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Page 89 line 8, “Vermont” for “Vermot”

Page 94 text line 7 “derivatives” for ““drivatives”
Page 95, Figure 4.3: “RRMKWKKK” for “RRWKMKKK”
Page118-P139, chapter header, “antagonists” for “antagoists”

Page 176, line 3, “processes” for “process”
Page 176, line 7, “resolution” for “resolutions”
Page 179, line 5, "beam line.” for “beam line as described in.”

Page188, 4th text line, “Table 9.1” for “Table 11.1”
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ADDENDUM

Page 27, Figure 1.7: add the following at the end of the figure caption:
“The structure was solved in our laboratory and has been deposited in the pdb
database pdb id: 3PQZ.”

Page 43, Figure 2.1: add the following at the end of the figure caption:

“Peptides G7-18NATE-alaser-Biotin and Penetratin-Biotin are the control peptides. G7-
18NATE-alaser-Biotin is synthesized to test the impact of the “penetratin” tail on the
binding of the G7-18NATE peptide on Grb7 SH2 domain in an SPR experiement. The
Penetratin-Biotin is similarly synthesized to check its possible effect on Grb7
expressing cells in cell based assays.

Page 44,Table 2.1: add in table footnote “The amino acids are obtained from Nova-
Biochem of Merck Chemicals Ltd”

Page 49, text line 7: add after synthesizer
“(Al, Scientific; 1 Rivett Rd, 2113 North Ryde, NSW)”

Page 143, paragraph 2, the statement “there has not been a single peptide that is
progressed into a useful therapeutic agent”, should read as “there has not been a single
Grb7 inhibitor peptide that is progressed into a useful therapeutic agent”

Page 167: Comment: The whiskers are not from a live cat but as supplied by
manufacturers.

Page 178, text line 11: Delete “and”

Page 187: add at the end of the heading: “Grb7 SH2 domain.”

Page 186, Figure 9.5: add the following after the figure caption

“The electron density is contoured at sigma level of 1.0 in the content map. The
additional electron density observed (after using the Grb7-SH2 domain alone as a
search model) was interpreted as malonic acid since 1) it possessed exactly the
expected shape of malonic acid, 2) was known to be present in the crystallisation
buffer and 3) was positioned to form electrostatic interactions with arginine residues
in agremment with it being an dicarboxylic acid”

Page 189, Figure 9.7B: add the additional figure and figure caption.



Figure 9.7 B. - The electron density map of the bicyclic G7-18NATE as observed in the
binding site of Grb7 SH2 domain. The electron density is shown in blue mesh
surrounding the peptide atoms. Protein residues are indicated in lines(Carbon atoms in
green; Oxygen atoms in red; Nitrogen atoms in blue). Water molecules are indicated by
the red crosses while the phosphate ion is indicated in yellow and red lines adjacent to
the phenolic moiety of the peptide’s Tyrosine residue. The map clearly shows the
localization of peptide in the Grb7 SHZ domain binding site.

P 196, Figure caption 9.13: delete “conservation” and replace it with “identity”
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Thesis Abstract

The growth factor receptor bound protein 7 (Grb7) is a non-catalytic adaptor protein that
was originally identified as a binding partner of the growth factor receptor (ErbB-2).
Amplification and overexpression of Grb7 is frequently implicated in the development of
aggressive, recalcitrant and advanced tumor phenotypes making it a promising target in
human cancers. Apart from several peptide-based experimental antagonists, to date there
exist no potent drug that is developed or known to act against Grb7. Thus, the overall
objective of the research conducted in this thesis was to design novel, potent, selective and
cell permeable Grb7 antagonists that may have potential as antitumor therapeutics. The
first part of the thesis deals with optimization studies around a known lead polypeptide
designed to bind to the Grb7 SH2 domain. A total of 11 polypeptides were synthesized with
a yield varying from 2 to 17%. The peptide antagonists were found to have moderate
binding affinity ranging from 0.6 - 60 uM as determined by isothermal titration
calorimetry. Moreover, a short 7 residue cell permeablising sequence was incorporated into
the inhibitor peptide construct and its ability to translocate peptides across membranes
tested in in vitro and cell based assays. The second part of the thesis focused on small
molecule antagonist discovery and optimization. Starting from known peptide leads and an
experimental structure of the Grb7 SH2 domain, a series of ligand design techniques
comprising shape based similarity searches, molecular docking and 2D-similarity searching
was effected to identify non-peptide antagonists. In total, three structurally distinct classes
of small molecular antagonists with moderate in vitro affinity and in vivo activity were
identified from the study. The last part of the project reports the crystal structure
determination of two Grb7 SH2 domain constructs. High-resolution crystal structures of the
apo- and peptide-bound forms of the Grb7 SH2 domain were determined. All together,
extensive biophysical, computational and structural analyses were conducted on the Grb7
SH2 domain and ligands that will form the foundation for future Grb7 inhibitor

development.
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Chapter 1

Growth Factor Receptor Bound Protein 7:

A Novel drug Target

This chapter presents a comprehensive review of the
relevance of Grb7 as a potential antitumor therapeutic target.
Starting from the basic chemistry and biology of the Grb7
protein, our understanding of the Grb7 protein structure and
function is discussed. Other disease state where Grb7 is
implicated as well as its regulatory role in wide-ranging
biological processes is presented. The last section of this
review deals with advances made in the developments of Grb7

antagonists.



Chapter 1: Grb7 as a Therapeutic target

1.1. Signal transduction

Signal transduction pathways represent a cascade of biochemical transformation
reactions that involve a variety of biomolecules as reactants, catalysts and final
products.12 These pathways impact many aspect of cellular life ranging from protein
and nucleic acid synthesis, growth, differentiation and division of cells to migration
and ultimate death of cells. As a result, the precise and coordinated execution of
every signal transduction pathway is critical for the proper functioning of every
organism.? To effect this, cells have developed a network of communication
channels to perceive, process and respond synchronously to any physical, chemical
or biological signals.#> Errors in signal transduction pathways result in a break in
cellular regulation that may be commonly manifested in the form of a disorder at
the organism level. In cancer, for example, there frequently is up regulation of
signaling events which ultimately give rise to uncontrolled and unwanted cell
formation, proliferation and migration.”8 Owing to the importance of controlling
signaling events to organismal life and the growing understanding of the molecular
mechanisms in signaling pathways, signal transduction inhibitors are increasingly
sought as therapeutic agents in human maladies such as cancers®1! and

inflammatory disorders.1213

The sequencing of the human genome and the accompanying advances in genomic
and proteomic sciences have contributed to the discovery of a myriad of
biomolecules as potential drug targets. This is especially evident in diseases such as
cancers where there is a huge unmet medical need. Among the many promising
novel targets that are being investigated in cancer are intracellular components of
growth factor dependent and other oncogenic signal transduction pathways. This
review zeroes in on Grb7-a cytoplasmic protein important in a number of signaling
pathways-that is rapidly emerging as a relevant antitumor target. Following a
description of the fundamental biology and chemistry of Grb7, the main body of this
chapter revolves around the relevance of Grb7 as a therapeutic target. The last
section will then elaborate on the current state and progress made in the
development of Grb7 antagonists. A brief outlook on the future and potential of

Grb7 based anticancer drug discovery will conclude this chapter.



Chapter 1: Grb7 as a Therapeutic target

1.2. The Grb7 Gene and Protein: Biology and Chemistry

Growth factor receptor bound (Grb) proteins belong to the adaptor protein
superfamily of biomolecules.'* Adaptor proteins are non-catalytic molecules that
function as mediators of signal transduction pathways.!> As the name implies, Grb
proteins were originally identified because of their ability to associate with growth
factor receptors.1® Characteristically, Grb proteins form supramolecular complexes
with growth factor receptors that are essential for growth factor mediated signal
transduction,'7.18 though interactions with non-growth factor receptors is also well
documented, and perhaps equally important.1618 Currently there exist about 14 Grb
proteins, where most are being implicated in the genesis and development of

human cancers.16

Grb7 belongs to a subfamily of Grb proteins comprising Grb7, growth factor
receptor bound protein 10 (Grb10)1°2% and growth factor receptor bound protein
14 (Grb14).2122 This Grb7 family of adaptor proteins is known to have high
sequence and functional homology.17:22 This class was discovered using a technique
dubbed CORT (cloning of receptor targets), an expression/cloning system that uses
a tyrosine phosphorylated receptor as a probe to screen protein libraries.?3
Specifically, Grb7 was identified using CORT screening of a mouse cDNA expression
library with tyrosine phosphorylated C-terminus of the epidermal growth factor
receptor.242> [n common with other adaptor proteins, Grb7 facilitates the coupling
of multiple trans membrane and cytoplasmic receptors to downstream effector

molecules.16. 26

1.2.1. The Grb7 Gene Structure

The human Grb7 gene is located on the positive strand of chromosome 17.
Cytogenetic analysis shows that the gene is mapped to the 17q12-q21 loci, as
documented by the National Centre for Biotechnology Information(NCBI)
(http://www.ncbi.nlm.nih.gov/mapview/). The human Grb7 gene is 9,352
nucleotides in length and known to encode a major primary Grb7 RNA transcript of
4,596 nucleotides in size. The final mature Grb7 mRNA is composed of 14 exons of
1,599 nucleotides in length. The chromosomal location of Grb7 is interesting as it is
within the erbB2 amplicon,?7?8 a region known to comprise genes frequently over

3



Chapter 1: Grb7 as a Therapeutic target

amplified in cancers.?® As will be described later, the localization of Grb7 on the
erbB2 amplicon is what appears to be at the heart of most of the human
malignancies mediated by Grb7. Fig. 1.1 shows the overall organization of Grb7

gene and its products.

17q12-q21

Chromosome 17[ [[ J

37,894,187 37,903,538
i IZDIIIIIIIEIDj
Grb7 Gene |- ,
Length = 9,352 nucleotides Primary Transcription
37,898,555 37.903.150
Grb7 RNA = ..-'._.'. a
Length = 4,596 nucleotides _
Splicing
Grb7 mRNA SR
Length = 1,599 nucleotides l
Translation
(0000000000

Grb7 Protein
Length = 532 amino acids

Figure 1.1: The overall organization of Grb7 and its products. Grb7 is localized on the long
arm of chromosome 17, at 17q12-q21. It is comprised of 14 exons which are indicated in
filled boxes shown in their approximate location. The introns are shown as lines bridging
the exons. In Grb7 mRNA all the exons are merged and represented by single full filled
rectangle. The numbers on top of each depiction represent the start and end of a given
nucleotide sequence. Grb7 protein is represented by a string of ellipses.

1.2.2. Homologues of the Grb7 gene

Model organisms are valuable for the study of the pathophysiological function of a
human gene and its product in drug development projects.3? The finding of a
homologous gene in a suitable experimental organism and its comparative
functional characterization is thus an important undertaking. Analysis of
homologous genes Grb7 suggest that it is evolutionarily conserved across mammals

as the gene and its protein product are found in a number of mammalian species.
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Table 1.1 shows the different animals where orthologues of Grb7 are noted,
according to the HomoloGene database of the NCBI interface (www.ncbi.org).
Interestingly, the sequence homology found between the Grb7 genes is appreciably
high (85-99%) which is also reflected in the Grb7 protein similarity (88-99%).
Given the fact that sequence similarity dictates functional similarity, at least in most
of the cases, the high sequence homology seen may be usefully exploited in the
investigation of potential Grb7 antagonist development, for example, in Grb7

knocked out experiments.

Table 1.1: Sequence similarities of Grb7 homologues to human Grb7

Organism Chromosomal Gene Protein Protein
location similarity  length similarity
Human 17 100 532 100
Chimpanzee 17 99.5 532 99.8
Dog 9 88.8 542 93.8
Cattle 19 87.0 532 88.7
Mouse 10 86.2 535 91.0
Rat 11 85.9 535 91.1

1.2.3. Expression and Regulation

The Grb7 protein reportedly displays a distinct expression profiles across species,
tissues and organs.?3 It is found to be expressed in number of human tissues
including placenta, intestine, brain, lung, kidney, esophagus, mouth, prostate,
mammary gland, uterus, ovary, cervix, liver, pancreas, testis, embryonic tissue,
lymph node, trachea, larynx, bladder, thymus, skin, eye, ascites, stomach, pharynx
and connective tissue [Unigene, www.ncbi.org]. However, it is the overexpression
of Grb7 that is associated with a number oncogenic pathways and human maladies
(discussed below). As to its cellular localization, Grb7 is an intracellular protein
primarily found in the cytosol though it is indicated that it can be found on the focal
contacts, mitochondria and cell membrane under certain circumstances.3! In
addition, Grb7 is found to be localized as an integral component of stress granules.
Apart from the main Grb7 protein, a splice variant of Grb7 termed Grb7v is also

noted to be expressed in certain tissues.32
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Grb7 has multiple phosphorylation sites that are reported to control its overall
signaling function. For example, the phosphorylation of Grb7 on a number of serine
and threonine residues is reported. However, the biological significance of such
phosphorylation is yet to be fully elucidated.?3-3> By far, the most important
phosphorylation reaction that is well studied and known to regulate Grb7 function
is that of tyrosine phosphorylation. Specifically, the role of the cytoplasmic focal
adhesion kinase3® in phosphorylating Grb7 and the impact thereof is widely
investigated.3” In a recent report, Chu et al employed a mutagenesis study to
investigate the role of Grb7 phosphorylation by FAK on cancer cell migration and
proliferation. Their findings showed phosphorylation of Grb7 by FAK at its Y188
and Y338 residues and that by mutating these two residues to F188 and F338,
impairment of Grb7 mediated cell migration and proliferation was noted. This
might indicate the relevance of Grb7 phosphorylation in tumorigenesis.3® Related
studies that establish the role of Grb7 phosphorylation on Grb7 function is that
conducted on the interaction of Grb7 with four and half lim domains isoform 2
(FHL2), a transcription regulator important in oncogenesis.3® The report showed
the importance of Grb7 phosphorylation for interaction with FHL2 and that
mutation of Grb7 Tyr residues to Phe resulted in mutant Grb7 with insignificant
affinity to FHL2.3° Furthermore, among the latest roles of Grb7 to be discovered is
its ability to act as a translational repressor through binding to RNA for which the
phosphorylation status of Grb7 was found to be critical. It was shown that Grb7
phosphorylation on its Y483 and Y495 residues was found to be detrimental for
Grb7 binding mRNA.4% These examples illustrate the role of Grb7 phosphorylation
in the control of the adaptor function of Grb7. Extensive investigation of the impact
of Grb7 phosphorylation on its diverse functions is yet to be conducted. Apart from
tyrosine phosphorylation, other mechanisms that are suggested to regulate Grb7

function are dimerization*! and localization.4243

1.2.3. Grb7 as a mediator of multiple signaling pathways

Though Grb7 was initially identified as a binding partner of growth factor
receptors,?33> it has been shown in numerous studies to interact with a diverse
spectrum of biomolecules since then. These include the growth factor receptors

(EGFR, EGER2/HER2/Neu/ErbB2, EGFR3/erbB3, PDGFR, FGF, IGF-1), trans
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membrane receptor tyrosine kinases (IR, Ret, Tek/Tie2, c-Kit/SCFR, EphB1),
cytoplasmic protein kinases (FAK) phosphatases (SHPTP2), GTPases (Randl),
ligases (Nedd4), adaptor proteins (Shc) and other miscellaneous biomolecules such
as caveolins, Netrin-1, FHL2, Hax-1, phosphoinositides.31.35444> Though diverse and
numerous, these are all upstream binding partners and as yet a downstream

binding partner of Grb7 is to be identified.

Table 1.2: Binding partners of Grb7 protein

Binding partner

Recognition motif domain

Growth factor receptors

EGFR not determined SH2
EGFR2 PQPEpYVNQPD SH2
EGFR3 EEYEpYMNRRR SH2
EGFR4 not determined SH2
PDGFR YMAPpYDNYVP SH2
FGF not determined SH2
IGF-1 not determined SH2
Receptor tyrosine kinases
IR not determined SH2 and
BPS
Ret not determined SH2
Tek/Tie2 ERKTpYVNTTL SH2
c-Kit/SCFR TNHIpYSNLAN SH2
EphB1 KMVQpYRDSFL SH2
Cytoplasmic Protein kinases SH2
FAK ETDDpYAEIID SH2
Protein Phosphatases
SHPTP2 SARVpYENVGL SH2
GTPases
Rand1 YDN SH2
Adaptor proteins not determined
Shc DDPSpYVNVQN SH2
RNA not determined N-terminal
Miscellaneous
Caveolin-1 EGHLpYTVPI SH2
Netrin-1 not determined N-terminal
FHL2 not determined PH and RA
Hax-1 not determined PH and RA
Gef ELQVpYENIHL SH2
3’-phosphoinositides  not determined PH
HuR not determined N-terminal
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Table 1.2 shows the various binding partners of Grb7, the domain of Grb7 involved
and the recognition motif. Interestingly, most of the upstream binding partners of
Grb7 are connected with a number of cancer cell properties.#¢47 For example, the
integrin pathway via FAK is important for cell migration.*”48 Besides, the various
growth factor receptors are frequently implicated in growth and proliferation of
cancer cells.# Indeed there are clinically available anticancer drugs in use that act
on EGFR2 (also known as HER2 and ErbB2) such as Trastuzumab (Herceptin®),50
Erlotinib (Tarceva®),°1 and Gefitinib (Iressa®).>2 Trastuzumab is a humanized
monoclonal antibody that binds to the extracellular domain of EGFR2 whereas
Gefitinib and Erlotinib are a small molecule drugs that bind to the ATP binding site
of the intracellular kinase domain of the receptor. As the formation of EGFR2 and
Grb7 signaling complex occurs in ErbB2 over expressing cancer cells, the
availability of Grb7 inhibiting agents might provide an insight into the role and
druggability of Grb7 in cancers. Apart from the above shown interaction partners of
Grb7, a number of membrane bound macromolecules such as phosphoinositides are

reported as important partners of Grb7 mediated signaling.>3

1.3. The molecular architecture of Grb7 protein

The human Grb7 protein is comprised of 532 amino acids. Its constituent residues
are organized into a number of protein domains that serve different but
complementary functions to the overall signaling role of Grb7.1® Grb7 domain
components are well conserved across the mammalian species, and serve similar
roles.3>16 The modular structure of Grb7 is composed of a proline rich domain, a
Ras-associating domain, a pleckstrin homology (PH) domain, Src homology 2 (SH2)
domain and a BPS domain (between the PH and SH2 domains).>45¢ Fig. 1.2
illustrates the various domains of Grb7 together with the approximate amino acid
residues.?>4* Our current knowledge of Grb7 domains will be described in greater

detail under each heading.
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Figure 1.2. The modular organization of Grb7 protein. Numbers indicate the start and end
residue number of the respective domains. Pro= proline rich domain; RA= Ras associating
domain; PH= pleckstrin domain; BPS= between PH and SH2 domain; SH2 = Src Homology
domain

1.3.1. The N-terminal Domain

The N-terminal domain of Grb7 represents the first 100 residues of the Grb7
protein. It is a motif comprising a conserved sequence rich in prolines and is likely
to exist as an unstructured domain in the absence of a binding partner. Up until now
little has been known as to the binding partners of Grb7 via its N-terminal domain.4?
Recently, however, experiments have come forth indicating novel potential binding
partners for this part of the protein. For instance, mouse Grb7 has been shown to
interact with HuR,57 an RNA-binding protein important in regulation of nuclear-to-
cytoplasmic shuttling of mRNA.58 The Grb7-HuR interaction was found to be
mediated by the N-terminal domain of Grb7.57 Moreover, mouse Grb7 is also found
to bind RNA via its proline rich N-terminal domain.>” These interactions have yet to

be verified for human Grb7 and their physiological function remain to be elucidated.

1.3.2. The Central GM region

The region of Grb7 bounded by the N- and C-terminal domains is what is referred to
as the central GM, for Grb and Mig domains.35 It consists of the longest stretch of
Grb7 comprising about 300 amino acid residues. Its role in Grb7 signaling is much
more studied and better understood than the N-terminal domain. It displays more
than 50% sequence similarity with the Caenorhabditis elegans protein MIG-105%60
from which it derives its name. MIG-10 (Migratory-10) is established to be critical
for cell migration during embryogenesis.bl The presence of such a conserved
sequence with known function lured researchers to investigate the role of Grb7 in

cell migration, which predictably was subsequently verified. It is postulated that it is
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because of this domain that Grb7 is an important cell migratory protein.3°42 The GM
region is known to comprise three well conserved but non-contiguous domains:
Pleckstrin homology (PH) domain, RA (Ras-associating) domain and a BPS

(between PH and SH2) domains 1654

The PH domain is 110 amino acids long and corresponds to residues 229-338 of
Grb7. It is suggested to bind membrane bound phosphoinositides*? thereby
assisting Grb7’s association to these molecules. Moreover, it is found to interact
with FHL2, a signaling protein associated with transcription regulation and
cytoskeletal re-arrangement.3? Recently it is also reported to interact with Hax-1
(Hs-1 Associated protein X-1), another protein important in cell migration and
apoptosis, and to have a role in Grb7 dimerization in a head to tail manner.3962 As a

part of the GM region it is known to play a role in cell migration

The RA domain of Grb7 is 87 amino acids long stretching from 100 to 186 residues.
Along with the PH domain, it is found to be important in the intramolecular
dimerization of Grb7 by interacting with the SH2 domain, where the interaction is
found to be of micromolar affinity.6263 The phenomenon of dimerization is an
important mechanism for the functioning of Grb7.64 The RA domain is found in a
number of proteins. It is also suggested to have a role in the involvement of Grb7 in
the Ras signaling pathway and for cell proliferation.6>6¢ Together with the PH

domain, the RA domain is reported to interact with the Hax-1 protein.6?

