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Abstract

Breast cancer is the second most frequent cause of cancer deaths in
Canadian women with death resulting from the spread of cancer cells or
metastasis to distal organs. Our laboratory was the first to show that MUCI, a
type-1 transmembrane glycoprotein highly overexpressed in breast tumors, may
contribute to migration of breast cancer cells by binding to the Intercellular
adhesion molecule-1 (ICAM-1), which triggers the recruitment of non-receptor
tyrosine kinase, Src that initiates the downstream signaling. However, the
structural aspects of the interaction of cytoplasmic domain of MUC1 (MUCI1-CD)
and the Src-SH3 domain are still unknown. This thesis, aims to determine the
affinity and specificity of this interaction using multinuclear, multidimensional
nuclear magnetic resonance (NMR) spectroscopy/titration studies using N
labeled Src-SH3 domain and the synthetic peptides of MUCI1-CD. The results
revealed that the dissociation constant (Kp) for the interaction of 69-residue full-
length MUCI1-CD and Src-SH3 domain is 1.85 mM, based on the residues that
show the highest chemical shift changes (> 0.04 ppm). Although the residue-shifts
were very small (< 0.1 ppm) different-length MUC1-peptides produced the same
results. The most perturbed residues were, Arg98, Glul00, Leul03, His125,
Thr132 and Gly130 located outside the canonical binding site, suggesting that
MUCI-CD binds with a high specificity but a low affinity to a non-canonical site.
The results form a foundation for further structural studies exploring the

molecular recognition mechanisms of the MUC1/Src-SH3 interaction.
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Chapter 1

INTRODUCTION



1.1. Background

Cancer arises from the uncontrolled growth of abnormal or genetically
mutated cells in a particular organ or a tissue in the body. Breast cancer is the
most frequently diagnosed cancer in women, with over 23,000 new cases
diagnosed in 2010 in Canada and continues to be the second leading cause of
cancer deaths in Canadian women (1). The spread of cancer cells, or metastasis, to
distal organs such as the brain and bones is the major cause of death due to breast
cancer. Development of metastasis depends on the ability of cancer cells to detach
from the primary tumor, travel through the circulatory system and establish
secondary colonies in distant sites, a process which involves multiple molecular
mechanisms (2).

Although advances in diagnosis and treatment, over the recent years, have
contributed to the reduced rates of mortality caused by breast cancer, metastasis
still results in treatment failures and deaths, suggesting that there is a shortage of
pertinent knowledge about the molecular mechanisms of breast cancer metastasis.
Due these gaps in knowledge, current prognostic criteria are unable to predict the
exact metastasis-risk for an individual breast cancer patient (3). As a result, some
women may receive systemic adjuvant therapies such as cytotoxic chemotherapy
unnecessarily while other women may be inappropriately classified as low-risk
individuals, and excluded from therapy.

Therefore, it is absolutely necessary to launch in-depth investigations of
the molecular recognition events involved in breast cancer metastasis, to
completely understand the underlying mechanisms, which could provide the

pragmatic bridge between the bench and bedside.



1.2. The Normal Breast

The formation of the breast begins in the embryo as a thickening or a ridge
of tissue that gives rise to rudimentary milk-carrying (lactiferous) ducts by the end
of gestation (4). The human breast remains relatively undeveloped until puberty
but undergoes morphological and functional changes during puberty and then
during pregnancy and lactation (5). The elongation of milk ducts is stimulated by
estrogen, growth hormone, insulin-like growth factor-1 and epidermal growth
factor while prolactin, progesterone and thyroid hormones are involved in further
ductal branching and formation of alveoli or acini (secretory terminal end buds)
4.

The mature human breast is composed of fatty (adipose) tissue, connective
tissue (stromal matrix) and glandular tissue (ducts and lobules) (Fig. 1-A). Each
breast consists of 15 to 25 lobes, each connected to a lactiferous duct that carries
milk to the nipple. Every lobe is formed by 20 — 40 lobules that drain milk into
the intralobular ducts and each lobule consists of a variable number (usually 10-
100) of alveoli (6). The alveoli and the intralobular ducts together form the major
structural and functional unit of the breast, known as the terminal ductal lobular
unit (TDLU) (Fig. 1-iii), which has somatic stem cell activity for further
development and differentiation during pregnancy and lactation (7).

The epithelial cells form a continuous lining of the lactiferous ducts,
interlobular ducts, intralobular ducts and alveoli. Each TDLU consists of three
layers, a luminal epithelium (epithelial cells that cover the surface of lumina or
cavities), a basal myoepithelium (contractile epithelial cells located within a

glandular epithelium) and a basement membrane that separates the TDLUs from



the intralobular matrix (5). The stromal matrix is comprised of fibroblasts,
adipocytes, endothelial cells and nerve cells. The cross-talk between epithelial
cells and stromal cells is crucial for the proper function of the breast, failure of

which may lead to breast cancer (8).

1.3. The Cancerous Breast

1.3.1. Types of Breast Cancer

Breast cancer is a heterogeneous and phenotypically diverse disease (9).
More than 95% of breast cancers are carcinomas, which are malignant tumors
arising from the epithelial stem cells of the ducts or lobules (10) and
histologically subdivided as ductal carcinomas (DC) or lobular carcinomas (LC),
respectively. The in situ (IS) carcinomas that are limited to the ducts or lobules
and have not penetrated the basement membrane are known as ductal carcinoma
in situ (DCIS) (Fig. 1-B) or lobular carcinoma in situ (LCIS) respectively. If the
malignant cells have penetrated the basement membrane into the surrounding
stroma, the tumors are called invasive ductal (IDC) (Fig. 1-C) or invasive lobular
(ILC) carcinoma, which may be capable of spreading to the distal organs or
tissues via the blood vessels and the lymphatic system. Invasive ductal carcinoma
is the most common type that comprises 80 — 95 % of all breast cancers (11).

Based on the gene expression profiling, breast cancers can be divided into
a limited number of molecular subtypes (12), (13), These subtypes have distinct
biological characteristics and response to therapy (14). There are 2 major genetic
variants of breast cancer, estrogen receptor (ER)-positive and ER-negative, which

are classified based on the level of expression of Estrogen receptor alpha (15).

4



The ER positive tumors can be further subdivided into Luminal A type tumors
and Luminal B type tumors, where the former is associated with a better
prognosis than the latter (16), (13). The ER negative breast tumors include three
subgroups; 1) HER2 positive, ii) normal breast-like and ii1) basal-like tumors (17).
Overexpression of HER2 (ErBb2 or human epidermal growth factor receptor-2)
defines the HER2 positive subtype. The normal breast-like phenotype has an
expression profile that is similar to non-cancerous breast tissue while the basal-
like group consists of tumors that show a more aggressive clinical behavior and is
associated with a poor prognosis (18). A percentage of HER2 positive tumors,
however, may also be ER positive, while some Luminal B tumors can be ER
negative (17).

Recurrence patterns vary between the ER negative and positive tumors
suggesting different metastatic behaviors. The ER negative tumors that recur after
surgery do so within the first three years and can be rapidly fatal (19), (20).
Approximately 30-40% of all breast cancers are ER positive, Luminal B tumors
and patients with these tumors experience a slow but steady increase in recurrence
over 10 years or more (21).

The ER positive luminal B tumors show increased expression of the
transmembrane mucin-1, commonly known as MUCI (22), which has been
widely studied and recognized as an oncogenic molecule (recently reviewed in
(23)). It has been demonstrated that MUCI is directly involved in the in vivo
transformation of the mammary gland; the prolonged expression of MUCI is
shown to be associated with the mammary gland tumorigenesis and alveolar

differentiation (24).
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Figure 1.1. Histology of breast cancer subtypes. Photomicrographs of (A)
Normal breast (B) Ductal carcinoma in situ. (C) Invasive ductal carcinoma.
Samples were stained with Hematoxylin and Eosin. Pictures courtesy of J. Hugh.



1.3.2. The Molecular basis of Breast Carcinogenesis

The molecular etiology of breast cancer is extremely complex (13).
Genomic analyses of breast cancers indicate that there are only a few genes,
which are frequently mutated but many are infrequently mutated, providing an
explanation for the observed cancer heterogeneity (25), (26). Like other solid
tumors, breast cancer also follows the multistep evolution of a cancer or “multi-
hit hypothesis”, which postulates that cancer originates from gene mutations
occurring in a single cell or a few cells that eventually accumulate and lead to
uncontrolled proliferation of a population of cells (10). A healthy breast
maintains the balance of normal growth of cells and programmed cell death
(apoptosis) by genetically controlled cell-cycle mechanisms and apoptotic
pathways. Activated tumor suppressor genes guard these mechanisms while the
proto-oncogenes are tightly deregulated. The genetic alterations in the cells
however, lead to the inactivation of tumor-suppressor genes and/or activation of
proto-oncogenes that promote the arrest of cell cycle control and facilitate the
cells to escape from apoptosis (27). As a result, the malignant cells may become
self-sufficient in growth signaling and may gain a limitless potential to replicate
and invasive abilities to metastasize (28).

Of all breast cancers, 5 - 10% are hereditary, which are characterized by
an inherited susceptibility to breast cancer on the basis of a germline mutation in
one allele of a high penetrance susceptibility genes (tumor suppressor genes),
such as BRCA-1, BRCA-2, p53, PTEN, CHEK2 (29), (30), (31), (32), (33). The
hereditary susceptibility for breast cancer has been estimated as; 30-40 % of

BRCA1, 10-30 % of BRCA2, 5% of CHEKZ2, less than 1 % of p53, less than 1 %



of PTEN and one third of unknown mutations (34), (33). The normal BRCAI
protein is involved in repairing the DNA double strand breaks and cell cycle
control via dephosphorylation of the retinoblastoma (Rb) protein as well as in the
transcriptional regulation of the tumor suppressor proteins, p53 and p21 (35). The
BRCAZ2 protein binds to and regulates the protein produced by the RADS51 gene
to fix the breaks in DNA (36). The CHEK2 is one of the most recently identified
breast cancer susceptibility gene, which encodes a cell-cycle checkpoint kinase
and is implicated in DNA repair processes involving BRCA1 and p53 (37). The
mutations in these genes may thus usurp cell cycle control and eventually lead to
oncogenic transformation of cells.

More than 90% of all breast cancers are “sporadic” that are thought to
occur from mutations that accumulate in the somatic cells (non-germ cells) (33).
Activation or amplification of mutated genes or oncogenes such as HER2 (ErbB-
2), c-Myc, CCND1 (Cyclin D1) and EGFR (Epidermal growth factor receptor)
accounts for early sporadic tumorigenesis in the breast (33), (38), (39), (40), (41).

Deregulation of growth factor signaling pathways and hormones play a
major role in breast carcinogenesis (42). The epidermal growth factor (EGF) (43),
transforming growth factor beta (TGF-B) (44), insulin-like growth factor (IGF)
(45) and hepatocyte growth factor (HGF) (46) are commonly known to contribute
to the normal development of the ducts and lobules of the mammary gland and
thus are frequently implicated in tumor cell proliferation, epithelial-mesenchymal
transition (EMT) and/or anti-apoptotic signaling. Inside the cell, the Src family
non-receptor tyrosine kinases (SFKs), particularly the cellular Src (c-Src)

contributes to growth, proliferation, invasion, migration and angiogenesis of


http://en.wikipedia.org/wiki/RAD51

breast cancer via several oncogenic signaling pathways (discussed in section 1.7).

The female hormone, estrogen also plays a critical role in the development
of breast cancer, since it stimulates the growth of normal breast tissue that
eventually convert to the cancerous tissue (47). Therefore, the breast cancer risk
among women is associated with the lifetime exposure to estrogen, which
depends on factors such as early menarche, late menopause, late first full-term
pregnancy or no full-term pregnancies, breast-feeding deficiency and hormonal
therapy. Estrogen regulates gene expression via the Estrogen Receptors (ER),
that activate oncogenic signaling molecules and contribute to oncogenic cell
signaling pathways (15). As introduced in the previous section, the MUCI
molecule is overexpressed in ER positive tumors (22), due to transcriptional
upregulation of the MUCI1 gene by the transcription factor, ERa (48). Numerous
studies report the involvement of MUCI in adhesion, proliferation, invasion and
metastasis of breast cancer cells (23), thus characterizing MUCI as an

oncoprotein.

1.4. Metastasis of Breast Cancer Cells

Spread of tumor cells to other organs or metastasis is the leading cause of
mortality of breast cancer patients. The process of metastasis involves a series of
steps (Fig. 1.2) that tumor cells must complete to exit the primary tumor and
develop a new tumor at a distant site (49), each of which can be a rate-limiting
step. The major steps of a metastatic cascade are, 1) detachment from the primary
tumor mass, penetrating the basement membrane and invading the stroma, ii)
intravasation of tumor cells into lymphatic and/or blood circulation systems, iii)

adhesion to the endothelial cells and formation of tumor cell emboli and iv)
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extravasation into a new tissue, and establishment of new tumor growth by
formation of new blood vessels (2).

To invade the stroma, the tumor cells must first detach from the cell - cell
and cell — extracellular matrix (ECM) junctions and degrade the basement
membrane and extracellular matrix (ECM) (50). The degradation of ECM is
mediated by matrix metalloproteinases (MMPs) (51) and the urokinase
plasminogen activator (uPA) system (52), in which uPA acts as a substrate to
uPAR (uPA receptor) and initiates a proteolytic cascade that aid the degradation.

In epithelial cancers, normal cell-cell junctions involve the E-Cadherin-f3
catenin complex. Downregulation of E-cadherin and B catenin as well as
upregulation of the mesenchymal marker, N-cadherin are closely associated with
the process of invasion (49). This leads to a loss of the epithelial cell-cell
adhesion and gain of mesenchymal characteristics that convert the tumor cells
into migratory and invasive cells, commonly known as epithelial mesenchymal
transition (EMT). Loss of E-cadherin and reduced cell-cell adherent junctions
have been observed in invasive lobular carcinomas in the breast (53). Unlike
lobular carcinomas, which do not frequently express other EMT markers, basal-
like breast tumors show a coordinated expression of EMT markers (e.g. vimentin,
N-cadherin) in addition to the reduction of epithelial markers (e.g. E-cadherin,
luminal cytokeratins) (54). The stromal fibroblasts and myofibroblasts are shown
to modulate invasion and migration of transformed epithelial cells (55).

Several molecular pathways contribute to tumor cell invasion and
migration (56). Among the molecules that are involved in these pathways, the Src

family non-receptor tyrosine kinases (SFK) stand out since their activation
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initiates critical downstream signaling pathways (57), (58). For instance, in cancer
cells, Src kinase is activated by Focal adhesion kinase (FAK) and forms a
Src/FAK signaling complex that initiate tumor cell migration and invasion,
involving oncogenic signaling molecules such as, PI3K, pl130CAS, Crk,
Dock180, RhoGTPases (e.g. Rac, CDC42) (59). Cell migration is a multistep
process initiated by the protrusions of actin cytoskeleton of the membrane of
invading cells, commonly known as filopodia, lamellipodia or invadopodia
(podosomes) (60). These membrane protrusions are dynamic structures, of which
polarized extension-contraction cycles coupled with adhesion and de-adhesion,
facilitate migration of the cell (56). Both EMT and the activity of RhoGTPases

lead to activation of MMPs with further degradation of ECM (49).
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Figure 1.2. The metastatic cascade of a cancer cell showing the different stages of
metastasis (adapted from (2)). The major steps are, i) detachment from the
primary tumor mass, penetration of the basement membrane and invasion of the
stroma (a, b, ¢), ii) intravasation of tumor cells into the blood circulation system
(¢, d), iii) adhesion to the endothelial cells and formation of a tumor cell embolus
(d) and iv) extravasation into a new tissue, and establishment of new tumor

growth by formation of new blood vessels (e, f).
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Those cells that have gained the invasive/migratory properties can then
detach from the primary tumor and intravasate into the lymphatic and/or vascular
system and become circulating tumor cells (CTCs) that act as seeds to form tumor
emboli. Certain CTCs then extravasate or depart from the blood/lymphatic
system, through the vascular endothelium and develop subsequent growth in
distal tissues.

The fates of CTCs can vary according to their molecular profile and the
micro-environment of the primary tumor and the host organ (61). These cells
must escape immune surveillance, avoid programmed cell death, anchorage-
dependent cell death or anoikis (cell death that occurs when the attachment
between the cell and the ECM is lost), be highly efficient at embolizing to survive
in the circulation of lymphatic or blood vessels, be able to extravasate into a new
tissue and form new blood vessels (angiogenesis). Thus, CTCs must express
several signaling molecules in order to survive (e.g. survivin, telomerase, EGFR
and Bcl-2), invade (e.g. MMP and uPA), migrate (e.g. RhoGTPases), colonize
[adhesion molecules such as integrins, focal-adhesion-kinases (FAK), cadherins
and laminins], and form new blood vessels [e.g. vascular endothelial growth
factor (VEGF), basic fibroblast growth factor (bFGF) and hypoxia inducible
factor (HIF)] (61).

Several theories have attempted to explain the reasons for metastatic cells
to colonize certain organs and tissues. The ‘seed and soil’ theory, (62) suggests
that some tumor cells (seeds) selectively colonize in distant organs (soil) where
there is a favorable environment for localization and growth. Accordingly, the

spread of breast cancer cells to the bones is thought to have a selective advantage
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because the matrix of bones contains high concentrations of growth factors that
would accelerate the proliferation of tumor cells (63). Alternatively, the
chemoattraction theory postulates that organ-specific attractant molecules help
direct migrating tumor cells to specific sites (64). In several breast cancer
specimens, the chemokine receptors, CXCR4 and CCR7 are upregulated while
their ligands (CXCL12 and CCL21 respectively) have been localized to the
potential sites of metastasis such as lung liver and bone marrow (65).

Another theory is that vascular endothelial cells of certain organs express
adhesion molecules that specifically trap circulating tumor cells and facilitate
extravasation or the transit of tumor cells from the blood stream into a new tissue
(66). There are several functional similarities in the process of extravasation of
white blood cells (leukocytes) and tumor cells that involve, rolling, adhesion and
transmigration (67). In response to inflammation, the endothelial cells express
several adhesion molecules (e.g. LFA1, Mac-1, E-selectin) to support leukocyte

extravasation (68). During the rolling step, integrins such as the leukocyte -2
(B2) integrins, LFA-1 (leukocyte function-associated antigen) and Mac-1

(macrophage adhesion ligand-1) bind to the intercellular adhesion molecule 1
(ICAM-1) to establish firm adhesion of leukocytes to endothelium (69), (67).
Similarly, the circulating breast tumor cells may exploit the ability of
adhesion molecules such as ICAM-1, which is expressed on peri-tumoral stromal
cells and endothelial cells (70), for extravasation by binding to other molecules
that are overexpressed on the cell surface. In support of this, previous work in our
laboratory established that MUC1 may contribute to breast cancer metastasis by

binding to ICAM-1, (71) and demonstrated that this interaction mediates
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downstream signaling events leading to the trans-endothelial migration of breast
cancer cells (72). Collectively, these findings suggest that ER positive, Luminal B
type tumors may use a mechanism based on receptor-ligand recognition to
mediate cell movement showing a slow but cumulative increase in mortality over
time. The structure-function relationships and the role of MUCI in breast cancer

are reviewed in the next section.

1.5. The Mucin, MUC1

1.5.1. The Mucins

Mucins are large, heavily glycosylated proteins involved in regulating
diverse cellular functions both in normal and pathological conditions (73) and are
normally expressed in the respiratory and gastrointestinal tracts and the ductal
surfaces of organs such as the breast, pancreas, liver and kidney (74). The amount
of glycosylation depends on the type of mucin, the site of mucin expression and
the physiological or pathological conditions (75). In turn, the extent and nature of
the mucin glycosylation determines the biochemical and biophysical properties of
mucins (76).

