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ABSTRACT
Aberrant protein-protein interactions have been implicated in numerous human
diseases. Hence it becomes important to understand the physicochemical basis of these
interactions as well as to develop methods to selectively target these protein surfaces.
However, it is difficult to target such protein surfaces by small molecules as these
surfaces (≥ 600 Å2) are large and flat. We demonstrate the feasibility of utilizing a small
beta-sheet scaffold for targeting thrombin as proof of principle. Thrombin is a trypsinlike serine protease generated in the penultimate step of the blood coagulation cascade.
Thrombin has numerous potential interaction sites to test our methodology.
This strategy was further extended to target the Vascular Endothelial Growth
Factor (VEGF). VEGF is a disulfide-linked cytokine that exerts its activity by binding to
two high affinity receptors. VEGF has been implicated in angiogenesis where the growth
of new blood capillaries provides nourishment to tumor cells and damage delicate retinal
tissues. This will help us to develop a new scaffold and provide essential chemical and
structural information necessary for binding these discrete protein surfaces. Furthermore,
this facilitates the subsequent transfer of minimal epitope information to a small
molecule.
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CHAPTER 1

DISRUPTION OF PROTEIN-PROTEIN INTERACTIONS

1.1 Protein-Protein Interactions
Proteins are biopolymers that are made up of 20 structurally distinct basic
building blocks (amino acids) that fold into a specific tertiary structure.1 The work of a
living cell is carried out largely by proteins, which catalyze reactions, control the
expression of various genes, and are responsible for signal transduction. These tasks are
often dependent upon specific protein-protein interactions. Proteins interact with other
proteins through non-covalent contact of their amino acid side-chains with varying
degrees of affinity and specificity. The natural affinities between proteins can range from
millimolar to femtomolar concentrations and are governed by non-covalent interactions,
which comprise electrostatic interactions, van der Waals forces, hydrogen bonding, and
hydrophobic forces.2 From a thermodynamic standpoint, evidence points to enthalpyentropy compensations during the protein-protein binding process.3 During complex
formation, there is usually an entropic penalty due to the loss of conformational degrees
of freedom, which is compensated by the gain in enthalpy during complex formation.4,5
Proteins bind each other leading to the formation of important signaling networks
that form the basis of critical biological functions in the living cell. Proteins can lose their
inherent biological function due to mutations, aberrant chemical modification, or
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environmental changes. This can lead to modification of protein-protein interactions that
directly initiate several human disease states. Aberrant protein-protein interactions
represent a large and emerging class of targets for human therapeutics. A notable
example is the interaction between the Vascular Endothelial Growth Factor (VEGF) with
its receptor, Flt-1. VEGF is a cytokine that is important for physiological angiogenesis,
which is the growth of blood vessels.6 In many cancers, VEGF is aberrantly overexpressed and is associated with disease progression and thus is a target for therapeutic
intervention.7 Similarly, the p53-HDM2 interaction has attracted the attention of several
research groups. HDM2 is an oncoprotein that binds to the activation domain of the
tumor suppressor protein p53 and prevents it from binding DNA and performing its
essential transcriptional function.8 David Lane and coworkers identified p53 based
peptides that act as competitive inhibitors of HDM2.9 Another noteworthy example of
abnormal protein-protein interactions are the protein aggregates observed in neurological
disorders such as Alzheimer’s disease10,11 and spongiform encephalopathies12,13
(Creutzfeldt-Jakob, scrapie, Kuru14,15). Recombinant protein therapeutics in clinical use
today represent cytokines, enzymes, soluble receptors, growth factors, monoclonal
antibodies, coagulation factors, and engineered versions of these proteins.16 Other types
of strategies available to target protein-protein interactions involve the use of peptides
and small molecules. I will focus my discussion upon protein-protein interactions and
multiple avenues for their inhibition.
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1.1.1 Protein-Protein Interfaces
A protein interface is composed of at least two chains of amino acid residues that
interact with each other across the binding interface. The interfaces of two protein
surfaces are large and usually bury more than 600 Å2 of total surface area. This is usually
greater than the potential binding surface area required for small molecular weight drugs.
In addition, the interaction interface between proteins tends to be relatively flat. A lack of
distinct pockets and crevices makes it exceedingly difficult for it to be enthalpically
favorable for small molecules to bind to the protein surfaces as opposed to enzyme
pockets. Seminal work in this area by Clackson and Wells established that not all proteinprotein interfaces rely on a network of weak interactions.17 Their studies on the human
growth hormone exemplify that a small subset of amino acid residues are important for
binding and account for the stabilization of the protein-protein interface. This region was
termed a “hot spot” on the protein surface and its size is similar to the spatial dimensions
of a large organic molecule. Other amino acid residues that are situated in the periphery
of the “hot spot” are mostly involved with obstruction of solvent molecules from the
interaction interface. This is important for maintenance of highly energetic interactions.
Hot spots exhibit high functional and structural adaptability, with different protein
partners binding to the same hot spot. Thus, these hot spots evolve to present the same
amino acid residues in diverse structural motifs.18 Typically, Tyr, Arg, and Trp residues
are commonly observed in hot spot locales.
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Seminal work in this area has been performed by three research groups, and some
of these results have been summarized in the histogram (Figure 1.1). Bogan and Thorn
analyzed a large database of 2325 alanine mutants of heterodimeric protein complexes to
determine the contributions of residual side chains to a binding event.19 Hot spot residues
were observed to contribute a significant amount of binding energy at the protein-protein
interaction interface. These “hot spot” locales were enriched in Tyr, Trp, and Arg with
frequencies of more than 10% (Figure 1.2). Hydrophobic residues were observed in the
interior of the protein. Nussinov and coworkers carried out a structural analysis of
protein-protein interfaces by studying 97 crystal structures comprised of 11 family
members.20 Their studies showed a preference for the localization of polar residues at the
dimeric interface comprising of Arg, Gln His, Asp, Pro, and Asn. Jones and Thornton
analyzed a data set of 59 structures from the PDB that were differentiated into 4 classes –
homodimers,