The BPS domain is a functional region of about 65 residues corresponding to
residues 365-413 of Grb7. It is found between the PH and SH2 domain. The BPS
region is thought to facilitate the interactions of SH2 domain to upstream partners
of Grb7.57 Moreover, it is suggested the BPS domain could contribute to the
specificity of Grb7 binding to its partners.8%° In the other Grb7 families such as
Grb10 and Grb14, the BPS domains is found to interact with the activated IR and
IGFR.70 It displays up to 60% sequence similarity among the Grb7 family members,
The BPS domain is found to be intrinsically unstructured,”! though a very short

structured stretch of about 9 residues was identified for the Grb14 protein.”?

10
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1.3.3. The C-terminal domain

By far the most widely thoroughly investigated region of Grb7 is the C-terminal Src
homology 2 (SH2) domain.5773 It corresponds to residues 415-535 of the Grb7
protein. SH2 domains are phosphopeptide-binding modules that are found in a
number of related proteins.”4 Indeed, the discovery of Grb7 as adaptor protein was
dependent on this property of SH2 domain. It is known to mediate the physical
association Grb7 with a diverse array of membrane bound and cytoplasmic binding
partners of Grb7.344* In particular, the SH2 domain is responsible for the
recognition of specific phosphotyrosines (pTyr) residues via a well-described
cationic pocket and surrounding peptide-binding cleft.74%° The SH2 mediated
association of Grb7 with its binding partners commences the first and, thus, a
critical step in Grb7 dependent signal transduction. As such it forms an essential

module for the variety of Grb7 mediated oncogenic transformations.*446

The binding specificity of the SH2 domain to upstream partners of Grb7 has been
characterized at length.3446 These studies have deciphered the sequence around the
phosphorylated tyrosine recognized by Grb7 to be more or less conserved, from
which a recognition motif of the sequence pYXN has been established. In other
words, the presence of asparagine at the +2 position relative to the phosphorylated
tyrosine (pY) is what the SH2Z domain of Grb7 specifically demands of its binding
partners.34%44 The position at +1 to the pY residue, indicated as X is where any amino
acid would be tolerated. This condition for recognition by SH2 domain is found in
the great majority of Grb7 binding partners with erbB2,7¢ erbB3,74 Tek,”” c-Kit,’8
SHPTP,”® Shc,1® PDGFR,%¢ being the notable examples. However, some exceptions
has been noted where the +2 Asparagine is not required as in FAK (pYAE),3> EphB1
(pYRD),80 cavoelin (pYRD) 75 or where even the tyrosine does not have to be

phosphorylated as in RndI (YDN).81

11
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1.3.4. The 3D-structure of Grb7 SH2 domain

The experimental structure of Grb7 SH2 domain has been solved both by NMR and
X-ray crystallography.6882 The crystal structure is solved to 2.1 A resolution with an
overall tetrameric assembly by our group (PDB ID: 2QMS). As shown in Fig. 1.3, the
Grb7 SH2 domain comprises an anti-parallel (-sheet flanked by a pair of a-
helices.t368 Such a fold is a general feature of SH2 domain proteins.>457 According to
the accepted nomenclature,®® the central anti-parallel 3-sheet is formed by the (B,
BC and BD loops where as the two a-helices are labeled oA and aB (see Fig. 1.3 for
details) which implies that the domain fold of Grb7 could be described as
aABBBCBRDaB.

K-rich pocket

- Rerich pocket

Figure 1.3. Domain fold of Grb7 SH2 protein. Top: vacuum electrostatic map showing the
subpocktes of the binding site as blue (positively charged); red (negatively charged); gray
(neutral) regions. Bottom left: Cartoon representation of the Grb7 SH2 domain shown as
helix (red); B-sheet (yellow) and loops (green) and the structural labeling. Right:
superposition of the electrostatic map with the secondary structural elements.

12
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The electrostatic map obtained for Grb7 SH2 apo structure reveals that the binding
site is comprised of well defined, contiguous and distinct subspockets.40.68
Specifically, a positively charged phosphotyrosine binding pocket is noticed to
comprise of arginine and lysine rich sub pockets. These are adjoined by an aspartic
acid rich anionic pockets with each separated by a stretch of hydrophobic residues.
In the crystal structure, the pTyr recognition pocket is seen to retain a sulfate
residue from the crystallization conditions.®® In the reported apo structure, a
number of hydrogen bonding interactions between the sulfate ion and binding site
residue atom on the BC and other loops are observed providing invaluable

information for ligand design purposes.

1.4. The Potential of Grb7 as a Drug Target

Grb7 is found as a downstream effector of several signaling pathways.434454 What
is more, most of these pathways are previously known to be deregulated in human
maladies, especially in cancer.8384 This has prompted an investigation of the role of
Grb7 in different properties of cancer cells such as migration, invasion and
metastasis. Other disease states related with cell development and movement were
also the center of investigation. In what follows, we provide a review of the role of

Grb7 in different human maladies that has surfaced in the recent literature.

1.4.1. Grb7 and Breast Cancer

Breast cancer is one of the major types of adult tumors accounting for about 10 % of
all cancer incidences among women and the fifth most common cause of cancer
related death globally.8> It is characterized by the levels of tumor size, stage,
estrogen receptor sensitivity and lymph node involvement.8¢ Gene amplification is a
common mechanism of oncogenesis in breast cancer. Extensive histochemical and
biochemical investigations are being conducted to unravel the specific genes and
gene products that could be of use in the prognosis, prediction or a drug target in

breast cancer patients.87.88

Targeting Grb7 is thought to be of importance in the development of breast cancer

on a number of grounds. First, Grb7 is found to be overexpressed in a number of

13
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breast cancer cell lines, in particular, its co-overexpression and co-amplification
with ErbB2 is widely investigated.1631 This emanates from the fact that ErbB2 and
Grb7 are found on the same chromosomal region at 17q12-q21, termed the erbB2
amplicon.8%90 Moreover, ErbB2 is already established target for clinically used drugs
for breast cancer?? such as the antibody Trusumutzab®! and the small molecule
anticancer agent Gefitinib.>3 Second, as described above, Grb7 and ErbB2 form a
functional association in growth factor dependent signalling*> and hence their
importance in growth factor sensitive breast cancers. Third, as Grb7 is a
downstream mediator of a number of oncogenic pathways parallel to the ErbB2
pathway, targeting Grb7 might provide an attractive additional alternative to turn

off oncogenic pathways.

The mechanism of action of Grb7 in breast cancer cell lines has been widely
researched. Grb7 has been shown to synergistically enhance tumor formation with
ErbB2.7691 The mechanism for Grb7 dependent tumor formation is described in a
recent paper?? where activation of Grb7 is found to recruit and activate Ras-
GTPases. This in turn is shown to promote phosphorylation of ERK1/2, thereby
stimulating tumor growth. Moreover, co-overexpression of Grb7 and ErbB2 have
also been associated with worse outcome in some set of breast cancer subjects.”3
The fact that Grb7 is found within the core of the ErbB2 amplicon at 17q12 is what
explains most of the co-implications in breast cancer. However, a study conducted
to identify the contribution of co-amplified genes has demonstrated that Grb7 alone
may be a factor in breast cancer carcinogenesis. With the use of RNA interference
technology, it is has been shown that Grb7 knockout SKBR3 and BT474 breast
cancer cell lines possessed decreased cell proliferation and cell-cycle progression.?*
Moreover, recent experiments involving siRNA have shown that removal of Grb7 by
RNA-interference reduced the viability of BT474 xenograft cancer cells and

increased the activity of the antitumor drug lapatinib.?>

Breast cancer is commonly treated with estrogen competitive antagonists such as
Tamoxifen and clomiphene and estrogen non-competitive antagonists like
aromatase inhibitors. However, such drugs are effective only when the tumor is

sensitive to the endogenous estrogen hormones. And in the late stage of breast

14
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cancer the tumor is well known to advance into a resistant phenotype.’® In this
regard, a recent work has found Grb7 to be one of the genes involved in the
transformation into estrogen-independent proliferating cells.?” This investigation
illustrates that the level of Grb7 could be a reason for treatment failure of estrogen
antagonists and hence could be exploited to device the course of therapy in breast
cancer patients.?® In fact, related investigation have included Grb7 detection as a
part of a commercially available kit used to assess risk status and prediction of

prognosis for patients with breast cancer.??

Finally there exist practical data demonstrating the amenability and relevance of
Grb7 in breast cancer patients. To this effect, Pero et al. have showed that Grb7
could be inhibited with synthetic polypeptide antagonists which in turn were found
to block the proliferation of four human breast cancer cell lines such as SK-BR-3,
MDA-MB-231, MDA-MB-361, ZR-75-30 cells.190 Moreover, adjuvant treatment of the
peptide with known anticancer agents such as the antibody Herceptin and the
antibiotics Doxorubicin was noted to reduce the ICso of Herceptin and Doxorubicin

up to 84 % on the above breast cancer cells.100

1.4.2. Grb7 and Gastrointestinal Cancer

Gastrointestinal cancer is one of the commonest forms of cancer.'%? Gastric cancer
is known to insidiously develop to its deadly advanced form with little chance of
early detection and treatment.10?2 Recently, in research conducted to delineate the
molecular mechanisms underlying the cause and development of gastrointestinal
cancers,102 Grb7 was identified as one of the culprits. The study found that over
expression of Grb7 was noted in as many as 31% of esophageal carcinomas and that
the over expression was shown to strongly correlate with extra mucosal invasive
potential of gastric tumors.193 In a related study, more than 8-fold amplification and
over expression of ErbB2 and Grb7 in primary gastric cancer cells was reported.104
Furthermore, it was observed that such over expression was associated with the
development of more aggressive gastric cancer phenotypes.1%4 Another study on the
quantitative estimation of Grb7 in gastrointestinal adenocarcinoma showed
overexpression of Grb7 in up to 32% as compared to the normal Grb7 level in

gastrointestinal cells.10> The overexpression of Grb7 has been confirmed by an
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independent study involving analysis of gene copy number and expression profiling
of genes in upper gastrointestinal adenocarcinomas.’%¢ Finally, a related
comparative genomic hybridization experiment has found Grb7 as one of the genes
whose DNA copy number is highly correlated with its mRNA expression in gastric

cancer.107

1.4.3. Grb7 and Pancreatic Cancer

Pancreatic cancer is among the most aggressive and leading causes of cancer deaths
worldwide.198 The clinical relevance of Grb7 expression in pancreatic cancer was
studied by Tanaka et. al. with the application of immunohistochemical analysis.10?
The study noted overexpression of Grb7 in 61% of pancreatic cancer cell lines as
compared to non-cancerous samples.1% In addition, the overexpression of Grb7 was
shown to be elevated in pancreatic cancer patients with lymph node metastasis (ca.
77%) in contrast to those without the metastasis,'% indicating a relationship
between Grb7 level and metastatic potential of pancreatic tumors. Furthermore,
related experiments have shown Grb7 and erbB2 co-overexpression in pancreatic
cancer cells.110 A proof of concept in targeting Grb7 in pancreatic cancer has been
provided by Tanaka et al, from Grb7 knockout experiments. They showed that the
use of siRNA to knockdown Grb7 in pancreatic cell is associated with reduction of
migratory potential of pancreatic cancer cell lines.1%® In a recent experiment,
Furuyuma and co-workers have examined the significance of FAK in pancreatic
cancer formation to discover that FAK was expressed in up to 48% of the studied
cases and, importantly, its expression was found to relate to tumor size.ll! Since
Grb7 is known to associate with and be activated by FAK, it might be the case that
Grb7 has been co-implicated in the pancreatic tumor size. Genes on 17q12-q22
chromosomal region, which also includes the Grb7 locus, are noted to be amplified
in some pancreatic tumors.!12 Finally, published data exist where the association of
Grb7 with FAK in pancreatic cancer cells was disrupted with the use of synthetic
polypeptide which in turn resulted in reduction of pancreatic cell migration and

metastasis.109

1.4.4. Grb7 and Oesophageal Cancer

Oesophageal cancer is a rarely curable with a low 5-year survival rate ranging from
16
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5% to 30%.113 The development of an invasive and metastatic phenotype of the
cancer is a huge risk factor.!* Grb7’s role in esophageal cancer formation is well
documented.!’> For example, up to 45% Grb7 overexpression was noted in some
esophageal carcinomas as compared to normal mucosa.l’® In addition, Grb7
overexpression was directly related with the development of lymph node
metastases!?3 which suggest Grb7 overexpression as a major risk factor in such
cancer populations. Epidermal growth factor and fibronectin stimulated tyrosine
phosphorylation of Grb7 was noted in certain esophageal carcinoma cell lines. Such
fibronectin-dependent phosphorylation of Grb7 was regulated by the integrin and
FAK signaling system that was found to cause migration of esophageal carcinoma
cells and transformation to the more invasive and metastatic phenotypes of
esophageal tumour.32 Moreover, co-over expression of Grb7 with ErbB2 is reported

in high grade dysplasia and gastric carcinoma.1?

1.4.5. Grb7 and Hepatic Cancer

Hepatocellular cancer (HCC) is the fifth most frequent cancer in the world with
associated high mortality and poor prognosis.1’® The relationship between Grb7
overexpression and the development of hepatocellular carcinoma was extensively
investigated by Itoh et al.11® They showed that Grb7 overexpression was correlated
with the level of FAK in Hep3B cells and that such over expression was a cause for
invasive and metastatic potential exhibited by the HCC cell lines. Moreover, the
study demonstrated that the combined presence of high levels of Grb7 and FAK was
associated with a poor prognosis as compared to negative controls.11? In addition,
the druggability of Grb7 in HCC was investigated by a knockout experiment with the
use of small interfering RNA and found that Grb7 knockout cancer cells had reduced
invasive and migratory potential.11® Finally, suppression of Grb7 expression was
noted to delay the onset of HCC tumor formation in mice.l1® Taken together, these

experiments demonstrate the potential of targeting Grb7 in hepatic cancer cells.

1.4.6. Grb7 and Ovarian Cancer

Undoubtedly, ovarian cancer represents one of the most deadly malignancies in
women especially as it is mainly diagnosed after it has reached its late stage.120 A

recent study aimed to characterize the role of Grb7 and its splice variant Grb7v in
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the ovarian carcinogenesis was conducted with application of
immunohistochemcial and western blotting analysis.!?! The research showed up to
a 40-fold increase in Grb7 overexpression in several ovarian cancer cell lines
(SKOV3, OVCAR3, OVCA420, OVCA429, and OVCA433) while up to a 30-fold
increase in the expression of Grb7v were reported. Moreover, such high level of
overexpression was shown to correlate with high-grade ovarian cancers.
Interestingly, differences in the role of Grb7 and its variant was noted where Grb7
was found to promote only to cell proliferation, migration and invasion of ovarian
cancer cell lines, whereas Grb7v was related only cell proliferation and anchorage-
independent growth ability. Moreover, with the use of specific kinase inhibitors, the
mechanistic detail of the tumorigenic function was delineated. It is showed that
both Grb7 and Grb7v promoted cell proliferation through activating extracellular
signal-regulated kinase, whereas Grb7 enhanced cell migration/invasion by
activating c-Jun NH2 terminal kinase signaling. Further it is shown that the levels of
phosphorylated JNK, phosphorylated ERK, and phosphorylated AKT were elevated
by Grb7 overexpression whereas overexpression of Grb7v was found to increase

the level of phosphorylated ERK.121

1.4.7. Grb7 and Testicular cancer

Testicular germ cell tumors (TGCTs) are common malignancies in the young whose
incidence is on the rise.l??2 Research on the identification of proteins that are
involved in TGCT carcinogenesis is shedding light on the molecular basis of TGCT
development. In a recent study, the overexpression of Grb7 in TGCT is
demonstrated with transcriptional profiling experiments.23 Likewise, studies
conducted on mutations, copy number and expression levels of genes in TCGT have
shown Grb7 to be involved in the development TCGTs. The study noted that up to a
63 % increase in Grb7 expression was detected in primary TGCT tumor samples.124
Interestingly, though Grb7 is known to co-amplify and co-express with ErbB2 in
other cancers, such has not been the case in TCGT as the level of ErbB2 was not
elevated in the TGCTs where high level of Grb7 is detected. This indicates that
Grb7alonemay be independently contribute to TGCT tumor formation.12> In other
related experiments, increased Grb7 expression was found in various forms of TCGT

such as intratubular germ cell neoplasia, seminoma and non-seminoma compared
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with normal testicular samples.123.126 Additionally, Grb7 expression levels were

found to positively correlate with RAS and KIT levels in TCGTs .127

1.4.8. Grb7 and Blood cancer

Chronic lymphocytic leukemia (CLL) is a major form of blood cancer characterized
by asymptomatic blood lymphocytosis and bone marrow failure.'?®8 Haran et al
recently investigated the role of Grb7 in CCL and showed that Grb7 was not only
overexpressed but its expression correlated with the severity of the CLL tumor.
They showed that up to 88 % of Grb7 expression was detected in Stage IV as
compared to 18 % in the Stage I of leukemia.'?° Moreover, corresponding increase
in the migratory potential of cells at stage IV CLL was observed when compared to
stage I cells, 1?8 indicating the role of Grb7 in transforming CCL to its deadly form. As
the level of Grb7 is correlated with stages of CLL, the results from the study indicate
that Grb7 level could potentially be employed as a prognostic marker to determine
the status of leukemia and to guide the course of therapy in addition to its potential

as drug target .12°

1.4.9. Grb7 and Rheumatoid arthritis

Grb7 overexpression has been associated with cellular diseases other than cancer.
Rheumatoid arthritis (RA) is a chronic inflammatory disorder caused by the
destruction of connective tissue of joints by the body’s own immune system.130
From experiments conducted to identify proteins involved in RA, Grb7 is reported
as one of the proteins associated with antibodies isolated from RA synovial fluid
along with Fibronectin, semaphorin 7A precursor and immunoglobulin p.131 The
fact that Fibronectin is also identified is interesting. In the oseophgeal carcinoma,
for example, fibronectin is found to stimulate tyrosine phosphorylation of Grb7
which is regulated by integrin and FAK signaling system. Such Fibronectin-Integrin-
FAK dependent activation of Grb7 was found to contribute to the migratory,
metastatic and invasive potential of esophageal carcinoma cells.32 Moreover, since
cell migration plays essential role in inflammation the involvement of Grb7 in
rheumatoid arthritis could also arise from its general role in cell migration. By
coupling NF-kappa-inducing kinase with erbB/EGFR family receptors, Grb7 is found

to regulate inflammation.132
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1.4.10. Grb7 and Atopic dermatitis

Atopic dermatitis (AD) is a chronic inflammatory skin disease characterized by
distributed eczematous skin lesions.133 The role of Grb7 in this inflammatory
disorder was investigated by considering the level of eosinophilia in AD patients.134
Eosinophilia in AD patients occurs through an anti-apoptotic mechanism, where
eosinophils exceed their normal lifespan and accumulate instead. Experiments to
delineate the precise role of Grb7 in AD have showed that increased
phosphorylation of Grb7 and FAK was detected in low viability eosinophils.135
These results suggest that Grb7 phosphorylation may be one factor related with the
anti-apoptosis mechanism of eosinophilia.!3* Further work detailing the precise role

of Grb7 in AD and the possible connection with its role in carcinogenesis is awaited.

1.8.11. Grb7 and the Immune system

Controlled operation of signaling pathways is important for the proper functioning
of the immune system.13¢ The T-cell receptor (TCR) is plays a central role in the
induction, co-ordination and production of immune responses.!3” In a study to
identify the molecular mechanisms involving TCR signaling, it was found that Grb7
was expressed in lymphocytes and that this was related to TCR activation.138
Moreover, Grb7 is known to bind to G6f protein, a trans membrane protein
comprising the YXN recognition motif of Grb7.13% G6f belongs to the
immunoglobulin superfamily of proteins essential in the immune system. This is an
indication that Grb7 has a role to play in the immune system.13° Indeed, the level of
Grb7 overexpression and its phosphorylation was noted to have stimulatory effect
on the immune system. However, excessive and uncontrolled immunostimulation
may be the factor that precipitates a number of autoimmune disorders such as RA
and AD. Hence, further investigation of the role of immune stimulation by Grb7 is

needed.