The mucins are classified into two main classes; viz. 1) the secreted mucins
(MUC2, MUCSAC, MUCS5B, MUC6, MUC7, MUC8 and MUC19) which lack
transmembrane and cytoplasmic domains, and ii) the membrane bound mucins
(MUCI1, MUC3A, MUC3B, MUC4, MUCI12, MUC13, MUCI5, MUCIé6,
MUC17, MUC20 and MUC21) (23), (77), that are composed of a large
extracellular domain, a single-pass transmembrane domain and a relatively short

cytoplasmic domain (78).
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The secreted mucins form a thick mucous gel that act as a mechanical
barrier for lubrication and protection of epithelial cells from pathogens as well as
chemical, enzymatic, and mechanical damage (79). In addition to these functions,
the transmembrane mucins play diverse roles in the progression of cancer, some
of which are thought to increase the metastatic capability of tumor cells (reviewed
in (23), (73), (76), (74), (80), (81), (78)). The amino acid sequence variation
among different transmembrane mucins is very high, which may be attributed to
their unique functions (76).

Of the transmembrane mucins that are associated with pathological
conditions, MUCI is the most studied mucin and has been reported to function as
a cell surface receptor (82), which is involved in tumor cell adhesion, survival and
signal transduction in the cancerous breast. The cytoplasmic domain of MUCI1
forms molecular complexes with various signaling molecules including,
oncoproteins, growth factor receptors and adaptor proteins that are involved in
cancer cell proliferation, invasion and migration related oncogenic pathways (73),

(23).

1.5.2. Expression of MUC1

The human MUCI (also known as Episialin, DF3, CA15-3, CD227, PEM,
EMA, ETA, MEA, MCA) is an integral membrane glycoprotein, which is
encoded on chromosome 1q21. It was first isolated from breast milk and
subsequently cloned from breast and pancreatic carcinomas as a tumor antigen
(83), (84), (85). In the normal breast, MUCI is expressed on the apical surface of

glandular epithelial cells, but in breast cancer cells, it is overexpressed and shows
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an abnormal distribution (86). The overexpression of MUCI in breast cancer cells
is due to gene amplification and/or elevated transcription (87). A recent study
claims that the gene copy number of MUCI increases from normal breast tissue to
primary invasive breast carcinomas, and that this correlates with MUCI protein
overexpression (88). In estrogen receptor positive breast cancer, MUCI
expression is significantly upregulated by the transcription factors, Estrogen
receptor alpha (ERa) (89) and GATA3 (90). Transcription of MUCI can also be
elevated in breast tumor cells due to constant stimulation by pro-inflammatory
cytokines, such as tumor necrosis factor-alpha (TNF-alpha) and interferon-gamma
(IFN-gamma) (91).

MUCI expression has been correlated with prognosis in human breast
cancers. For instance, the circumferential membrane expression of MUCI in
breast cancer cells is associated with increased lymph node metastases while
increasing amounts of cytoplasmic MUCI is correlated with poor survival of
breast cancer patients (92). The level of expression of MUCI and its aberrant
glycosylation patterns are positively correlated with the aggressiveness and
metastatic potential of the breast cancer cells (93) and thus, MUCI is implicated
as a prognostically significant breast tumor marker (94). Increased expression of
MUCIT has also been reported in other malignancies such as cancers of the ovary,

colon, stomach, lung, and bladder (95), (93), (96).
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1.5.3. The Structure-Function Relationships of MUC1 Molecule

MUCI, is a type I transmembrane glycoprotein that consists of three major
domains (83), extracellular (ECD), transmembrane (TM) and cytoplasmic (CD)
(Fig. 1.3). The newly synthesized MUCI polypeptide undergoes an
autoproteolytic cleavage in the endoplasmic reticulum due to the mechanical
stress, induced by the folding of the polypeptide chain (97), (98), (99). The
resulting subunits remain associated during the maturation of MUC1 molecule by
multiple cycles of clathrin-coated endocytosis followed by sialylation in the Golgi
complex before being finally tethered to the cell surface as a relatively large
glycoprotein (300 -500 KDa) (100), (101), (78). The large N terminal (a) subunit
(> 200 KDa) is non-covalently associated with the short extracellular stub of the
C terminal or b subunit (17 KDa) that contains transmembrane and cytoplasmic
domains. The correlation of the structural features and functional uniqueness of

each domain is discussed in the next subsections.
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Figure 1.3. A schematic of the domain organization of MUC1 molecule, adapted
from (102).

19



1.5.3.1. The Extracellular Domain

The extracellular domain (MUCI1-ECD hereafter) consists of the N-
terminal subunit and the extracellular stub of the C terminal subunit of the MUC1
molecule. The N terminal region of MUC1-ECD has a signal peptide that directs
the insertion of MUCI1 polypeptide into the endoplasmic reticulum for cell-
surface delivery (78). The majority of the ECD consists of a variable number (20
— 120) of tandem repeats (VNTR) of a 20 amino acid sequence
(VTSAPDTRPAPGSTAPPAHG) that contain a relatively higher number of
serine (S), threonine (T) and proline (P) residues, flanked by unique non-
repetitive sequences (103).

MUCI-ECD was first believed to be in a random coil conformation (104)
however, the structural data of 1 — 3 tandem repeats, experimentally obtained by
NMR spectroscopy, confirmed that the VNTR region forms an extended
polyproline type II (PPII) like backbone conformation with large repeating loops
crested by a beta turn (105). The tandemly repeated beta turn PPII conformation
does not fold into a higher ordered structure with increasing numbers of repeats.
The MUCI molecule, therefore, protrudes more than 200 nm above the apical
surface of breast epithelia (106). Structural analyses of O-glycosylated (at
Threonine residue of the PDTRP part of the tandem repeat) and non-glycosylated
peptides (tandem repeats) revealed that the O-glycosylated peptide was more
extended and rigid compared to the non-glycosylated peptide. The non-
glycosylated PDTRP motif formed knob like protrusions (107). The exposed
repeats of the PDTRP motif facilitate effective antibody binding and are

responsible for the immunodominant properties of MUC1-ECD that characterizes
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MUCI as a tumor antigen (108). Thus, the underglycosylated MUC1 molecule,
which is typical to malignant cells, contains slightly more protruded and exposed
PDTRP motifs in the backbone that may increase the chances of ligand binding.
Further, the extended tandemly repeated structure of the ECD increases the
multivalency of the MUCI1 molecule, which enhances the antibody binding
affinity (106). Thus, the MUC1 molecule has been used effectively for the
development of tumor markers, tumor vaccines and targeted antibodies that are
commonly used to screen breast cancer patients (109).

MUCI-ECD is O-glycosylated at the serine and threonine residues of the
tandem repeat region and N glycosylated at 5 sites on asparagine residues (85)
located at the C terminal segment of the ECD that flanks the tandem repeats
(110). There are five potential O-glycosylation sites in each tandem repeat. The
O-glycosylated residues support the rigid extended structure of its backbone due
to the highly negatively charged side chains that avoid “close packing” with other
molecules (111), (112) while the N-Glycosylation is essential for the stability,
folding, transport, and secretion of MUCI1 (110). The degree of glycosylation of
MUCI1 molecule decreases from normal to cancerous breast (113) and facilitates
several biological functions such as acting as a barrier to pathogens and cytotoxic
lymphocytes (114), modulation of clathrin mediated endocytosis (115) and
altering adhesive and anti-adhesive functions that regulate its binding properties
(116). The anti-adhesive properties of the highly glycosylated MUCI-ECD are
thought to interfere with the E-cadherin and integrin mediated cell-cell and cell-
matrix adhesion thereby enhancing the invasiveness of malignant cells (117),

(118), (119), (120) while the adhesive properties of underglycosylated MUCI-
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ECD allows binding to ligands such as ICAM-1, which initiates oncogenic
signaling leading to cell migration (71).

At the C terminal end of the MUCI1-ECD, a 120-residue SEA (Sea Urchin
Sperm Protein Enterokinase and Agrin) domain is located close to the membrane
(121) (Fig.). The MUCI molecule is cleaved posttranslationally in the
endoplasmic reticulum due to conformational stress imposed on the site,
G"SVVYV, within the SEA domain (99), (98) and exists on the cell surface as a
non-covalently associated heterodimer (100). Although the exact function still
remains elusive it is postulated that the SEA domain, i) acts like a molecular
mechanical fracture device (98) for autoproteolytic cleavage and ii) permits the
shedding of the bulky N terminal tandem repeat region of MUCI1-ECD, as
necessary. Mutation of the Glycine and Serine at the cleavage site to Valine and
Proline prevents cleavage and shedding of the MUCI-ECD (122). The
extracellular domain is also cleaved and shed proteolytically by TACE/ADAMI17
(123), or MT1-MMP (124). The processing of the MUC1 molecule is consistent
with the fact that ectodomain shedding regulates most cellular functions of type 1
transmembrane proteins, in which the released intracellular domains interact with
cytoplasmic signaling intermediaries and transcription factors in the nucleus [74].

In addition to the full-length MUCI1 molecule, alternative splice isoforms
of MUCI1 with incomplete extracellular domains are expressed on the surface of
normal and/or malignant cells (125), (126), (127). The isoform, MUC1/Y (42 — 45
KDa), lacks the bulky N terminal tandem repeat region of the MUC1-ECD as well
as a part of the SEA domain and is not cleaved in the ER, posttranslationally (99).

It binds to another isoform, secreted MUC1, MUCI1/SEC (that lacks both TMD
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and CD), which results in tyrosine phosphorylation of the MUC1/Y cytoplasmic
domain (128). Another alternative splice isoform, MUC1/X, lacks the tandem
repeats but contains the complete SEA domain segment of MUCI-ECD and thus
can undergo autoproteolytic cleavage similar to the full-length MUCI1 molecule
(99). The full length MUC1 (MUCI1/TM) and the splice isoforms, MUC1/X and
MUCI1/Y are expressed in tumor cells, whereas MUC1/SEC is mostly expressed

in normal cells (48).

1.5.3.2. The Transmembrane Domain

MUCIT has a highly hydrophobic, 28-residue single pass transmembrane
domain (MUC1-TMD hereafter) (101). As a type-1 transmembrane glycoprotein,
MUCI is anchored to the plasma membrane with a membrane anchor sequence,
which orients its N-terminal end to the lumen of endoplasmic reticulum during
synthesis and then to the extracellular space on the cell surface (129). It is
postulated that MUC1-TMD plays a major role in the membrane localization of
MUCI as well as distribution of MUC1 molecule in lipid rafts (130). The cysteine
residues in the cysteine-glutamine-cysteine (CQC) motif at the junction of the
cytoplasmic and transmembrane domains are involved in cysteine-mediated
palmitoylation that aids the membrane localization of MUC1 molecule (131). Site
directed mutagenesis of these cysteine residues to alanine (CQC to AQA) resulted
in failure of trafficking of the MUCI1 molecule to the membrane from endosome
recycling. Since these AQA mutants could not be extracted from the membranes
of transfected pancreatic cell lines (132) it has been postulated that the CQC motif

is essential in the lipid raft localization of MUC1. Recent studies have shown that
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the dimers and oligomers of MUCI, formed via disulphide linkages of the CQC
motif, are necessary for the downstream signaling events (133) and the nuclear

localization of the cytoplasmic domain of MUCT1 (134).

1.5.3.3. The Cytoplasmic Domain

The cytoplasmic domain of MUC1 (MUCI-CD hereafter) is relatively
short with 72 amino acids (7.8 KDa) (Fig. 1.4) and has been identified as a hub of
oncogenic signaling since it interacts with various signaling molecules, most of
which are involved in adhesion, proliferation, invasion and metastasis of tumor
cells (135). The MUCI1-CD has no intrinsic kinase activity but phosphorylation is
proven to be the key mechanism that allows it to regulate downstream signaling,
functionally similar to the cytokine receptor-like signaling molecules, which also
show some sequence similarity to MUCI1-CD (136), (137). To initiate
phosphorylation dependent signaling cascades in tumor cells, MUC1-CD contain
several functional motifs that include tyrosine, serine or threonine residues, some
of which are highly conserved across mammalian species (138).

In breast cancer cells, MUCI-CD is phosphorylated by non-receptor
tyrosine kinase, Src (139), serine/threonine protein kinases, glycogen synthase

kinase 3 beta (GSK 3 ) (140) and the delta isoform of protein kinase C (PKC ¢ )

(141). Activated cell-surface growth factor receptors also phosphorylate MUC1-
CD in breast cancer cells; e.g.(s) epidermal growth factor receptor (EGFR) (142),
(143), human epidermal growth factor receptor-2 (Her2/ErbB2), ErbB3 and
ErbB4 (143), fibroblast growth factor receptor 3 (FGFR3) (144).

There are other signaling molecules that associate with MUC1-CD either
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directly or in a phosphorylation dependent manner and contribute to oncogenic
signaling pathways in the breast; e.g.(s) Grb2 (145), beta () catenin (139), (142),
(140), (146), pl20-catenin (147), gamma (y) catenin (148), Adenomatous
Polyposis Coli (APC) (149) and CT10 regulator of kinase like (CrkL) (150). (Fig.
4)

MUCI1-CD is reported to be associated with many other molecules in
different cell types and signaling contexts (151): e.g.(s) 1) the SH2 domains of the
non receptor tyrosine kinases, Lyn in multiple myeloma cells (152) and Lck in
Jurkat lymphoma cells and normal T cells (153), ii) the SH2 domain of the P85
subunit of phosphatidylinositol 3-kinase (PI3K) (136) in Rat 3Y1 Fibroblasts
(154) and Non-small cell lung cancer (NSCLC) cells (155) (See Fig. 1.4 for

binding sequences).
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Since MUC1-CD interacts with a wide variety of signaling molecules of
different signaling pathways that integrate cellular signaling networks, it is
thought to serve as a scaffold protein (156). The cellular signaling pathways
involved in tumor progression are coordinated and/or mediated by several
scaffold proteins that assemble signaling complexes, activate enzymes and/or
facilitate multiple molecular interactions (157). Increasing evidence suggests that
many scaffolding proteins are disordered or intrinsically unstructured in order to
accommodate multiple interactions, since the disorder provides flexibility for
these molecules to interact with many binding partners with maximized
interaction-surface per residue (158). Many disordered proteins maintain
flexibility to switch binding specificity via posttranslational modifications and
contain structural elements that aid in disorder-to-order transitions needed to bind
with different partners (159).

The structure of MUCI-CD has not been experimentally determined. The
secondary structure predictions (Fig. 1.5) suggest a largely unstructured or
intrinsically disordered nature of MUC1-CD that is consistent with a scaffolding
function. The predictions also show that it may have short beta sheet and alpha
helix elements interspersed with a largely random coil-like structure (Fig. 1.5),
indicating that it may exist as a partially stable, interconverting ensemble of
conformations with residual alpha helices and beta sheets. There are multiple
interaction motifs of MUC1-CD, some of which partially overlap or are located

immediately adjacent to each other, providing further evidence for its scaffolding
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function. As a result, some molecular interactions could be sterically hindered by
one another and thus be mutually exclusive, causing a form of competitive
binding. Alternatively, the flexibility of MUCI-CD may also allow binding of
more than one molecule, cooperatively, to non-overlapping sites, which may lead

to the assembly of signaling complexes.
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Collectively, the flexibility and selective phosphorylations of tyrosine,
serine and/or threonine residues may allow both cooperative as well as
competitive binding of MUC1-CD to other molecules, depending on the nature of
the interaction and the structure-function relationships of the binding partners.
For instance, the phosphorylation of Y* and binding of Src (to the SPY*EKV

motif) (139) as well as the phosphorylation of T* by PKC § (binds to ST*'DRS

motif) (141) upregulate the direct binding of MUCI1-CD to B-catenin (binds to
S* AGNGGSSLS motif), a protein overexpressed in breast cancer. However, the
phosphorylation of S* by GSK3 (binds to DRS*PYE motif) decreases B-catenin
binding (140). This evidence implies that MUC1-CD has the ability to mediate
cross talk among different cellular signaling pathways.

There is growing evidence concerning the involvement of MUCI1-CD in
signal transduction via several oncogenic signaling pathways in tumor cells (135),
(160), (23). In the normal (non-malignant) epithelial cells, however, MUC1-CD is
not reported to be actively involved in the molecular interactions described above.
This functional difference between MUCI in normal and tumor cells and the key
signaling pathways, which use MUCI in the progression of breast cancer, are

discussed below.

1.5.4. Roles of MUC1 in Breast Cancer

As an oncogene and tumor antigen, MUC1 has long been associated with
progression of breast carcinomas (161). There was a significant delay in tumor
formation when Mucl (the MUCI gene in mice) knockout mice (Mucl -/-) were

crossed with the strains of mice expressing mouse mammary tumor virus-driven
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(MMTYV) oncogenes, MMTV-Wnt-1 and MMTV-TGFa (162), (163). Conversely,
the MMTV-MUCI transgenic mice developed spontaneous tumors in the mouse
mammary gland proving that MUCI, can in fact, function as an oncogene (24).
Also, there was a significant delay in tumor progression when the mouse
mammary tumor virus-driven transgenic mice (MMTV-PyV MT), which show
increased tumorigenesis in the presence of Src, were crossed into a Mucl null
background (164)

Interestingly, the above mouse models identified that the loss of either the
cytoplasmic domain (Mucl-CD) or the tandem repeats region of the extracellular
domain (Mucl-ECD), prevented the oncogenic capacity of Mucl molecule,
suggesting that both of these domains are crucial for mammary tumor formation
(165). This evidence indicates that MUCI acts as a molecular sensor on the cell
surface and has the ability to initiate outside-in signaling. For instance, binding of
MUCI-ECD to other molecules such as ICAM-1 triggers phosphorylation of
MUCI-CD (150). In normal epithelial cells unlike tumour cells, such binding
events are prevented or spatially separated due to the apical localization and
structure-function integrity of the MUC1 molecule (135).

The major functional differences of MUCI1 between normal and malignant
cells are reported to be due to its overexpression, loss of apical localization and
underglycosylation, in malignant breast epithelial cells (80). These differences
can be related to the following observations; viz. 1) Since MUCI is expressed at
the apical surface of normal, polarized epithelial cells, it is spatially separated
from other molecules that are not apically expressed and thus the interactions of

MUCI1 with such molecules are prevented; for instance, in cancer cells, non-
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apically localized MUCI1 can constitutively interact with growth factors such as
ErbB1-4, FGFR3 and PDGFR{ that are expressed at the basolateral membrane
(160), i) it is possible that MUC1-CD is degraded in normal cells if it is separated
from the extracellular domain (135) and/or when it is not modified by
phosphorylation and/or not associated with other molecules, iii) since MUCI is
overexpressed and non-apically polarized in malignant cells, the propensity of
MUCI1-CD for aggregation may also be increased. Although upstream trigger
signaling mechanisms are not revealed so far, there is evidence for aggregation of
MUCI1-CD via disulphide linkages at the CQC motif (136), which could serve as
a mechanism to avoid degradation and thereby allow multiple phosphorylations
and subsequent molecular associations (134). Overexpression of MUCI is also
associated with the accumulation of MUCI1-CD in the cytoplasm and its targeting
to the nucleus and mitochondria (166). Overexpression, aberrant glycosylation
and loss of apical polarity of MUCI molecule have been associated with its
diverse roles in tumor cells including 1) oncogenic signaling functions, ii) anti-
adhesive functions, and iii1) adhesive functions, all of which, are proven to

contribute to tumor progression as illustrated in the upcoming subsections.

1.5.4.1. MUC1 as an Oncogenic Signaling Molecule

Numerous studies report the involvement of MUCI-CD in molecular
interactions that involve the MUC1-CD in many different types of malignant cells
(reviewed in, (135)). The most relevant interactions, directly related to breast
cancer progression and metastasis, are discussed below.

The majority of oncogenic properties of the MUC1 molecule are due to

32



the phosphorylation dependent molecular interactions of MUCI-CD, as
introduced in the previous section. Evidence from independent studies show that
some external stimuli such as binding of bacteria or antibodies to the extracellular
segment can lead to the phosphorylation of MUCI1-CD and initiate downstream
signaling pathways; e.g.(s) 1) binding of MUCI-ECD to the bacterium,
Pseudomonas aeruginosa, in human airway epithelial cells (167), (168), and, ii)
binding of anti-CD8 antibodies to the extracellular domain of chimeric CD8-
MUC1 (MUCI1-CD fused to the extracellular and transmembrane domains of
CDS8), in CD8-MUCI1 expressing COS-7 cells (169), have both led to the
phosphorylation of MUC1-CD followed by activation of a downstream Grb2-Sos-
Ras-MEK1/2-ERK1/2 signaling pathway, iii) binding of ICAM-1 to MUCI, in
human T47D breast cancer cells are shown to initiate downstream cell migration
pathways (150). The tyrosine phosphorylation of MUC1-CD could be inhibited
by phosphatase inhibitors, suggesting that it is a reversible regulatory mechanism
in cancer cells (136).

