti-S100A1 recognized the His-tagged S100A1 
and the GST-S100A1 fusion protein but did not cross-react onto 

$100A4 protein at the same loading (Fig. 2). 
To find out whether it is possible to detect interaction be- 

tween S100A4 and S100A1 in vitro, the GST-S100A1 fusion 
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Fic. 2. The specificity of antibodies directed against recombi- 
nant S100A1 and S100A4 proteins. Samples of proteins, His-S100A1 
(lane 1), GST-S100A1 (lane 2), GST (lane 3), S100A4 (lane 4), purified 
His-S100A1 (lane 5), cell lysate with induced His-S100A1 (lane 6), 

S100A4 (lane 7), and GST-S100A1 (lane 8) were subjected to SDS- 
PAGE and transferred to PVDF membranes. The membranes were 
incubated with rabbit polyclonal anti-S100A4 (upper panel, lanes 1-4) 
or mouse monoclonal anti-S100A1 (lower panel, lanes 5-8) and then 

with a second antibody that was detected in turn using the ECL system 
as described under “Experimental Procedures.” m, monomer; n, 
multimer. 

protein and the control GST were immobilized on Sepharose- 

glutathione columns. The interaction in vitro with recombinant 

$100A4 was detected by the retention of the S100A4 on the 

Sepharose-glutathione-GST-S100A1 column. After extensive 

washing, the bound proteins were eluted from the columns 

with excess glutathione, and the proteins in the resulting frac- 

tions were analyzed by SDS-PAGE and Western blot with 

anti-S100A4 antibody. When a sample of recombinant S100A4 
was passed through a column containing bound recombinant 

GST, no reduced glutathione-elutable S100A4 was retained on 

the column beyond the wash fraction (Fig. 3c). However, when 

the S100A4 was passed through a similar column but contain- 

ing immobilized GST-S100A1 fusion protein, rS100A4 was re- 

tained on the column, even after extensive washing with buffer, 

and was eluted, along with the GST-S100A1 fusion protein, 

with reduced glutathione. This result suggests strongly that 

S$100A4 can bind to GST-S100A1 fusion protein but not to the 

GST control in vitro. Exactly the same result was obtained 

when the experiment was carried out with a cell lysate of 

Escherichia coli BL-21 cells which had been induced to produce 

S$100A4 with IPTG (Fig. 3b). The interaction in vitro of purified 

recombinant GST-S100A1 with S100A4 (purified or nonpuri- 

fied) was detected in the presence of calcium ions and could be 

reversed in the presence of 1.0 mm EGTA (Fig. 30). 

To investigate in more detail the influence of calcium ions on 

the interaction between S100A4 and S100A1, the GST-S100A1
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Fic. 3. Interaction between S100A4 and S100A1 in vitro. Recom- 
binant GST (panels a and b, lanes 1, 2, 5, and 6; panel c, lanes 1-4) or 
GST-S100A1 recombinant fusion protein (panels a and b, lanes 3, 4, 7, 
and 8; panel c, lanes 5, 7, 8, and 9) were purified and immobilized on 

glutathione-Sepharose columns. Either a bacterial extract containing 
recombinant S100A4 (panels a and 6b; shown in lane 10) or purified 
$100A4 (panel c; shown in lane 10) was passed through the columns 
using a Tris buffer (panels a and 6) or a phosphate-buffered solution 
(panel c), as described under “Experimental Procedures.” In panels a 
and 6, the buffer contained either calcium (lanes 1, 2, 7, and 8) or EGTA 

(lanes 3-6). The proteins that passed through the columns (designated 
PT) were collected (panel c, lanes 1 and 9). The columns were washed 
until no more protein was eluted, and the washes were either pooled 
(panel c, lanes 2 and 8, designated MW for mixed wash), or a final wash 