1.4.12. Grb7 and Arrhythmia

Ion channels are essential elements in the cellular process of the nervous system,
cardiovascular system and musculoskeletal system.140 Chemically, ion channels are

formed by one or more pairs of trans membrane glycoproteins.14! The functional
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role of many ion channels is regulated by ligand binding to their extracellular or
intracellular domain.1#! A recent study showed that Grb7 is one of the intracellular
proteins important in the control of ion channel function. It is shown that Grb7 is
co-expressed with a number of K-channels such as hERG, Kirl.1, Kv1.5, Kir2.2,
Kir2.3, Kv4.3 and ROMK.142 Moreover, it is noted that over expression of Grb7 was
noted to decrease the amplitude of most of the Kir channels in Xenopus oocytes.143
Furthermore, it was shown that overexpression of Grb7 strongly decreases the
activity of hERG, Kv1.5 and Kv4.3 potassium channels that are important in cardiac
membrane excitability. Though the mechanism is not clear it is suggested that Grb7
may either hinder access of regulatory tyrosine kinases to the channel protein!42 or
the impact may be as a consequence of a direct protein-protein interaction. As
most of these potassium channels are targets for clinically used anti-arrhythmic the

precise role of Grb7 in arrhythmia is yet to be fully delineated.

1.4.13. Grb7 and Translation

One of the new roles of Grb7 being investigated is its effect on translation. Studies
conducted on FAK interacting proteins such as Netrins has disclosed Grb7 as a new
RNA-binding protein.*? Netrins are extracellular proteins known to act via the FAK
pathway to regulate neuronal migration and axonal growth.144-146 The work by Tsai
et al showed that Grb7 upon stimulation by Netrin-1 could act as a translational
repressor by binding to RNA targets via its amino-terminal domain. Interestingly, it
was reported that its repressive activity was reversed by FAK-triggered hyper
phosphorylation on its SH2 domain.#? This looks consistent with the fact that FAK
stimulated cancer and inflammatory cell migration. In a related paper, Grb7 was
shown to function as a constitutive repressor for kappa opioid receptor (KOR), a
receptor which is stimulated by Netrin-1 and known to act via the FAK pathway to

stimulate cell migration.144147

1.4.14. Grb7 and Analgesia

A final role of Grb7 that is forthcoming is its possible involvement in analgesia,
especially central analgesia. The finding that Netrin-1 stimulated kappa opioid

receptor (KOR) translation in both P19 cell and DRG nerve cells and that that of
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Grb7 expression in the DRG neuronal cell has led Tsai et al to suggest that Grb7
might have a role in analgesia. This is because KOR is known as a classical narcotic
drug receptor and it has been found that its synthesis can be stimulated by Netrin-1
and mediated by Grb7.147 Given the established pharmacological role for KOR in
mediating the analgesic activity of opioid analgesics, future studies are proposed to
investigate how the neuronal circuit of analgesia may be regulated by, or integrated

with, growth factors.147

1.5. The development of Grb7 antagonists

Grb7 has become a promising target in a variety of human disorders. As reviewed
above it has an experimentally demonstrated role in a variety of cancers including
breast, blood, hepatic, in inflammatory diseases such as rheumatoid arthritis, atopic
dermatitis in immune system stimulation, RNA regulation, and many others.
Moreover, Grb7 is a mediator of a diverse array of oncogenic and other signaling
pathways.#> From the viewpoint of multitarget selective drug development, Grb7
may represent an ideal target as it mediates a multitude of signal transduction
pathways that operate in concert in the carcinogenic transformation of human

cells.”3

For ligand design purposes, any of the Grb7 domains could theoretically be targeted
to disrupt the role of Grb7 in the genesis of malignancies. In practice, the SH2
domain is especially interesting to target for a number of reasons. For one, the SH2
domain commences the first and hence the fate determining step in the entire
process of Grb7 dependent signaling.#* Moreover, it possesses a well defined and
characterized binding pocket amenable to ligand design efforts.®4 Furthermore, as
stated earlier, the SH2 domain of Grb7 is the most extensively studied domain
where its interaction with a diverse array of signaling and non-signaling
biomolecules is documented.#3-46 In addition, the requirement of the SH2 domain to
bind to Grb7’s myriad upstream partners is generally conserved3>>* where a
minimal recognition motif is established. These factors endow the SH2 domain as an
attractive module in the development of Grb7 based therapeutic agents. Indeed, this
has been demonstrated by the recent discovery of Grb7 antagonists that were

specifically designed to act on the SH2 domain.100.109
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Inspired by the conservative motif requirement of Grb7 SH2 domain to bind its
upstream binding partners, Pero et al have conducted a PHAGE display experiment
to identify the first polypeptide antagonist of Grb7. The peptide termed G7-18NATE
was initially designed as a 19 residue polypeptide flanked by Cys residues at
positions 1 and 11. Interestingly enough, it was shown that the peptide was inactive
in its open form and cyclization was mandatory for activity against Grb7.109.148 To
effect the cyclization, a disulfide linkage between the two Cys residues was
introduced to close the ring. The original 19-residue structure was modified by
removing residues outside the two Cys residues and the disulfide linkage was
replaced with a thioether moiety to effect the ring closure which might provide
stabilization in cellular environment. This 11 residue cyclic polypeptide-G7-
18NATE (sequence: WFEGYDNTFPC)- was tested and proven to posses the same
affinity as the larger disulfide containing form.1#° An important attribute of this lead
peptide is its selective activity for Grb7and the fact that it is non-phosphorylated
makes it easier to be prepared and to transport across cell membranes. The
chemical structure of G7-18NATE is displayed in Fig. 1.4. This G7-8NATE peptide is

found to display low antagonist potency and was not investigated further.

Figure 1.4: Chemical structures of G7-18NATE

The binding affinity of the G7-18NATE prototype peptide has been characterized
extensively by isothermal titration calorimetry,64149150 surface plasmon
resonance,’>1 and ELISA based assays.152 Such investigations provide invaluable

information that should guide the further optimization of this lead polypeptide. The
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three ITC experiments concur on the affinity of the peptide for Grb7 SH2Z domain
(34.5 uM, 13.5 uM, 35.7 uM)64149.150 jndicating its binding with moderate affinity.
Though this peptide represents an interesting breakthrough in Grb7 antagonist
development, it is not of sufficient affinity to initiate animal experimentation. In
other words, further optimization is necessary to transform the peptide into a
clinical candidate. An important clue in this regard is afforded by isothermal
titration calorimetry where deconvolution of the binding affinity into its
components shows that the binding of G7-18NATE is enthalpically driven and
entropically forbidden. This appears in line with the observation that the open form
of G7-18NATE is devoid of any antagonistic activity.14® This knowledge could be of
assistance in the optimization of the lead peptide structure so as to improve the
affinity, to convert the unfavorable entropy into a favorable one and possibly

improve the enthalpic contribution as well.

Grb7 is an intracellular protein. Since G7-18NATE is a polypeptide, the plasma
membrane represents a bottleneck for it use in cellular systems. However, this has
been overcome by the use of other peptides known to assist in crossing biological
membranes.’>2 For cellular experiments, G7-18NATE was synthesized with a 16
residues long sequence termed ‘Penetratin’ for in vivo studies (see Fig. 1.5). The cell
proliferation and migration inhibition assay conducted with this cell permeable
derivative (G7-18NATE-Penetratin) demonstrate the combined effect of membrane
crossing (Penetratin) and Grb7 inhibition (G7-18NATE)4® was encouraging as a
moderate in vivo inhibitory effect was noted. Thus, the attachment of the 16-residue
penetratin has extended the usefulness of G7-18NATE in living systems. Another
arginine rich penetratin peptide with 11 residues sequence derived from the Tat
sequence (G7-18NATE-Tat) was also investigated for its cell permeablising ability
where a positive effect is reported.14® G7-18NATE-Penetratin as well as G7-
18NATE-Tat systems have been used to assess the synergetic effect of G7-18NATE
with Doxorubicin in breast cancer patients with a promising outcome.1%0 A related
experiment conducted on pancreatic cancer cell migration effect clearly established

the potential of Gr7-18NATE in diverse cancer cell lines.100.109,147

Other short phosphorylated peptides based on the consensus recognition motif
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have been developed and tested,’>3 see Fig.1.6. This includes peptides based on the
sequence around the phosphotyrosine residue of ErbB1, ErbB2, ErbB3 and
EphB114° Grb7 upstream binding partners. The phosphorylated peptides range
from 6 to 11 residues with a dissociation equilibrium constant varying from 0.6 uM
to 366 uM. The higher affinity of these peptides is ascribed to the phosphorylation

of tyrosine.
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Figure 1.5: Sequence and chemical structures of cell permeable G7-18NATE derivatives.
Top: G7-18NATE-Tat; Bottom: G7-18NATE-Penetratin. Single letter abbreviation of the
penetratin residues is indicated in bold font.

Finally, peptides that were previously reported as Grb2 antagonists were tested for
their inhibitory effect on Grb7 in a recent paper.150 Interestingly, the result showed
that not only do the peptides possess a Grb7 inhibitory effect, the activity rank is
maintained on both Grb2 and Grb7 antagonism, i.e., the most potent peptide in Grb2
is found to be the most potent in Grb7 as well though a quantitative difference is

observed.159
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Figure 1.6: Sequence and chemical structure of phosphorylated peptide antagonists of Grb7

Finally, the crystal structure of G7-18NATE in complex with Grb7 SH2 has recently

been solved in our laboratory. Analysis of the co-crystal structure provides the

atomistic detail of the interaction between the peptide and Grb7 SH2 binding site. In

particular, the number and types of peptide atom-receptor atom interaction, the

preferred orientation and conformation of G7-18NATE on binding is known. In

addition, key residues of the protein that participate in bonding interaction with the

peptide could aid virtual screening experiments. Fig. 1.7 displays the complex

structure of G7-18NATE with Grb7 SH2 domain. As can be seen the peptide appear

to make less than optimal interaction especially with the all-important cationic

pocket indicating the possibility for further affinity optimization.
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K-rich pocket

D-rich pocket;

Figure 1.7. The Binding mode of G7-18NATE with Grb7 SH2 domain binding site. The
peptide is displayed in sticks representation. The three sub pockets of the protein are
indicated. The vacuum electrostatic map is created in PyMOL.

1.6. Conclusion and future outlook

Cancer remains mankind’s leading health issue accounting for more than 10 million
cases and over 5 million deaths annually.19! These figures are expected to rise
exponentially as an attendant to the socioeconomic and life style revolution
gripping the global populace. Even though more than 100 drugs are currently
available on the market, the dwindling efficacy, high toxicity and the exorbitant cost

means new agents with a novel mechanism of action are in big demand.

Advances in molecular sciences are accelerating the identification of novel drug
targets in cancers and other human disorders. From the clinical standpoint, new
targets provide novel drugs, novel mechanistic bases and potentially more
efficacious means to treat diseases and a better understanding of the
pathophysiological process underlying a given disease. From the commercial
viewpoint, novel targets clearly present unexploited opportunity. Given its
established role in various malignancies and the fact that there is no drug that acts

on it, Grb7 based drug development is likely to be very promising endeavor in the
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foreseeable future.

Grb7 is found in a diverse array of signaling events critical for carcinogenesis and
inflammatory process. Its druggablity is proven with the use of synthetic peptides.
The major challenge, however, comes from its intracellular localization. Given the
fact that many of the currently available drugs have intracellular drug targets such
as the steroid agonist and antagonists, it mere localization should not be obstacle.
Indeed the recent development of cell permeable Grb7 antagonists is encouraging
and illustrates that the permeability issue could be surmounted with little extra
effort. Grb7 is especially suitable for a one drug-one target-multiple diseases
effective drug design as it is found in numerous pathways. Though much has still to
be studied, the data obtained so far are encouraging for the development of Grb7 as

antitumor therapeutic target.
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1.8. Research Objectives

Grb7 is known to mediate a diverse spectrum of oncogenic pathways. Extensive
research on different aspects of Grb7 carried over the years means it is now a
promising antitumor drug target. Its druggability is demonstrated with the recent
discovery of peptide antagonists. Apart from these early phase experimental
antagonists, currently there exist no drug that is developed or known to act on
Grb7. Moreover, the structure of Grb7SH2 domain both in apo form and in complex
with a peptide antagonist is characterized. These studies have delineated the
chemical features of the binding site and its requirement for effective interaction
with potential antagonists. This project, thus, seeks to exploit the available
background structural, biochemical and biophysical information to design,
synthesize, test and optimize second-generation potent, selective, stable and cell

permeable antagonists.

In particular the study aims to:

1. Design, synthesize and conduct binding studies of peptidic Grb7 antagonists
1.1. Cell Permeable G7-18NATE derivatives

1.2. G7-18NATE based analogue design

2. Structure based virtual screening

3. Structural characterization of the binding interaction using X-ray
Crystallography and computational chemistry

The first part of the research focuses on the design of cell permeable forms of the
lead G7-18NATE polypeptide, binding characterization as well as cellular uptake
studies. This will be followed by the design of monocyclic and bicyclic G7-18NATE
based second-generation polypeptides antagonists. In the structure based virtual
screening part of the project, we seek to exploit the available structural information
to discover novel antagonists of Grb7. In particular the in-house available co-crystal
structure of G7-18NATE/Grb7 SH2 domain and a known potent tripeptide will be
employed to initiate the virtual screening effort to identify small molecule
antagonists. Finally, structural studies with the most promising lead candidates will

be undertaken to further characterize the binding interaction.
40



Chapter 2

Sample Preparation and

Crystallographic methods

This chapter describes the experimental procedures
undertaken to prepare the peptide antagonists and the Grb7
SH2 domain protein used as a receptor for the in vitro binding
and structural studies. The first section presents the details of
solid phase peptide synthesis, purification and
characterization strategies. The second section describes the
overexpression and purification of the Grb7 SH2Z domain
protein. The last section details the crystallization and data
processing procedures undertaken for the structural studies.
Other methodologies utilized in the research undertaken for
this thesis are described in the relevant chapters which have

been prepared in manuscript format.
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2.1. Solid Phase Peptide synthesis
2.1.1. Background

Solid phase peptide synthesis (SPPS)!3 is synthesis of peptides on an insoluble
polymeric support (the solid). Introduced by Merrifield*-¢ in the 60’s, the principle
of SPPS is extended to any chemical synthesis on a solid support and is generalized
as a solid phase organic synthesis (SPOS).” The practice of SPPS is typically
undertaken in a sequence of chemical reactions termed activation, where the
electrophilicity of the carbonyl carbon of amino acids is enhanced by the
attachment of an electron withdrawing moiety;® coupling, which refers to the actual
amide bond forming reaction between the activated COOH of one amino acid and
the amino (NH2) of another amino acid; deprotection refers to the removal of amino
or side chain protecting groups; and washing/filtration step used to get rid of excess
or unused reactants and solvents. The entire procedure is cyclic where the
aforementioned reactions are repeated till all of the residues are incorporated.
Finally a cleavage reaction is effected to dislodge the peptide/protein from the
insoluble support. Typically, the amino acids are N-terminally protected (temporary
protection) with additional protection made on the side chain of the trifunctional
amino acids (permanent protection). The N-terminal protecting group commonly
utilized in SPPS are either the acid labile tert-butyloxycarbonyl (Boc) or base labile
9-fluorenylmethoxycarbonyl (Fmoc) which also serve to class SPPS as a Boc- or
Fmoc based tactic.®10 The development of activators, deprotection and protection
schemes, cleavage cocktails and insoluble supports is an active area of research and
there is a huge variety of each available to meet the desired level of orthogonality.1?
Chemical peptide/protein synthesis is effected from C to N-terminal as opposed to

the biological protein/peptide synthesis which runs from N to C-terminal.!?

Whereas the basic chemistry remains identical to the solution phase counter part,
solid phase synthesis has certain practical benefits such as (1) driving reactions to
completion via the use of excess reagents; (2) use of simple washing and filtration
to get rid of excess reagents and soluble by-products as compared to extraction and
chromatographic separation, for example; (3) minimal losses of precious material

as the product remains attached to the support throughout the synthesis.1?
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2.1.2. Synthesis of G7-18NATE analogue peptides

In this thesis, solid phase synthesis of the following peptides (see Fig. 2.1.) was
carried out employing the Fmoc based chemistry stratagem. In what follows, the

entire procedure will be described in detail.

Biotin Biotin

WFEGYDNTFPC ~ WFEGYDNTFPCRRWKMKKK ~ WFEGYENTFPCRRWKMKKK

[ S NH S NH L.
T\.H\C /CH_./. =~ /CH:/ c /(‘H_'/
I Il Il
0 0 (8]
G7-18NATE G7-18NATE-Pen-Biotin (D->E)G7-18NATE-Pen-Biotin
lIDFWGYDNEFVC\ II’FWGYDNAFLC\ }’FSGYDNQFLC\ r EWGYDNEE "C\,
S S N S NH :
NH 77 NH ~7  NH e . __CH;
. C _—-CH, . C _-CH, N C _—CH, N (“/ 2
=P 08-6110
0 08-5992 I(! 08-6028 l(! 08-6046 0
5 CH, CH,
HC—= (H = “
/"X | J
$H., Lfi_ CH CH
i Biotin | |
! ) CH, 71_.
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iFEGYDNSFPF WFEGYDNTI‘P(%ASASASK N\ FEGYDNGFP‘C '
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NH ./ NH D ; RRWKMKKK
~c —CH, ~( /(AH:/ Y\H\C /CH../S
” u || Penetratin-Biotin
(8]
0
Bicyclic G7-18NATE G7-18NATE-alaser-Biotin Allyl G7-18NATE

Figure 2.1. G7-18NATE and its Analogues. Peptides 08-6046, Bicyclic G7-18NATE and Allyl
G7-18NATE were made manually using the Fmoc-strategy whereas the rest are synthesized
in a semi automated manner. First row, G7-18NATE derivatives; second row, G7-18NATE
Analogues; third row, Bicyclic G7-18NATE and control Peptides. Amino acid letters are
shown in bold font.

The amino acids, protection and deprotection reagents, solvents, activators bases

and coupling agents used are shown in Table 2.1.

43



Chapter 2: Sample Preparation

Table 2.1: Amino Acids and reagents employed for peptides synthesis

Amino Acids:

Fmoc-Trp (Boc)-OH Fmoc-Asn (Trt)-OH  Fmoc-Glu (OtBu)-OH Fmoc-Gly-OH,
Fmoc-Tyr (tBu)-OH Fmoc-Thr (tBu)-OH Fmoc-Asp (OtBu)-OH Fmoc-Phe-OH
Fmoc-Pro-OH Fmoc-Cys (Trt)-OH  Fmoc-Arg (Pbf)-OH Fmoc-Met-OH
Fmoc-Lys(Mmt)-OH Fmoc-Ser(tBu)-OH Fmoc-Leu-OH Fmoc-Val-OH
Fmoc-Lys(Boc)-OH Fmoc-Ser(allyl)-OH Fmoc-Allyl Gly-OH

Deprotection: 20% Piperidine in DMF

Solvents: Dichloromethane, Dimethylformamide, Acetone, Methanol
N-methylpyrolidone, Ethyl acetate, Diethyl Ether, Ethanol,

Coupling Agents: Di-isopropyl ethylamine (DIPEA), HBTU, HATU, HoBt

Cleavage Solution: Trifluoro acetic acid (TFA), Tri-isopropyl Silane (TIPS),
Ethane dithiothritol (EDT), Water

2.1.3. Resin Treatment

The solid support used throughout the synthesis was Rink amide resin!3 (see Fig.
2.2). Hence all the peptides were synthesized as peptide amides. Rink amide resin is
an acid labile resin commonly employed in the synthetic preparation of amides,3
amide derivatives, and other organic molecules.1112 It is typically available as a 1-
2% divinylbenzene cross-linked polystyrene possessing a mesh size of 200-400. It
has a peptide loading capacity of up to 1.0 mmol/g and swells well in commonly

used solvents in peptide synthesis

Figure 2.2: Rink Amide Resin. ®represents the cross-linked polymeric support.

The scale of the synthesis followed in all cases was 0.1 mmole. And hence in every
case 100 mg of rink amid resin was taken to serve as an insoluble support. As the
swelling properties of polystyrene based resins vary depending on solvents and is

crucial for exposing coupling sites, the resin was swelled for 30 min in DMF added
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to about three times the resin volume. For some peptides where poor coupling was

noticed, swelling in a 1:1 mixture of DCM/DMF was carried out.

Rink amide resin itself is available as Fmoc-derivatized co-polymer.13 Following
swelling, the resin Fmoc-removal was achieved using a deprotection solution of
20%(v/v) piperidine in synthetic grade DMF. The deprotection solution was added
in three times resin volume and the reaction was effected at room temperature for
30 min with occasional stirring. This was followed by resin washing successively
with DMF (once, 3x resin volume), DCM (once, 3x resin volume) and DMF (twice, 3x
resin volume). The wash time was about 2 min in each case and vacuum was
applied to effect immediate filtration. The mechanism of Fmoc-removal is displayed

in Fig. 2.3.