Phosphorylated tyrosine residues of MUCI1-CD provide docking sites for
SH2 domains of adaptor proteins and kinases (170), (139), (142), which often
initiate multiple oncogenic signaling cascades. More specifically, of the seven
highly conserved tyrosine residues, three are located within the consensus motifs
that are experimentally proven to bind, once phosphorylated, to the SH2 domains
of the following molecules and initiate downstream signaling in breast cancer
cells; (1) p—YzOHPM (phosphatidylinositol 3- kinase), (ii) p—Y46EKV (Src Family
Kinases), and (iii) p-Y**TNP (growth factor receptor-bound protein 2, Grb2)

(171). Phosphorylation of Y*°, in rat 3Y1 fibroblasts, allows MUC1-CD to bind
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to the SH2 domain of the p85 subunit of PI3K via p-Y?’HPM motif, which
activates PI3K-AKT pathway that attenuates mitochondrial apoptotic signaling
leading to survival of cancer cells (154,154).

As demonstrated in human MCF7 breast cancer cells, the phosphorylation
of Y* at the Y®*TNP motif of MUCI1-CD allows recruitment of the SH2 domain
of Grb2 (Growth factor receptor-bound protein 2), which then binds to SOS (son
of sevenless) (145). As a result, SOS activates the G-protein, Ras, leading to
activation of a mitogen activated protein kinase (MAPK) signaling through the
extracellular signal regulated kinases (ERK1/2) promoting cell proliferation,
survival and motility (145). Further to this, the stimulation of EGFR in the
presence of MUCI also triggers the Ras/ERK/MAPK signaling cascade in the
human MDA-MB-468 breast cancer cell line as well as in the mouse mammary
gland (143).

The upregulation of Src family kinases such as Src and growth factor
receptors such as EGFR play a significant role in invasion and migration of breast
cancer cells (172), (173). It has been shown that MUCI1-CD potentiates the
oncogenic signaling triggered by Src and EGFR, both of which phosphorylate Y*
of MUC1-CD allowing the binding of Src-SH2 domain to p-Y**EKV motif as
shown in human ZR-75-1 breast cancer cells (139), (142). As discussed in a
previous section, binding of Src increases binding of B-catenin to MUCI1-CD
(139) while binding of GSK3p to MUC1-CD decreases the binding of pB-catenin
(140). Therefore, phosphorylation of Y** and interaction of Src and MUC1-CD
may regulate the cytosolic pool of GSK3[ and B-catenin molecules, both of which

play major roles in the Wnt signaling pathway (81). This evidence suggests that
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MUCI functions in integrating the growth factor receptor and Wnt signaling
pathways (174). As described in the next section, the decreased cytosolic pool of
B-catenin, due to competitive binding of MUCI-CD, contributes to the
destabilization of cadherin-catenin junctions and promotes the invasive capacity
of cancer cells (146). The previous studies in our laboratory report that binding of
ICAM-1 to MUCI1-ECD trigger increased association of Src with MUCI-CD,
which contributes to transendothelial cell migration, cellular calcium (Cat++)
oscillations and cytoskeletal reorganization pathways (section 1.6.2) (72), (175),

(150).

Other studies involving breast cancer cells have revealed that MUC1-CD
facilitates the transmission of signals from the cell membrane to the nucleus: e.g.
1) MUCI1-CD directly binds and induces the nuclear localization of p120 (ctn) in
human ZR-75-1 cells (147), ii) Interaction of MUC1 and ErbB-2, after stimulating

breast cancer cells with heregulin (HRG), resulted in formation of MUCI-vy

catenin complex formation and its targeting to the nucleus.

Taken together, MUC1-CD is a part of several signaling pathways that
also involve Src, which has led to the speculation that MUC1 molecules in tumor
cells may bring Src closer to its downstream targets such as B-catenin and FAK at
the cell membrane (Fig. 1.6) (164). As discussed in the next two sections, the
recruitment of Src contributes to inside-out signaling that increases anti-adhesive
properties of MUCI, promoting the invasion, migration and metastasis of breast
cancer cells. The recruitment of Src to MUC1-CD, on the other hand, is a result of
outside-in signaling regulated by pro-adhesive properties of MUCI1 that allow
binding of ICAM-1.
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Figure 1.6. A model as shown in Masri et al (2005) (164), that illustrates

possible ways that Mucl could be influencing c-Src signaling. The model was
originally adapted from Frame, 2002 (59)). According to Masri et al (2005)
(164), the overexpression of Mucl by tumor cells may potentiate c-Src signaling
by bringing it closer to its downstream targets such as B-catenin, FAK, and p85 at
the cell membrane. Activation of c-Src influences various aspects of cell behavior

including growth, proliferation, survival, and migration.
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1.5.4.2. MUC1 as an Anti-Adhesive Molecule

The MUC1 molecule demonstrates anti-adhesive properties on both
structural/physical and functional levels. The highly sialylated, negatively
charged, rod-like extracellular domain physically destabilizes cell-matrix
connections and thus may sterically hinder cell-cell aggregation promoting
detachment of cancer cells from the primary tumor mass (176), (118), (120),
(177).

Also, the above-discussed interaction of MUC1-CD and B-catenin, which
is upregulated by Src and PKCJ, promote anti-adhesive properties by disrupting
cell-cell adhesion at the adheren junctions. The cadherins, adhesion molecules on
the cell surface, interact with the cytoplasmic a-catenin, B-catenin and y-catenin
proteins (74) that are involved in cell-cell adhesions at the adherein junctions and
maintain the structural integrity of the actin cytoskeleton. Particularly, B-catenin
links E-cadherin to a-catenin, which in turn forms homodimers and interacts with
the actin cytoskeleton. MUCI-CD interferes with E-cadherin and integrin
mediated adhesions, by competitively binding to [-catenin (162), (146).
Disruption of the adheren junctions affects the regular maintenance of polarity,
shape and dynamics of the epithelial tissue (178), which allows the cancerous
cells to gain migratory properties and detach from the epithelial tissue. The anti-
adhesive property of MUCI molecule also increases the survival of tumor cells

from T-cell mediated cytolysis (179).
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1.5.4.3. MUC1 as a Pro-Adhesive Molecule

In addition to the above-discussed roles of MUCI in cancer, it plays an
important role in adhesion, which may aid the attachment of circulating tumor
cells to the blood vessels of distal organs, one of the rate limiting steps in tumor
metastasis. Some studies have reported the adhesive ability of MUC1-ECD due
to the presence of sialyl Lewis*? carbohydrates on its O-linked glycans that
promotes binding to selectin-like molecules on nearby cells (78). MUCI-ECD is
underglycosylated in the cancerous breast tissue with less branched or truncated
sugar chains (113), (180) and thus its protein backbone is relatively more surface
exposed compared to that of the normal breast tissue. The previous studies in our
lab revealed that the exposed immunodominant PDTRP epitope of the tandem
repeat region of MUC1 molecule binds to ICAM-1 in breast cancer cells (71).

Overall, when the MUCI molecule is non-apically localized,
underglycosylated and present at high density on the cell surface, it can interact
with its ligand, ICAM-1 and promotes invasion, migration, adhesion and

metastasis of breast cancer cells thereby contributing to tumor progression (181).

1.6. Interaction of MUC1 and the Intercellular Adhesion Molecule, ICAM-1
1.6.1. Structure and Function of ICAM-1

The intercellular adhesion molecule 1 (ICAM-1) is a transmembrane
glycoprotein of the immunoglobulin (Ig) superfamily and consists of a rod shaped
extracellular domain that contains five Ig-like domains (453 aa), a hydrophobic

transmembrane domain (24 aa) and a short cytoplasmic domain (28 aa) (182). On
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the cell surface, ICAM-1 exists as a covalently associated homodimer (183). The
crystal structure of ICAM-1 demonstrates that the intimate contact of domains 4
and 5 in the dimer provide a rigid stem optimally orienting the ligand binding
sites in domains 1 and 3 (184), (185). In the dimeric Y shaped molecule, the
domain 1 is located at the tips showing an increased avidity for ligand binding
(186), (187). The dimerization interface in the extracellular domain 1 interacts
with that of an adjacent dimer and forms W shaped tetramers although the most
stable form of ICAM-1 on the cell surface is reported to be a dimer (184). ICAM-
1 is expressed at basal levels in several cell types including endothelial and
epithelial cells but is significantly upregulated by inflammatory responses and
binds to B2 leukocyte integrins to promote the transit of leukocytes to inflamed
tissues (69). Therefore it is possible that tumor cells may use the capability of
ICAM-1 molecules to promote extravasation of tumor cells, through vessel walls,

to distant metastatic sites (188).

1.6.2. MUC1-ICAM-1 Interaction and Downstream Signaling

Our laboratory was the first to report pro-adhesive properties of MUCI1
showing that it binds to ICAM-1 (71), which has been confirmed by subsequent
studies (189), (116). The immunodominant knob-like epitopes (PDTRP) of the
tandem repeat region are shown to bind to the extracellular domain-1 of ICAM-1
(71), (189). Supporting evidence suggests that the treatment with benzyl-a-
GalNAc, an inhibitor of O-glycan extension, increases MUC1 binding to ICAM-1
(116). The binding of ICAM-1 could be competitively inhibited by a synthetic

peptide containing six 6 successive tandem repeats (20 amino acids each) of
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MUCI1 ECD (190).

Subsequent studies in our laboratory revealed that the MUCI1/ICAM-1
interaction increases the transendothelial migration of MUC1 bearing breast
cancer cells in vitro, through a monolayer of ICAM-1-expressing cells (72) and
triggers Ca++ oscillations through a Src mediated PI3K=>PLCy pathway (175).
The most recent work in our lab shows that the binding of ICAM-1 to MUCI1-
ECD also triggers a Src and CrkL (CT10 regulator of kinase like) dependent
signaling cascade that initiates cytoskeletal rearrangements in human T47D breast
cancer cells. This study also confirmed that Src functions upstream of CrkL (150).
Src may phosphorylate the tyrosine residues at the putative CrkL binding motifs,
Y*VPP and/or Y®TNP, which may then allow recruitment of CrkL to MUC]I-
CD, leading to the formation of a Src/CrkL/MUCI-CD signaling complex (150).
The adaptor protein CrkL belongs to the Crk family of adaptor proteins that
mediate cell migration by associating with guanine nucleotide exchange factors
(GEFs), which catalyze RhoGTPase activation leading to membrane protrusive
motility (191).

After binding to ICAM-1, MUCI1 may undergo physicochemical changes
such as cleavage and shedding of ECD and/or dimerization via the
juxtamembrane CQC motif that may facilitate Src recruitment, although the
regulatory mechanisms of this are still unclear.

Since MUCI1 does not have intrinsic kinase activity, it cannot trigger
phosphorylation dependent downstream signaling events without the aid of a
kinase and/or other signaling molecules. The abovementioned signaling

pathways(s) initiated by MUC1/ICAM-1 interaction, in breast cancer cells, thus,
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depend on the recruitment of non-receptor tyrosine kinase, Src, by MUCI1-CD
although the exact mechanism of Src recruitment is unknown. The following
section addresses the structure-function relationships of Src, more specifically the
structural basis of the SH3 domain-mediated molecular interactions of Src, as

MUCI may use a similar mechanism(s) to recruit Src.

1.7. The Non Receptor Tyrosine Kinase, c-Src (Cellular Src)

The human cellular Src (c-Src) gene, localized in chromosome 20, also
known as pp60c-Src (proto-oncogene protein with molecular weight of 60KDa),
is a proto-oncogene, and the cellular homologue of transforming Rous sarcoma
viral oncogene, v-Src-tyrosine kinase, which was the first oncogene discovered
(192), (193). The c-Src (Src hereafter) is the most widely studied member of the
Src family of non-receptor tyrosine kinases (SFKs) (194) that play key roles in
regulating cellular signaling pathways in multiple cellular environments, most of

which are involved in tumor development (195), (196), (57).

1.7.1. Structure and Function of Src

Structurally, Src consists of a myristoylation site, a unique region followed
by SH3 (Src homology-3), SH2 (Src homology-2) and kinase domains (197) (Fig.
1.7). The kinase activity of Src is repressed in normal cells where the
dephosphorylated Tyr 419 (at the activation loop) is prevented from
phosphorylation by a highly stabilized, inactive quaternary structure of Src
molecule, primarily attained by intramolecular SH2 and SH3 domain interactions
(198) (Fig. 1.7). However, in many types of human tumors and cell lines derived

from tumors, including breast cancer, Src is activated by multiple mechanisms,
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and thus promotes cell proliferation, survival, motility, invasion and metastasis by
interacting with many other oncogenic signaling molecules (196), (199), (200),
(201), (202), (203), (204), (205).

The switching between active (open) and inactive (closed) conformations
of Src involves dramatic conformational changes in the molecule and is
catalytically regulated by phosphorylation and/or dephosphorylation of two
tyrosine residues, one located at the C terminal tail (Tyr 530 in human c-Src and
Tyr 527 in chicken c-Src) and the other in a cleft between the N and C lobes of
the kinase domain (Tyr 419 in human c-Src and Tyr 416 in chicken c-Src) (196).
The catalytically inactive conformation of Src is attained by, i) phosphorylation of
Tyr 530 by c-Src kinase (Csk), which allows the intramolecular binding of p-Tyr
530 (phosphorylated Tyrosine 530) to the SH2 domain, and by, ii) the positioning
of the SH3 domain in contact with the polyproline (PPII) type region in the SH2-
kinase linker (197) (Fig. 1.8-a).

Src i1s activated by 1) trans-autophosphorylation of Tyr 419, ii)
dephosphorylation of Tyr530 by protein tyrosine phosphatases (such as PTPa),
which displace the tail from the SH2 domain and initiate an open conformation
and/or 1i1) displacement of intramolecular interactions by high affinity SH3
(polyproline type II) ligands and/or SH2 (phosphotyrosine) ligands that unfold the
inactive molecule and subsequently allow full activation by trans-
autophosphorylation of Tyr 419, which results in a conformational change of the

activation loop (Fig. 1.8).
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Figure 1.7. Structure of inactive Src kinase (side view) based on (206) adapted
from (207). The SH2-kinase linker (red) intercalates between the SH3 domain
(green) and the N-terminal kinase lobe (light blue). The SH2 domain (yellow)
lies next to the C-terminal kinase lobe (dark blue). The C-terminal tail (orange)
reaches across the interface between the kinase and SH2 domains to bind to the

SH2 phosphotyrosine-binding pocket.
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Figure 1.8. A schematic of the mechanisms of activation of Src; a) Inactive Src:
the SH2 domain is bound to the phosphorylated tyrosine (p-Tyr’>”>*) at the C
terminal tail and the SH3 domain is bound to polyproline type II helix of the

linker between the SH2 and kinase domains (208) ; b) myristoylation and

membrane anchoring of Src; both SH2 and SH3 domains are still bound

intramolecularly but the conformation is equilibrated towards activation (209) ; ¢)

527/530

partially active Src: p-Tyr is bound to the SH2 domain but SH3 domain is

displaced by a PPII ligand (red) (210) ; d) partially active Src: Tyr>"> is

dephosphorylated, SH2 domain binds to a p-Tyr of a ligand while the SH3

domain is still bound intramolecularly; e) fully active Src: p—Ty1r527/530 is
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44

gl R e e

fos



The reduced expression of Csk contributes to a relatively higher level of
active Src in colon and Hepatocellular carcinomas (211), (212). The mutation of
Tyr530 at the C terminal tail (to phenylalanine) could result in constitutive
activation of Src, but it has been confirmed only in colon carcinoma (213)
suggesting that mutations are not the primary mechanism of Src activation (57).

In a majority of human tumors, including breast cancer, Src is activated by
displacement of intramolecular interactions by a wide variety of SH3 and SH2
ligands, most of which are integrins, receptor tyrosine kinases (RTKs)/growth
factor receptors, immune recognition receptors, adhesion receptors, G-protein
coupled receptors, cytokine receptors, scaffold proteins etc. (214), (215), (216),
(217). In breast cancer cells, the cytoplasmic signaling molecules such as 3
integrin, focal adhesion kinase (FAK), Crk-associated substrate (CAS) and,
activated cell-surface growth factor receptors such as EGFR, PDGFR, FGFR,
HER2 can displace the intramolecular interactions of SH3 and SH2, in different
ways, leading to activation of Src (194).

Active Src then phosphorylates a wide variety of proteins in breast cancer
cells and contributes to major cell signaling pathways that directly contribute to
progression and metastasis of breast cancer (Fig. 1.9); e.g.(s) 1) Src => PI3K =>
Akt...=> cell survival pathway, i1) Src => STAT3 => VEGF => angiogenesis
pathway, iii) Src => FAK => Paxillin/p130“* => cell invasion/migration pathway,
iv) Src...=> Ras...=> MEK=> ERK=> cell proliferation pathway, v) MUCI1 =>
CrkL => Racl1/Cdc42...=> Actin Cytoskeletal reorganization and cell migration

pathway (59), (164), (194), (150).
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Figure 1.9. The major cellular signaling pathways triggered by Src that contribute
to cancer cell growth, survival, motility, and angiogenesis (196). Adapted from

(194).



The different modes of activation of Src by SH2-ligands and/or SH3-
ligands may predetermine the type of downstream signaling events, which
primarily seems to depend on the relative affinity and specificity of the ligand as
well as dynamics of ligand binding. It has been shown that myristoylation and
membrane anchoring (Fig. 1.8-b) primes Src for partial activation (208), (218)
that could initiate the release of intramolecularly-bound SH3 and/or SH2
domains, in the presence of a relatively higher-affinity ligand (209) (Fig. 1.8-c,d).
The affinity of the intramolecular interaction of the Src SH3 domain with the
SH2-kinase linker has been reported to be weaker than the affinity of external
SH3-ligands that typically contain PXXP motifs (219). Also, a phosphopeptide
that mimicked the Tyr530 at the C-terminal tail has shown that the intramolecular
SH2 domain interaction was 80-fold weaker than binding of an optimal
phosphopeptide with the p-YEEI motif (220). Once the SH3 or SH2 domains are
engaged elsewhere and Src becomes “partially” activated, the Tyr419 becomes
more accessible for phosphorylation and can undergo trans-autophosphorylation
by an adjacent partially activated Src kinase molecule. For instance, the ligand
binding induced dimerization of the cytoplasmic domains of § integrin brings two
partially activated SH3-bound Src molecules facilitating the trans-
autophosphorylation of Tyr 419, followed by full activation of kinase activity
(221).

The SH3 and SH2 domains are rigidly coupled by a very short linker
(IQAEE) and thus, it may not be possible for both domains to interact with the

targets that are not ideally spaced (222). Although individual SH3 or SH2 ligands
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activate Src, the fixed relative orientation of the SH3 and SH2 domains by this
linker (223) may favor unfolding of Src by synergistic activation of properly
spaced tandem SH3 and SH2 ligands. For examples, the focal adhesion kinase
and adaptor proteins involved in integrin signaling, Sin and pl30cas,
cooperatively activate Src via both SH2 and SH3 binding motifs (224), (225),
(226).

In summary, Src is activated in response to a variety of oncogenic signals
in different types of human tumors. Unlike normal human breast, c-Src activity is
increased 4-30 fold in breast cancers (205) due to the elevation of specific activity
of Src but not necessarily increased level of expression of the protein (204), (200).
As described above, the competitive binding of ligands to SH3 and SH2 domains
is the major cause of increased Src activity. The structural basis of SH3 domain

interactions is discussed in the next subsection.

1.7.1.1. The SH3 Domain

The Src homology 3 (SH3) domain belongs to a family of small (55 — 70
amino acids) modular interaction domains that bind to proline rich peptides or
segments of many other proteins (227). It was originally discovered as a
conserved sequence in the viral adaptor protein, v-Crk and in the non-catalytic
parts of several other cytoplasmic protein tyrosine kinases (228). The SH3
domain is a hallmark of SFKs but is also found in many other proteins. More than
50 SH3 domains have been identified so far, which belong to a wide variety of
proteins including signal transduction enzymes (such as kinases, lipases,
GTPases), cytoskeletal proteins (e.g. spectrin), cell adhesion molecules (e.g. FAK,

Integrins) and signal transducing adapter proteins (e.g. GrB2) (229). Numerous
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studies have established that the SH3 domain is a critical module of cellular
signaling networks, which 1) targets proteins to specific sub cellular locations, ii)
mediates rapid assembly of protein complexes required for cellular signal
transduction and 1ii) manages the conformational stability and activity of their
mother molecules via intramolecular interactions (230).