fraction was passed through (panels a and b, lanes 1, 3, 5, and 7, 
designated W). Proteins remaining bound to the columns were eluted, 
designated by E (panels a and , lanes 2, 4, 6, and 8; panel c, lanes 3 and 
7), as described under “Experimental Procedures.” Samples of the frac- 
tions were subjected to SDS-PAGE as described under “Experimental 
Procedures,” and a gel was stained (panel a) or the proteins were 
transferred onto membranes (panels 6 and c). S100A4 was detected by 
a rabbit anti-S100A4, which did not cross-react with S100A1 (panels b 
and c). The molecular masses of marker proteins (panel a, lane 9, 
designated M,) are indicated in kDa alongside panel a. On panel c the 
markers on the original stained gel (lane 6, designated M,) are not 
visible on the autoradiograph but have been drawn in to indicate their 
position. On panel c, samples of pure proteins (PP) of the recombinant 
glutathione S-transferase (lane 4), the GST-S100A1 recombinant fusion 
protein (Jane 5), and recombinant S100A4 (lane 10, designated AZ) were 
also subjected to electrophoresis and Western blotting. m, monomeric; 
n, multimeric; n/a, not applicable. The multiple weak bands in panel a, 
lanes 4 and 8, arise from degradation of the GST-S100A1 fusion protein, 
and the apparent doublet for S100A4m in panel 6 is an overloading 
artifact. 

columns above were utilized, with buffers containing between 0 
and 1.0 mM calcium ions or 0.5 or 1.0 mm EGTA. Interaction 

between S100A1 and $100A4 could be detected using the buffer 

with no added calcium; however, the amount of S100A4 re- 
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Fic. 4. Effect of calcium ions on the interaction in vitro be- 
tween S100A4 and S100A1. GST-S100A1 fusion recombinant protein 
was purified and immobilized on glutathione-Sepharose beads. The 
beads were incubated at 4 °C overnight with rS100A4 protein in Tris 
buffer containing no added CaCl, (lanes 1-3) or added CaCl, to 0.1 mm 
(lanes 4, 5, and 7), 0.5 mM (lanes 8-10), 1.0 mM (lanes 11-13) or EGTA 
added to 0.5 mM (lanes 14-16) or 1.0 mM (lanes 17-19). The mixtures 
were then applied to spun columns. After extensive washing, the GST- 
S100A1 was eluted from the beads with glutathione. The fractions, P 
(pass-through), W (last wash), and E (elute) were subjected to SDS- 
PAGE and Western blotting. The S100A4 that had been retained on the 
column was detected with anti-S100A4. The smear in the pass-through 
fractions arises from aggregation of the excess recombinant S100A4 
protein. Molecular mass markers (M,) of standard proteins on the 
stained gel are shown in anes 6 and 20. 

tained on the GST-S100A1 column increased as the concentra- 
tion of calcium in the buffer was increased (Fig. 4). 0.5 mm 

EGTA reduced the amount of S100A4 retained, and no detect- 

able S100A4 was retained with 1.0 mm EGTA. These results 
suggest that the interaction of S100A4 with S100A1 is not 

markedly calcium ion-dependent over the normal range of cal- 
cium concentrations. However, removing all of the calcium 
with a high concentration of EGTA created conditions that 
reduced the retained S100A4 to an undetectable level. 

Interaction between S100A1 and S100A4 was also demon- 
strated using a gel overlay technique with purified rS100A1 

and rS100A4 proteins (Fig. 5). Recombinant S100A4 protein 

binding to both His-S100A1 and GST-S100A1, but not to GST 

protein, was detected by the antibody to S100A4. 

S100A1 and S100A4 Are Present in the Same Cells—To find 

out whether S100A1 and S100A4 coexist in the same cells 
naturally, the presence of S100A1 mRNA was sought in clonal 

breast tumor cell lines of known S100A4 status using a PCR- 

based assay. A correctly sized ethidium bromide-stained band 

of DNA on agarose gels was obtained following RT-PCR using 

human S100A1-specific primers on RNA from human mam- 
mary cell lines, MCF-7, MDA-MB-231, and SK-Br-3. The latter 