O Rink Amide Féesm
o‘CH O —PS
H 0 0. >
) O
(J o

piperidine

G
ol

Fm-piperidine Adduct Rink Amide Resin(deprotected)

PS: Polymeric Support

Figure 2.3: The resin Fmoc removal reaction.
2.1.4. Kaiser Test

The successes of deprotection and manual coupling reactions were checked using
Kaiser’s ninhydrin based color reaction.l® After washing the deprotected/coupled
resin, a few resin beads were taken out, washed with 70% (v/v) ethanol/H:0. To
the dried deprotected/coupled resin 15 ul of Reagent A, 30ul of Reagent B and 15 ul
of Reagent C were added and the reaction mixture incubated at 110 °C for 5-10 min.
The absence or presence of deep blue color was used as a confirmation of coupling
or deprotection respectively, Fig. 2.4. Table 2.2 displays the composition of reagents

used in Kaiser test.
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Table 2.2: Composition of Kaiser’s test Reagents

Reagent Composition Strength
A Ninhydrin/Ethanol 5% (w/v)
B KCN/Pyridine 20 uM
C Phenol/Ethanol 76%(w/v)

o O o0_-PS o) 0

0 N Other RXN
oL — * products
e} O © O
Ninhydrin 0. Rink Amide Resin Deep Purple colored complex

Figure 2.4. Kaiser’s ninhydrin based color reaction used to check the success of Fmoc
removal and residue coupling reactions. After treating few washed resin beads with the
ninhydrin reagents, the appearance of deep blue color is taken to indicate the removal of
Fmoc group from the resin.

2.1.5. Firstresidue coupling to the resin

As is the case with the standard Fmoc-synthetic strategy, the synthesis direction
was from C-to-N terminus and hence in all the peptide amides made, the first
residue to be loaded was either Fmoc-Cys (trt)-OH or Fmoc-Lys (Biotin)-OH. All the
Fmoc-amino acids were preactivated by reaction with the activating and coupling
agents.!l The coupling agent used was HBTU (O-benzotriazol-1-yl-N,N,N',N’-
tetramethyluronium hexafluorophosphate).1”.18 As the scale of the synthesis is 0.1
mmole, 0.3 mmole (3.0 fold excess) of each amino acid and 2.9 mmole (2.9-fold
excess) coupling agents were used. The concentration of amino acids and the
coupling agent was set at 0.5 M in the first residue manual coupling and 0.2 M in the
automated microwave peptide synthesizer. The activating agent and neutralizing
agent employed was 100 ul of di-isopropyl ethylamine (DIEPA). Specifically the
manual pre-activation reaction was carried out by dissolving 113.7 mg of HBTU in
550 ul of synthetic grade DMF which in turn was used to dissolve the residues fully.
100 ul of DIEPA was added to the mixture and full dissolution was effected and a
preactivation time of 2 min was allowed. Fig. 2.5 illustrates the mechanism for the
preactivation reaction of Fmoc-Cys(trt)-OH. All the amino acid preactivation

reactions follow the same mechanism.
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Figure 2.5: The preactivation of Fmoc-Cys (trt)-OH by HBTU and DIPEA.
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Figure 2.6: The pre-activation and coupling of Fmoc-Lys (Mmt) to rink amide resin. PS
indicates the resin polymeric support
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Following 2 min of activated ester formation time, the activated Fmoc-cysteine or
Fmoc-Lys (Biotin) was added to the swollen deprotected resin to effect
coupling/loading at RT and allowed to react for 30 min. The success of coupling was
checked using ninhydrin based Kaiser’s test (see Fig. 2.6) which should be colorless.
In case of less-than optimal coupling, double coupling and/or increasing the
coupling time or use of more powerful coupling agents such as HATU was made as

alternative to effect full coupling reaction.1®

2.1.6. The biotinylation reaction

In case of biotinylated polypeptides, the synthesis was effected with the use of a
biotinylated lysine residue as a C-terminal residue. The first residue, Fmoc-Lys
(Mmt), was preactivated using HBTU and DIPEA and then loaded manually to the
deprotected resin in a similar way described for the Fmoc-Cys (trt) coupling. The
monomethoxytrityl (Mmt) side chain protecting group was selectively removed
with a cocktail of 10% acetic acid, 20% trifluoro-ethanol, and 70%

dichloromethane. The reaction was completed in 45 min at RT.

o>_NH DIPEA o
W x P W o
i rY R
Biotin

PF6"
N N-NHH N7\

HN% M /—~C+o ‘Sb HN@ \/\/U\ ; o—N\;,N

Activated Biotin

HATU
H H\///o Rink Amide
NH Q resin
O Q : ) YNH-' /\/\i
5 o_,f(N)O NH A . )é \/\)L N 0 O
ﬂ (@) — O
Biotin Fmoc-Lys

Fmoc-Lys-rink amide resin Biotin-Lys-Rink amid resin

Figure 2.7. The coupling of biotin to resin bound Fmoc-Lys residue
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Biotin was then coupled in a six-fold molar excess (0.6 mmole) using 2-(7-Aza-1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) as
coupling agents in anhydrous dimethylsulphoxide (DMSO) while DIEPA was used as
activating agent. Biotinylation reaction was carried out for 60 min at RT. The
success of the biotin coupling was checked using Kaiser’s test!3 as described above.

The biotinylation reaction is depicted in Fig. 2.7.

2.1.7. Synthesis on automated peptide synthesizer

A Liberty’s automated peptide synthesizer was used to continue the synthesis from
the first C-terminal residue.?? The system uses microwave energy to drive coupling
and deprotection reactions to completion faster than conventional heating
methods.?! Liberty employs a circular cavity reaction vessel and utilizes a single-
mode cavity that focuses a homogenous microwave energy field on the sample.?2 A
method was devised based on the scale of synthesis and sequence of each peptide
on the PepDriver software?0 of the synthesizer. The usage utilities module was then
used to calculate the amount of amino acids and coupling agents. The concentration
of amino acids and coupling agents was set to 0.2 M. Besides, 0.1 M HoBt?3 was
added to the deprotection solution-20% piperidine in synthetic grade DMF-to
suppress aspartamide formation during deprotection of Asp, Glu, GIn and Asn
residues. The coupling gent was either HBTU or HATU containing 0.1 M of HoBt.
The activator based used was DIEPA in N-methyl pyrollidone (NMP). Residues
known to be difficult to incorporate such as Arg, Trp, Phe, Asn, Thr were double
coupled and double coupling time was allowed to ensure full incorporation. All the
amino acids and the coupling agent were dissolved in synthetic grade DMF. The
microwave synthesizer was flashed and calibrated as the case may be and the
synthesis was started with the N-terminal amino acid deprotected but with no

cleavage from the resin option effected.

2.1.8. Chloracetylation reaction

Following incorporation of the residues by the microwave synthesizer, the N-
terminal amino group was capped manually. To this end, manual chloro-acetylation

was effected as follows at RT. The peptide resin was transferred to a fresh reaction
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vessel (either syringe or glass) and was put under vacuum. A successive wash with
DMF and DCM was carried out and the resin-peptide was dried at room
temperature. The capping reagent used was chloroacetic acid anhydride. For the 0.1
mmole peptide synthesis, a 171 mg of chloro acetic acid anhydride was dissolved in
2 ml synthesis grade DMF to which 80ul of DIPEA base was added. The mixture was
transferred to the resin and capping reaction was effected for 30 min. The reaction
is shown in Fig. 2.8. Kaiser’s test was used to check the success of capping. The
resin-peptide was then washed successively with DMF and DCM and dried for 60

min at RT.

Figure 2.8: The Chloracetylation reaction in the synthesis of G7-18NATE and related
peptides. Chloracetic acid anhydride is used to acetylate the N-terminal amino group while
the crude peptide is on the rink amide resin with all the side chain protecting groups
undetached from the residues. The same reaction is followed for the synthesis of the rest
peptides. Electron pushing arrows are presented so as to work in sequel.

2.1.9. Ring closing metathesis

The bicyclic G7-18NATE peptide was designed so as to make the original G7-
18NATE peptide?* more rigid by introducing another ring onto it. This additional
ring was formed using the principle of ring closing metathesis where two olefin
moieties participate in intramolecular reaction to yield cycloalkene derivative and

ethene.2> The catalyst Hoveyda-Grubbs second generation used was used in a 20
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mol% concentration.?¢ Cyclization of peptides is a general strategy to reduce the
flexibility of a peptide and thus increase the affinity toward a receptor.?” The ring

closing metathesis reaction is shown in Fig. 2.9.

5

A\ © O-allyl Serine
o

o
Q NH
Hoveyda-Grubbs < CI O O

2nd generation catalyst cr- Ru

ToEe

20 mol%, 48hr,RT

Figure 2.9. The ring closing metathesis reaction

After manual incorporation of the residues, 20 mol% excess of the second
generation Hoveyda-Grubbs catalyst over the expected peptide weight of the resin
bound protected peptide was dissolved in DMSO and the reaction allowed to run for

48 hrs at RT.
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2.1.10. Cleavage, Precipitation and Dissolution of Peptides

Cleavage and deprotection reactions are one of the most crucial steps in peptide
synthesis. There exist several procedures describing a variety of cleavage and
deprotection methods for peptides synthesized with an Fmoc strategy.282° Most of
these techniques are TFA-based, and differ primarily in the final concentration of
TFA, types of scavengers used, and reaction times which in turn is mainly dictated
by the amino acid composition of the peptide to be cleaved. In the present case, the
washed and dried resin-peptide was subjected to the cleavage reaction as follows.
The total dry weight of resin-peptide was noted and volume of cleavage solution
required was computed based on the dry mass to be 20 ml of cleavage solution per
gram of peptide-resin (20 ul/mg). The composition of the cleavage solution used
was 94.5%TFA/2.5%TIPS/2.5%MQ H20/0.5% EDT and the cleavage time was 3-4
hrs. After this 3-4hrs of cleavage time, TFA was evaporated under stream of

nitrogen gas till the resin is dried. Figure 2.10 displays the cleavage reaction.

Peptide precipitation was achieved using ca. 50 ml cold diethyl ether in a 50 ml
plastic tube kept in ice. Precipitation time was set for ca. 30 min on ice. The peptide
was filtered with a sinter glass filter. The sintered-glass filter was washed
successively with H20, DMF, DCM, Acetone, DCM and finally with diethyl ether and
dried briefly over oven. The peptides were dissolved and filtered with successive
small volumes of 50% ACN/H:0 (three 2 ml and two 3 ml while dissolving/mixing
for about 2 minutes before filtration during each additions) into small round bottom
flask. The filtrate was freeze-dried using dry ice/acetone mixture and lyophilized

overnight or over the weekend.

2.1.11. Removal of CO; adduct

Tryptophan containing peptides are notorious for forming adduct with CO2. This
was evidently present when analytical reverse phase high performance
chromatography showed unresolved peak. The strategy followed to get rid of the
adduct was to treat the crude peptides with 10% acetic acid 50% acetonitrile in
water solution at 2 mg/ml peptide strength. The adduct removal solution was
carried out for 1 hr at room temperature. Following this treatment, the peptide
solution was freeze-dried and lyophilized.

52



Chapter 2: Sample Preparation

HoN

CI-CH,-C(0)-WFEGYDNTFPC

Figure 2.10: The cleavage reaction. This rxn removes all the side chain protecting groups
and is used to dislodge the peptide off the resin.

2.1.12. Thioether formation

Thioether formation reaction was conducted on the fully deprotected peptide by
exploiting the unique property of thiols to easily get deprotected to thiolates above
pKa of 8.0. To generate the thiolate ion, the crude lyophilized peptides were
dissolved in folding buffer of 50 mM NH4HCO3 in 50% ACN/H:0, pH 8.0 at a
strength of 2 mg/ml. Thioether formation was achieved in 1 hr. reaction at RT (Fig.
2.11). The folding buffer was prepared first as 100 mM NH4HCO3 (197.5 mg) in 25
ml of MQ water, pH 8.0 that was subsequently diluted with another 25 ml of 100 %

acetonitrile to yield 50 mM buffer solution.
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Figure 2.11: The Ring forming Reaction. Rxn of G7-18NATE formation is shown as an
example. The thiolate ion participates in nucleophilic displacement of chlorine atom from
the crude peptide to form the thioether ring. NH4HCO3 also removes the HCl produced into
CO; and water.

As with the adduct removal treatment, when there is an insolubility problem a 2 to

4.0 M urea was used to effect complete dissolution. At the end of 1 hr. folding, the

completion of the reaction was checked with Mass spectroscopy and HPLC.

Additional 30-45 min was waited in case there is incomplete cyclization reaction.

2.1.13. Peptide purification

Peptide purification was conducted using HPLC (Agilent, Australia) on C18 reverse

phase preparative columns (2.2cmx25cm, Vydac28TP1022). The mobile phase A
contained 0.1%TFA/Water while mobile phase B comprised 0.1%TFA 80%

acetonitrile in water. All buffers were filtered using 0.45 uM filter. The lyophilized
peptides were dissolved in 1.5 equivalents of MQ H20/0.1%TFA/20%ACN and 2 M

urea as needed to aid in solubility. A linear gradient was developed and purification

on 20-80% acetonitrile/0.1% TFA over 60 min on an equilibrated HPLC column
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with a flow rate of 6 ml/min. Detection was performed at 214 and 280 nm and
fractions were collected by hand. Experiments were carried out at a flow rate of 6
mL/min, at ambient temperature. The appropriate fractions were pooled and
lyophilized. Fractions collected were confirmed by electrospray mass spectrometry

and analytical reverse phase HPLC.

2.1.14. Mass spectrometry analysis

The progress and success of capping and folding reaction and also the final identity
of preparative HPLC collected fraction and the final peptide purity was conformed
with electrospray mass spectrometry (Agilent, Australia) in conjunction with
reverse phase analytical HPLC. Negative ion mode of ion generation was employed
for G7-18NATE and a positive ion mode was pursued for the penetratin containing
peptides. For the negative ion mode, an amount of peptide enough to form a 0.5
mg/ml solution was dissolved in 10 mM NH400CH3/50%ACN solution while for a
positive ion mode the solvent used was 0.1%TFA/50% ACN/H-O0.

2.1.15. Results and Discussion of peptide synthesis

The synthetic outcome of the peptides is summarized in Table 2.1.3. As shown in
the table, the synthetic yield varied from 2 to 17 % based on the theoretical
outcome expected on the scale of the synthesis taken. These figures may not be
strictly applied since up to 6-fold excess of reactants were used in some instances,
as is typically the case in peptide synthesis. Nevertheless, it provides a comparative
assessment of the outcome of the synthetic effort. In particular, it is to be noted that
the penetratin and peptides with containing the penetratin tail are found to be
associated with poor yield. This appears to be the result of the sequence
composition of penetratin-a contiguous sequence of positively charged residues.
Such a motif is termed as a “difficult sequence” in peptide synthesis3%31 for the fact
that such amino acids are hard to incorporate. Different strategies such as the use of
excess reagent amino acids, use of more powerful coupling agents such as HATU in

lieu of HBTU and doubling the coupling time have been attempted.32
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Table 2.3. Synthetic yield of peptides

S.No. Peptide Molecular Mass Yield
Expected Observed Actual Theoretica Percent
(mg) 1(mg)
1 G7-18NATE 1417.6 1417.1 22 141.7 15.53
2 G7-18NATE-Pen- 2787.2 2786.5 5.8 278.6 2.1
Biotin
3 (D->E)G7-18NATE- 2798.6 2798.8 7.0 279.6 2.5
Pen-Biotin
4 Penetratin-Biotin 1385.02 1385.1 6.5 138.5 4.69
5 08-5992 1415.0 1415.4 11.2 141.5 7.92
6 08-6028 1370.6 1370.8 18.3 137.06 13.35
7 08-6110 1428.6 1429.0 25.0 142.86 17.50
8 08-6046 1328.5 1328.8 10.0 132.85 7.53
9 G7-18NATE-alaser- 2245.3 2245.6 10.0 224.53 4.45
Biotin
10 Bicyclic G7-18NATE = 1355.5 1355.1 4.1 135.55 3.02
11 Allyl G7-18NATE 1323.5 1323.6 5.5 132.35 4.16

Of the polypeptides made, 08-6046, bicyclic G7-18NATE and Allyl G7-18NATE were
prepared entirely by hand. The polypeptide 08-6046 was made manually for the
synthesizer was down for some time. The reason for the other two peptides manual
synthesis was different, however. It was because the O-allyl serine residue was
considered to be unstable under microwave condition. After incorporation of the
residues by hand or machine, chloracetylation was effected prior to cleavage from
resin. This was important as potential chloracetylation sites exist such as NHz and
other nucleophilic sites on other residues. The ring closing metathesis was effected
on resin so as to avoid poisoning of the catalyst by thiols and NH; groups of
residues. In what follows the mass spectra and the analytical LC chromatogram

confirming the identity and purity of the peptides made will be presented.
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2.2. Expression and Purification of Grb7 SH2 domain

The SH2 domain of Grb7 corresponding to residues 415-532 was used as a receptor
for in vitro binding and crystallization experiments. The expression and purification

of the Grb7 SH2 domain will be presented below.

2.2.1. Transformation of Grb7 SH2 domain

The pGex2T plasmid encoding human Grb7-SH2 domain corresponding to the
residues 415-532 as well as Glutathione-S-Transferase (GST) gene as a fusion
protein for purification purpose was obtained from Roger Daly.32 The strain of E.
coli used as the expression host was BL21 (DE3) pLysS DH5a.33 The pGex2T
plasmid paper containing the Grb7 SH2 domain gene was cut and soaked with 5 ul
HEPES buffer pH 7.4 in a 1.7 ml falcon tube. The mixture was vortexed for 1 min and
then kept at RT for 2 min to ensure full extraction of the plasmid. This was followed
by centrifugation for 1 min with 5000rpm at 4 °C on a desktop Eppendorf centrifuge
(http://www.eppendorf.com. au). The 5 ul plasmid solution was then transferred to
50 wl of the competent BL21 (DE3) pLysS DH5a E. coli cell strain33 with a
subsequent incubation on ice for 30 min. The mixture was heat shocked at 42 °C
using warm water for 45 seconds. Further incubation on ice for 2 min was effected
afterwards. The cell mixture was subsequently added to 350 ul of sterile LB broth
media containing no antibiotics and incubated for 1 hr. at 37 °C, 250 rpm. Table
2.2.1 shows the composition of the culture medias. 200 ul of the transformation
mixture was then plated onto LB agar plates containing selective antibiotics (100
ug/ml of Ampicillin and 100 ug/ml of Chloramphenicol). The LB agar plate was
prepared near a hot flame area previously cleansed with a spray of 100 % ethanol.
30 ml of the melted LB agar media was obtained to which both Ampicillin and
Chloramphenicol were added to obtain desired final antibiotic concentration of 100
ug/ml. Following this, the LB agar media containing the antibiotics were poured to
the plates and spread to cover the whole surface and allowed to stand for 1 hr at
room temperature. The prepared agar plates were used to incubate the 200 ul of
the transformation mixture overnight at 37 9C in Ratek orbital mixer incubator

(http://www.ratek.com.au/).
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Table 2.2.1. Culture Media Composition for 1L culture

Constituent Culture (gram)
LB Broth LB Agar
Tryptone 10 10
Yeast Extract 5 5
NaCl 10 10
Glucose 1 1
Agar @ - 15

2.2.2. Over expression of Grb7 SH2 domain

Grb7 SH2 domain is over-expressed as fusion protein with the GST tag34 as follows.
The medium used for the overexpression was the LB broth and was prepared in a
batch of 4L culture media. After dissolving the components into a 4L beaker, the
solution was divided and transferred to four 1L flasks. 100 ml of the same media
was also made and the five flasks with their contents were autoclaved. Following
this, the flasks were brought to room temperature. 100 ul of 100 mg/ml of
Ampicillin and Chloramphenicol was added to the 100 ml flask LB media at the
flame area to get a final antibiotic concentration of 100 ug/ml. A single colony from
the previous transformation culture was inoculated into the 100ml culture media.
Incubation was carried out on an incubator-shaker overnight at 37 °C at 250 rpm. In
the event of growth failure, a regrowth was initiated: 40 ml sterile LB broth media
was taken to which a single colony from the stored plates or scratch from the
glycerol stock was inoculated and incubation carried out in the incubator-shaker at
37 degrees at 250 rpm overnight. When the overnight culture was successful, 10 ml
of it was inoculated into each of the four 1L sterile LB culture media previously
prepared. This was followed by incubation at 37 degrees at 250 rpm on orbital
mixer incubator (Ratek, http://www.ratek.com.au/). After ca. 3 hours of the optical
density was checked by measuring the absorbance at 600 nm using 1 ml culture
solutions from one of the flasks. When the absorbance reading was close to 0.6, cell
induction with isopropyl [B-D-1-thiogalactopyranoside (IPTG) was effected as
follows. The flaks were taken out of the shaker-incubator and cooled to room
temperature for 30 min and 400 ul of 1M IPTG was added to each flask to have a
final IPTG concentration of 400 uM. Then, cell growth was continued at 28 °C for

41/2 hours with Innova®44 refrigerated incubator shaker (News Brunswick,
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http://www.nbsc.com) shaking at 250 rpm speed. The contents of the flasks were
transferred into six 800 ml rubber centrifuge tubes. Cells were harvested by
centrifugation (5000 rpm, 20 min, 4 °C) on SORVALL Evolution centrifuge (Thermo
scientific, http://www.thermoscientific.com) with SLC-6000 rotor. The supernatant
was discarded. The cell pellets were resuspended in ice cold PBS and transferred to
50 ml falcon tubes. The cell pellets were re-centrifuged (15000 rpm, 15 min,4 °C) on
SORVALL Evolution centrifuge with SS-34 rotor. The supernatant was discarded
and the cell pellets stored in -80 9C till desired.