Structurally, the SH3 domain has a beta-barrel fold (Fig. 1.10-a), which
consists of five anti-parallel beta-strands packed to form two perpendicular beta-
sheets (231). This particular fold brings most of the conserved aromatic residues
close to each other (Fig. 1.11) to form the ligand binding site (Trp121, Tyr134,

Tyr95, Try93, Tyr139 residues in Src-SH3) (232).
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Figure 1.10. The ribbon diagrams of Src-SH3 and Src-SH2 domains: @) The Src-
SH3 domain complexed with a class II ligand, APPLPPRNRPRL (blue) (233)
adapted from the solution NMR structure (pdb code: 1QWE); A=Alanine;
P=Proline; L=Leucine; N=Asparagine; R=Arginine. b) The Src-SH2 domain
complexed with hmT (Hamster middle T antigen) phosphopeptide at the p-YEEI
motif (234). The phosphotyrosine (pTyr), Glutamate (+1), Glutamate (+2), and

Isoleucine (+3) of the hmT peptide are shown in licorice.
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Figure 1.11. On the left: a schematic of the SH3 domain of Fyn showing the
location of the ligand binding site relative to the RT and n-Src loops and the
conserved aromatic residues that form the three binding grooves that
accommodate two XP dipeptidyl moieties and the terminal arginine residue of
PPII ligands, adapted from (235). On the right: schematics of the ligand-binding
site of Src-SH3 domain that show the residues that form the three grooves of the
ligand-binding site. The binding orientations and the contact sites of left handed
polyproline II helix as in class I and class II ligands are also shown (adapted from

(229)).
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The SH3 domain typically binds to the ligands that form a left-handed
polyproline type II (PPII) conformation with a minimum consensus sequence
PXXP (P=Proline; X=any residue) (236). The unique properties of aromatic
residues at the ligand binding site favor the binding of PPII-ligands (237); viz. i)
the planar structure and near-parallel arrangement of such aromatic residues
facilitate the formation of shallow grooves that are complementary to the base of
the polyproline type II conformation of the ligand and ii) the bulky side chain of
the aromatic residues offer a large van der Waals surface to contact with the
ligand.

The structural studies of Src-SH3 domain bound to proline-rich ligands
show that the ligand binding surface has three hydrophobic grooves (Fig. 1.11)
(232). The XP dipeptide moieties of PPII helix (X=any hydrophobic residue and
P=Proline)(229) fit onto the first two binding grooves (Fig. 1.11). The third site
contains a conserved acidic residue (aspartate-99/D99 in Src-SH3 domain), which
forms a salt-bridge with a characteristic basic residue of the ligand that is three
residues upstream of the conserved PXXP motif (Fig. 1.11). The location of basic
residue helps to determine the binding orientation of the ligand (Arg in Src-SH3-
ligands) and classifies SH3-ligands into two typical classes; viz. a) Class I ligands
with an N terminal conserved Arginine (R*XXPXXP) that binds in plus
orientation, while b) Class II ligands with a C terminal conserved Arginine
(PXXPX*R), binds in minus orientation (229). This is a highly conserved
mechanism in the SH3 domains of SFKs, in which an acidic residue analogous to
D99 interacts with a basic residue (Arg or Lys) at the same position, in the N

terminal orientation (238).
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It has been established that the 4™ and 7™ proline residues of class I
ligands (RXXP*XXP*) as well as the 3" and 6™ proline residues in class II
ligands (P*XXP*XR) are crucial for maintaining the PPII conformation of the
ligand for binding. The critical proline residues (marked with asterisks) are
generally preceded or followed by a hydrophobic residue (preferably, L, I, V or
A) since it is shown to be essential to make hydrophobic contacts with the binding
grooves of the Src-SH3 ligand-binding surface (229), (233), (236). Mutational
studies have confirmed that the ligands with hydrophobic residues preceding the
critical proline show a higher affinity due to ideal packing of this residue on the
SH3 binding grooves (229). The classic (the highest affinity) Src-SH3 ligands
(e.g. RALPPLP) contain LP (Leucine-Proline) moieties, of which the extended
side chain of Leucine intercalates into the two hydrophobic grooves of the SH3
domain effectively (229).

The PXXP motif is not entirely sufficient for maintaining the binding
specificity between different SH3-ligands and SH3 domains, as numerous ligands
contain PXXP motifs (239). One way to establish specificity, as demonstrated by
SFKs, has been the differential selection of ligands based on the basic residue that
binds to the specificity pocket (third binding site) of SH3 domain (that contains
D99). However, a majority of SH3-ligands markedly increases their affinity and
specificity through tertiary interactions (233) established with the charged
residues of RT and/or n-Src loops (232), both of which are in a very close
proximity to the ligand binding site of the SH3 domain. The ligand binds to a
valley between these two loops allowing the charged residues to make tertiary

contacts to increase the specificity (Fig.(s) 1.10-a, 1.11). Many studies to date
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report that SH3 domains also bind to unconventional, non-PXXP motifs of
different ligands as summarized in Table 1 (237). Apart from the hydrophobic
contacts with the ligands that form PPII, 3,y or alpha helices that are crucial for
high-affinity binding, (229), (240), (241), some SH3 domains interact with their
ligands exclusively through tertiary electrostatic interactions (242). Some ligands
establish multiple but discontiguous interactions that enhance the binding affinity
of the ligand many folds over the typical PXXP interaction; for instance, selective
recognition of HIV Nef protein by Hck-SH3 domain is determined by
hydrophobic interactions of isoleucine (Ile) residue in the RT loop of Hck-SH3.
Although HIV_ Nef contains a PxxP motif, which is involved in the interaction,
the highest binding affinity has only been observed with the full length HIV_Nef

that establishes tertiary contacts with the RT loop of Hck-SH3 (243).
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Table 1. The affinity and specificity of SH3-ligands (consensus data from
literature, adapted from (237)). The upper-case letters = strong selection, lower-
case letters = moderate selection. x = any amino acid. K4= Dissociation Constant.

NA=data not available.

The SH3 dOI.nain bind.ing Affinity Ligand Reference(s)
sequence (motif) of the ligand (K4, nM) | Structure
(R/K)xxPxxP (class I) 1-200 PPII (244), (229)
PxxPx(R/K) (class II) 1-200 PPII (229)
RxxK 0.1-30 3'° helix (240),
RKxxYxxY 20-60 NA (245)
PxxDY NA NA (246)
(R/K/G)XXPPGX(R/K) 10-200 PPII (247)
R/K-rich 10-100 N/A (248)
WQTDFEKLEKE NA a-Helix (249)
lzPSADLILNRCSESTKRKLAS 713 o-Helix (241)
PWTDQFEKLEKEVAEN... NA a-Helix (250)
PX domain 50 PPII (251)
SH2 domain 1-5 Tertiary (252)
LIM domain 3000 Tertiary (242)

Collectively, the above evidence suggests that SH3 domains can
physically interact with a large number of diverse ligands but those with a higher
affinity make better hydrophobic contacts with the binding grooves of the ligand
binding surface of SH3 domain, whereas those with the lowest affinity make only
tertiary contacts with the highly charged residues outside the ligand binding site.

A few ligands that make both hydrophobic and tertiary contacts via multiple
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interactions show the highest affinity. Nonetheless, all these interactions have
been reported to be essential for assembly of numerous cellular signaling
networks (253), (230), suggesting that ligand binding specificity plays a bigger
role than affinity in SH3 domain interactions. As introduced in the next section,
the SH2 domains select the ligands that are customized by phosphorylation
dependent posttranslational modifications and thus, generally show a higher

affinity to their ligands.

1.7.1.2. The SH2 Domain

The Src-homology 2 (SH2) domains are modules of ~100 amino acids that
typically bind to phosphorylated tyrosine (p-Tyr) residues of the ligands (254),
(255), (256). The p-Tyr residues serve as docking sites for SH2 domains of Src
family kinases and various adapter proteins that trigger complex networks of cell-
signaling pathways (257).

The SH2 domain of Src contains a central anti-parallel beta sheet
surrounded by two alpha helices. The p-Tyr of the ligand generally binds as an
extended beta strand that lies at right angles to the SH2 beta sheet (254) (Fig.
1.10-b). The range of binding affinities of SH2 domains (Kp = 4 — 500 nM) is
higher than that of SH3 domains (Kp =5 — 100 uM). The optimal high affinity
phosphopeptides (Kp = 4 nM) interact with the Src-SH2 domain at six central
residues, PQ(pY)EEI where p-Tyr and Ile (isoleucine) residues are tightly bound
by two well-defined pockets on the ligand binding surface of SH2 domain (234).
The Glu (glutamic acid) residues is crucial for binding as mutating either of this to

Ala (alanine) greatly diminished the binding affinity (258). Conserved residues
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such as Glu at the SH2 binding motif immediately adjacent to the phsphortyrosine
contribute to the hydrophobic core or are involved in p-Tyr recognition while
more variable C-terminal residues contribute to the specificity of the interaction
(234). The Src-SH2 domain binding sequence of MUC1-CD has been identified

as p-YEKV (139)

1.8. Interaction of MUC1 and Src
1.8.1 Evidence for MUC1-Src interaction mediated signaling in breast cancer

As discussed in section 1.6 above, our laboratory has demonstrated that
ICAM-1 binding to MUCI leads to Src dependent signalling cascades that initiate
promigratory signalling in breast cancer cells. Treatment with a chemical inhibitor
of the Src family kinases, PP2 significantly decreased the ICAM-1 binding
induced phosphorylation of MUCI1-CD and CrkL recruitment to MUC1-CD, in
T47D breast cancer cells and MUCI transfected-293T cells (150).

Other studies report that the inhibition of Src, in the MCF7 breast cancer
cell line that overexpress MUCI1, by dominant negative Src or siRNA (259) as
well as small molecular inhibitors such as AZD0530 (173) or SKI-606 (260),
directly affected integrin signaling pathways and actin-cytoskeletal dynamics,
which resulted in reduced cell migration, adhesion and spreading (259). Src has
been shown to interact with polyoma middle T-antigen transgenic mice (PyV-
MT), and to play an integral role in MMTV-PyV MT-induced mammary
tumorigenesis. When these mice were crossed onto a Muc1 null background there
was a significant delay in tumor progression indicative of cooperative effects of

MUCI and Src (164).
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However Src inhibition alone may not be responsible for the observed
decrease in invasiveness and motility of breast cancer cells (194). As discussed in
previous sections, MUCI] mediates some of these signaling events either by
directly interacting with other molecules while already bound to Src (e.g. the
MUCI1/Src complex can increase p-catenin binding to MUCI and promote cell
invasion) (139) or by bringing Src closer to other molecules, such as FAK to form
other signaling complexes (e.g. the Src/FAK complex may initiate several cancer
cell migration pathways) (164).

Taken together, the above evidence suggests that MUC1-Src association
plays a major role in pro-migratory signalling in breast cancer cells. However, in
order to gain insights into the therapeutic-feasibility of blocking such interactions,
it is crucial to explore the structural basis of the molecular recognition
mechanism(s) involved in MUC1-Src interaction. The phosphorylation-dependent
interaction of Src-SH2 domain and MUC1-CD is physiologically well established
although the structural basis of the regulation is yet to be uncovered. Only a little
is known about the direct recruitment of Src by MUCI-CD via the Src-SH3

domain.

1.8.2. Interaction of MUC1-CD with Src-SH3 domain

Evidence for the interaction of the Src-SH3 domain with MUCI-CD is
based on in vitro GST pull down assays (139). Using purified His-tagged MUCI1-
CD and GST-Src-SH3 domain, Li ef al. have assessed the direct binding of
MUCI-CD to Src-SH3 domain using GST and GST-Src-SH3-De90/92 (a mutated
Src-SH3 domain) as controls. The results revealed that MUC1/CD binds to wild-

type Src-SH3 but not to the mutant Src-SH3 or GST (139). However, the specific
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sequence motif(s) of MUCI1-CD that interact with the Src-SH3 and the binding
affinity or specificity have not been investigated.

The primary amino acid sequence shows that there are two putative SH3
binding motifs (RYVPPSS and PPSSTDR) in MUCI-CD that share some
characteristics of typical SH3-ligands; viz. These putative motifs contain, 1)
prolines, serines and arginines that are indicative of a local PPII type structure, ii)
conserved N and/or C terminal arginine residues, followed by at least one critical
proline residues, R*YVP*PSS and PP*SSTD*R respectively (marked by
asterisks), iii) a hydrophobic residue (V) preceding the 4™ proline in the N

terminal orientation.

Since the SH3 domain and ligand interactions are highly promiscuous, the
above assumptions that are based on the primary structure of MUC1-CD may not
be entirely factual. There is a possibility that other/flanking residues or multiple
discontiguous regions are responsible for the specificity of this interaction. The
residue-specific details of the binding interface, in addition to the binding affinity,

are thus essential to understand the MUC1-CD and Src-SH3 interaction.
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1.9. Rationale, Hypothesis and Objectives

Rationale:

The recruitment of Src is a major functional step in ICAM-1 induced
motility of MUCI bearing breast cancer cells but the structural aspects of the
molecular recognition events of MUC1 and Src are still unknown. Since the
putative SH3 binding motif(s) of MUC1-CD are non-PXXP type, the interaction
of MUC1-CD and Src-SH3 domain may be transient but specific. However, due
to the fact that the SH2 and putative SH3 binding motifs of MUCI-CD are
immediately adjacent to each other, binding of Src-SH3 domain to MUC1-CD
may sterically hinder Src-SH2 domain binding (or vice versa). One possibility is
rapid and transient interaction of MUC1-CD with Src-SH3 domain that may draw
Src molecules close to MUCI1-CD, allowing the subsequent phosphorylation of
Tyr*® and binding of Src-SH2 domain to p-Y**EKV motif. If disulphide-linked
dimers of MUC1-CD are involved, as MUC1-CD is evidently flexible, Src-SH3
domain may bind to one dimer partner allowing the other partner to bind with the
Src-SH2 domain at p-Y*°EKV.

The relative binding affinities and specificities of the putative SH3 binding
motif(s) and phosphorylated SH2 binding motif of MUCI1-CD may provide
insights into the feasibility of direct recruitment of Src-SH3 domain vs. already
established phosphorylation-dependent recruitment of Src-SH2 domain.
Therefore, as the first step in understanding the interaction of MUCI and Src, it is
crucial to determine the binding affinity of the interaction of Src-SH3 with
MUCI-CD and identify the MUC1-CD binding site on the Src-SH3 domain.

These findings will then help to identify the consequences of Src-SH3 domain
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binding in the regulation of Src-SH2 domain binding to MUC1-CD. Exploring
the structural aspects of the interaction of MUCI1-CD with Src-SH3 domain,
therefore, is the focus of this thesis, which will provide a better understanding of

this interaction for the first time.

Hypothesis:

The cytoplasmic domain of MUC1 (MUCI-CD) binds to Src-SH3 domain
transiently through the putative N terminal SH3 binding motif, R**YVPPSS

Objectives:

1: To map the binding site of MUCI1-CD on the Src-SH3 domain using NMR
spectroscopy and determine the binding affinity of the full-length cytoplasmic
domain of MUCI to the Src-SH3 domain.

2: To determine the differential binding affinities of monomeric and dimeric
peptides of MUC1-CD and the Src-SH3 domain.
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Chapter 2
EXPERIMENTAL METHODS AND RESULTS
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2.1. Introduction

The structural studies of modular binding domains such as SH3 has been
facilitated by their ability to fold independently into a stable three-dimensional
modular structure, when isolated from the native protein (261). These modular
domains also readily bind to short synthetic peptides in vitro, and thus, synthetic
peptides have been identified as valuable tools for structural investigations of SH3
or SH2 domain interactions (261).

The putative SH3 binding motifs of MUCI1 are non-PXXP type and may
bind to Src-SH3 transiently but with a unique specificity if flanking residues are
involved. Typically, the ligand binding affinities of SH3 domains fall in the
micromolar range (Kp=1 — 100 uM) but those with Kp in the millimolar (mM)
range can also be biologically important (242). Nuclear magnetic resonance
(NMR) spectroscopy is a powerful analytical tool that is widely used to gain
insight into such weak protein—ligand interactions in solution (262).

Unlike many other biophysical techniques available for protein-ligand
binding studies, (e.g. Surface Plasmon Resonance (SPR), Isothermal Titration
Calorimetry (ITC), Fluorescence Spectroscopy (FS)), which often provide only
one or two types of information (e.g. kinetics and thermodynamics) about
moderate to high affinity protein-ligand interactions, NMR spectroscopy can
provide residue-specific, atomic-level details about a wide range of strong (Kp in
the nanomolar range) to ultra weak (Kp in the millimolar range) molecular
interactions (263), (262), (264), (265), (266); e.g. 1) protein-ligand interface
mapping (chemical shift mapping) and visualization of potential binding sites

based on available 3D structures, ii) determination of the structure of protein-
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ligand complexes, 1iii) structure-based mutational studies that determine the
specificity and selectivity, iv) monitoring structural dynamics of an interaction,
v) calculation of binding constants (kinetics) and deriving thermodynamic
parameters, etc.

Given that specificity plays a major role in ligand binding to SH3 domains
(237), binding affinity alone is not sufficient to distinguish between different
SH3-ligand binding events. NMR spectroscopy has been particularly useful to this
end, as it has produced data on site/residue-specific differences of a variety of
SH3 domain and ligand interactions (229), (233), (267), (245), (241), (228),

(240), (2406).

2.11 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy is based on a quantum property of atomic nuclei,
called spin (I = spin angular momentum quantum number), which can be integral
(I=1,2,3... e.g. °H, "N etc.), fractional (I = 1/2, 3/2, 5/2...e.g. 'H, PN, °C etc.)
or zero (I = 0; e.g. '*C, '°0, **S etc.). Although NMR can detect isotopes with
either integral or fractional nuclear spins, only those with a fractional nuclear spin
of Y4, provide sharp and meaningful resonance lines in NMR spectra (268).

The most commonly used nuclei for biomolecular NMR studies are 'H,
N, °C isotopes, each of which has a spin of % and thus can have two possible
energy states (+1/2 and -1/2) in a magnetic field, as determined by quantum
mechanics (268). There are slightly more nuclei in the lower energy level than the
higher level, proportional to the energy difference between two energy states

(according to the Boltzmann distribution), which provides magnetization that is
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measured in an NMR experiment (268). It is possible to excite the nuclei at lower
energy state into the higher state with radio frequency electromagnetic radiation,
where the frequency of radiation is determined by the difference in energy

between these energy levels (268).

2.12 Chemical Shift Mapping

During an NMR experiment, the electrons of a spinning nucleus shield the
static magnetic field. Therefore, the nuclei (protons) absorb electromagnetic
radiation at different frequencies depending on the electron density around the
nucleus. These shifts in resonance frequencies are called chemical shifts (268).
Since the chemical shift () is changed based on the static magnetic field strength,
these values are standardized using a reference compound such as DSS (2,2-
dimethyl 2-silapentane 4-sulphonate). Due to low electronegativity of the silicon
atom, the nine identical methyl protons in DSS are highly sheilded resulting a
high intensity proton signal at the most upfield position of an NMR spectrum and
thus can be easily used to assign the chemical shift to zero. If the frequency of a
given resonance line is v and the frequency of the line from DSS is vgg, the
chemical shift is given as, & = (Vv — vgss)/(Vgss X 106). The chemical shift is
expressed as parts per million (ppm= 1/1000,000) in frequency since the
numerator of this equation represents the frequency of resonance lines (v and vyss)
in hertz but the denominator, which is the operating frequency of a given
spectrometer, is in megahertz (1 MHz= 10° Hz). Measuring chemical shift in ppm
makes all frequencies scale with the applied magnetic field and thus independent

of the static magnetic field strength (268).