two cell lines have been shown previously to contain high levels 

of S100A4 mRNA (4) (Fig. 6). Sequencing of the PCR products 

confirmed that they corresponded to the human S100A1 

mRNA. No bands were obtained with any of the RNAs when 

RT-PCRs were carried out in the absence of the Superscript 

reverse transcriptase. Thus, the mRNAs for both S100A1 and 

S100A4 were present in these clonal cell lines. The presence of 

both S100A1 and S100A4 protein in the same cells has been 

shown by Western blotting (Fig. 7) and by dual labeling immu- 

nofluorescence on MDA-MB-231 cells (Fig. 8). In the immu-
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Fic. 5. Interaction in vitro between S100A1 and S100A4 using 
gel overlay. Purified recombinant proteins, His-S100A1 (Jane 1), GST 
(lane 3), rat S100A4 (lane 4), GST-S100A1 (lane 5), GST (lane 6), and 
human S100A4 (/ane 7) were separated by SDS-PAGE (15% (w/v)) and 
blotted onto PVDF membranes. The membranes were incubated with 
S100A4, and any binding of rS100A4 was detected by anti-S100A4 (see 
“Experimental Procedures”). The banding pattern of molecular weight 
markers is shown on the left side of the image with molecular masses in 
kDa indicated. Lane 2 contained no protein. 
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Fic. 6. Detection of mRNA for S100A1 in breast tumor cell 
lines. RNA from the malignant human breast cancer cloned cell lines, 
MCF-7 (lanes 3 and 4), SK-Br-3 (lanes 5 and 6), and MDA-MB-231 cells 
(lanes 7 and 8) was subjected to RT-PCR (lanes 4, 6, and 8) or control 
amplification in which the reverse transcriptase was omitted (lanes 3, 5, 
and 7), using primers specific for human S100A1, as described under 
“Experimental Procedures.” A PCR without template was also carried 
out (lane 2). The resulting PCR products were subjected to agarose gel 
electrophoresis along with molecular size markers (lane 1), and the gel 
was stained with ethidium bromide. The image has been reversed. The 
band of S100A1 amplification product is indicated by the arrow. 
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Fic. 7. Western blot of S100A1 and S100A4 proteins in cell 
lines. Recombinant proteins His-S100A1 (lane 1, 15 yg and lane 2, 2 
pg), GST-S100A1 (lane 3, 5 yg), and lysates from cell lines SK-Br-3 
(lane 5, 40 wg) and MDA-MB-231 (lane 6, 40 yg) were separated by 
SDS-PAGE (15% (w/v)) and blotted onto PVDF membranes. The 
S100A1 was detected by polyclonal anti-S100A1. Molecular weight 
markers are shown (/ane 4), with their molecular masses indicated in 
kDa on the left side. 

nofluorescent experiments, both S100A1 and $100A4 were lo- 
calized to the perinuclear region and to the cytoskeleton, and 

the fluorescence of each could be removed by preincubating 

each antibody separately with its cognate, but not the other 
recombinant protein (Fig. 8). Superimposition of the staining 

shows their partial colocalization on stress fibers and in the 
perinuclear region. 

DISCUSSION 

$100A4 is shown to interact with $100A1 in Saccharomyces 

cerevisiae cells and also in vitro. Although it has been reported 
previously that S100A4 forms homodimeric forms (23, 35), this 
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Fic. 8. Immunofluorescent localization of S100A1 and S100A4 
in human mammary cells in culture. MDA-MB-231 cells were 
grown in chambered slides, fixed, and incubated with a mouse mono- 
clonal anti-S100A1 and fluorescein isothiocyanate-conjugated anti- 
mouse IgG (panel A) or with a rabbit polyclonal anti-S100A4 and 
tetramethylrhodamine f-isothiocyanate-conjugated anti-rabbit IgG 
(panel B). Superimposition of the images in A and B indicates partial 
colocalization of the two S100A proteins around the nucleus and on 
stress fibers. Preincubation of the anti-S100A1 IgG with rS100A1 abol- 
ished the immunofluorescence caused by S100A1 (panel D) but not that 
caused by S100A4 (not shown), and preincubation of the anti-S100A4 
with rS100A4 abolished the immunofluorescence resulting from 
S100A4 (panel E) but not that resulting from S100A1 (not shown). 
Panels A-C and the phase-contrast image (panel F) are of the same 
field. Magnification x 280; bar = 50 um. 

is the first report of S100A4 interacting with another member 

of the S100A family of EF-hand-containing proteins. Based 

upon the time taken for the blue dye arising from B-galactosid- 

ase activity to become visible, the interaction between S100A4 

and S100A1 in vivo was more effective at stimulating reporter 

gene activity than the homodimeric interaction of S100A4 in 

the same system. S100A4 molecules that had been specifically 
mutated in conserved amino acid residues, reported previously 

to be associated with the dimer interface of S100A6 (calcyclin) 

(34), and which prevented S100A4 homodimerization in the 
yeast two-hybrid system, also failed to interact with S100A1, 

strongly suggesting that this latter interaction resembles the 

natural association of other $100 proteins into homo- (34) and 

hetero- (36) dimeric forms. 