2.2.3. Cell Lysis

The cell pellets from the previous 2L culture was resuspended to homogeneity with
about 50 ml cell lysis buffer on ice. The cell lysis buffer has the following
composition prepared from the corresponding stock solution as given in Table 2.2.2.

and Table 2.2.3.

Table 2.2.2. Composition of cell lysis buffer (250mL)

Component Required stock solution
1 x PBS 25mL 10 x PBS
2mM EDTA 1 mL 0.5M EDTA
0.5% Triton-X 100 1.25 mL 100% Triton-X 100
1 mM DTT 250 ul IM DTT

Note: PBS = phosphate buffer saline; DTT = dithiothritol;
EDTA = ethylenediamine tetra acetic acid

Table 2.2.3. Composition of the 10 X PBS buffer

Component Amount
1.36 M NaCl 80g
27 mM KCl 2g
0.1 M NazHPO4 144 g
18 mM KH2HPO4 24¢g
MQ H20 to 1L

This was followed by sonication on ice for 6x10 seconds with 30 seconds cooling
period on SoniPrep 150 plus bench top Sonicator (http://www.mseuk.co.uk). For
some of the purification steps, EmulsiFlex-05 high-pressure homogenizer
(http://www.avestin.com/) was used to break up the cells with four to five

passages through the homogenizer at a pressure of about 1500 psi. The cells were
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then spanned at 15,000 rpm, 4 °C for 45 min at a previously cooled SORVALL
Evolution centrifuge (http://www.thermoscientific.com). The supernatant was
retained and filtered via a 0.20 uM Millipore Steritop™ Filters (www.millipore.com).
A succession of chromatographic separation/purifications was made to get the final

pure Grb7SH2 domain as described below.

2.2.4. Affinity chromatography separation

The first stage in purification was running an affinity chromatography. A
Glutathione-S-Transferase column (GE health care, www.gelifesciences.com) was
used to separate GST-Grb7 fusion protein from any other impurities or degradation
products in an affinity based separation.?> The 5 ml column was attached to
peristaltic pump P-1 (www.gelifesciences.com) system and was equilibrated by
washing successively with 30 ml of MQ water, 30 ml of wash buffer and 30 ml of cell
lysis buffers. All buffers and the MQ water were filtered through a 0.2 uM filter prior
to use. The protein was loaded at a flow rate of 1 ml/min. The buffers used for

affinity chromatograph purification have the composition indicated in Table 2.2.4.

Table 2.2.4. Composition of wash and elution buffers used

Wash Buffer Elution Buffer, pH 7.4 (100ml)
Composition Quantity Composition Quantity
1 x PBS 25ml 10 x PBS 1 x PBS 10 ml 10 x PBS
0.5% Triton- 1.25ml 100% 0.5%Triton- 0.5 mL 100%
X100 Triton-X 100 -X 100 Triton-X 100
1 mM DTT 250 wl of IMDTT 1mMDTT 100 wl of 1M DTT
MQ-Water to 250 ml 10 mM GSH 0.3072 g GSH

MQ-Water to 100 ml

Following the equilibration, the filtered supernatant solution was bound to the GST
column (www.gelifesciences.com) at a flow rate of 1 ml/min. A wash with 10 ml of
cell lysis buffer was effected prior to elution. The solution as well as the eluent
fractions flows through and washes were all collected/kept on ice. Elution was

effected using 45 ml of the elution buffer. Three to four 10 ml eluent fractions were
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collected. Following elution the column re-equilibrated by washing with 30 ml of
MQ water, 30 ml of wash buffer and 30 ml of cell lysis buffer. The flow through
collected from the first binding was rebound to the column and elution was effected
as described above. After collecting another three 15 ml eluent fractions from the
second rebinding, the collected six fractions and the washes as well as the soluble
and insoluble components from the cell lysis centrifugations were checked by
carrying out electrophoresis on a 15 % SDS-PAGE gel.3¢ Fractions that contain the
target fusion protein were combined and cleaved with thrombin overnight at cold
room on a rotator. 75 units of thrombin3” were used for 50 ml of GST-Grb7SH2

fusion protein.

2.2.5. SDS-PAGE Gel Electrophoresis

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was used
to monitor the success of over expression and purification protocols.383% SDS-PAGE

was carried out with Mini-PROTEAN Tetra Cell apparatus (ttp://www.bio-rad.com).

Table 2.2.5: Buffer composition for the SDS-PAGE Electrophoresis

Running Buffer (1L) Stacking Gel (5 ml) Resolving Gel (10%, 10 ml)
Component Quantity Component Quantity Component Quantity
Glycine 72 g 40% Acrylamide 0.5 ml 40% Acrylamide 4.5 ml
Tris 15g MQ Hz20 2.65ml  MQH20 3ml
SDS 5g 0.5MTris,pH6.6 1.75ml  0.5MTris,pH 6.6 2.5ml
MQ Hz0 tolL 10% SDS 50 ul 10% SDS 100 wl
10% APS 50 ul 10% APS 100 wl
TEMED 5ul TEMED 10 wl

Note: SDS= sodium dodecyl sulphate; Tris= tris (hydroxymethyl) amino methane; APS=
ammoniumpersulphate; TEMED= Tetraethylmethylenediamine

1.5 mm thick gels were prepared. 5 ul of Mark 12™ Jow molecular weight protein
standards were run per gel as a reference standard. The stacking and resolving gel
and buffer composition pursued for preparation is given in Table 2.2.5 of the gel
and running buffer. The SDS run was effected as follows: 10 ul of protein fractions
were mixed with 1 ul of Coomassie Brilliant blue dye. The mixture was denatured at

ca. 100 °C for 5 min and was centrifuged for 1 min. 10 ul of the denatured fractions
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were loaded to the gel wells. Gels were electrophoresed at 200 V and 400 mA for 45
min. Following this, gels were stained for 20 min and de-stained thereafter for
another 20 min. Table 2.2.6 depicts the composition of the staining and destaining
buffers. The appearance of peaks corresponding to the expected molecular weight

of either GST-Grb7 SH2 (M.wt. ca. 38, 672) or Grb7 SH2 (M.wt. = 13, 672) was

watched.
Table 2.2.6: Staining and de-staining buffer composition
Staining Buffer Distaining Buffer
Component Quantity Component Quantity
100% Ethanol 450 ml Methanol 2.25L
Glacial acetic acid 100 ml Glacial acetic acid 500 ml
Commassie Blue 25g MQ H20 2.25L
MQ H20 to 1L
Mol. Wt 23 4.5 6

- GST-Grb7 SH2

1. 2.3 4 5 g
75 Da -EL 1
37 Da—» == :

: -

-

1 = Marker; 2 = Flowthrough; 3= Wash
4= Insoluble; 5= Soluble; 6 = Elluent

Figure 2.2.1. SDS-PAGE of Grb7SH2 from affinity chromatography separations

2.2.6. Dialysis

The next stage in the Grb7 SH2 purification was dialysis.*® The solution from the
overnight thrombin cleavage at cold room was dialyzed first into 1 L of ion
exchange buffer A for three hours and then into the another 1 L ion exchange buffer
overnight. The dialysis was carried out in dialysis membrane of MWCO 3500
(www.eppendorf.com). The ion exchange buffers were cooled at cold room for 1 hr
prior to use. The dialysis was effected at 4 °C in a cold room with the buffer being
stirred continuously using a magnetic stirrer. The composition of the ion exchange

and size exclusion buffers used is shown in Table 2.2.7.
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Table 2.2.7. Compositions of cation exchange and size exclusion buffers

Ion Exchange Buffer A Quantity (500 mL) Quantity (1L)
20 mM HEPES, pH 7.4 10 mL 1M HEPES 20 mL 1M HEPES

20% Glycerol 100 mL 200 mL
1MDTT 500 ul 1 ml
MQ H20 to 500 ml tolL

Ion Exchange Buffer B Quantity (500 mL) Quantity (1L)
20 mM HEPES, pH7.4 10 mL 1M HEPES 20 ml 1M HEPES

20% glycerol 100 mL 200 ml

1 M NaCl 29.22g 584¢g

1 mM DTT 500 ul 1ml

MQ H20 to 500 ml tolL

Size exclusion buffer Quantity (500 mL) Quantity (1L)
50 mM Mes, pH 6.6 488¢g 9.76 g

100 mM NacCl 292¢g 5844 g

1 mM DTT 500 ul 1ml

MQ H20 to 500 ml tolL

2.2.7. Cation Exchange Chromatography

After extensive dialysis, cation exchange chromatography*! purification was used to
separate Grb7 SH2 from GST, degradation products and other contaminants. It was
carried using 5 ml HiTrap cation exchange column (GE healthcare,
www.gelifesciences.com) connected to BioLogic Duo Flow chromatography system
(Bio-Rad laboratories, www.bio-rad.com). All buffers were 0.2 um filtered prior to
use. The HiTrap column was equilibrated as follows: 30 ml of MQ water at a flow
rate of 1.5 ml/min, 30 ml of ion exchange buffer A, 10 ml of lon exchange buffer B

and then 45 ml of ion exchange buffer A.
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Salt gradient

Grb7 SH2 trace
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1 = Marker; 2 = Flowthrough; 3= Wash

4-2 = Elluent fractions

Figure 2.2.2. SDS-PAGE of Grb7SH2 (top) and the Chromatogram form lon Exchange
chromatography purification (bottom)

The dialysate was bound to the HiTrap column at a rate of 1.0 ml/min. The column
was attached to the BioLogic’s fast protein liquid chromatography (FPLC) system.
The FPLC tubing’s were purged with about 5 ml of ion exchange buffer A. Peak
elution was monitored at 280 nm and fractions were collected and analyzed using
the 18 % SDS-PAGE electrophoresis. Fractions containing the Grb7 SH2 domain
were pooled and dialyzed into size exclusion buffer for 3 hrs and then overnight at
cold room (4 °C). The SDS-Gels and cation exchange chromatogram is shown in Fig.

2.2.2.
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2.2.8. Size Exclusion Chromatography

The last stage in the purification strategy was carrying out a size based
chromatographic separation/purification.#? Size exclusion chromatography was
used to further cleanup any remaining contaminants. First the dialysate was
concentrated to 5 ml using bench top Eppendorf centrifuge and Amicon® Ultra-4
Centrifugal concentrators with MWCO 3500 (http://www.millipore.com). The size
exclusion chromatography was conducted on Superdex™ 75 10/300 GL column
(http://www.gelifesciences.com) connected to a BioLogic Duo Flow
chromatography system (Bio-Rad laboratories). The column was pre-equilibrated
with MQ water and size exclusion buffer at a flow rate of 0.5 ml/min. The
absorbance of the protein at 280 nm was followed and fractions collected. The
purity of collected fractions was determined using the SDS-PAGE electrophoresis.
Fractions containing pure SH2Z domain were pooled and concentrated. The
concentrated Grb7 SH2 domain was kept in the fridge till desired. The SDS-Gels and

Size exclusion chromatogram is shown in Fig. 2.2.3.

2.2.9. Protein concentration determination

Cary 100 UV-Vis spectrophotometer (http://www.varianinc.com) was used to
determine the concentration of Grb7 SH2 domain with the wavelength of
absorbance set at 280 nm. Beer-Lambert formula was used to get concentration

from the absorbance reading of the spectroscope as follows:

A=c¢.cl

Where

A = measured absorbance at 280 nm

€ = Theoretical absorptivity co-efficient at 280nm (8480 M-1cm-1)
C = concentration in molarity, and

1=the path length in cm

The molar absorptivity co-efficient was computed from the primary sequence of the

Grb7SH2 domain.43
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Figure 2.2.3. Size Exclusion chromatography purification. Top: Chromatogram showing the
elution peak of Grb7 SH2 domain. Bottom: SDS-PAGE of Grb7SH2 domain

2.2.10. Results of Grb7 SH2 domain preparation

The protocol for Grb7 SHZ domain overexpression and purification is well
established. In this thesis, it and the F511R Grb7 SH2 mutant in one, was used for in
vitro binding (isothermal titration calorimetry and ThermoFluor based
denaturation experiment) and for structural studies (X-ray crystallography). The
over all yield of Grb7 SH2Z domain expression and purification was in the region of

5-18 mg from a 2 L culture media.
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2.3. Crystallography methods
2.3.1. Crystallization

The purified protein sample was concentrated using Eppendorf concentrator of
MWCO of 3500 cutoff at 4 °C to 7 mg/ml corresponding to about 511 puM in
molarity. The crystallization set up was conducted for both the apo and holo forms
of Grb7 SH2. The hanging drop vapor diffusion method was used to set up the
crystallization trials with 24 well tissue culture plates.#4#4> First, a layer of
vaseline/grease was applied around the top edge of the wells. The wells were then
filled with 500 pl of precipitant solution. For the apo form of Grb7 SH2, 1 pl of the
protein was mixed with 1 pl of the reservoir solution to make a final drop of size 2
pl. For the co-crystallization trials, 1.5:1 molar ratio of the bicyclic peptide with
Grb7 SH2 domain was prepared first. The prepared complex solutions were mixed
with the reservoir in a 1:1 ratio to form 2 pl drops. The cover slip on which the drop
was deposited was sealed afterwards. All the protein and protein/peptide complex
solutions were filtered prior to making the drops. A variety of commercially
available screens such as Hamptons and SIGMA screens were tried. All the
crystallization set-ups were carried out at room temperature and kept and

monitored in temperature controlled room at 20 °C.

2.3.2. Crystal Optimization

Once initial crystals were obtained and confirmed to be protein by diffraction
measurements, crystal optimization was effected by micro and macro-seeding
experiments.4647 Typically, the crystallization condition that produced the first
crystal was prepared by hand and filled into 4-6 wells. The apo and complex drops
were made as described above. Micro seeding experiment was conducted by the use
of a cat whisker to streak seed the microcrystal into the newly setup drop over the

reservoir condition.*®

2.3.3. Data Collection

Diffraction data were collected using a Rigaku RU-200 rotating anode Cu Ko source
(40kV, 100 mA); equipped with an R-axis [V++ detector (Rigaku, TX, USA). Data was

also collected at the Australian Synchrotron to get better diffraction using the
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Macromolecular Crystallography (MX2) beam line. Crystals were soaked briefly in a
cryoprotecant composed of 20 % v/v glycerol/mother liquor prior to data
collection. The crystals were then flash frozen in liquid nitrogen. Crystal diffraction

experiments were conducted at 100 K maintained by stream of N3 gas.

2.3.4. Data Reduction

The diffraction data collected at the Australian Synchrotron was indexed by XDS48
while XDSCALE and XDSCONV functionalities were used respectively to scale and
convert the reflections data to a format suitable for subsequent processing
packages. Diffraction data collected at the in-house Rigaku detector were processed
with MOSFLM%° and scaled by SCALA.59 In both cases, the data were scaled to a
resolution so that average I/o value in the highest resolution bin was greater than
2.0. 5% reflections were flagged for cross-validation during refinement at random.
Following scaling, the number of protein molecules and the water content of
asymmetric unit was estimated using Matthew’s analysis.>® The Matthews co-
efficient (Vin) was determined by dividing the volume of the asymmetric unit by the
molecular weight of the protein in the asymmetric unit in the CCP4i suite.>! The
number of protein molecules in the asymmetric unit was estimated to be a value
which gave a Vin between 1.6 and 3.5 A3/Da, about 50 % water content and a higher

probability.52

2.3.5. Phasing

Experimental phasing was effected by molecular replacement as the crystal
structure of the apo form of Grb7 SH2 was already published (PBD ID: 2QMS).52 The
molecular replacement solution was determined using MOLREP>3 or PHASER>*
from Collaborative Computational Project Number 4 (CCP4).55 MOLREP and
PHASER estimates the position of the unknown structure in the asymmetric unit by
positioning a known structure of the homologous protein within the asymmetric
unit and assessing how well the calculated structure factors agree with observed
structure factors. The template structure>? was available as a tetrameric complex
and hence pre-treated by removing its water molecules and the other three chains.

The MOLREP experiment was effected by applying the multicopy search option. For
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PHASER run, the similarity to the input structure was set to 0.8. Molecular
replacement was carried out in the space group determined from data processing
and scaling. In addition the number of molecules per asymmetric unit searched for
during molecular replacement was based upon the results of the Matthews analysis.
The solutions obtained from the molecular replacement were then subsequently

submitted for refinement and further processing.

2.3.6. Refinement

Following data reduction, scaling and phasing, structure refinement was carried out
using REFMAC5%6 in the CCP4 suite. During refinement the co-ordinate parameters
were minimized to satisfy a maximum likelihood target on amplitudes.>’ Initially
rigid body refinement was applied with no prior phase information. This was
followed by restrained refinement. Temperature factors were refined isotropically
and TLS refinement was made in sequel. The test reflections set aside previously
were used as a cross validation set to calculate Reee.>® A typical ARP_WATERS cycle
was applied using the default parameters to analyze solvent models and the
removal of poorly fitting atoms. The added water molecules were subsequently
analyzed using COOT5%¢% and some water molecules were removed depending on
the shape of the electron density. Following refinement, m|F,|-D|F¢| and 2m|Fo|-
D|F¢| maps, where m is the figure of merit and D is an estimate of error in the
structure based on co-ordinate errors, were generated using REFMACS from the

CCP4i suite and read into COOT for model building.

2.3.7.Model Building

Manual model building was undertaken in COOT>%60 using the electron density
maps generated during the REFMACS5 refinement. The model building cycle
involved building into both 2m|Fo|-|Fc| contoured at 1.0 o, and m|Fo|-|Fc| electron
maps contoured at 3.0 o. During the building process, side chain groups that did not
fit to the electron density were fit using the rotamer conformation that best fit the
environment immediately surrounding the side chain. In the final stages of model
building, water molecules were built manually into regions of spherical and positive

electron density that were within hydrogen bonding distance of protein or other
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water atoms. Any regions of potential ligand density were also identified and
manually built into. Ramachandran plot, rotamer, geometry and density fit analyses
were utilized to aid the model building process. Finally, PROCHECK®! was used to
assess the quality of the model and adjustments were made to residues that were
described as having bad contacts, Ramachandran outliers or had bond lengths or
angles greater than two standard deviations away from the mean. The refinement
and manual building cycle was continued until peaks no greater than 4o or less than

-40 were present in the |Fo|-|F¢| map.

The methods were used to to sove the structure of he Grb7 SH2 domain apo and in

complex with with the peptide to high resolution.
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Chapter 3

Uptake of a cell permeable G7-18NATE
construct into cells and binding with

Grb7-SH2 domain

This chapter describes the design of cell permeable
derivatives of G7-18NATE. A short cell permeablising
sequence was identified, attached on the N-terminus of G7-
18NATE and its impact on in vitro binding affinity of G7-
18NATE investigated by ITC. Finally, cellular uptake studies
were conducted to see its ability to shuttle G7-18NATE across

cell membrane.
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ABSTRACT:

Grb7 is an adapter protein found to be overexpressed in
several breast and other cancer cell types along with
ErbB2. Grb7 is normally an interaction partner with
focal adhesion kinase and in cancer cells also aberrantly
interacts with ErbB2. It is thus implicated in the
migratory and proliferative potential of cancer cells.
Previous studies have shown that the phage display-
derived cyclic nonphosphorylated inhibitor peptide, G7-
18NATE, when linked to Penetratin®, is able to interfere
with the interaction of Grb7 with its upstream binding
partners and to impact on both cell migration and
proliferation. Here we report the synthesis of a
biotinylated G7-18NATE covalently attached to just the
last seven residues of Penetratin® (G7-18NATE-P-
Biotin). We demonstrate that this construct is taken up
efficiently into MDA-MB-468 breast cancer cells and
colocalizes with Grb7 in the cytoplasm. We also used
isothermal titration calorimetry to determine the binding
affinity of G7-18NATE-P-Biotin to the Grb7-SH2
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domain, and showed that it binds with micromolar

affinity (K; = 14.4 pM), similar to the affinity of G7-
I8NATE (K; = 35.4 uM). Together this shows that this
shorter G7-18NATE-P-Biotin construct is suitable for
further studies of the antiproliferative and antimigratory
potential of this inhibitor. © 2010 Wiley Periodicals, Inc.
Biopolymers (Pept Sci) 00: 000-000, 2010.