65


http://en.wikipedia.org/wiki/Silicon

The atoms in a well-folded protein experience many different chemical
environments due to different inter-atomic interactions, while most of the atoms
in an unfolded molecule experience similar chemical environments. The residues
at the binding site of a protein and/or a ligand that make strong contacts with each
other also experience different chemical environments. This conformational
heterogeneity produces clearly distinguishable peaks in NMR spectra in contrast
to mostly overlapping peaks generated by the atoms of an unstructured molecule
or a low-affinity molecular interaction interface.

The NMR titration or chemical shift perturbation experiments that are
based on Heteronuclear Single Quantum Coherence (HSQC) NMR spectroscopy
are commonly used to monitor the changes that occur in the chemical
environment of the binding partners (chemical shift mapping), at a residue
specific level, during a protein-ligand interaction (269). The two dimensional
(2D) 'H-"N HSQC spectrum provides a quick diagnostic fingerprint of a
uniformly °N-labelled protein as the backbone amide group of each non-proline
residue creates a single 'H-""N cross peak (263). The pattern of dispersion,
intensity, and the number of observed cross peaks in a 2D "H-'"N HSQC spectrum
are directly correlated with the chemical shift heterogeneity (folded or unfolded
state) of the protein as well as with the overall sample quality (270).

Overlaying a series of 2D "H-""N HSQC spectra obtained at consecutive
titration points shows the chemical shift changes that occur in a protein in
response to binding of increased amounts of a particular ligand. The dependence
of chemical shift changes on the ligand concentration facilitates calculation of the

dissociation constant of the protein-ligand complex (271).
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In the current study, the'°N labeled Src-SH3 domain was used to monitor
the 'H-""N amide chemical shift changes upon binding of MUC1-CD peptides.
Although the stable "N isotope, which has a nuclear spin of ' simplifies its
observation by NMR (272), its natural abundance is only 0.37%. In order to
obtain strong signals and clear cross peaks in a 2D 'H-""N HSQC experiment, it is
necessary to label the nitrogen atoms in the protein with the '’N isotope. This
requires recombinant expression of the protein in the presence of a °N isotope-

enriched chemical compound.

2.13 The GST Gene Fusion System

The GST (Glutathione-S-Transferase) gene fusion system was chosen for
expression and purification of "N isotope labeled Src-SH3/SH2 domains since
the GST tag promotes the solubility of a recombinant protein and allows easy
purification by affinity chromatography (using Glutathione Sepharose 4B) and
mild elution conditions, which help to preserve the native fold of the expressed
protein (273). All GST fusion vectors contain a tac promoter, open reading frame
encoding GST, a protease cleavage site followed by restriction endonuclease sites
(BamHI, Smal, and EcoRI in PGEX-2T vector) and termination codons (Fig 2.1).
The tac promoter allows chemical induction of protein expression with isopropyl-
-D-thiogalactopyrenoside (IPTG). The protease cleavage site (thrombin cleavage

site in PGEX-2T) facilitates cleavage of the target protein from the GST tag.
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2.2. Materials and Methods

2.2.1. Subcloning of Human Src cDNA

The complementary DNAs (cDNAs) encoding human c-Src-SH3, SH2,
and SH3+SH2 (SH3-linker-SH2) domains were subcloned from a recombinant
pUASEMP_Src plasmid, into the pGEX-2T, GST fusion vector (Fig 2.1), in
between EcoRI and BamHI sites. The recombinant human Src plasmid
(pUASEMP _Src) was a generous gift from Dr. Tony Pawson, (Samuel Lunenfeld
Research Institute, Mount Sinai Hospital, Ontario). The PGEX-2T vector was a
donation from Mr. Gary Ritzel (Department of Biological Sciences, University of
Alberta).

The PCR primers with 6 flanking bases were designed to amplify SH3 and
SH2 domains of Src for insertion into the pGEX-2T vector, as follows
(Blue=EcoRI site; Red =BamHI site; F=Forward; R=Reverse);
SH3 F=>5'-GGC CCG GGA TCC ATG GGT GGA GTG ACC ACCTTT - 3'
SH3 R =>5’-GCG CCG GAA TTC TTA GGA GTC GGA GGG CGC CAC -3’
SH2 F=>5’- GCG CGG GGA TCC ATG TGG TAT TTT GGC AAG ATC - 3'
SH2 R =>5"-GCG CCG GAA TTC TTA GCA CAC GGT GGT GAG GCG - 3'

The recombinant plasmids were sequenced to verify the insertion of the
correct coding sequence with reference to Swiss-Prot sequence for human c-Src

(Accession No. P12931).
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Thrombin
ILeu Val Pro .&’g‘LG v Ser| Pro Gly lle His Arg Asp
CTG GTT CCG CGT GGA TCC CCG GGAATT CAT CGT GAC TGA CTGACG

¥ [y =
BamHl ~¢mar EcoRl Stop codons

Figure 2.1. Map of the glutathione S-transferase (GST) fusion vector showing the
open reading frame of PGEX2T, GST followed by thrombin cleavage site, the

restriction sites and stop codons (274).

2.2.2. Expression and Purification of 5N labeled Src-SH3 Domain

To produce expression clones, the recombinant PGEX-2T-SH3, SH2 and
SH3+SH2 plasmids were transformed into BL21 (DE3) PlySs cells (E£. coli host).
The recombinants were expressed in M9 minimal media enriched with 15 NH4C1 to
a cell density (Optical Density at 2°%%) of 0.6 - 0.8 and induced with 1.0 mM IPTG
(Appendix 1). As determined by a series of test expressions, growing E.coli for
3-4 hrs after induction was sufficient to get a good yield of target protein (1 - 2

mg/ml per Litre) with minimal expression of untargeted proteins. Accordingly,
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the cells were harvested after 3-4 hours by centrifugation and the cell pellets were
lysed according to the standard protocols (Appendix 2) using an Emulsiflex
(available at Dr. Joel Weiner’s lab, Department of Biochemistry, University of
Alberta). Tris-Tricine SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel
electrophoresis) was used to analyze the cell lysates (Appendix 3). The cell
lysates were then purified using GST affinity columns, cleaved with thrombin and
desalted using a Sephadex-G25 column with 10 mM NH4HCO;. The SH3
domain (6.88 KDa) and GST (26 KDa) were then separated by size exclusion
chromatography and desalted again. The pure SH3 domain was lyophilized
(Appendix 4).

The pre-packed GSTrapFF-1ml columns (GST tagged protein purification
columns), Glutathione Sepharose 4B (GS4B) beads, Thrombin, Superdex-75 (for
size exclusion chromatography), and 15 ml glass chromatography columns were
purchased form Pharmacia/GE healthcare. The Sephadex-G25 desalting columns,
peristaltic pumps, size exclusion chromatography columns, lyophilization Jars and
all other equipment necessary for protein purification were generously provided

by Dr. Brian Sykes at the Department of Biochemistry, University of Alberta.

2.2.3. Design of MUC1 Peptides and Synthesis of Full-length MUC1-CD

Native, Mutant and Dimer Peptides of MUCI-CD:

A native 23-residue synthetic MUC1-CD peptide (Fig. 2.2) that contain
both SH2 and putative SH3 motifs was designed to study direct binding of the
Src-SH3 domain. Control peptides (23-residue) with the same sequence but with

point mutations, R’ 4A, R*A and P? 7A, were designed to test the putative terminal
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arginines and the critical proline, respectively (Fig. 2.2). A synthetic 48-residue-
dimer MUCIT peptide (two 23-residue peptides linked via 2 cysteine residues, with
one arm phosphorylated at Y*®) was designed for comparison of SH3 and
SH3+SH2 domain binding studies of 23-residue monomer vs. a dimer. All
peptides were obtained through the IBD (Institute of Biomolecular Design),
University of Alberta.

Full Length MUCI-CD:

The recombinant, full length, 72-residue His® tagged MUCI-CD was
obtained from GenScript Inc. The SDS-PAGE analyses showed monomers,
spontaneous dimers (and oligomers) that were verified by in gel digestion/mass
spectrometry and MALDI-TOF analyses (Fig. 2.3), suggesting that 72-residue
His® tagged MUC1-CD may not be suitable to distinguish the interaction between
monomeric MUC1-CD and Src-SH3 domain. Therefore, a 69-residue full-length
synthetic peptide of MUCI, without the CQC motif, was obtained (GenScript
Inc.).

The amino acid sequences of all peptides were checked against the
UniProtKB/Swiss-Prot sequence for human MUCI1 (Acc No. P15941).

Rationale for comparisons of binding data based on the MUCI peptides

1) 23-residue monomer peptide vs. the 69-residue full-length monomer
peptide: - If the 23-residue peptide does not bind to Src-SH3, the binding site
could be located somewhere else or multiple discontiguous regions of MUCI-
CD may be involved in binding. To rule out this possibility, a 69-residue full
length MUC 1 -peptide was used to compare the binding affinity and chemical

shift perturbations of the residues at each binding event.
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2) 23-residue monomer peptide vs. the 48-residue dimer peptide: - The 48-
residue-dimer is a non-natural peptide. It was used only for the purpose of
testing whether any type of dimerization at the vicinity of the putative binding
site causes a significant change in chemical shift perturbations (differential
binding), compared to a native, monomeric peptide with the same residues

(23-residue monomer).

Monomeric native peptide (23aa) HTHGRMYVPPSSTDRSPY#EKVSAG
b,

Dimeric peptide with one arm Phesphorylated CHTHGRYVPPSSTDRSPYEKVSAG

at Y*(48aa) I

CHTHGRYVPPSSTDRSPYEKVSAG

[ HTHGAYYPPSSTDRSPYEKVSAG

Negative controls/mutant peptides (RMA, RPA
and PYA point mutations) | HTHGRYYPPSSTDASPYEKVSAG

| HTHGRYVAPSSTDRSPYEKVSAG

The 69-residue full length MUC1-CD

RRKNYGQLDIFPARDTYHPMSEYPTYHTHGRYVPPSSTDRSPYEKYSAGNGGSSLSYTNPAVAATSANL

Figure 2.2. The synthetic peptides of MUCI-CD that were designed for NMR
titrations with "°N labeled Src-SH3 and SH3+SH2 domains. The putative SH3
binding motif and the SH2 binding motif are underlined (blue = mutated residues;
red = phosphorylated Y*®; PO, = phosphate group). The 23-residue native, mutant
and 48-residue dimer peptides were obtained through Institute of Biomolecular
Design (IBD), University of Alberta and the 69-residue MUCI1-CD (without

CQC) was obtained from GenScript (Inc).
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R+ 100mM DTT
+ 2%, iodoacetabmide

R + 10mM DTT
R+ 100mM DTT

iii)

15 — ) -
= »
10 —» BB . . . Monomer
-3

Figure 2.3. The SDSPAGE analyses of recombinant 72-residue His® tagged
MUCI1-CD (GenScript). i) Western blot probed for CT2 (cytoplasmic tail-2)
antibody (recognize the last 15 residues of MUCI1-CD) that shows robust
spontaneous dimers formed in vitro. (NR=Non reduced sample; R = reduced
sample (BME + boiling for 5 minutes)); BME=beta mercaptoethanol,
DTT=Dithiothreitol. The alkylating agent, 2% iodoacetamide was added to
prevent reformation of disulfide bridges. ii) a silver stained gel of His® tagged
MUCI1-CD showing monomers and dimers confirmed by in gel digestion-mass
spectrometry. iii)) The MALDI-TOF (Matrix Assisted Laser Desorption
Ionisation-Time of Flight) analysis of full length MUC1-CD showing covalently

linked monomers/dimers (x axis:- mass (m/z) and y axis:- peak intensity).
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2.2.4. NMR Titrations of Src-SH3 Domain with MUC1-CD Peptides

The NMR titrations of Src-SH3 domain with i) a native 23-residue
MUCI1-CD peptide, ii) a R*A mutant 23-residue MUC1-CD peptide, iii) a 69-
residue full length MUCI1-CD and, iv) a 48-residue-dimer MUCI1-CD peptide
(Tables, 2-5) were carried out as described below.

Calculated amounts of MUCI peptide aliquots were titrated into 500 pl of
0.25 mM "N labeled Src-SH3 domain in a high-salt phosphate NMR buffer [50
mM Na,HPO,, 100 mM NaCl, 10 uM EDTA, 1 mM Imidazole and 4.6 mM DSS
(containing 0.196% NaN; and 98% v/v D,0)]. The buffer was chosen according
to previous NMR studies that addressed ligand binding to the Src-SH3 domain
(233), (229). The pH of the protein solution was initially adjusted to 6.8 but it was
in the range of 6.5 - 6.7, according to the internal pH indicator, imidazole. The pH
was maintained at a fairly constant value throughout the titration by adding 0.5 —
3.0 ul of I M NaOH, where necessary, if the solution became more acidic with
addition of the peptide aliquots. The initial protein and peptide concentrations
were determined by weight/volume method but confirmed and adjusted by using
subsequent amino acid analyses (Institute of Biomolecular Design, University of
Alberta). Changes in protein concentration due to the addition of peptide were
recorded at each titration point and included in the calculation of subsequent
volume of peptide solution (Tables 2-5).

Two-dimensional (2D) 'H-""N HSQC NMR spectra of MUC1-CD bound
and unbound Src-SH3 domain were acquired at each titration point of MUCI1
peptide at a constant temperature (30° C). The published 'H and "’N chemical

shifts of the Src-SH3 (275) available through Biological Magnetic Resonance
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Data Bank (BMRB) were used to assign the HSQC spectrum. The NMR
experiments and data analyses were carried out in collaboration with Dr. Brian
Sykes (Department of Biochemistry, University of Alberta) by using the Varian

500 or 600 MHz NMR spectrometers in his lab.
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2.2.5. Analyses of NMR spectral data

All "H-""N HSQC NMR spectra acquired during a particular titration were
equally processed using VNMRIJ software and then overlayed using a VNMRIJ
script. Each fid (free induction decay) was processed using an NMRPipe script
(fid_nmrview.com) (276), in order to convert it into a *.nvj file that was accessible
by NMRViewl] software, which was then used to create peaklists of the assigned
residues. A peaklist of a particular '"H-""N HSQC spectrum contained the
chemical shift values corresponding to all peaks of that spectrum. The observed
chemical shift changes per residue (A8) in 'H-'’N HSQC spectra of SH3 is
calculated by the software, according to the equation, AS=[(ASH) *+(ASN/5) ] 7,
where ASH is the chemical shift change in ppm in "H dimension and ASN is the
chemical shift change in ppm in °N dimension. The coefficient of 0.2 is applied
in the equation to compensate for the scaling differences between "N and 'H
chemical shifts. The peaklists from each consecutive HSQC spectrum was
concatenated. The combined data were used to generate an input file for the
Xervfit software (277) using the script, xpk-to-xcrvfit-nhsqc.pl (Olivier Julien,
Department of Biochemistry, University of Alberta), that extracts and lists all
chemical shift values per residue along with the corresponding molar
concentrations of peptide and protein (used to calculate the molar ratio of

[peptide]: [protein]).

2.2.6. Determination of dissociation constants of MUC1/Src-SH3 interaction

The interaction of MUCI1 and Src-SH3 domain was assumed to follow a

single site binding model with 1:1 stoichiometry given by, P+L«<>PL (P=protein;
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L=ligand). The Xcrvfit software (277) was used to fit an appropriate binding
model for the observed chemical shift data based on all residues as well as those
residues with total chemical shift >0.04 ppm (the most mobile residues in terms of
chemical shifts), selected based on literature (reviewed in (263)), which suggested
a threshold value of 0.04 ppm is considered to indicate that the corresponding
amino acid is involved in binding to the ligand. The software calculates
dissociation constant (Kp) based on the equilibrium constant, the rate of formation
(kon) and dissociation (ko) of the molecular complex (Kp = kog'kon) using
chemical shift changes (Ad) of SH3 backbone amide protons as a function of

MUCI-CD peptide concentration (details in Appendix 5).

2.2.7. Chemical Shift Mapping of the MUC1-CD Binding Site on Src-SH3

Domain

The 3D (three dimensional) NMR solution structure of Src-SH3 domain
(1QWE) and the X-ray Crystal Structure of inactive Src molecule (2SRC)
available through RSCB (Research Collaboratory for Structural Bioinformatics)

protein data bank (pdb) (http://www.pdb.org/pdb/home/home.do) were used for

chemical shift mapping. The residues of Src-SH3 domain that showed the highest
chemical shift changes (>0.04 ppm) upon addition of MUC1-peptides were then
mapped onto the surface of the 3D structures of Src-SH3 domain and inactive Src

using the software, MacPyMOL.
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2.3 Results

2.3.1. Expression and Purification of uniformly >N labeled Src-SH3 Domain

The "N labelled GST tagged Src-SH3 (32 KDa), Src-SH2 (37 KDa) and
Src-SH2+SH3 (44.7 KDa) domains were cloned into PGEX-2T vector and
successfully expressed using BL21-DE3-PlySs competent cells (Fig. 2.4) in a
modified M9 minimal media with Thiamin-HCI and Biotin, as determined by a
series of test expressions. The GST tagged Src domains were cleaved properly
(Fig. 2.5-1 and ii) except for the SH2 domain (Fig. 2.5-iii). The pure proteins
were positively identified by mass spectrometry.

Mol Mol. Mol.
wt. NI FL WA  EL wt. NI WCL FL WA EL1 EL2 ) Wt. NI WCL FL WA EL1 EL2
i : ¢ o

a) b) .y o= A
TS « . - . U - i - -

soghl 37 - — - st ! SH3+SH2

215w B8 ' = SH2 25w .=

20 -

. E — -

"

—

-

-——
e
——
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37
_ GST-
W i 5- l
25 - -

200
15‘-‘

Figure 2.4 The expression and purification of GST tagged Src-SH3, SH2 and
combined (SH3+SH2) domains. The "N labeled purified GST-Src a) SH3 (32
KDa), b) SH2 (37 KDa) and ¢) SH3+SH2 (44.7 KDa) domains expressed in E.
coli BL21 (DE3) PLysS cells. The lanes are, non-induced (NI), whole cell lysate
(WCL), flow-through (FL), wash (WA) and eluted (EL) fractions of GST-Src

lysates passed through a GSTrapFF™ column.
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Figure 2.5. Thrombin cleavage of '°N labeled GST-tagged Src domains; i) SH3
domain (6.88 KDa)- cleavage with 1 — 4 Units (U) of thrombin (16 hr.
incubation), ii) SH3+ SH2 domain (18.71 KDa) cleavage with 1 -3 units of
thrombin (16 hr. incubation); eluted fractions (EL1 and EL2), protein sample
before dialysis (BD) and after dialysis (AD) and iii) SH2 domain (11.29 KDa)
cleavage time course with one unit of thrombin; A = before dialysis; B=after
dialysis; C—H =1, 2, 3, 4, 5, and 16 hrs incubation with lunit of thrombin; I =

control.
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2.3.2. The '"H-""N HSQC NMR Spectra of MUC1-CD/Src-SH3 Interaction

The 2 dimensional (2D) 'H-""N HSQC NMR spectrum of the Src-SH3
domain showed well resolved, assignable peaks with few ambiguities (Fig. 2.6-a).
It was assigned using the published 'H and "’N chemical shift values available
through BMRB (275). All non-proline residues except, G84, S126, S145 and T88
(Fig. 2.6-b), were assigned referring to the published chemical shift values.

The overlay of 'H-"’N HSQC spectra acquired during the NMR titrations
of, 1) 23-residue native peptide, ii) 69-residue full-length MUC1-CD peptide and
i11) 48-residue-dimer peptide, all showed the same residue shifts, of which the
changes in chemical shift (Ad) were very small (<0.1 ppm) (Fig.(s) 2.7 and 2.8).
The overlayed HSQC spectrum of the 23-residue peptide was compared against
the 69-residue full length and 48-residue-dimer peptides based on the rationale
outlined in the section 2.2.3. The residues with the highest chemical shift
changes, (A0 >0.04 ppm) in all three sets of overlayed HSQC spectra were R9S,
E100, H125, T132, G130, Y134 and L103. The other residues that showed minor
changes in chemical shift were, E118, N138 and S97.