Homodimer and heterodimer formation of $100 proteins has 

been predicted from the three-dimensional structures of some 

$100 proteins and homology analysis (34). Natural ho- 

modimeric and heterodimeric association of S100A family 

members is well documented. Thus, S100A1 (37), S100B (22), 

S100A4 (23), and S100A6 (34) have been shown to form ho- 

modimers. Heterodimerization of S100A8 with S100A9 in neu- 

trophils (21, 36) and of S100A1 with S100B (38) in neural tissue 

has been described, and the formation of heterodimers between 

S100B and S100A6 (39) in human melanoma has been reported 

recently. 

The heterodimerization of S100A1 and S100A4 reported here 
might be expected to have biological significance if these S100 

proteins occur in the same cells. These proteins have been 

shown to coexist in the same cultured human breast cancer 

cells and in rat mammary cells, Rama 29 (not shown) (30), and 

coexpression of S100A1 and S100A4 has been reported previ- 

ously in primary cultures and cell lines of human vascular 

smooth muscle cells (14). In the present experiments, S100A1 

and S100A4 are both located in the perinuclear region and on 

the stress fibers of the cytoskeleton. Localization of S100A4 (5, 

12, 14) and of S100A1 to the cytoskeleton (14) and of S100A4 to 

the sarcoplasmic reticulum (14) has been reported previously.
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These observations suggest that S100A1 and S100A4 might 
also be interacting inside the cell at these same locations. 

Because S100A1 and S100A4 are capable of dimerizing, it is 

possible that they have a common intracellular target. Both 
$100A1 and S100A4 individually have been shown to interact 

with a range of non-S100 protein targets. S100A1 has been 
shown to interact with brain-specifie C and muscle-specific A 

isoforms of aldolase (40), MyoD (41), and a dodecylpeptide of 
the actin-capping, Cap Z (42), F-actin (14), the calcium-release 
channel of skeletal muscles (43), and twitchin kinase of Cae- 

norhabditis elegans (44). S100A4, in contrast, has been re- 

ported to interact in vitro with a more limited range of intra- 
cellular target proteins, in particular cytoskeletal actin (15), 
tropomyosin (16), and non-muscle myosin heavy chains (17— 

20). However, the interaction with actin might arise from a 

tendency of S100A4 to aggregate (14). The interaction of 
S$100A4 with myosin occurs at a site on the non-muscle myosin 
heavy chains which has been reported to be phosphorylated by 
protein kinase C in vivo and in vitro (20). All of these interac- 
tions have been determined with single purified S100A4 pro- 

tein, and it will be important to find out whether these inter- 
actions in vitro can be modulated by the presence of S100A1. It 
is possible that the interactions of S100A4 with myosin, which 

might be associated with the protein’s metastasis-inducing ca- 
pabilities, could be modulated by interaction with cytoskeleton- 

associated S100A1 (14). In this regard it might be interesting to 

note that S100A1 and S100A4 are colocalized in the high 
$100A4-expressing cultured Rama 29 cells (30), which do not 

express a metastatic phenotype. 
The distribution of S100A1 and S100A4 proteins in normal 

cells is much more diverse. Although S100A1 was originally 
found in brain, where it interacts with S100B, it is also found 

in heart, slow twitch skeletal muscle, smooth muscle, and kid- 

ney (45). In contrast, S100A4 is not found in significant quan- 
tities in brain, but it is distributed widely and specifically 

elsewhere in the body, including kidneys, lungs, thymus, and 
muscle tissues, at least in the rat (28). The observation that 

$100A1 interacts with S100A4 as well as with S100B, but that 

S100B (46), but not S100A4 (28), is found widely in brain 

tissue, raises the possibility that S100A1 has different S100 
partners depending upon the $100 proteins that are expressed 
in the particular cells concerned. 
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