Keywords: Grb7 adapter protein; SH2 domain; non-phospho-

rylated cyclic peptide; peptide inhibitor; penetratin; cell uptake;
co-localisation; breast cancer cells
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INTRODUCTION
uman growth factor receptor bound protein 7
(Grb7) is a 532-amino acid protein that was origi-
nally identified as a binding partner for activated
epidermal growth factor receptor (EGF-R)." Grb7 is
a member of a family of proteins that includes two
other homologous proteins, Grb10 and Grb1
teins share a conserved multidomain structure with domains
that mediate both protein—protein and protein-lipid interac-
tions. These domains include an N-terminal proline rich do-

4.** These pro-

main, a Ras-associating-like (RA) domain, a pleckstrin
homology (PH) domain, a C-terminal src-homology 2
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(SH2) domain, and a region between the PH and SH2
domains termed the BPS domain.” Notably, these proteins
share a region with sequence homology to the Mig-10 C. ele-
gans gene required for migration of neuronal cells in embry-
onic development, suggesting a role for the Grb7 family in
cell migration.*

Grb7-family proteins function as adaptors, coupling acti-
vated tyrosine kinase receptors to downstream signaling
pathways. Grb7 upstream binding partners include the mem-
bers of the ErbB (also known as HER) receptor family™® and
focal adhesion kinase (FAK)” whose activities play a critical
role in the regulation of cell proliferation and migration,*’
and interactions with other tyrosine kinases have also been
reported.'®'! Although a large number of binding partners
functioning upstream of Grb7 have been identified, the pre-
cise downstream events leading to cell proliferation and
migration are not yet elucidated.

Studies have shown that Grb7 is involved in cancer cell
progression. Although Grb7 normally binds to the cytoplas-
mic domain of the ErbB3 receptor, in cancer cells it has
been found in tight association with the ErbB2 receptor
that plays a major role in cancer cell proliferation.® Grb7 is
tightly coamplified with ErbB2 in breast cancer cell lines,
and there is also a strong correlation between ErbB2 and
Grb7 overexpression in oesophageal and gastric carci-
noma.'>"? A role for Grb7 in the transition from low-grade
to high-grade tumor has also been reported. Coamplifica-
tion and coexpression of Grb7 and ErbB2 is found in high-
grade invasive Barrett’s carcinoma, but not in less aggressive
tumors.'* Similarly, Grb7 expression is increased markedly
in high-grade but not in low-grade chronic lymphocytic
leukemia.'”> There is also compelling evidence that impli-
cates Grb7 in cancer cell migration. Grb7 is found in focal
adhesions in association with FAK'® and plays a key role in
integrin-mediated signal transduction in cell migration.'”
Overexpression of Grb7 has been shown to enhance cell
migration, whereas inhibition of the Grb7 resulted in the
inhibition of cell migration.” Taken together, these studies
have made the Grb7 an attractive target in the development
of anticancer therapeutics.

The interaction between Grb7 and its partners is mediated
by the SH2 domain (residues 416-532) of Grb7.® This do-
main therefore constitutes a good target for the inhibition of
Grb7 with its upstream binding partners. To this end, a non-
phosphorylated peptide inhibitor was developed using a
phage-displayed peptide library method."® This peptide con-
tains 10 amino acids flanked by two terminal cysteines (seq:
CWFEGYDNTEFPC) to create a cyclic peptide through disul-
fide linkage. The peptide was then synthesized as a redox-sta-
ble thioether bridged analog, referred to as G7-18NATE. The

ID: jaganm Date: 23/2/10 Time: 19:45

cyclic nature of the peptide was found to be necessary for
binding to Grb7-SH2 domain, as also seen for Grb2-SH2 do-
main interaction with its YXN motif peptide targets. The G7-
18NATE peptide, however, binds with high specificity (does
not bind to the Grb2 or the closely related Grb14) and has
been shown to specifically inhibit the association of Grb7
with ErbB2.

Cellular studies with the G7-18NATE peptide have shown
that it is able to interfere with both cell proliferation and cell
migration.'*?’ Since peptides of the size and composition of
G7-18NATE are generally impermeable to the cell mem-
brane, cell permeable forms of the peptide were constructed
by the covalent attachment of carrier peptides Penetratin©
or Tat. Cell permeable G7-18NATE was shown to inhibit pro-
liferation in several breast cancer cell lines that overexpress
Grb7 and not nonmalignant breast cells.'” It was shown that
cotreatment of cell permeable forms of G7-18NATE with Dox-
orubicin or Trastuzumab (Herceptin) results in enhanced
antiproliferation of breast cancer cells. Furthermore, in a
recent breakthrough study, a cell permeable form of the
G7-18NATE peptide was shown to successfully block the
Grb7 interaction with FAK and inhibit cell migration of a
pancreatic cancer cell line.”® Such a peptide, which binds
Grb7 without the need for phosphotyrosine, represents a
particularly attractive starting point for targeting Grb7
because phosphate groups are intrinsically unstable chemical
moieties and reduce cell wall permeability.

Cellular studies of the effects of G7-18NATE on cell prolif-
eration showed that Penetratin© effected the uptake of G7-
18NATE into cells more efficiently than Tat." Penetratin© is
a 17-amino acid residue sequence derived from the third do-
main of the antennapedia homeodomain.*' Fischer et al.
have previously shown that the last seven residues of Pene-

tratin©

are sufficient to confer cell permeability to a cargo,
though uptake is reduced compared with full length Pene-
tratin© .22 In this study, we have sought to determine
whether this shorter region of Penetratin® would be suffi-
cient to effect cellular uptake of G7-18NATE, and also
whether the presence of this cell permeabilization sequence
impacts on the binding of the peptide to its target. We thus
report the synthetic strategy utilized for the preparation of
G7-18NATE synthesized with a short Penetratin© sequence
and a biotin label for cellular uptake studies (G7-18NATE-P-
Biotin). We show that this cell permeabilization sequence
does not interfere with the interaction of G7-18NATE with
the Grb7-SH2 domain target and that the construct is effi-
ciently taken up into cells. Together this shows that this
shorter G7-18NATE-P-Biotin construct is suitable for further
studies of the antiproliferative and antimigratory potential of
this inhibitor.
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EXPERIMENTAL PROCEDURES

Preparation of G7-18NATE and G7-18NATE-P-Biotin
Peptides

G7-18NATE (cyclo-(CH,CO-WFEGYDNTFPC)-amide) and
G7-18NATE-P-Biotin  (cyclo-(CH,CO-WFEGYDNTFPCRR
MKWKKK(Biotin))-amide) were synthesized as peptide am-
ide using the Fmoc based solid phase peptide synthesis strat-
egy on a Rink amide resin (1.0 mmol/g).”> The resin swelling
was conducted as pre-treatment for 30 minutes in dimethyl
formamide (DMF) in three times the resin volume followed
by treatment with 30% v/v piperidine in DMF for 30 minutes
at room temperature (RT) to effect removal of the 9-floure-
nylmethoxycarbonyl (Fmoc) group from the Rink amide
resin. The successful removal of Fmoc was checked with a
ninhydrin based Kaiser’s test.** All amino acids were coupled
as their Fmoc-derivatives. The first residue was preactivated
using  O-benzotriazol-1-yl-N,N,N',N'-tetramethyluronium
hexafluorophosphate (HBTU) and di-isopropyl ethylamine
(DIPEA) and then loaded manually to the deprotected resin
and coupled at RT for 30 minutes. A CEM Liberty automated
synthesizer (Ai Scientific, Australia) was then used to incor-
porate the remaining residues. The system uses microwave
energy to drive coupling and deprotection reactions to com-
pletion. The coupling agent was HBTU containing hydroxy-
benztriazole (HoBt) and the activator base employed was di-
isopropylethylamine (DIEPA) in N-methyl pyrollidone
(NMP). Double couplings were carried out for Met, Lys, Arg,
Phe, Trp, Thr, and Asn residues.

In the case of the G7-18NATE-P-Biotin peptide, the
C-terminal Lys side chain was protected with the monome-
thoxytrityl (Mmt), which could be selectively removed with
a cocktail of 10% acetic acid, 20% trifluoro-ethanol, and
70% dichloromethane. Biotin was then coupled at sixfold
molar excess using 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,
3-tetramethyluronium hexafluorophosphate (HATU) as a
coupling agent in anhydrous dimethylsulphoxide (DMSO)
while DIEPA was used as activating agent. The biotinylation
reaction was carried out for 60 minutes at room tempera-
ture. The success of the biotin coupling was checked using
Kaiser’s test.**

Following incorporation of the residues using the micro-
wave synthesizer, chloroacetylation was carried out manually
as at room temperature. Briefly, chloroacetic acid anhydride
was used to cap the N-terminal amino moiety manually at
room temperature and the reaction was effected for about 30
minutes. The peptide was then fully cleaved from the resin
and fully deprotected using a 94.5% trifluoroaceticacid
(TFA)/2.5% triisopropylsilane (TIPS)/2.5%H,0/0.5% etha-
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nedithiothreitol (EDT) cleavage cocktail with a 20-fold excess
volume over dry weight of resin-peptide for 3 hours at room
temperature. The TFA was evaporated under a stream of
nitrogen gas and the resin dried at room temperature. This
was followed by precipitation of peptide in cold diethylether.
Finally, the peptide was dissolved and extracted with succes-
sive small volumes of 50%ACN/H,0O and lyophilized over-
night. Thioether formation was effected by dissolving the ly-
ophilized peptide at 2 mg/ml in 50 mM NHHCO; in
50%ACN/H,0 of pH 8.0. The cyclized peptide was freeze-
dried and purified using preparative RP HPLC and finally
homogeneity and identity of the prepared peptide was con-
firmed by analytical reverse phase HPLC and electron-spray
mass spectroscopy as presented below.

Peptide Purification by Reverse Phase HPLC

Peptide purification was conducted using HPLC (Agilent,
Australia) on a C18 reverse phase preparative columns (2.2
cm X 25 cm, Vydac 28TP1022). The mobile phase A con-
tained 0.1%TFA/water while mobile phase B comprised
0.1%TFA 80% acetonitrile in water. All buffers were filtered
using 0.45 pM filter. The lyophilized peptides were dissolved
in 1.5 equivalents of MQ H,0/0.1%TFA/20%ACN and 2M
urea as needed to aid in solubility. A linear gradient was
developed and purification on 20% to 80% acetonitrile/0.1%
TFA over 60 minutes on an equilibrated HPLC column with
a flow rate of 6 ml/min. Detection was performed at 214 and
280 nm and fractions were collected by hand. Experiments
were carried out at a flow rate of 6 ml/min, at ambient tem-
perature. The appropriate fractions were pooled and lyophi-
lized. Fractions collected were confirmed by electrospray
mass spectrometry and analytical reverse phase HPLC.

Structure Confirmation by Mass Spectrometry

The progress and success of capping and folding reaction and
also the final identity of preparative HPLC collected fraction
and the final peptide purity was conformed with electrospray
mass spectrometry (Agilent, Australia) in conjuction with
reverse phase analytical HPLC. Negative ion mode of ion
generation was employed for G7-18NATE and a positive ion
mode was pursued for G7-18NATE-P-Biotin. For the nega-
tive ion mode, an amount of peptide enough to form a 0.5
mg/ml solution was dissolved in 10 mM NH,OOCH;/
50%ACN solution while for a positive ion mode the solvent
used was 0.1%TFA 50% ACN/H,O. (G7-18NATE: [M-H]|™
m/z = 1417.6 (calculated), 1417.1 (observed); G7-18NATE-
P-Biotin: [M+H]" m/z = 2787.2 (calculated), 2786.5
(observed)).
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Preparation of Grb7-SH2 Domain

The pGex2T plasmid containing the Grb7-SH2 insert
(encoding residues 415-532 of human Grb7) was obtained
from Dr. Roger Daly.”® Grb7-SH2 was expressed as a GST
fusion protein in Escherichia coli strain BL21(DE3).pLysS as
previously described.® The cells were resuspended in phos-
phate buffer saline (PBS) with 2 mM EDTA and 0.5% Triton-
X 100 and lysed by sonication. GST-Grb7-SH2 was purified
by glutathione affinity chromatography, using a GSTrap FF
column (GE) and eluted with PBS containing 0.5% Triton-
X100, 10 mM glutathione, and 1 mM DTT. The Grb7-SH2
fusion protein was cleaved with thrombin liberating free
Grb7-SH2, which was purified by cation exchange chroma-
tography using a HiTrap SH HP column (GE), after dialysis
into 20 mM HEPES pH 7.4, 20% glycerol, and 1 mM DTT,
and eluted with a gradient from 0 to 0.5M NaCl. Peak frac-
tions were dialyzed into 50 mM MES pH 6.6, 100 mM NaCl
and 1 mM DTT and further purified by size exclusion chro-
matography using a sephadex 75 XK 16/60 column (GE).
Grb7-SH2 domain was concentrated and stored at 4°C. The
final concentration was determined spectrophotometrically
at A,g, using an extinction coefficient of 8480 M~ '.*’

Isothermal Titration Calorimetry (ITC)

ITC binding experiments were performed on a VP-ITC
MA) at
25°C.*»*° Grb7-SH2 domain was dialyzed extensively against
50 mM NaOOCCH; (pH 6.6), 100 mM NaCl, and 1 mM
DTT at 4°C overnight. Lyophilized G7-18NATE was dissolved
in appropriate volume of filtered dialysate buffer. The con-
centration of Grb7-SH2 was determined by recording its ab-
sorbance at 280 nm whereas that of the peptides was deter-
mined from their mass obtained with an analytical balance

microcalorimeter  (Microcal, Northampton,

and dissolution in the required volume. The peptide and
protein solutions were degassed and thermostated at 20°C
for 5 minutes using the ThermoVac of the VP-ITC microca-
lorimeter. The reference power of the experiment was set to
20 pCal/sec and the cell contents were stirred continuously at
307 rpm throughout the titrations. The feedback mode gain
was set to high with fast and autoequilibrations options
applied. The reference cell was filled with Milli-Q water. The
peptides of 0.70 to 1.3 mM concentrations were titrated into
Grb7-SH2 solutions of 50 to 70 pM concentrations in 10 ul
injections with a 3-minute delay between each injection. A
binding isotherm was generated by plotting the heat change
evolved per injection against the molar ratio of peptides to
Grb7-SH2 domain receptor. A blank determination in which
the peptides were titrated against the buffer was carried out
to account for heats of dilution and mixing which was then

ID: jaganm Date: 23/2/10 Time: 19:45

subtracted from the binding data. The corrected data was
then employed to fit to a single binding site model using a
nonlinear least squares with the Origin (Microcal Software,
Northampton, MA). All of the ITC fitting parameters were
kept floating.

Cell Uptake and Visualization Experiments
MDA-MB-468 breast cancer cells were seeded on sterilized
glass coverslips (13 mm diameter) in 24-well plate and grown
in DMEM with 10% FBS to 60% to 70% confluence. G7-
18NATE-P-Biotin (1 mg/ml in MilliQ water) was diluted in
culture medium and applied to the cells at a final concentra-
tion of 10 uM. After 30 minutes of incubation with the pep-
tide at 37°C, cells were washed with medium (500 ul per
well) twice and continued to incubate for an additional 30
minutes, after which the cells were washed twice (500 ul/well,
1X PBS: 140 mM NaCl, 10 mM Na,HPO4, 2.7 mM KCl, 1.8
mM KH,PO,, 1 mM CaCl,, and 0.5 mM MgCl,) and fixed
(4% paraformaldehyde in 1X PBS, 300 ul per well, 20
minutes). Cells were then permeabilized (0.5% Tween-20 in
1X PBS, 500 ul per well, 20 minutes), blocked (3% bovine
serum albumin, BSA, in 1X PBS, 500 pul per well, 30
minutes), and treated with Streptavidin, Alexa Fluor®™ 594
conjugate (Molecular Probe, 10 ug/ml in 0.1% BSA, 30 ul
per coverslip) for 1 hour at room temperature in the dark
and then washed twice with 1X PBS. For detection of Grb7,
fixed cells were treated with rabbit polyclonal anti-Grb7 (H-
70) (Santa Cruz sc-13954, 1:1000 in 0.1% BSA, 30 ul per cov-
erslip) in humid chamber overnight at 4°C and then washed
three times with 1X PBS before treated with goat antirabbit
IgG-FITC (Molecular Probe, 1:50 in 0.1% BSA, 30 ul per
coverslip) for 1 hour at room temperature. Cells were washed
three times with 1X PBS. For double immunostaining, both
Streptavidin, Alexa Fluor™ 594 conjugate and goat anti-rab-
bit IgG-FITC were treated together on Grb7 immunolabeled
cells. After mounting on glycerol-based mounting medium,
slides were stored with minimal light exposure before view-
ing by confocal microscopy (Olympus FV1000), using a
100X oil-objective lens.

RESULTS

Synthesis of G7-18NATE and G7-18NATE-Penetratin-
Biotin

The sequences of G7-18NATE and G7-18NATE-P-Biotin are
displayed in Figure 1. The prototype peptide G7-18NATE,
which was identified using the phage display technique by
Pero et al.'® is interesting for its selective antagonist potential

Biopolymers (Peptide Science)
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Synthetic Strategy Utilized for the Preparation of G7-18NATE

G7-18NATE-P-Biotin was achieved. The lower yield obtained
for G7-18NATE-P-Biotin likely reflects the number of extra
coupling and deprotection steps and, most importantly, the
poor coupling efficiencies of sequential Lys and Arg residues

5 AQL

in the Penetratin©

-derived sequence despite the use of dou-

o o
GT7-18NATE G7-18NATE-P-Biotin
FIGURE 1 Peptides synthesized for the current study. One letter

code for amino acids are shown in bold.

for Grb7, having minimal or no activity against the closely
related adaptor proteins such as Grb2, Grb10, and Grbl14.
The synthesis of both peptides was effected utilizing a stand-
ard solid phase peptide synthesis based on Fmoc chemistry.
Specifically, amino acids were all preactivated using the
HBTU/DIPEA reagents before coupling. In both cases, the
first residue was coupled manually at room temperature and
chloroacetylation was conducted at the final residue. The
selective deprotection of the C-terminal lysine side chain
facilitated its biotinylation at the start of the G7-18NATE-P-
Biotin synthesis. Thioether formation between the cysteine
side chain and the N-terminus of both peptides was achieved
in aqueous solution subsequent to their cleavage from the
resin. The thiolate anion of the cysteine forms at pH 8 and
acts as a nucleophile to displace the chloride ion from the N-
terminal chloroacetyl group to form the thioether ring. A
yield of about 15.5% for G7-18NATE and about 2.5% for

ble couplings.

ITC Binding for G7-18NATE and G7-18NATE-P-
Biotin Binding to Grb7-SH2

In order to check whether the presence of the Penetratin-
derived sequence would interfere, or otherwise, with the G7-
18NATE/Grb7-SH2 domain interaction, their in vitro associ-
ation was analyzed using ITC. The determination of the ther-
modynamic parameters for the formation of ligand-receptor
complexes offers a helpful description of such associations.*
The ITC enthalpic readout gives a direct measure of the
binding contribution from the formation or breakage of
noncovalent bonds in the system while the entropic data
gives quantitative value for the change in order of the system
as a result of confomational and/or solvation changes. The
precise determination of both these terms along with the
number of binding sites (N) and binding constant (Kj) from
the experiment makes ITC an invaluable tool for a clearer
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ITC Thermograms obtained from the isothermal titration of (A) G7-18NATE and (B)

G7-18NATE-P-Biotin peptides against the Grb7-SH2 domain. The upper panel show raw data
obtained from 10 ul injections of peptides at 25°C. The lower panels in both figures display plots of
integrated total energy exchanged (as kcal/mol of injected peptides) as a function of molar ratio of

the peptide to the Grb7-SH2 domain.
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Table 1 Thermodynamic Binding Parameters of the G7-18NATE Peptides
Binding Parameter K,(M™) AH (Cal/mol) AS (Cal/mol/°K) AG (Cal/mol) N K, (uM)
G7-18NATE 2.89E4 * 0.44E4 —6404 *+ 889 —1.05 —6090 1.05 £ 0.11 354 +5
G7-18NATE-P-Biotin 7.27E4 £ 1.49E4 —3583 *222 10.2 —6627.7 1.10 = 0.04 144 %3

understanding of important attributes of ligand-receptor
associations. Figure 2 displays the thermograms of the G7-
18NATE and its cell penetrable variant, G7-18NATE-P-Bio-
tin, titrated against the SH2 domain of Growth factor recep-
tor bound protein 7 (Grb7). Table I shows the in vitro bind-
ing thermodynamics data analysis.