The only differences among three sets of HSQC spectra were, 1) the
residues, T99 and Q112 did not show chemical shift perturbations upon addition
of the 69-residue full length MUCI1 peptide whereas a small change in chemical
shift was detected after adding 23-residue monomeric and 48-residue dimeric
peptides, in separate titrations; ii) the direction of chemical shift change in D99
(labelled as D102 in this study) was clearly different in the HSQC spectra
obtained for the titration of 69-residue peptide compared with that of the other

two titrations (23-residue and 48-residue peptides).
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Figure 2.6. a) The 2D '"H-""N HSQC NMR spectrum of the Src-SH3 domain.
Residues were assigned based on the published 'H and '°N chemical shift values
available through BMRB (275). Bars connect the side chain amide protons (N-H)
of Asparagine (N) and Glutamine (Q) residues. The side chain amide protons of
two tryptophan residues are circled in red. Unidentified peaks are circled in green.
b) The amino acid sequence of the Src-SH3 domain. Assigned residues are in red.

Unassigned residues are in blue. The first residue of the protein sequence and the

proline residues that do not produce peaks in 'H-""N HSQC spectra are in black.
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The overlay of "H-""N HSQC spectra of Src-SH3 domain acquired during
the titration of R**A mutant MUCI peptide showed a reduction in chemical shift
changes in some of the same residues (E100, H125, G130, Y134) that were
perturbed during the titration of 23-residue peptide with the native sequence (Fig.
2.9). Notably, there was no difference in the chemical shift perturbations of R98
in the mutant peptide titration compared to that of the native peptide titration (Fig.

2.9).
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2.3.3. The Dissociation Constant (Kp) of MUC1-CD/Src-SH3 Interaction

The observed chemical shift data were fit into 1:1 binding model but did
not fit into 1:2 binding model. The estimated dissociation constants (Kp) at the
lowest sums of squares of error (SSE), based on all residues (global Kp), were as
follows, 1) 2.9 mM for 23-residue native peptide (Fig. 2.10), ii) 2.4 mM for 69-
residue full-length peptide (Fig. 2.11), 1ii) 2.3 mM for 48-residue-dimer peptide
(Fig. 2.12) and iv) > 5.00 mM for R**A mutant peptide (Fig. 2.13). The sums of
squares of error (SSE) plots indicate that the distribution of SSE for Kp
calculations of 23-residue (Fig. 2.10-b), 69-residue (Fig. 2.11-b) and 48-residue-
dimer (Fig. 2.12-b) peptides were, all, somewhat similar to one another (The Kpat
lowest SSE were 2.x mM in all calculations), even after setting the upper limit of
Kp as high as 10 mM (data not shown). In contrast, the SSE plots of R**A mutant
did not find a converge and thus did not demonstrate a lowest value for the SSE
that represent even a closely fitting Kp, when the upper limit was set to 10 mM.

The residues with AS > = 0.04 ppm demonstrated a somewhat better fit to
the model with a lower local Kp compared to the global Kp although the
dispersion of the SSE (Fig. 2.14-g) were still not symmetrical based on all
titrations. The 23-residue peptide titration yielded data that showed the best fit
with a Kp of 1.05 mM, based on the residues R98, E100, H125, T132 and Y134,
followed by 69-residue peptide (Kp =1.85 mM) and 48-residue-dimer peptide (Kp
=2.07 mM) (Fig. 2.14). The plots of [MUCI1]:[SH3] molar ratio vs. chemical
shift change for 23-residue peptide titration (Fig. 2.14-a to e, in red) show that the
binding model fit well with the NMR data except for the last two titration points,

partly due to the variations in the data since a higher number of consecutive
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titration points were used in between 1:1 and 1:10 compared to only two titration
points that were used in between 1:10 and 1:20. The residues E100 (Kp =1.12
mM), H125 (Kp =0.75 mM), G130 (Kp =0.68 mM) and T132 (Kp =0.68 mM)
showed the tightest binding based on the 23-residue monomer peptide titration
(Fig. 2.14-a to e, red). The 48-residue-dimer peptide titration showed a similar
trend (Fig. 2.14-a to e, green). Apart from the residues E100, G130, H125, the
69-residue peptide showed tightest binding for Y 134, unlike that of the other two
peptides (Fig. 2.14-a to e, blue). The residue, R98, did not seem to saturate even
at the highest MUC1 peptide concentrations used for all four titrations.

The first 9 consecutive titration points that generated chemical shift
changes corresponded to more or less equivalent molar ratios of both 23-residue
and R*A mutant peptides were compared to identify any trends in chemical shift
changes based on the individual residues with A6 > = 0.04 ppm (R98, E100,
H125, T132 and Y134) (Fig. 2.15). The Kp based on all residues was > 5.00 mM
except for the residue, R98 (Kp > 4.63). Overall, the local Kp based on the
residues with AS > = 0.04 ppm was 1.74 mM for 23-residue peptide titration
whereas it was >5.00 mM for the titration of R**A mutant indicating that mutating

R** to Alanine significantly increased the Kp.
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Figure 2.10. (a) The molar ratio of [MUCI1]/[SH3] vs. chemical shift changes
per-residue extracted by overlaying 2D "H-""N HSQC NMR spectra after titrating
the 23-residue native MUCI1 peptide into Src-SH3 domain ([SH3]: [MUCI]
concentration 1:1 through 1:20). The numbers on the plots represent the assigned
residues of the 2D 'H -""N HSQC spectrum of Src-SH3 (Fig. 2.6 a). The

minimum and maximum values of the dissociation constant (Kp) (1:1 binding
model) were set to 0.1 mM and 5.0 mM respectively to obtain a better fit for the
observed data. (b) The estimated Kp values vs. sums of squares of error (SSE) for
the model showing the global Kp =2.9 mM at lowest SSE based on the chemical

shift changes of all residues.
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Figure 2.11. (a) The molar ratio of [MUCI1]/[SH3] vs. chemical shift changes
per-residue extracted by overlaying 2D "H-""N HSQC NMR spectra after titrating
the 69-residue full length MUCI peptide into Src-SH3 ([SH3]:[MUCI]
concentration 1:1 through 1:33). The numbers on the plots represent the assigned
residues of the 2D 'H -""N HSQC spectrum of Src-SH3 (Fig. 2.6 a). The

minimum and maximum values of the dissociation constant (Kp) (1:1 binding

model) were set to 0.1 mM and 5.0 mM respectively to obtain a better fit for the
observed data. (b) The estimated Kp values vs. sums of squares of error (SSE) for
the model showing the global Kp =2.4 mM at lowest SSE based on the chemical

shift changes of all residues.
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Figure 2.12. (a) The molar ratio of [MUCI1]/[SH3] vs. chemical shift changes
per-residue extracted by overlaying 2D "H-""N HSQC NMR spectra after titrating
the 48-residue dimer MUCI1 peptide into Src-SH3 ([SH3]: [MUCI1] concentration
1:1 through 1:38). The numbers on the plots represent the assigned residues of the
2D 'H -"®N HSQC spectrum of Src-SH3 (figure 2.6a). The minimum and

maximum values of the dissociation constant (Kp) (1:1 binding model) were set to
0.1 mM and 5.0 mM respectively to obtain a better fit for the observed data. ()
The estimated Kp values vs. sums of squares of error (SSE) for the model
showing the global Kp =2.3 mM at lowest SSE based on the chemical shift

changes of all residues.
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Figure 2.13. (a) The molar ratio of [MUCI1]/[SH3] vs. chemical shift changes
per-residue extracted by overlaying 2D 'H-'>’N HSQC NMR spectra after titrating
the 23-residue R**A mutant MUCI peptide into Src-SH3 ([SH3]:[MUCI1]
concentration 1:1 through 1:8). The numbers on the plots represent the assigned
residues of the 2D 'H -""N HSQC spectrum of Src-SH3 (figure 2.6a). The

minimum and maximum values of the dissociation constant (Kp) (1:1 binding

model) were set to 0.1 mM and 5.0 mM respectively to obtain a better fit for the
observed data. (b) The estimated Kp values vs. sums of squares of error (SSE) for
the model. The estimated global Kp was >5.0 mM based on the chemical shift

changes of all residues.
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2.3.4. Mapping the MUC1-CD binding site on Src-SH3 Domain

The chemical shift mapping clearly showed that the residues at the
canonical binding site of Src-SH3 domain (W121, Y134, Y95, Y93, Y139 and
D99) were not perturbed (Fig. 16), except Y134 and D99 that showed clear
changes in 69-residue peptide titration [Fig. 2.7, Fig. 2.14 (blue)]. The residues
with the highest chemical shift changes were mapped onto the following locations
of the Src-SH3 domain; R98 and E100 on the RT loop, H125 on the B-sheet-c,
T132 and Y134 on the B-sheet-d and G130 on the distal loop (Fig. 2.16). The
location and orientation of Src-SH3 domain in the inactive Src molecule shows
that the residues involved in binding with MUCI1 peptides are located on the top
of the molecule with R98 intercalated into the closed edge of the site of the

intramolecular interaction of SH3 and SH2-kinase linker (Fig. 2.17).
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Figure 2.16. a) A ribbon diagram of Src-SH3 domain complexed with a class II
ligand (blue), modified from the solution NMR structure (pdb code: - IQWE)
(233) using MacPymol. The XP dipeptidyl moieties of the class II ligand binds to
the hydrophobic clefts formed by conserved aromatic residues (brown) that are
located in between RT (cyan) and n-Src (red) loops. b) The chemical shift
mapping of potential MUCI1-CD binding site on Src-SH3 domain based on the
residue-shifts > 0.04 ppm (magenta) obtained by titrating the 23-residue, 69-
residue and 48-residue MUCI1 peptides into Src-SH3. ¢) Molecular surface
representation of Src-SH3 domain (rotated 90° clockwise with respect to a and b).
The same residues with total chemical shift >0.04 ppm (magenta) are mapped

onto the surface.
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Chapter 3
DISCUSSION AND CONCLUSIONS
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3.1. Introduction

The interactions of SH3 domains with their ligands are often weak and
short-lived but have proven to be crucial for mediating many important cellular
signaling events, such as rapid and transient assembly of signaling complexes for
cytoskeletal reorganization and cell migration (237). Unlike the ligands that bind
to the SH2 domain, those that interact with the SH3 domain need not be
phosphorylated prior to binding and thus, possess an advantage of direct binding
to Src. In other words, the SH3-ligands have the ability to lead and initiate
signaling cascades via direct Src recruitment even in the absence of
posttranslational modifiers (e.g. kinases).

The most recently published work from our lab states that recruitment of
Src to MUCI1-CD is the first step that triggers downstream signaling towards
cancer cell migration (150). If no other kinases or growth factor receptors (such
as EGFR) are involved, MUC1-CD which does not have intrinsic kinase activity,
has only two possible mechanisms to trigger phosphorylation dependent
recruitment of Src via the SH2 domain; viz. 1) MUC1-CD may recruit unbound or
partially active Src molecules directly through the Src-SH3 domain allowing
subsequent phsphorylation of Y*® and binding of Src-SH2 domain, or ii) already
kinase-active Src may be in the vicinity of MUC1-CD to phosphorylate Y*® and
bind to it.

The present study was designed to investigate the relative binding
affinities and specificities of SH3 domain to MUC1-CD, which would provide
invaluable insights into the putative mechanisms of Src recruitment by MUCI-

CD. The results revealed important structural aspects of the interaction of MUC1-
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CD with Src-SH3, including the binding affinity and a potential binding site of
MUCI-CD on Src-SH3. As reviewed and discussed below, these findings may
serve as a foundation and provide insights for further studies on the MUC1/Src

interaction.

3.2. Review and Discussion of Experimental Data
i) The '"H-" N HSQC spectra of Src-SH3 domain

The successful expression and purification of '°N labeled Src-SH3 domain
in milligram quantities, was the first step that facilitated this study. Since SH3 is a
well-folded modular binding domain that is relatively small (55-60 amino acids)
and stable in solution, it has been ideal for in vitro biophysical studies such as
NMR. In fact, the structure and ligand binding dynamics of Src-SH3 domain
have been well characterized (229), (233), (275). As a result, the 3D NMR
solution structures and the assigned chemical shift values for 'H and '°N isotopes
of Src-SH3 are available through the BMRB, which has accelerated the current
study since there was no need to carry out a set of "N-NOESY (Nuclear
Overhauser Effect SpectroscopY) and '"N-TOCSY (Total Correlation
SpectroscopY) experiments to assign 'H and "N backbone resonances in 2D 'H-
>N HSQC spectra. Thus, the 3D structures of inactive Src and Src-SH3 domain
available through the protein databank facilitated the chemical shift mapping of

the interacting site of the SH3 domain upon complexation with a MUC1-peptide.
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ii) Residue-shifts of Src-SH3 upon titration with MUCI peptides

The observed chemical shift changes of the residues (residue-shifts) of 2D
'H-'>N HSQC spectra upon addition of i) 23-residue, ii) 69-residue and iii) 48-
residue-dimer MUC1 peptides were almost the same, signifying that all 3 peptides
interact with the same binding site of the Src-SH3 domain. Since these peptides
differ in sequence length and modifications (i.e. 48-residue-dimer) it was possible
that each peptide would interact differently with the Src-SH3 domain, i.e., i) if the
23-residue peptide did not have the full consensus motif or flanking residues
required for actual interaction, it would interact differently with Src-SH3 than the
69-residue peptide and would show different residue-shifts; similarly, ii) if the 48-
residue peptide, due to dimerization, would have selected a different site to bind,
it would also show different residue-shifts compared to that of the 23-residue
monomer. However, there were no marked differences in the 'H-'"N HSQC
spectra of Src-SH3 domain obtained after titrating these peptides, which clearly
indicates that the shorter MUCI1 peptides (23-residue monomer and 48-residue-
dimer) seem to include the intact SH3-binding-motif that is present in the 69-
residue full length MUCI1-CD.

However, the NMR data acquired in this study do not provide information
on potential differences in the structural behavior of the three MUCI peptides, as
they bind to Src-SH3, because the experiments investigated only the chemical
shift changes occuring in the SH3 domain (protein) but not the changes occuring
in MUCl1-peptide (ligand), which is unlabelled and invisible in protein-based
NMR spectra.

Based on the SH3 domain-observed NMR data, it is apparent that the
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structural differences of MUCI peptides did not seem to play a huge role in
making contacts with the Src-SH3 domain. The small chemical shift changes and
weak binding affinity imply that none of the MUCI peptides contact the Src-SH3
domain as closely as typical PXXP ligands that make hydrophobic contacts with
SH3, as shown by similar studies (278), (279). The best possible explanation for
such weak interactions, which mainly involve charged residues, are electrostatic
attraction forces. It has been well established that the electrostatic interactions
between charged and polar groups in proteins and ligands play a major role in
protein—ligand binding specificity (280). Among the residues of Src-SH3 domain
that demonstrated the highest chemical shift changes upon addition of MUCI1
peptides were charged residues (E100, R98, H125) (Fig. 2.7, 2.8), two of which
reside in the highly flexible RT loop. One study that addressed an ultra-weak
interaction between Nck-SH3-3 domain and PINCH-LIM4 domain (that has a
non-PXXP motif) reported a 'H-"*N HSQC spectra of NcK-SH3-3 domain that
shows very small residue shifts upon binding to PINCH-LIM4 domain similar to
the HSQC spectra obtained in this study (242). The NMR solution structure of the
complex of Nck-SH3-3 and PINCH-LIM4 domains shows that the binding
interface was exclusively dependent on the salt bridges formed between charged
residues.

Molecular dynamics simulations show that ligands contact SH3 domains
via long-range electrostatic interactions to initiate the formation of transient
encounter complexes prior to establishing the typical hydrophobic contacts with
the canonical ligand binding surface of the SH3 domain (281). The results

indicate that all three MUC1-pepides (69-residue, 23-residue and 48-residue) may
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form such transient complexes via electrostatic interactions but may not in fact
contact the ligand binding surface of Src-SH3. If the MUCI peptides formed a
PPIl-helical conformation at the SH3 binding motif, the residues in the
conventional binding surface of Src-SH3 would have been perturbed. This lack
of binding to the canonical site suggests that MUC1-CD does not seem to form a
polyproline type II helix, which could have been anticipated since MUC1-CD
does not have either 1) a proline rich motif that extends beyond RYVPP that
would provide two consecutive XP dipeptide moieties to make hydrophobic
contacts with the two SH3 binding grooves or ii) a patch of hydrophobic residues
that would specifically make hydrophobic contacts with the ligand binding
surface of Src-SH3.

The comparison of binding data of native and R**A mutant MUCI
peptides (23-residue) showed a marked increase in Kp for the titration of the R**A
mutant (Fig. 2.10 vs. 2.13 and 2.15). Although this data is not sufficient to
confirm that MUCI1-peptides specifically use this N terminal motif to contact the
Src-SH3 domain, the results imply that the N terminal arginine in the R*YVPP
motif is an integral part of the SH3-binding-motif. This observation can be
related to the fact that the electrostatic field significantly changes when residues
are mutated in a binding partner (280). However, there was no marked difference
in the movement of D102 (D99 as in (229)) in the HSQC spectra obtained for the
titration of R**A mutant, compared to 23-residue peptide (Fig. 2.9), indicating that
D102 may not form a salt bridge with R** of the ligand as expected. Since the
chemical shift changes are small it can be assumed that D102 is just moving due

to the changes in the vicinity. Since E118 is not moving upon titration of the
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R**A mutant MUC1 peptide (compared to 69-residue full length MUC1-CD), it is
reasonable to assume that E118 might be interacting with R** (at the RY VPP site)
but the chemical shift change of this residue is very small for the titrations of
native peptides. The residues Y134, S97 and N138 were not perturbed upon the
titration of mutant MUC1 peptide suggesting that the N terminal portion of
MUC1-CD, relative to R*, is interacting with these residues of SH3 domain.

Although MUCI has the proper spacing of a typical class I motif, RXXP
(RYVP in MUC1-CD), the VP dipeptide moiety may not contact the binding
grooves of Src-SH3 because none of the residues that form this pocket (Y95 and
W121) show any change in chemical shift. As a matter of fact, none of the
residues in the ligand-binding site (W121, Y134, Y95, Y93, Y139 and D99)
except D99 and Y134 show chemical shift perturbations suggesting that MUCI
peptides may not make hydrophobic contact with the SH3 ligand-binding site,
unlike the classic SH3 ligands, as discussed above. Out of all the aromatic
residues in the ligand binding surface of Src-SH3, Y134 is the only residue that
shows a relatively significant chemical shift change, especially in the 69-residue
full-length MUCI peptide titration (Fig. 2.14). It is known that Y134 is involved
only in class-I peptide binding (233) and the residues Y134 and D102 (D99 as in
(233)) form the third specificity pocket of Src-SH3 domain (Fig. 1.11).

Even if the MUCI peptide does not seem to contact the canonical binding
surface, it seems to interact with the charged residues in the RT loop such as R98
and E100 (Fig. 16). The residue, R98 of Src-SH3 shows the highest total chemical
shift change (~ 0.09ppm) in all MUCT peptide titrations (Fig(s). 2.7, 2.8, 2.9) but

did not seem to saturate with the increasing amounts (used for this study) of any
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of the MUCI peptides (23-residue, 69-residue, 48-residue and R**A mutant). The
plots of molar ratio of [MUCI1]/[SH3] vs. chemical shift (Fig.(s) 2.14, 2.15)
shows a weaker binding constant compared to that of the other shift-perturbed
residues, even at the highest MUC1 peptide concentrations.

It is possible that D42 and R43 of MUCI1-CD are making electrostatic
interactions with R98 and E100 of Src-SH3, respectively. Out of these two
residues, E100 shows a tighter binding and seems to saturate with higher peptide
concentrations used in the experiments (Kp= 1.12 mM) whereas R98 shows a
much weaker interaction (Kp= 3.22 mM). Since D42 and R43 are adjoining
residues (Fig. 2.2), there may be electrostatic attraction as well as repulsion forces
(e.g. between R98 of Src-SH3 and R43 of MUCI peptide) involved while these
two residues attempt to establish contacts with R98 and E100 of the Src-SH3
domain (Fig. 2.16). Since E100 is closer to the peptide—binding—path than R98, it
may have a higher chance to interact with an appropriate basic residue
(presumably R43) than R98, which may weakly bind to the neighboring acidic
residue (presumably D42).