The ITC experiments show that every titration injection
for both peptides is associated with a release of heat and
hence the binding phenomenon is exothermic. Moreover, the
binding in both cases can be explained as enthalpically
driven, whereas the contribution of entropy to the over all
binding is minimal (G7-18NATE-P-Biotin) or even negative
(G7-18NATE). From these data, the G7-18NATE-P-Biotin
binds with slightly higher affinity (K; = 14.4 uM) than G7-
18NATE (K; = 35.4 uM). Though the enthalpic component
of binding for G7-18NATE-Penetratin-Biotin is about half
that of G7-18NATE, its entropic contribution is more than
10 times higher resulting in its relatively higher affinity.

Uptake of G7-18NATE-P-Biotin and Colocalization
With Grb7

To demonstrate whether G7-18NATE-P-Biotin is spontane-
ously taken up into cultured cells, subcellular localization of
the peptide was examined in our cell line of interest, human
breast cancer cells MDA-MB-468. The cells were treated with
G7-18NATE-P-Biotin at 10 uM or untreated. After 30-mi-
nute incubation with the peptide, the cells were examined for
their uptake of the biotinylated peptide using a fluorescently-
labeled streptavidin that binds biotin. After 30 minutes, cells
showed incorporation of the G7-18NATE-P-Biotin through-
out the cytoplasm of the cells as well as fainter nuclear local-
ization (Figure 3C). Cells with no treatment do not show de-
tectable fluorescence (Figure 3A). This indicates that the pep-
tide had indeed spontaneously traversed the cell membrane
from the culture medium into the cells.

As G7-18NATE is able to bind to the SH2 domain of Grb7
as shown previously, colocalization of the peptide with Grb7
was examined. The cells, treated with G7-18NATE-P-Biotin
or untreated, were double stained for Grb7 and biotin. Grb7
was found to be distributed throughout the cytoplasm and
to be excluded from the nucleus of the cells (Figure 3B).
Thus, Grb7 and G7-18NATE-P-Biotin both appear to be
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present throughout the cytoplasm, providing the opportu-
nity for these molecules to interact (Figure 3D).

DISCUSSION
The G7-18NATE peptide is an important lead for the study of
the effect of Grb7 inhibition in cells and for the potential devel-
opment of inhibitors of Grb7 where it is aberrantly overex-
pressed in cancer. The peptide provides the specificity required
for Grb7 inhibition, an attribute that is unlikely to be mim-
icked by a small molecule antagonist. It suffers, however, as do
most peptides, in its requirement for both aqueous solubility
and sufficient lipid solubility. Aqueous solubility is required
for easy transport across biological fluids, whereas sufficient
lipid solubility is mandatory for molecules to cross the myriads
of membrane layers before they reach the target site. Inability
to strike a balanced aqueous and lipid solubility can be linked
to problems ranging from safety, efficacy, and manufacturabil-
ity to difficulty of discovering a new chemotypes. The mem-
brane permeability issue is particularly demanding for the ex-
ploitation of intracellular targets. The requirement is especially
pronounced for charged and polar molecules such as peptides.
Cell permeablizing cargoes such as Penetratin® therefore rep-
resent attractive vehicles for the transport of otherwise cell-
impermeable candidates and exploration of the potential of
novel intracellular molecules as drug targets.

The G7-18NATE peptide has previously been transported

into cells by the use of the full Penetratin®

sequence to dem-
onstrate biological activity in cells.'”*° Here, we sought to
determine the utility of a shortened version of Penetration®
because the last seven residues have been shown to be suffi-
cient for effective uptake of peptides into cells.”> We were
interested to check that the G7-18NATE peptide interaction
with the Grb7-SH2 domain was not detrimentally affected by
the presence of the short Penetratin© -derived sequence, and
that uptake into the cell for interaction with the Grb7 mole-
cule in vivo was effected. To these ends we prepared G7-
18NATE (as previously reported®) and G7-18NATE with the
seven Penetratin™~ -derived residues synthesized as a C-ter-
minal extension and an extra C-terminal biotinylated lysine
to facilitate intracellular detection (G7-18NATE-P-Biotin).
Both peptides were successfully synthesized and cyclized for
the current studies.
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A.B.

Streptavidin, Alexa Fluor®
594 conjugate

anti-Grb7 and
anti-rabbit-FITC

C.D.

Streptavidin, Alexa Fluor®
594 conjugate

Merge

FIGURE 3 Localization of G7-18NATE-P-Biotin in MDA-MB-468 breast cancer cells. The cells
were exposed to 10 uM G7-18NATE-P-Biotin for 30 minutes before being fixed and permeabilized.
(A) The no peptide control shows no staining by the Streptavidin, Alexa Fluor"™ 594 conjugate. (B)
Grb7 was localized using anti-Grb7 and anti-rabbit-FITC. (C) The biotinylated peptide was local-
ized using Streptavidin, Alexa Fluor™ 594 conjugate and (D) shows the merged images.

A comparison of the peptide interactions with the Grb7-
SH2 domain was undertaken using ITC. The affinity of G7-
18NATE-P-Biotin (14.4 uM) and that of G7-18NATE (35.4
uM) for the Grb7-SH2 domain were found to be of the same
order of magnitude. The affinity of G7-18NATE is comparable
to previously reported values of 35.7 uM and 13.2 uM>>>!
where the differences are likely to reflect differences in the ex-
perimental conditions such as buffer type and composition,
peptide and protein concentrations. Interestingly, the slightly
higher affinity estimated for the G7-18NATE-P-Biotin peptide
is a reflection not of an increased enthalpic contribution to
binding, but rather appears to be due to a larger increase in
entropy of the system. Considering the structures of the pep-
tides, the structure of G7-18NATE-P-Biotin would be
expected to display greater flexibility, and to display a more

Biopolymers (Peptide Science)
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enthropically unfavorable binding than the seemingly more
rigid G7-18NATE. However, entropy is a combined effect of
both conformational and solvation/desolvation phenomena.
In the present case, given the highly charged nature of the Pen-
etratin®© -derived tail, it is likely to be highly solvated and thus
produce a compensatory favorable entropy via desolvation
during the binding event. The two peptides exhibit a similar
stoichiometry of 1:1 for their binding to the Grb7-SH2 do-
main. Overall, this study shows that the impact of the Pene-
tratin© -derived sequence on the binding of G7-18NATE to
Grb7-SH2 domain is minimal and, most importantly, that the
Penetratin© -derived sequence does not interfere or nega-
tively impact the binding of G7-18NATE to its target.

The G7-18NATE-P-Biotin peptide was found to be readily
taken up by cells in culture, similar to other peptides cova-
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lently attached to the full-length Penetratin© construct.*>*

This was as expected from studies of the cellular permeability
of different sequences derived from Penetratin©,? but
has not been previously demonstrated for the G7-18NATE
peptide nor shown, to the best of our knowledge, using con-
focal microscopy for this sequence. Furthermore, the G7-
18NATE was found to be mainly localized in the cytoplasm
that is also where Grb7 was shown to reside in the human
MDA-MB-468 breast cancer cells. Whilst the cell rupture and
fixation processes required for the detection of biotin with
streptavidin and the detection of Grb7 with antibodies may
impact on the fine detail of molecular localization in the cell,
their colocalization in the cytoplasm suggests that this con-
struct is suitable for studies of the effect of G7-18NATE/Grb7
interactions in cells.

Together these studies have demonstrated the suitability
of the Penetratin®© -derived sequence for the delivery of G7-
18NATE to cells for interaction with Grb7. These studies
have confirmed that the interaction of the G7-18NATE with
the Grb7 SH2 domain occurs with micromolar affinity, and
that this is not detrimentally impacted on by the addition
of the Penetratin© -derived cell penetrating sequence.
Future derivatives of the G7-18NATE peptide, which are
currently sought with improved affinity for Grb7, are also
likely to be assisted in their delivery into cells using this
strategy.
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Chapter 4

Synthesis and Thermodynamic
Characterization of Second Generation

G7-18NATE Analogues

This chapter reports the solid phase synthesis and binding
characterization of G7-18NATE analogue peptides. The synthesis and
affinity data for eight polypeptides is described. The in vitro binding
affinities were determined to be in the range of K¢ = 0.67-60 uM. The
impact of buffer and pH composition as well as the dimerization
status on the binding characteristics of G7-18NATE and its derivatives

is presented.
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Abstract

Growth factor receptor bound protein-7 (Grb7) is an intracellular adaptor protein
known to mediate oncogenic signaling pathways. The amplification and over-
expression of the Grb7 gene has been connected with cancer cell proliferation,
migration and metastasis. The present work reports the design, synthesis and
binding affinity characterization of second generation peptide antagonists of Grb7.
Specifically, through the application of a phage display technology on a deliberately
biased peptide library containing the YXN recognition motif, a set of four peptides
were identified as potential antagonists of Grb7. The experimental binding affinity
was determined by ITC and was found to be of moderate strength ranging from 57
uM to 18 uM. All the peptides were found to bind with favorable enthalpy and
entropy. Moreover cell permeable and non-permeable derivatives of G7-18NATE
were designed and tested in acetate and phosphate buffers. Peptides tested in
phosphate buffer were found to have a higher affinity than those in acetate (4.8 uM
vs 35 uM). Finally, investigation of the effect of dimerization status of Grb7 SH2
domain on G7-18NATE peptide binding has shown that the peptide binds both to
both the monomeric and dimeric forms with equal affinity and 1:1 stoichiometry
with the Grb7 SH2 domain. Taken together, the study could help expedite the

rational development of Grb7 based anticancer therapeutics agents.

Keywords: Grb7, adapter protein, SHZ domain, G7-18NATE; cancer cells, ITC,
PHAGE display
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Introduction

Growth factor Receptor Bound protein 7 (Grb7) is an adapter protein that mediates
a variety of membrane bound and cytoplasmic receptors to effect downstream
signaling events.l?2 The growing understanding of the molecular mechanisms
involved in signal transduction has rendered Grb7 as a central protein in several
pathways affecting processes such as cell growth, migration, angiogenesis,
inflammation and proliferation. Research available on different aspects of Grb7
means it is now of great interest as a therapeutic target in a variety of human
cancers such as breast, 3 blood,* pancreatic,> esophageal,® ovarian,” hepatic, 8
testicular,’ gastric carcinomas,'® and in inflammatory disorders such rheumatoid
arthritis,!! and atopic dermatitis.'? Especially, the relevance of Grb7 in cancer has
been widely investigated by a comparative analysis of the characteristics of Grb7
over-expressing and Grb7 knockout cancer cells where it is found to be critical for
the life of different cancer cells.>13 Finally, Grb7 is demonstrated to be a druggable
protein that can be blocked by synthetic agents resulting in a significant reduction
of cancer cell viability.1# Put together, these investigations make Grb7 an attractive
target for the development of therapeutics that may have a potential in cancers and

inflammations.

Grb7 is composed of 532 residues that are arranged in well-conserved protein
domains including a Ras-associating domain, a pleckstrin homology (PH) domain, a
C-terminal Src homology 2 (SH2) domain. Grb7 has an N-terminal domain rich in
prolines and another domain termed BPS domain (for between the PH and SH2
domains).1> Each domain is characterized to make separate but complementary
contributions to the overall signaling function of Grb7. Specifically, the role and
attributes of the SH2Z domain of Grb7 is widely investigated. The SH2Z domain is
crucial to link Grb7 to its upstream binding partners and it is known to bear a
cationic pocket that serve as a docking site for phosphorylated tyrosines of Grb7
binding partners. The selectivity of recognition of binding SH2 domain hangs upon
the sequence surrounding the phosphotyrosine residue.l> Interestingly enough, the
SH2 domain is found in a number of Grb7 related and other adaptor proteins.1® As
the first step in the involvement of Grb7 in growth factor dependent and related
pathways is the binding of Grb7 to its upstream partners via its SH2 domain, this

domain forms an essential module for the variety of Grb7 mediated oncogenic
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transformations. Also the availability of the experimental structure of Grb7-SH2
domain is an asset for inhibitor development via computational and biochemical

studies.l”

The Phage display technique is a useful tool to identify peptide based receptor
antagonists.1819 Usually, peptides obtained from the phage display are subjected to
a plethora of optimization approaches so as to transform them into clinical
candidates.2021 Recently, using random peptide libraries, a PHAGE display
experiment was applied to identify the first cyclic phosphorylated polypeptide
antagonist of Grb7-the G7-18NATE.* It was found that the peptide possessed
remarkable selectivity for Grb7 with little cross reactivity against the related Grb2.
The binding affinity of the peptide for the Grb7 SH2 domain, however, was found to
only be micromolar which is suboptimal for cellular studies. The present work was
inspired by this observation and was designed to further explore the YXN motif
recognized by the Grb7 oncoprotein and reports the design, synthesis and binding
affinity characterization of second-generation antagonists of Grb7. Moreover, in
carrying out NMR experiments with the lead peptide, we accidentally discover that
in the phosphate buffer used for the NMR enhanced the binding interaction. These
observations lead us to extend and investigate the impact of pH and buffer
composition for the other peptide as well. In line with this, we report the design,
synthesis and binding studies on cell permeable and non-permeable G7-18NATE
derivates. Finally, the effect of dimerization status of the Grb7 SH2Z domain on
binding to G7-18NATE is investigated with expression and purification of the

monomeric form of Grb7 SH2 domain.

Materials and methods
Solid phase synthesis of G7-18NATE Analogues

Following the identification of G7-18NATE analogue structures by the PHAGE
display technique, solid phase synthesis was effected to prepare the peptides for the
binding studies. The G7-18NATE peptide analogues were synthesized as peptide
amides using the Fmoc based solid phase peptide synthesis strategy on a rink amide
resin (1.0mmol/g).?? Following resin swelling for 30 min in dimethyl form amide

(DMF), the protecting group on the resin, 9-flourenyl methoxy carbonyl (Fmoc), was
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removed with 20% v/v piperidine/DMF for 45 min at room temperature. Kaiser’s
ninhydrin based colortest?3 was employed to check the success of Fmoc removal.
The first residue, Fmoc-Cys (trt)-OH, was coupled manually at RT for 45 min in
three fold excess and the success of coupling was checked by Kaiser’s test. In cases
where less than efficient coupling was noted as indicated by the Kaiser’s color
reaction, the coupling time was increased up to 1 hr and HATU was employed as a
coupling agent instead of HBTU. Following, successful coupling of the Fmoc-Cys
(trt) residue, the resin was transferred to the Liberty’s peptide synthesizer
(www.chemie.de) to incorporate the remaining residues. The coupling and
activating system used were HBTU/HoBt/DIEPA. Double couplings were employed
for residues Phe, Tyr, Trp, Thr and Asn and the coupling time was doubled.
Following incorporation of the residues using the microwave synthesizer, the N-
terminal Fmoc group was removed and chloroacetylation was carried out on the
protected and resin-bound peptide with chloroacetic acid anhydride (171 mg, 2 ml
DMF, 100ul DIPEA) at RT for about 30 min. The dried peptide was then cleaved and
fully deprotected using a cocktail of 94.5% TFA/2.5%TIPS/2.5%H20/0.5%EDT in a
20-fold excess volume over dry weight of resin-peptide for 3-4 hours at RT. TFA
evaporation and resin drying was effected with a stream of nitrogen gas. This was
followed by precipitation of peptide in ice-cold diethyl ether. Finally the crude
peptides were dissolved and extracted with successive small volumes of 50%
ACN/H;0 and were lyophilized overnight. Thioether formation was effected by
dissolving the lyophilized peptide at 2 mg/ml in 50 mM NH4HCO3 in 50%
acetonitrile/H20 of pH 8.0 for 11/2 hrs at RT. The success of cyclization was
followed by mass spectrometry. The cyclized peptides were freeze-dried and
purified using preparative RP HPLC. Finally homogeneity and identity of the
synthesized peptides was confirmed by analytical reverse phase HPLC and electron-

spray ionization mass spectroscopy in negative ion mode, as described in chapter 2.

Binding studies by Isothermal Titration Calorimetry

ITC binding experiments were performed on a VP-ITC Micro calorimeter (Microcal,
Northampton, MA, USA) at 25 °C.24 The Grb7 SH2 domain was dialyzed extensively
against 50 mM NaOOCCH3 (pH 6.6), 100 mM NaCl and 1 mM DTT at 4 °C overnight.

Lyophilized peptides were dissolved in appropriate volume of filtered dialysate
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buffer. The concentration of Grb7 SH2 was determined by recording its absorbance
at 280 nm whereas that of the peptides was determined by a mass obtained with an
analytical balance and dissolution in the required volume. The peptide and protein
solutions were degassed and thermostated at 20 °C for 5 min using the ThermoVac
of the VP-ITC Micro calorimeter. The reference power of the experiment was set to
20 pCal/sec and the cell contents were stirred continuously at 307 rpm throughout
the titrations. The feedback mode gain was set to high with fast and auto
equilibration options applied. The reference cell was filled with MQ water. The
peptides of 0.70-1.55 mM concentrations were titrated into Grb7 SH2 solutions of
55-85 puM concentrations in 10 pL injections with a 3-4 min delay between each
injection. A binding isotherm was generated by plotting the heat change evolved per
injection against the molar ratio of peptides to the Grb7 SH2 domain receptor. A
blank determination in which the peptides were titrated against the buffer was
carried out to account for heats of dilution and mixing which was then subtracted
from the binding data. The corrected data was then employed to fit to a single
binding site model using a non-linear least squares with the Origin (Microcal
Software, Northampton, MA, USA). All of the ITC fitting parameters were kept
floating during the fitting procedure. The ITC studies in phosphate buffer (100 mM
Sodium phosphate, pH 6.0, 1 mM DTT ) were done analogously.

Expression and purification of Grb7-SH2 domain

The SH2 domain of Grb7 was used as a receptor for the ITC binding experiments
was purified as described in chapter 2. Briefly, the pGex2T plasmid containing the
Grb7-SH2 insert encoding residues 415-532 of human Grb7 protein was expressed
in E. coli expression system as a GST fusion protein in BL21 (DE3) pLysS strains.2526
Cell induction was achieved with a 400 uM isopropyl -D-1-thiogalactopyranoside.
The final concentration was determined with UV-Visible spectroscopy.?’” The F511R

mutant of Grb7 SH2 domain was expressed and purified analogously.
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Results

A. Synthesis and binding studies of G7-18NATE analogue peptides obtained by
PHAGE display

The discovery of G7-18NATE as a selective antagonist of Grb7 has stimulated the
further exploration of its structure in a bid to identify analogues with activity
against the Grb7 oncoprotein.'* The cyclic peptides shown in Fig. 4.1 were identified
using a phage display technique that is biased towards the YXN recognition motif
present in most of Grb7 binding partners. That biased system has resulted in
conservative substitutions of G7-18NATE and generation of the four polypeptides
shown above as potential Grb7 antagonists as determined by our collaborators in

the University of Vermot, USA.

@}O
?m

Figure 4.1. Chemical structure of the second-generation Grb7 antagonist polypeptides

The chemical synthesis of peptides was effected utilizing standard solid phase
peptide synthesis based on Fmoc chemistry. Specifically, amino acids were all pre-

activated using the HBTU/DIPEA or HATU/DIPEA in the presence of HoBt as an
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additive. In all cases the first residue was coupled manually at room temperature
and chloroacetylation was conducted at the N-terminal residues while the crude
peptide was still on the resin. Ring closure was achieved with thioether bond
formation between the cysteine side chain and the chloroacetylated N-terminus of
peptides in aqueous solution. Thioether formation was made possible by exploiting
the property of thiol groups to get deprotected at pH 8.0 and thereby to act as a
nucleophile to displace the chloride ion from the chloroacetylated N-terminal amino
group. The synthetic outcome of the peptides is summarized in Table 4.1. As
indicated a yield of 7.92% for peptide 08-5992, 13.32% for 08-6028, 17.49% for 08-
6110 and 7.52% for 08-6046 was obtained based on the theoretical outcome
expected on the scale of the synthesis taken. These figures may not be strictly
applied, however, since up to 6-fold excess of reactants were used in cases of the
double coupling of residues (Phe, Tyr, Trp, Thr and Asn) so as to achieve efficient

coupling, as is typically the case in peptide synthesis.?8

Table 4.1: Synthetic yield of G7-18NATE analogue peptides

S.No. Peptide Molecular Mass Yield
Expected Observed Actual Theoretical  Percent
(mg) (mg)
1. 08-5992 1415.0 1415.4 11.2 141.5 7.92
2. 08-6028 1370.6 1370.8 18.3 137.1 13.36
3. 08-6110 1428.6 1429.0 25.0 142.86 17.50
4. 08-6046 1328.5 1328.8 10.0 132.85 7.52

The determination of thermodynamic binding parameters for the interaction
between ligand and receptor is useful to gain an insight into the molecular
mechanism of complex formation.?? In that regard, ITC binding measurements are
invaluable as they afford a quantitative description of the interaction in a detailed
manner.2® For example, ITC enthalpic readout gives a direct measure of the binding
contribution from the formation or breakage of non-covalent bonds while the
entropic data provides a quantitative value for changes in order of the system
associated with the conformational and/or solvation phenomenon during ligand-

receptor complex formation. The precise determination of both these parameters
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along with the number of binding sites (N) and dissociation constant (Kq)
contributes to a clearer understanding of the overall attributes of ligand-receptor

associations under investigation.242°

The binding thermodynamics of the four G7-18NATE analogues (08-5992, 08-6110,
08-6046 and 08-6028) were characterized with ITC. The experimental
measurements were conducted under identical experimental conditions including
identical buffer composition, pH, titration schedule, receptor preparation and
instrumentation so as not to introduce any systematic bias. Fig. 4.2 shows the
binding isotherm for the analogues titrated against the SH2 domain of Growth

factor receptor bound protein 7 (Grb7) as a receptor representing Grb7.