The R™A mutant MUCI peptide titration also revealed that R98
significantly shifts; the estimated Ky based on all residues was > 5.00 mM and it
was 4.63 for R98, indicating that it contacts the peptide in a similar manner as the
native peptides. The mutant binding data also suggest that the point mutation of
R* (to Alanine) did not affect other potential residue-specific interactions
(presumably D42 and R43) of MUCI peptides. The R43A mutant MUCI peptide
(Fig. 2.2) and a D*A mutant would help to identify whether these residues, in

fact, are responsible for interacting with E100 and R98, and would provide
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important clues about the binding orientation of MUCI peptides and specificity.
The X-ray crystal structure of the repressed form of intact Src molecule (pdb
accession code 2Src), which lacks the D20-ligand salt bridge, is stabilized by
several other electrostatic interactions including R98 (275). The chemical shift
mapping also shows that R98 is not a surface exposed residue, like E100, in the
inactive Src molecule (Fig. 17) suggesting that it may only be available for
binding when the Src is partially or fully active, in which the SH3 domain is free
for ligand binding. The mutation of R98 directly affected the interaction between
SH3 domain and SH2-kinase linker region (282).

In summary, the charged residues interspersed in the vicinity of the
putative SH3 binding motif of MUCI-CD (R34, R43, D42) could be mainly
responsible for mediating the MUC1-CD/Src-SH3 interaction. Mutation of R34
to Alanine revealed the potential residues of Src-SH3 (E118, Y134, S97, N138)
that may contact the N terminal portion of MUC1 peptide relative to the putative
binding site, and confirmed that D102 may not be responsible for salt bridge
formation. The R**A mutant MUC| peptide also provided invaluable insights into
the residues of MUC1-CD that may be involved in the binding of E100 and R98
of the Src-SH3 domain. The mutant also revealed a possible MUC1-CD-binding
pocket that partially surrounds the canonical specificity pocket but extends
towards the distal loop via the RT loop (Fig. 2.17). The residue-specific data such
as similar NMR binding studies of point mutants, alanine scanning mutagenesis
(or peptide walking arrays) or NMR structural information of the ligand binding
interface, will be required to confirm the other MUCI1-CD residues that are

involved in binding.
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iii) The similarities and differences in chemical shift perturbations of Src-SH3
domain upon titrating 23-residue, 69-residue and 48-residue peptides

Apart from minor differences, 2D 'H-""N HSQC spectra obtained by
titrating 69-residue, 23-residue and 48-residue peptides appeared almost identical.
Since the SH3 domain-based NMR spectra do not provide evidence that would
help to differentiate the structural dynamics of different peptides as binding to
Src-SH3, it is not possible to define any reason other than the pre-determined
differences among peptides such as length/sequence differences and modifications
(in 48-residue-dimer peptide).

The direction of chemical shift change in the residue, D102, was different
in the HSQC spectrum obtained for the titration of 69-residue peptide compared
to that of the 23-residue and 48-residue peptides (Fig.(s) 2.7, 2.8), probably due to
the difference in sequence length. Also, the residues, Q112 and T99 were not
perturbed in the 69-residue peptide titration. These observations suggest that the
69-residue full length MUC1-CD may contact the Src-SH3 in a slightly different
manner compared to 23-residue and 48-residue peptides.

As described above, it is hard to assume different ways that 23-residue
monomer and dimer bind with Src-SH3, since the ligand-based data are not
available. The non-native 48-residue-dimer may not form a composite binding
site, as there was no difference in the way that it contacted the SH3 domain
compared to that of the 23-residue monomer. Since MUCI-CD peptides are
structurally flexible/disordered (data not shown) the two monomers in the 48-
residue-dimer may not aggregate non-covalently (no hydrophobic patch of

residues). As a result, each dimer partner (which is a monomer) may interact with
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one SH3 domain in the same way that the 23-residue-monomer peptide would
interact and therefore, may not show any differences in SH3-observed NMR
spectra; if the ligand-based binding data were available, this would be a 1:2
binding event (one 48-residue-dimer: two Src-SH3 domains). The other
possibility would be that only the unphosphorylated dimer partner may interact
with the SH3 domain while the phosphorylated dimer partner may not contact
SH3 probably due a change in electrostatic forces that might have occurred due to
phosphorylation affecting binding since Y** is located in the vicinity of putative
SH3 binding motif. Theoretically, other NMR studies such as NMR relaxation
dispersion studies, filtered-edited NOESY experiments based on doubly labeled
proteins ("N and "*C) and/or site specific spin labeling of peptides could be used
to characterize the structure and dynamics of the protein-ligand complex.
However, acquiring well-resolved NMR spectra seems not to be realistic due to
the flexible nature of the structure of MUC1-CD.

Nonetheless, the choice of 69-residue full-length MUC1-CD peptide for
this study (vs. short 23- and 48-residue peptides) reflects even the slightest
advantage of studying a particular interaction based on the native, intact
molecules, whenever possible, to avoid any bias introduced by modifications. In
SH3 domain binding studies though, short synthetic peptides are used first and
foremost due to the fact that the conformational entropy could unfavorably

change with increasing length of an unstructured peptide.
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iv) The binding affinity of Src-SH3 and MUCI-CD

Determination of a dissociation constant (Kp) that keep a protein-ligand
complex together is an essential step of characterization of the complex, and also
provides a means of cross-referencing the binding affinities among similar studies
(264). Since the typical SH3-ligand affinity is relatively weak (Kp=5-100 uM)
(228), the Kp of MUC1-CD and Src-SH3 interaction was expected to fall within
the micromolar range. The results however, revealed that the Kp of MUCI-CD
and Src-SH3 domain interaction falls in the millimolar range; viz. the lowest
reported Kp based on the residues with total chemical shift >0.04 ppm was 1.85
mM for the full length MUC1-CD. Based on all analyses, Kp ranges roughly
from 1.0 - 3.0 mM. Nonetheless, it is apparent from the literature that some SH3
domain-ligand interactions are promiscuous and the affinities can vary from 1.0
puM — 3.0 mM. The weakest interactions that involve only tertiary contacts with
the ligands have been proven to be physiologically relevant (242).

The ultra-weak (millimolar) binding affinity of MUCI-CD/Src-SH3
interaction and binding to a non-canonical site suggests that MUC1-CD may not
fall into the category of a high affinity activating ligand of Src-SH3 domain (the
ligands that can competitively bind to the canonical binding site of SH3
displacing its intramolecular interaction with SH2-kinase linker). The in vitro
structural studies of HCK show that the SH2-kinase linker does not bind to SH3
domain in the same manner as in vivo, due to the absence of the kinase domain
(283), implying that the mechanism responsible for the intramolecular binding
operates only in the intact Src molecule, which is stabilized by both hydrophobic

and electrostatic interactions with the SH3 domain as well as the small lobe of the
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kinase domain (284). The physical and dynamic differences between the cytosol
of a living cell (in vivo) vs. a buffer solution used in a laboratory (in vitro) may
show differences in binding affinity of MUC1-CD and Src-SH3 due to similar
reasons. The membrane bound MUCI1-C subunit (which has MUCI1-CD at the C
terminal end), may be more stable than the free full-length MUCI1-CD peptide in
solution and thus may bind to Src more firmly. Also, the binding affinity of
MUCI1-CD and the SH3 module in the intact Src molecule may be slightly
different compared to the results of the current study that addressed MUCI1-CD
binding to the free SH3 domain in solution.

The current study used a high salt buffer solution (100 mM NaCl) to
provide the most appropriate buffering conditions for the SH3 domain (229). The
ionic strength of a solution is increased with salt concentration, which weakens
the electrostatic interactions. It has been shown that the electrostatic network,
which is salt dependent, has a significant influence in intramolecular interactions
of HCK (285). Thus, the differences in ionic strength in vitro vs. in vivo (cytosol)
may also account for MUC1-CD and Src-SH3 interaction, which seems to be
dependent on electrostatic interactions, as revealed by the current study.

Cellular signaling pathways are often dynamic and must be activated and
inactivated quickly. This is especially true for SH3 domains which participate in
assemblies of molecules that operate as transient but specific switching between
multiple interaction partners with fast on and off rates (286). MUC1-CD may also
show faster on/off rates as a scaffold protein that has evolved to bind multiple
molecules. As confirmed by the current study, the interaction between MUCI -

CD and Src-SH3 was anticipated to be much weaker than the regular SH3 domain
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activator molecules such as FAK (224).

v) The binding specificity of Src-SH3 and MUCI-CD

The current study reports a unique binding specificity of Src-SH3 domain
that involved the residues, H125, T132 and G130 whereas the other perturbed-
residues (R98, E100, E118, Y134, S97, L103, N138) are commonly involved in
determining the specificity of several other SH3-ligand interactions (245), (233).
The chemical shift mapping showed that MUCI-CD binding site is mainly
located on a side of the SH3 domain (Fig. 2.16), which forms a binding site that
partially surrounds the specificity pocket of the canonical binding site (N138,
E118, Y134) => RT loop (E100/R98) = > H125 on B-sheet-c and T132 on -
sheet-d => distal loop (G130). This binding site is oriented at the top of the
inactive Src molecule (Fig. 2.17), based on the relative location of the SH3
domain in the intact Src molecule. Although the non-PXXP ligands choose a
different path than the PPII ligands that directly interact with the canonical
binding surface of SH3 domain (241), the binding site revealed by this study is
significantly different compared to those studies. Some differences are also shown
to be due to the differences in amino acid composition among SH3 domains,
specifically those of n-Src and/or RT loops, of different SH3 domains (287).
Given that the estimated binding affinity of MUC1-CD and Src-SH3 interaction is
ultraweak, such specificity could serve as a distinguishing mechanism for MUCI1 -
CD/Src-SH3 interaction that might have been evolved in order for MUC1-CD to

contact Src in a specific cellular context.
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3.3. Contribution to the advancement of knowledge and future directions

The current study was completely novel and thus creates a solid basis for
further structural studies that would completely characterize the interaction of the
MUCI and Src-SH3 domain. The experimental data based on different short
synthetic native/mutant peptides vs. the full length MUCI1-CD, reflects the
uniqueness of this interaction. Since the interacting residues of Src-SH3 were
identified in this study, the binding affinity and specificity can be further
investigated by mutating some of the key residues of the SH3 domain as well as
those of the putative binding site of MUC1-CD. The R**A and P*’A mutants have
already been obtained for binding studies. Once these residues are confirmed to
be involved in binding, the SH3 domain and MUC1-CD mutants can be tested in
vivo using the breast cancer cells lines such as MCF7 and T47D, which have
already been used to identify MUC1-ICAM-1 interaction along with the MUC1-
transfected vs. non-transfected 293T cells, to characterize the downstream
physiological effects of SH3 domain binding to MUC1-CD.

The structure of the binding interface of the MUC1-Src-SH3 complex can
theoretically be calculated using half-filtered NOESY, 3D (three dimensional)
NMR experiments based on the doubly labeled (°N and "*C) Src-SH3 domain
bound to unlabelled MUCI peptide. This would yield the ligand based
intermolecular NOEs ('2C and '*N) that are attached to "°N and "“C nuclei of
labeled Src-SH3 domain (262). Since the MUCI1-CD is unstructured and the
interaction is ultraweak, however, it may not be feasible to differentiate the peaks
of an NMR spectrum due to absence of and/or overlapping resonances.

The other biophysical methods such as isothermal titration calorimetry
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(ITC) can be used to complement the binding data and to determine the change in
Gibbs free energy, Enthalpy and Entropy of MUC1-CD/Src-SH3 interaction that
would assess whether this reaction is favorable. Such data can be used to
compare with similar studies in the literature that would expand the body of
knowledge about the Src-SH3 domain as well as the MUCI-CD that can be
directly applicable in planning other studies.

The chemical shift mapping of the current study indicates that the SH3 and
potential SH2 domain binding events of MUCI1-CD could either be spatially (two
MUCI-CD molecules are required for binding) or temporally (SH3 domain
binding is short-lived and preceded by SH2 domain binding) separated. If the
cysteine-linked dimers of MUCI are involved in binding, the fixed relative
orientation of Src-SH3 and SH2 domains may strengthen the interaction of MUCI
and Src. Specifically, one dimer partner may bind to SH3 while the other binds to
p-Y*EKV motif of MUC1-CD. The chemical shift mapping of individual SH3
and SH2 domains vs. combined (SH3-linker-SH2) domain of Src upon binding of
phosphorylated and unphosphorylated MUC1-CD would provide a basis for
unraveling the possibilities of monomer or dimer binding to combined

(SH3+SH2) domain and help to differentiate the binding events.
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3.5. Conclusions

The current study was the first to investigate the binding affinity and
specificity of the interaction of the MUCI-CD with the Src-SH3 domain. It
revealed completely novel details of a unique type of interaction. The chemical
shift mapping of Src-SH3 domain suggested that MUC1-CD does not bind to the
canonical binding site indicating the lack of polyproline type-II helical structure
in the MUCI1 binding site. However, as anticipated, the residue, R34, in the
putative binding site was crucial for binding while the other charged residues
downstream of RYVPPSS motif were also seen to be important in establishing
contacts with the charged residues of the Src-SH3 domain.

The mapping of the binding site of MUCI1-CD on the SH3 domain of the
inactive Src molecule provided important insights into a possible mechanism of
this interaction and suggested that MUCI-CD may interact with partially
activated Src molecules through electrostatic attraction forces. The SH3 domain
interactions are temporally and spatially separated to increase the specificity
(288). As confirmed by the previous in vivo studies, MUCI is involved in Src
mediated cancer cell migration and MUC1 may potentiate Src signaling in breast
cancer. Taken together, it can be speculated that in the presence of both MUCI1
and Src in high amounts, in a cancer cell, the membrane bound C terminal subunit
of MUCI (that has MUCI1-CD on the cytoplasmic side) may attract membrane
bound or partially activated Src molecules via electrostatic interactions to bring
Src closer to MUCI; then Src may i) interact with its binding partners such as
integrins, located at the cell membrane, to get activated and then ii) may

phosphorylate Y*® and bind to p-YEKV motif of MUCI1-CD. In normal cells
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MUCI-CD is membrane-bound but Src is not and the two molecules are
expressed at the normal levels that may spatially and temporally control contact of
each other at the right orientation. Therefore, it is possible that MUC1-CD/Src-
SH3 interaction is physiologically relevant in breast cancer cells, despite its low
affinity, although in vivo studies are crucial to complement these findings and
characterize the interaction.

Src plays a decisive role in pathways implicated in cell growth/cell-cycle
control, differentiation, proliferation, survival, and motility in a variety of cells
and tissues (216). Activation of Src has been correlated with the chemo-resistance
of cancer cells (289) and Src has become a prime target for selective small
molecule inhibitors (290), (194), (291). However, it has been shown that the
transfection of Src alone does not have transforming ability of cancer cells (292)
and early clinical studies with the Src inhibitors show that they are well tolerated
but have minimal tumor response suggesting that the combination therapy (with
the inhibitors of epidermal growth factor receptor family) might be more effective
(293)

If the MUCI1-CD and Src-SH3 domain interaction is proven specific to the
MUCI-ICAM-1 induced cell migration pathway, it can be a definite target for
anti-metastatic therapy. This is in contrast to the interaction between MUCI1-CD
and the Src-SH2 domain, which is involved in different signaling pathways in a
variety of cancer cells. A protein-protein interaction between one structured and
one unstructured partner are thought to have druggable features (294), such as a
small molecule that would show tighter binding to the structured partner (Src)

than the weak interaction by the disordered molecule (MUCI1-CD). Since the
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binding specificity of MUC1-CD and Src-SH3 domain is unique, as revealed by
this study, it can be a potential target of higher-affinity small molecules that

would uniquely inhibit MUC1-Src-SH3 interaction.
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Appendix 1

Uniformly >N labeled, Protein Expression Protocol

(GST tagged-Src-SH3/SH2 and SH3+SH2)

Materials:

PGEX-2T-SH3/SH2 Transformants
Sterile Tooth picks

Sterile 10 ml Tubes

Sterile 2L Baffled Flasks

Solutions:

1)

2)

3)

4)

)

6)

M9 Salts (10X)

=  Weigh M9 salts (120 g Na2HPO4; 60 g KH2PO4 in 1L H20)

= Dissolve in 500 — 700 ml H20. Warm the solution while constantly
stirring since Na2HPO4 does not dissolve well at room temperature.

= AdjustpHto 7.3

= Adjust volume to 1L while checking for pH (readjust pH to 7.3 if
necessary)

= Autoclave

IM MgSo4 (100 ml):

= Dissolve 12.06 g in 100 ml of H20. Autoclave

0.1 M CaCl2 (100 ml)

= Dissolve 0.11 g in 100 ml of H20. Autoclave

ImM FeSO4

= Dissolve 0.152 g in 100 ml H20. Autoclave

1g "NH4CI

= Dissolve in 10 ml of autoclaved 1X M9 media and filter with 0.22 uM
filter into the same (1L) M9 media (DO NOT Autoclave).

10 g Glucose

= Dissolve in 20 ml of autoclaved 1X M9 media and filter with 0.22 uM
filter into the same (1L) M9 media (DO NOT Autoclave)
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7) Thiamin HCL (10mg/ml)
= Dissolve in ddH20 and/or sterile filter. Store at 4 C. (DO NOT
Autoclave)
8) Biotin (10mg/ml)
= Dissolve in sterile H20. Do not filter sterilize as this concentration is
above the level of solubility of Biotin. Store at 4 C. (DO NOT Autoclave)
9) Autoclaved MQ H20
10) 100ug/ml Ampicillin (-20 C stock) — filter sterilize using a 0.22 uM filter
11) 25ug/ml Chloramphenicol (- 20C stock)
12) 500 mM IPTG (-20C Stock) — filter sterilize using a 0.22 uM filter
13) LB media (on Shelf) - Make by dissolving an appropriate amount of Luria
Broth in MQ-H20. Autoclave and store at RT.

Methods

A) Make 1L M9 Minimal Media

1) Dilute 10X minimal salts into 1X. (Add 900 ml autoclaved H20 to 100 ml
10X MO salts)

2) Add 4 ml of IM MgSO4

3) Add 1.8ml of ImM FeSO4

4) Add 1g of I5NH4CIL. Dissolve 1g in 10 ml of 1X M9 media (from step 1) and
filter with 0.22. Filter into the same bottle (with 1L M9 media).

5) Add 10g Glucose. Dissolve 10g in 20 ml of 1X M9 media (from step 1) and
filter with 0.22. Filter into the same bottle (with 1L M9 media).

6) Add 1ml of 0.1M CaCl2

7) Add 1ml of 10mg/ml Biotin (vortex well before adding this)

8) Add 1ml of 10mg/ml Thiamin-HCL

9) Add 1 ml of 100ug/ml Ampicillin

10) Add 1 ml of 25ug/ml Chloramphenicol
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11) Stir at RT for about 10 minutes before use.
12) Divide into 2 (500 ml each) and put into 2-litre baffled flasks and inoculate
with 5 ml O/N (overnight) cultures.

B) Expression Scale-up Procedure

1) Inoculate a recombinant, PGEX-2T-SH3 (or SH3+SH?2), E.coli colony into 6
ml LB media with 100 pg/ml Ampicillin and 25 pg/ml Chloramphenicol;
grow at 37° C overnight at 250 rpm.

2) Inoculate 1 Liter (in 2 flasks, 50 ml each) M9 media + 100 pg/ml Ampicillin
+ 25 pg/ml Chloramphenicol. Add 1ml of O/N culture for every 100 ml of M9
media.

3) Grow until ODg reaches 0.65 (6 - 8 hours) at 37° C-250 rpm.

4) Add 500mM IPTG to 1 mM (final) concentration (1ml for 500 ml) to induce
protein expression.

5) Incubate the culture for 3 - 4 hours.

6) At the time of harvest, pour cells into 500 ml Beckman centrifuge vials and
balance roughly.

7) Pellet cells at 4000 rpm for 15 min at 4° C in a Beckman centrifuge.

8) Discard media and store the cell pellets at -80 C for later use.
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Appendix 2

Cell Lysis Protocol
Materials:
»  GST binding buffer (1XPBS pH 7.3)
= 100 X protease inhibitor cocktail (Calbiochem)
= 100 mM PMSF
= DNAse
= 20% Triton-X100

Solutions:
i) GST binding Buffer (1X PBS)
= 8.18g NaCl (140mM)
0.2 g KCI (2.7 mM)
1.419 g Na2HPO4 (10 mM)
0.25 g KH2PO4 (1.8 mM)
Dissolve in 500 — 700 ml autoclaved H20
Adjust pH to 7.3

Adjust volume to 1L

ii) 100 X protease inhibitor cocktail: - -20 C freezer stock
= Dissolve lyophilized powder in 1 ml sterile H20 for 100X protease

inhibitor cocktail

iii) 100 mM PMSF (MW = 174.2)
= Dissolve 0.174 g in 10 ml Isopropanol and store at 4 C

iv) DNAse (Invitrogen) - 20,000 units (50 -375 U/ul)

v) 20% (v/v) Triton-X100
= Dissolve 20 ml of Triton X100 in 80 ml of sterile H20

Prepare this solution well in advance (Triton X-100 is very viscous and
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takes time to dissolve completely. Mix by vigorous shaking and warm to
37° C briefly) and store in a dark place (cover with an Aluminum foil) to

prevent photo-oxidation.

vi) Autoclaved MQ-H20O (ddH20)
Method

1) Thaw cell pellets on ice (1L culture will yield 4 pellets, one in each 500 ml
Beckman centrifuge vial stored at -80 C) and resuspend each pellet in SmL of
GST binding buffer.

2) Vortex and collect cell pellets into a 50 ml beaker.

3) Add 100 X protease inhibitor cocktail (Calbiochem) + 1mM PMSF (final
concentration) + 25ul DNAse while the cells are still on ice.

4) Crush the cells using a spatula and leave at least one hour on ice (while
stirring time to time) to aid cell lyses and homogenization.

5) Use a French Press or an Emulsiflex to lyse the cells. Collect 100ul of lysate
for SDSPAGE.

6) Add 20% Triton X-100 to a final concentration of 1% v/v. Mix gently for 1
hour to aid in solubilization of the fusion protein. Collect 100ul of lysate for
SDSPAGE.

7) Centrifuge at 12,000 x g (e.g. 10 000 rpm in a Beckman JA20 rotor) for 10
min at 4° C.

8) Transfer the supernatant to a fresh 50 ml sterile tube.

9) Resuspend the pellet in 5.00 ml of GST binding buffer.

10) Save 100ul aliquots of the supernatant and the pellet to check the solubility of
recombinant protein by SDS-PAGE.

11) Freeze the supernatant and pellet as quickly as possible in liquid nitrogen.
Store at -80° C
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Appendix 3

Tris-Tricine SDSPAGE Protocol

Materials

Tris Tricine gel Buffer

1X Cathode Buffer

1X Anode Buffer

Glycerol

29:1 acrylamide/bisacrylamide

TEMED

25% (w/v) Amonium Persulphate (APS)
MQ H20

4X sample buffer

BME (B-Mercaptoethanol)

Solutions

10 X Cathode Buffer

121.1 g Tris base

179.2 g Tricin

10 g SDS

Dissolve in 1L ddH20 ***Do not adjust pH

Store at 40 C

Final concentrations (1X): - 0.1M Tris, 0.1M Tricine, 0.1% SDS

5 X Anode Buffer

Dissolve 121.1 g Tris base in 500 ml H20
Adjust to pH 8.9 with concentrated HCI
Dilute to 1 liter with ddH20

Store at 40 C
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= Final concentration (1X): - 0.2M Tris-Cl, pH 8.9
Tris Tricine gel Buffer (3M Tris-Cl, 0.3% SDS, pHS8.45)

= Dissolve 182 g Tris base in 300ml ddH20
= Adjust to pH 8.45

= Add H20 to 500ml total volume

= Add 1.5 g SDS Store at 40 C

Method:

Recipe for making 5 (Imm x 8 cm x 10 cm) gels

Stock Solutions Separating Gel Stacking Gel
1) 29:1 Acrylamide/bisacrylamide........ 10.86 ml 242 ml

2) Tris-Tricine gel Buffer .................. 10.00 ml 6.2 ml
3)H20 i 597 ml 16.38 ml

4) Glycerol .......coovviiiiiiiiiii 317ml e

5) 25%(w/v) Ammonium Persulfate...... 50 ul (fresh) 50 ul (fresh)
6) TEMED .....ccoiiiiiiiiiiiii, 15 ul 30 ul

Recipe was adapted from www.aci.uzh.ch/MT/pdf/Tris-Tricine.pdf

Casting Gels
Choose the long glass plate that match with the comb (of thickness 0.75 mm,

1.0mm or 1.5 mm combs) and a short (BioRad) glass plate.

1)  Thoroughly clean glass plates prior to casting the gel (wipe with 70% EtOH
until no debris or precipitates are visible).

2)  Set up glass plate sandwich in gel casting stand. (Bio-rad Mini PROTEAN
Electrophoresis System).

3) Ina 50 ml tube mix all components for separating gels except for 25% APS
and TEMED.

4)  Add 30% APS. Mix by inverting a few times. Add TEMED to. Mix by

inverting a few times and working quickly pour the gel in between the glass
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S)
6)

7)

8)

9)

10)

11)

12)

plates until solution is about % of the way to the top. Gel will begin to
polymerize now.

Overlay with water saturated isobutanol (just enough to cover the top).
Allow polymerizing (leave the remaining gel solution in the tube and use it
as a guide to determine when it’s polymerized. It usually takes about 30-45
min.)

After gel has polymerized, dump off water and isobutanol. Wash with
distilled water and remove all water by placing Kimwipes placed in the
corner of the sandwich.

In a 50 ml tube mix all components for the stacking gel

Add 25% APS to stacking gel. Mix by inverting. Add TEMED and mix by
inverting.

Quickly pour the stacking gel until gel reaches the very top of the glass
plate.

Insert combs and allow the stacking gel to polymerize. (It takes 30 - 45
min.).

Proceed to running the gel or wrap the gel in damp paper towels and saran

wrap and store in the 4° C fridge for up to a week.

Preparing Cell Lysates

1)

2)
3)

Add 27 ul of sample buffer and 7 ul of BME into 100 ul of each fraction
(cell lysate).
Boil for 5 minutes

Load the gels right away or store at -20 C until used.

Assembling, L.oading and Running Gels

1)

2)
3)

4)

Place 2 gels (or 1 gel and 1 buffer dam) into clamping frame and electrode
assembly.

Place the assembly in the electrophoresis tank.

Fill the inner chamber with 1X Cathode Buffer. Make sure that this buffer is
filled up above the top of the lower glass plate.

Fill the outer chamber with 1X Anode Buffer.
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S)

6)

7)

After boiling the samples, load them in the wells. Use 5-8 pL of Bio-Rad
Precision Plus All Blue Standard (or an equivalent based on the expected
size of the target recombinant protein). Load equivalent amounts of
protein/well for samples. (20 pL will fit into each well of a 15-well comb.
30-35 pL will fit into each well of a 10-well comb).

Run at 70V constant until samples have completely run through the stacking
gel and are in the separating gel (about 1 hour).

Run at 100V constant until ion front reaches the bottom of the gel (about 2

hours).

Coomassie Stain Protocol

Adapted from -

(http://www.ccic.ohiostate.edu/MS/Files/Coomassie%20Stain%20Protocol.doc)

Reagents

1. Gel-fixing solution:

Add 500 mL of USP-grade 95% (v/v) ethanol to 300 mL of water.

Add 100 mL of acetic acid and adjust the total volume to 1000 mL with
water.

The final concentrations are 50% (v/v) ethanol in water with 10% (v/v)

acetic acid.

2. Gel-washing solution:

Add 500mL of HPLC-grade methanol to 300 mL of water.

Add 100mL of acetic acid and adjust the total volume to 1000 mL with
water.

The final concentrations are 50% (v/v) methanol in water with 10% (v/v)

acetic acid.

3. Stain solution

Dissolve 0.4g of Coomassie blue R350 in 200 mL of 40% (v/v) methanol in

water with stirring as needed.
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= Filter the solution to remove any insoluble material.
= Add 200mL of 20% (v/v) acetic acid in water.
= The final concentration is 0.1% (w/v) Coomassie blue R350, 20% (v/v)

methanol, and 10% (v/v) acetic acid.

4. Destain Solution:

= Add 500mL of HPLC-grade methanol to 300 mL of water.

= Add 100 mL of acetic acid

= After mixing, adjust the total volume to 1000mL with water.

= The final concentrations are 50% (v/v) methanol in water with 10% (v/v)

acetic acid.

5. Storage solution:

= Add 25mL of acetic acid to 400mL of water.
= After mixing, adjust the final volume to 500mL with water.

= The final concentration of acetic acid is 5% (v/v).

Procedure

1)

2)

3)

After electrophoresis, the apparatus is disassembled and the gel is washed off
the glass plates with 500 ml of the gel-fixing solution and soaked in that
solution for 1hr. The purpose of this step is to gently remove the gel from the
plate and begin washing the SDS-containing gel buffers out of the gel. At the
end of this time, remove the solution by aspiration.

Cover the gel with 500ml of the gel-washing solution, and continue to fix the
proteins in the gel by incubating overnight at room temperature with gentle
agitation.  The gel should be covered during this process to avoid
contamination and to prevent the evaporation of the solution. At the end of
this time, remove the solution by aspiration.

Cover the gel with 400ml of the Coomassie stain. Stain the gel at room
temperature for 3 to 4 hr with gentle agitation. The Coomassie stain is

removed by aspiration after staining.
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4)

5)

6)

Cover the gel with ~250ml of the destain solution and allow the gel to destain
with gentle agitation. The destain solution should be changed several times,
removing it at each change by aspiration. Continue the destaining until the
protein bands are seen without background staining of the gel.

Equilibrate the gel in the 500ml of the storage solution for at least 1 hr. The
gel should return to its original dimensions during this process.

Store the gel in the storage solution as needed. It may be convenient to

carefully transfer the gel to a heat-sealable bag for longer-term storage.
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Appendix 4

4.1.) Purification of GST tagged Src-SH3/SH2 domains

Materials:

=  GST binding buffer (1XPBS pH 7.3)

=  GST elution buffer

= dd H20

= 20% Ethanol

= 10ml Glutathione Sepharose 4B (GS4B) column
= Peristaltic Pump

= TYGON or TEFLON tubing and connectors

= 50 ml sterile collection tubes

GST Binding Buffer (1X PBS) — IL
e 8.18g NaCl (140mM)
e 0.2gKCIl(2.7mM)
e 1.419 g Na2HPO4 (10 mM)
e 0.25 g KH2PO4 (1.8 mM)
¢ Dissolve in 500 — 700 ml autoclaved H20
e AdjustpHto 7.3

e Adjust volume to 1L

GST Elution Buffer — 100ml (make fresh every time)
e Make 200ml of 50 mM Tris HCI
e Dissolve 0.307 g of reduced glutathione in 80 ml of 50mM Tris

(makes 10mM reduced glutathione)
e Adjust pH to 8.0
e Adjust volume to 100 ml
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Method

1)

2)

3)

4)

5)

6)

7)

8)

Make Binding and Elution buffers sufficient for the purification (refer to the
volumes below). The binding buffer can be stored at +4 °C but make the
elution buffer fresh (on the same day).

Connect the 10 ml column to the pump using the TYGON tubing and connect
the outlet valve to a collection tube or a flask. Use a peristaltic pump to fill the
tubing with binding buffer. Allow the pump tubing to fill slowly, “drop to
drop” to avoid introducing air into the column.

Equilibrate the column with 5 column volumes of binding buffer (50ml per
10ml column).

Apply the sample by pumping it onto the column. For best results, keep a
flow rate of 0.2 ml/min during sample application. Collect the flow through
into a 50 ml sterile tube. Take a sample for SDSPAGE.

Wash with 5-10 column volumes of binding buffer (50 -100 ml) or until no
material appears in the effluent. A flow rate of Iml/min is recommended for
washing. Collect the wash into a flask. Take a sample for SDSPAGE.

Elute with 50 ml x2 (2 consecutive elutions, each 50 ml) of elution buffer. A
flow rate of 1-2 ml/min is recommended for elution. Collect 2 or 3 (10 ml
each) fractions. Take a sample for SDSPAGE.

Wash the GST column with 20 column volumes of binding buffer (200 ml).
A flow rate of 1-2 ml/min is recommended for wash. Store the column at +4
°C in 20% Ethanol for further use. (This column can be used again just for
the first purification of the same 15N labeled protein But do not use this for
removal of GST after cleavage. Pack a new 10 ml column for the removal of
GST after cleavage, if necessary).

Analyze the fractions by SDSPAGE, followed by Coomassie Staining.
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4.2.) Thrombin Cleavage of Pure GST-tagged Protein

Materials

= Eluted protein solutions (GST-SH3 and GST-SH3+SH?2)

=  Thrombin (MW 37KDa) (500-Unit vial)

=  PMSF (Phenyl-Methyl-Sulfonyl-Fluoride)

=  BME (B-Mercaptoethanol)

= 4X Sample buffer
(0.5 M Tris pH 6.8; 405 Glycerol; 8% SDS; 0.1% Bromophenol Blue;
ddH20)

Method

1) Prepare thrombin solution:

a. Dissolve 500 Units of thrombin in cold 500 ul PBS (1 U/ul).
b. Swirl gently to dissolve.
c. Freeze as 80 pl aliquots and keep at —80 °C.

2) Add the appropriate amount of thrombin (10ul per 10 units of thrombin per
each milligram of the tagged protein). Mix gently and incubate at room
temperature (+22 to 25 °C) for 16 hours (not more than 16 hours).

3) Stop the cleavage reaction after 16 hrs by adding ImM PMSF (to a final
concentration).

4) Take a 100 ul aliquot for SDS-PAGE analyses. Add 34 ul of final sample
buffer, boil for 5 minutes and load on a Tris-Tricine Gel along with a sample

of uncleaved protein.
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4.3.) Isolation of Pure Protein

Materials

= (Cleaved protein solution (SH3 domain and cleaved GST tag)

= (G25-Sephadex Desalting Column

= Superdex-75 Size Exclusion Column (SEC)

= 200ml — 500 ml Flasks to collect fractions from G25 column

= 10ml/60 ml Syringes to add protein samples to the columns

= Collection trays and tubes to collect protein samples from SEC

= A Recorder (measures the absorbance and monitor the protein sample)
= Lyophilizing jars

= Liquid N2

Solutions

Size Exclusion Buffer (make 2L)

= 150 mM NaCl

= 50 mM Tris

= adjustpHto 7.5

Desalting Buffer (10 mM NH4HCO?3) Make 5 L — do not adjust the pH

Method

1) Desalt the cleaved protein solution using the Sephadex G25 column.

a. First connect the buffer, column, recorder and the collection flasks with
tubing

b. Wash/equilibrate the G25 column with 500 ml — 1L (depending on the
size of the column) of fresh desalting buffer.

c. Let the buffer on the top of the column to absorb to the matrix while
making sure not to let the G25 matrix dry out.

d. Slowly add the protein solution using a syringe and let it be absorbed by

the matrix (watch the column every 5 minutes).
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.

f.

Wash the tube to collect the last bit of protein and add that to the column
slowly and let it absorb again.

After adding the protein, let the fresh desalting buffer to run through the
column and collect each fraction as monitored by the recorder (check the
recorder every 5-10 minutes and change the flask at the beginning of
each peak to separate salt and protein fractions)

Save 100 pl from each fraction for SDSPAGE and check for the pure

protein.

2) Lyophilize the desalted protein.

3) Do Size Exclusion Chromatography to separate the cleaved GST tag from
SH3 domain.

a.

h.

Dissolve all the protein from step 2 in Size Exclusion Buffer and check
for solubility.

Adjust the pH a bit to make the protein solution completely soluble
before adding it to the SEC.

Meanwhile connect the buffer, column, recorder and the collection tubes
with tubing and let the size exclusion (SE) column equilibrated wit fresh
SEC buffer.

Set up the recorder with the shift of 0.Imm per minute (set it up
according to the volume that you are collecting in each tube — e.g. 30
minutes per tube will show as 3 mm in the recorder) and start recording.
Load the protein solution as indicated in the step 1 (desalting). Let it run
overnight.

Based on the chart recorded during the run determine the fractions
corresponding to each peak and collect 100 ul fractions for SDSPAGE
Check the gel for the fractions that contain only the pure target protein,
SH3 domain (Some fractions will have only SH3, some have only GST
and some will have both).

Pool the fractions with pure protein (only SH3) and go to the next step.

4) Desalt the pure protein (Same as in step 1).

5) Lyophilize the final protein solution, the pure SH3 domain.
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Appendix 5

Calculation of Dissociation Constants (Kp) based on NMR titration data

For a single site-binding model with 1:1 stoichiometry, binding of a small
molecule to a protein, is given by equation #1. [P], [L] and [PL] are the
concentrations of protein, ligand and the complex at equilibrium.

(#1) [P]+[L] < [PL]

The rate of formation of complex ([PL]) is k,, and the rate of dissociation of

complex is ko
(#2) Kbp = [P][LYV/[PL]= koykeon

The dissociation constant (Kp) cannot be directly determined by a single NMR
experiment since the bound molar fractions of protein and ligand at equilibrium
cannot be directly measured. However, the total protein concentration, [P]y and
total ligand concentration [L]p in the solution are known. The [P]y 1is the
concentration of protein in the NMR tube which is measured before addition of

the ligand. The [L]o is monitored throughout the titration.
(#3) [P]o=[P] +[PL] and
(#4) [L]o=[L] +[PL]

Under the assumption of the concentration of bound ligand equals that of the
protein, The Kp from equation #2 can be rewritten using the relationships given

in the equations, #3 and #4 ;
#5) Kp= {([P]o—[PL]) ([L]o—[PL])}/[PL

Linking the above relationships with the NMR-observable parameter

The overlay of 'H-'""N HSQC NMR spectra of a '°N labeled SH3 domain,
obtained by titrating MUCI peptide, provides an NMR-observable parameter, the
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change in chemical shift (Ad), in response to the amount of peptide that binds to
the protein at each consecutive titration point. The NMR-observable parameter
depends on the rate of exchange process. Assuming that the MUCI1/Src-SH3
interaction is relatively weak (based on the Kp values of a majority of SH3
domain interactions that are reported to date), the nuclei between the free and
bound forms of the protein/ligand are assumed to be in fast exchange.

For a system in fast exchange, the observed NMR response to a ligand is
the mole fraction weighted average of the NMR parameters of the free and bound
states (264).

For fast exchange (NMR timescale), rate of dissociation, kg, is faster than Ad
kot >> observed chemical shift change, Ad

For the protein-observed chemical shift changes (Ad), The following equation
gives the relationship among molar fractions of free and bound protein and the

observed chemical shift change, Ad

(#6) Ad (Sobs ): fP(free) . 6P(free) + fP(bound) . 8PL(bound)
The molar fractions of free and bound protein add up to 1
#7) fp(free) T fpbound) =1

Although equilibrium concentrations of protein and ligand and hence the Kp
cannot be directly determined, the known concentrations ([P]y and [L]y) can be
used to relate the equilibrium concentrations of ligand [L] and protein [P] by
monitoring the change of an observable NMR parameter (Chemical shift

change=A0) with varying (and known) concentration of ligand.

The parameter observed (Agps) at equilibrium conditions relative to the free (non-

bound) state is given by,
(#8)  Agbs = Adobs - Adfree
The change in chemical shift between the fully bound (saturated complex) form
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and the non-bound (free protein) form given by;
#H9) Anax = ABpound - Afree

The law of mass action predicts the fractional occupancy of protein (fraction of all
protein molecules bound to the ligand) at equilibrium as a function of ligand

concentration (that is known throughout the titration).
Therefore, from equations, #5, #8 and #9,
#10) Agbs=[L]0Amax/ Kp+[L]o

By fitting a non-linear regression model for 1:1 binding to the experimental

data, the A,psy Anaxs [Plo ana[L]o can be used to estimate Kp

(#11) Achs = Amax {Kp + [Plo + [L]o} — {(Kp+ [Plo + [L]o)* — (4[P]o [L]0)} " /
2[P]o

Assigning limits to Amax and Kp, in equation 11 will generate any number of
simulated binding curves to compute the residual sum-of-squares to assess how

well the above function fits the observed data. This will provide the means to find
the values of Anax and Kp that gives the smallest possible sums-of-squares based

on Aobs

*The XCRVFIT software (277) uses equation #11 to calculate Kp based on the

observed chemicals shift values that may follow a 1:1 binding model.
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