In common with the lead G7-18NATE interaction with the Grb7 SH2 domain,?? all
the peptides characteristically bound with evolution of heat, ie., through
exothermic binding. This is clearly evident from the over all thermogram displayed
in Fig. 4.2. Such an interaction has also been noted for other analogues of G7-
18NATE?8 and for cell permeable derivatives of G7-18NATE.3? Moreover, the
stoichiometry of binding is also similar to the parent peptide at a 1:1 ratio
indicating the peptides and lead structure bind to a single binding site on the SH2
domain. Interestingly, the equilibrium dissociation constant (Kq) obtained is similar
for the four peptides being 57.8 pM for 08-5992, 44.5 uM for 08-6110, 18.1 uM for
08-6046, and 52.36 pM for 08-6028, see Table 4.2 for details. This is also very
similar to that of the parent G7-18NATE (K4 = 34.6 uM).

This might reflect the chemical make up of the peptides; very similar both in
sequence, composition and over all size. Even though the affinity and over all
thermograms looks similar, there appears to be subtle differences in the relative
contribution of the components of binding to the overall affinity. Specifically, with
the exception of peptide 08-6110, the other analogue peptides seem to interact

through a more or less identical enthalpy of binding.
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Figure 4.2. ITC Thermograms obtained from the isothermal titration of G7-18NATE
analogues against Grb7SH2 domain. The upper panel show raw data obtained from 10 ul
injections of peptides at 25 °C. The lower panels in both figures display plots of integrated
total energy exchanged (as kcal/mol of injected peptides) as a function of molar ratio of the
peptides to the Grb7 SH2 domain

Even then, the binding enthalpy of peptide 08-6110 is only slightly higher than the
other analogues and it is observed to bind in almost equivalent enthalpy and
entropy of associations. In the entropic component of binding to the SH2 domain,

however, there exist appreciable differences among the analogues. It is apparent
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from the table that the entropic component (TAS) is predominating as compared to
the enthalpic part of the binding interaction (08-5992, 08-6028, 08-6046).
Specifically the entropic contribution of analogues 08-5992 and 08-6028 peptides is
about twice its binding enthalpy where as it is more than thrice for peptide 08-
6046. This observation could potentially aid the further optimization of the
affinities of these analogues peptide antagonists. Despite the relative
enthalpy/entropy contribution differences, the gross binding affinities found
remain similar and this is tempting to suggest that there is entropy-enthalpy

compensation at work especially as the Kq values remain virtually unaffected.

Table 4.2: Thermodynamic binding parameters of G7-18NATE analogues

Binding 08-5992 08-6110 08-6046 08-6028
Parameter

N 1.2+0.18 1.13+0.09 1.31+0.08 1.05 + 0.162
K(104M1) 1.73+0.23 2.26+0.47 5.53+0.14 1.91 +0.40
AH (kcalmole-1) -1.92+0.37 -2.89+0.33 -1.64+0.06 -1.60+0.33
AS (calmole-lK1)  12.85 10.23 19.55 14.2

-TAS (kcalmolel) -3.83 -3.05 -5.83 -4.23

AG (kcalmole1) -5.75+ 0.37 -5.94+0.33 -6.48+0.06 -5.84+ 0.33
Ka (UM) 588+7.8 46.3+9.6 18.1+ 0.5 54.8+11.5

When compared to the binding thermodynamics of the parent G7-18NATE
peptide,3° though the overall thermogram looks similar to that of the parent G7-
18NATE peptide and the affinity is in the same range, the enthalpic/entropic
contribution to the over all free energy of binding is very different. In the case of G7-
18NATE binding, the enthalpic part is pronounced and is observed to be almost the
sole contributor to the overall affinity where as its entropic contribution is found to
be unfavorable or negative contributor.3%31 The amino acid composition of the
analogues is generally similar to that of parent G7-18NATE peptide except for some
slight changes in sequence. In all of the four analogues, however, there is proline at
the N-terminal position and proline is known to affect protein/peptide
architectures.32 Because of its placement at the N-terminal position and the fact
that the ring is formed via proline’s ring nitrogen atom, it is tempting to suggest that

it might have forced the system to be somehow more restricted system and thereby
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improving the entropic contribution of interaction. However, this has to be clarified
experimentally. The overall conclusion is that the amino acids that vary between
these peptides do not look to confer significant impact on the binding interactions
with the Grb7-SH2 domain. Nevertheless, these analogues could serve as starting

point for further optimization efforts.

B. Thermodynamic characterization of G7-18NATE derivatives

This section describes the thermodynamic characterization of G7-18NATE
drivatives shown in Fig. 4.3. After briefly describing the design concepts behind the

peptides, the results and interpretation made will be presented.

The G7-18NATE-Penetratin-Biotin peptide was designed to test whether a shorter
cell permeable sequence would be sufficient to transport G7-18NATE into cells. The
cell permeability sequence was selected on the basis of the study by Fischer et. al.33
In the study, a series of cell permeablising peptides were synthesized and tested. It
was shown that just the last 7 residues of this 17 residues peptide were efficiently
translocated into cells. Since the synthesis of a shorter peptide is easier and less
expensive than the long one, it was of interest to test its suitability for the delivery
of G7-18NATE. In addition a C-terminal lysine was added to the sequence that could
be used to attach a biotin group. This could allow the detection of the peptide in
cells via fluorescent streptavidin treatment of cells and also potentially permit
attachment to a streptavidin chip for SPR based in vitro affinity determination.
Furthermore, if taken into cells the peptide could also be used to test the bioactivity
of G7-18NATE in a cellular system. Chapter 3 reports the successful uptake of this
peptide into cells and also the ITC based affinity measurement that confirms that
the G7-18NATE retains its ability to bind to its target in the presence of the
appended penetratin based sequence. In anticipation of the G7-18NATE-Penetratin-
Biotin peptide being be a useful construct to test both in cellular and in vitro assays,
an analogue was designed in which the aspartic acid at residue 6 was replaced by a
glutamic acid. This was based on the early modeling studies!” and analysis of the
structure determination of the G7-18NATE/Grb7 SH2 domain co-crytal structure,
where it is suggested that Glu than Asp may make favorable electrostatic

interaction. It was thus of interest to test this peptide ((D->E) G7-18NATE-
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Penetratin-Biotin) for both in affinity to Grb7 SH2 domain and, potentially, for its

bioactivity in cells.

Table 4.3. Synthetic yield of G7-18NATE analogue peptides

S.No. Peptide Molecular Mass Yield
Expected Observed Actual Theoretical Percent
(mg) (mg)
1. G7-18NATE 1417.6 1417.1 22 141.7 15.53
2. G7-18NATE-Pen- 2787.2 2786.5 5.8 278.6 2.1
Biotin
3. (D->E) G7-18NATE- 2798.6 2798.8 7.0 279.6 2.5
Pen-Biotin
4. Allyl G7-18NATE 1323.5 1323.6 5.5 132.35 4.16
Biotin Biotin
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Figure 4.3. Sequence structure of Grb7 antagonists investigated in the present study. Amino
acid abbreviations are indicated in bold letters.

Structural analysis of the binding geometry of the G7-18NATE peptide in complex
with the Grb7 SH2 domain and our molecular dynamics simulation (not part of this
thesis) revealed that residues Trp1l and Thr8 were not involved in significant bond
formation with the Grb7 SH2 binding site. Thus, these two residues were replaced

with allyl-glycine residue which carries moieties that could also be used for further
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optimization by cyclization. The resulting derivative termed Allyl G7-18NATE was
prepared and tested in phosphate buffer to investigate the impact of such amino

acids replacements on the binding affinity of the parent G7-18NATE.
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Figure 4.4. ITC thermograms obtained for the binding of G7-18NATE and Allyl G7-18NATE
in phosphate buffer. The upper panel show raw data obtained from 10 ul injections of
peptides at 25 °C. The lower panels in both figures display plots of integrated total energy

exchanged (as kcal/mol of injected peptides) as a function of molar ratio of the peptides to
the Grb7 SH2 domain.

The chemical synthesis of the G7-18NATE derivatives was effected utilizing
standard solid phase peptide synthesis based on Fmoc chemistry. The synthetic
outcome of the peptides is summarized in Table 4.3. As indicated a yield of 15.53%
for peptide G7-18NATE, 2.1% for G7-18NATE-Penetratin-Biotin, 2.5% for (D->E)
G7-18NATE-Penetratin-Biotin and 4.2% for the allyl G7-18NATE was obtained

based on the theoretical outcome expected on the scale of the synthesis taken.

Thermodynamics of G7-18NATE and allyl G7-18NATE in phosphate buffer

The binding affinity of G7-18NATE and Allyl G7-18NATE were conducted in
phosphate buffer pH 6.0 (since the peptides had been subjected to characterization
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by NMR spectroscopy in this buffer). The binding of G7-18NATE is described
extensively.3%31 This study was intended to evaluate the impact of pH and buffer
composition on the binding characteristics of G7-18NATE. For that we chose to
study the effect on the phosphate buffer of pH 6.0 as compared to the previous
study on sodium acetate at pH 6.6.3931 As indicated in Fig. 4.4, the thermograms
produced on using phosphate buffer were close to the ideal sigmoid curve expected
in ITC titration experiments. Without changing the concentration of reactants as
compared to previous ITC experiment with acetate buffer, the interaction in the
present study was noted to clearly reach full saturation. Importantly, the immediate
outcome of such thermograms is that it is much easier to fit such curves and derive
the thermodynamic parameters with little ambiguity/difficulty. This is because the
non-linear curve fitting routines implemented in the ITC data analysis packages
assume perfect sigmoidal relationships between the power consumed/released and
the amount of the interacting species as well as full saturation of binding event.
This, in turn, could translate into more accuracy and reliability of the binding

parameters obtained in such scenarios.

The equilibrium dissociation constant obtained for G7-18NATE is found to be 4.8
uM as which is compared to that of the previous report on sodium acetate buffer
(Ka = 34.6 uM).30 See Table 4.4. Though the pH might not be close enough to the
physiological pH, but the buffer actually is. This is especially so for Grb7 SH2
domain as it is intracellular protein where phosphate is major buffer. Nevertheless,
the G7-18NATE was found to bind with unfavorable entropy and favorable
enthalpy, i.e,, in the qualitative sense the pH and buffer changes had little effect on
the enthalpic/entropic components of the affinity. This is in agreement with
previous studies in sodium acetate buffer.3? As such it is seen that the enthalpic part
of binding (-8.067 kcal/mole) is the only force deriving the association with Grb7
SH2 as the entropic part (TAS= -0.89 kcal/mol) is found to negatively affect binding
event. Over all, the effect of changes in the pH and buffer composition seems on the
quality of the thermogram, the ease of fitting procedure and quantitative estimates
of the binding parameters without affecting/altering the overall mechanistic basis
of binding. The study reveals that the experimental conditions for ITC binding

measurement can greatly impact quality and reliability of the thermodynamic data.
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The binding thermodynamics for the allyl G7-18NATE was found to be similar to
that of the parent G7-18NATE though the dissociation constant is slightly improved
(Ka = 1.42 uM, compared to Kq = 4.8 uM). This modified peptide is found to bind
with unfavorable entropy (TAS = -3.1 kcal/mol) and with favorable entropy (AH= -
11.1 kcal/mole). As with the G7-18NATE, the enthalpic part remains the
predominant factor to binding to the Grb7 SH2 domain. This experiment confirms
that the two residues-Trpl and Thr8- do not have an important role in bond
formation to the binding site. As such structures contain groups important for ring
formation these two residues could be well utilized in ring closing metathesis and
hence potentially aid the further optimization of the affinities of these peptide

antagonists.

Table 4.4: Binding parameters of G7-18NATE derivatives

Binding G7-18NATE G7-18NATE- (D->E)G7- Allyl G7-18NATE
Parameter Pen-Biotin 18NATE-Pen-

Biotin*
Stoichiometry 1.04 + 0.02 0.97 + 0.01 1.08 + 0.11 1.06 + 0.01
K (105M-1) 2.08 + 0.06 14.9 + 1.28 0.26 + 0.03 7.03 +0.57
AH(kcalmol-1) -8.07+0.23 -7.09+0.06 -3.37+0.41 -11.1+0.13
-TAS(kcalmol-1)  0.89 -1.34 -2.65 3.10
AG(kcalmol-1) -7.18+0.23 -8.43 +0.06 6.02 +0.41 -8.00 +0.13
Ka (uM) 4.81+ 0.04 0.69 + 0.01 38.98 +4.51 1.34 + 0.09

Binding Thermodynamics of cell permeable derivatives of G7-18NATE

One of the bottlenecks in the development of peptides as drugs is the barrier
presented by membranes, especially so when the target is an intracellular protein
like Grb7. To alleviate this problem, other peptides are being developed that have
the ability to ferry peptide drugs across biological membranes. We recently
identified the shorter penetrating tail that was shown to posses the peptide
translocating property in cells.30 As an attempt to further explore the potential of
such a short permeablizing sequence, it was synthesized in the form of a fusion
polypeptide as G7-18NATE-Penetratin-Biotin and its impact on the binding of G7-
18NATE to Grb7 SH2 domain was characterized using ITC. In this case, the

phosphate buffer system was utilized. Also a modified cell permeable analogue, (D-
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>E) G7-18NATE-Penetratin-Biotin was synthesized and its binding investigated in

acetate buffer conditions.
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Figure 4.5. ITC Thermograms obtained from the isothermal titration of cell permeable G7-
18NATE analogues against Grb7SH2 domain. Left: G7-18NATE-penetratin-Biotin; Right; (D-
>E) G7-18NATE-Penetratin-Biotin. The upper panel show raw data obtained from 10ul
injections of peptides at 25 °C. The lower panels in both figures display plots of integrated
total energy exchanged (as kcal/mol of injected peptides) as a function of molar ratio of the
peptides to the Grb7 SH2 domain.

As shown in Fig. 4.5, both G7-18NATE-Penetratin-Biotin and (D->E) G7-18NATE-
penetratin-biotin bind with the release of heat. Moreover, the stoichiometry of
binding is also similar to the non-cell permeable counter parts, being at 1:1.3%31 The
equilibrium dissociation constant obtained for the G7-18NATE-Penetratin-Biotin in
phosphate buffer is 0.69 uM. This is compared to a Kq of 14.42 uM in acetate buffer
pH 6.6,3% indicating a significant improvement as in the case of G7-18NATE. The
phosphate ion in the buffer seems to enhance the binding of both G7-18NATE and
its cell permeable form-the G7-18NATE-Penetratin-Biotin. The thermograms
obtained for G7-18NATE-Penetratin-Bioitn in phosphate buffer appear nicely
sigmoidal which makes deriving the binding parameters easier and reliable. The

thermogram of the (D-E>) G7-18NATE-Penetratin-Biotin in acetate buffer was not
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sigmoidal. The K4 obtained for this peptide was 38.9 uM in acetate buffer, as shown
in Table 4.4. This is comparable to the 14.42 uM Ky of the G7-18NATE3° obtained
under similar buffer and experimental conditions, suggesting the conservative
nature of the substitution. The major observation is that irrespective of the buffer
composition, both the cell permeable derivatives are seen to interact with Grb7 Sh2
domain with favorable enthalpy and entropy. This is in contrast to the parent
peptide where it was found to bind in unfavorable entropy of binding. This looks
counter intuitive when considering the sequence/structures of the peptides, the cell
permeable peptides would be expected to display greater flexibility, and to display a
more enthropically unfavorable binding than the parent G7-18NATE peptide.
However, entropy is a combined effect of both conformational and
solvation/desolvation phenomena and given the highly charged nature of the
permeablising tail, it is likely to be highly solvated and thus produce a
compensatory favorable entropy via desolvation during binding event. All in all, the
most important conclusion is that the penetratin tail does not negatively interfere in
the binding process both in the G7-18NATE-penetrain-Biotin and (D->E)G7-
18NATE-Penetratin-Biotin and the peptides could well be used in the further

development of cell permeable analogues.

C. Impact of dimerization status of Grb7 SH2 domain to binding to G7-18NATE

Protein dimerization is an important control mechanism in the control of protein
function.3* Grb7 dimerization is considered critical for the regulation of Grb7
dependent signal transduction events.3* As such it was found interesting to
investigate the impact of dimerization on the impact of peptide binding. For that
purpose, a mutant form of Grb7 SH2 domain (F511R) was prepared which was
previously known to exist as a monomer only.3> The ITC binding study was
conducted in similar way as described above for the other analogues on the wild

type Grb7 SH2 domain in sodium acetate buffer of pH 6.6.

Table 4.5. Binding parameters of G7-18NATE on the mutant Grb7 SH2 domain

Stoichiometry  K(104M-1)  AH AS TAS AG Kqd
(kcalmol-1) (calmol-1K-1) (kcalmol-1) (kcalmol-1) (uM)
1.25+0.06 2.79+0.39 -2.09+0.141 133 3.965 -6.06+0.14 35.84
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The ITC thermogram obtained is shown in Fig. 4.6 and it is in agreement with that of
G7-18NATE and its analogues on the wild type Grb7 SH2 domain in that the binding
exhibited an exothermic with the release of heat and a 1:1 stoichiometry, see Table
4.5. The dissociation constant obtained was 35.84 uM. This agrees well with
previous report of G7-18NATE binding with Grb7 SH2 domain (Kq = 34.5 uM) on the
wild type Grb7 SH2 domain.17:3% Taken together, the data suggests that mutation to
alter the dimerization status does not look to have impact on its ability to bind Grb7
antagonists. This may originate from the fact that the dimerization interface and
binding site are located on the opposite ends of the Grb7 structure.?? Moreover, the
stoichiometry found from studies on the wild type protein is 1:1 suggesting that
Grb7 SH2 has a single biding site per monomer7.3031 jrrespective of its existence as
a dimer. Taking the position of the dimer interface, the observed binding affinity
and stoichiometry, the present study suggest that the wild type and the mutant
Grb7 SH2 domains bind in a similar fashion and hence the monomeric form could
equally be well exploited in the further development of Grb7 antagonists especially
when the dimerization status may be of an interference in other experimental
studies. A point of difference that is noticed is in the relative contribution of

enthalpy and entropy to the overall affinity.
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The data in Table 4.5 shows that the binding to the mutant monomeric form is
favorable by both enthalpy (AH = -2.1 kcal/mol) and entropic components (TAS = -
3.97 kcal/mol), indicating that the entropic part is not only favorable but also the
predominant contributor (about twice) to binding. The physical meaning and value

of this observation awaits further investigation.

Discussion

Grb7 is found as downstream mediator of several oncogenic pathways! and is
established to have a definitive role in cell migration, progression, invasion and
metastasis.3¢ This has rendered Grb7 an interesting novel target for the
development of potential therapeutic agents in different cancers and inflammatory
disorders.3® As yet there is no drug that acts on Grb7, even though its clinical
relevance is well appreciated. Hence, the identification of experimental antagonist
of Grb7 is expected to lay the groundwork for the development of clinical
candidates molecules that act on this novel target protein. Moreover, as the
downstream effectors of Grb7 have yet to be elucidated, molecular agents would
have a potential as tool to be used to investigate the detail-signaling network to

which Grb7 is involved.

Binding studies of G7-18NATE analogues obtained by the PHAGE display
experiment shows the peptides bind in a similar affinity and mechanism to the
parent G7-18NATE. This might be a reflection of the conservative nature of the
amino acid substitution in these peptides, especially as the all-important YDN motif
remains unaltered in all the peptide antagonists. Nevertheless, the fact that all the
four peptides bind in a similar affinity might be important to derive a common

feature for further optimization studies.

We have discovered a very interesting phenomenon in the case of the G7-
18NATE/Grb7 SH2Z domain interaction. It appears that binding is enhanced in
phosphate buffer pH 6 compared to acetate buffer. The present work clearly
suggests that careful and judicious selection of experimental parameters can
produce a better thermogram that reaches clear saturation and hence a more
reproducible and reliable binding parameters could be obtained. It is interesting to

note that qualitatively the obtained thermogram data remain similar as to that
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obtained in different experimental setting indicating”:30 that such changes do not

affect the underlying mechanisms involved in the association event.

In agreement with previous report on the lead G7-18NATE, Allyl G7-18NATE was
noticed to inte