enzyme-inhibitor

complexes,

antibody-protein

complexes,

and

heterocomplexes.21 Interface/Protein propensity (IP) values were calculated that gave a
probabilistic chance of locating an amino acid residue at the dimeric interface with
respect to the probability of locating it in the protein as a whole. These IP propensity
values revealed that the interaction interface have a predilection for charged and polar
residues.
1.1.2 Diversity of Protein-Protein Interfaces
There are many types of intricate protein-protein interfaces, but for the purposes
of their discussion, they are categorized into three broad classes: surface-string, helix-
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helix, and surface-surface (Figure 1.3). Surface-string interactions refer to the surface as a
cleft of an enzyme active site into which a string such as a polypeptide loop may fit. An
example of such an interaction in nature is proteases which cleave polypeptide substrates.
The helix-helix type interactions refer to two helices coiled around each other. In this
type of interaction, the structure of the monomer is not defined until it interacts with its
partner. An example of such interactions in nature is leucine zippers, which are dimeric
α-helices. It has been difficult to target the monomer in a helix-helix interaction as the
monomer exists as an ensemble of structures. Surface-surface interactions refer to large,
flat surfaces interacting with each other mediated by “hot-spots”.
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Figure 1.3 Different types of protein-protein interfaces. A) surface-string, B) helix-helix,
and C) surface-surface. (Figure adapted from Alberts, B., Bray, D., Lewis, J., Raff, M.,
Roberts, K., Watson, J. D. Molecular Biology of the Cell, 3rd edition, Garland Publishing
Inc.)
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Aberrant protein-protein interactions have been implicated in several human
disease processes. Hence, it becomes fundamentally important to understand the
physicochemical basis of these interactions as well as to develop methods to disrupt
aberrant protein-protein interactions. Molecules that can specifically target such proteinprotein interfaces can serve as important drug leads. A straightforward approach to
inhibition of protein-protein interactions is by mimicking the interface amino acids of one
interacting partner. Such a mimic could be an antibody, a peptide or small protein, or
small, non-peptide molecules of organic origin. The synthetic mimic can bind one of the
interacting partners and physically prevent the binding of the other partner. Proteinprotein interactions are difficult for small molecules or mini-proteins to target as the size
of these protein-protein interfaces (≥ 600 Å2) are larger than typical small molecules.22,23
Protein-protein interfaces have likely not evolved to bind small molecules, as is the case
with enzyme active sites, which makes it more difficult to design methods for targeting
them. Such targets have long been called “undruggable” by the pharmaceutical industry.
With this gauntlet, there have been various recent methods developed to target protein
surfaces using a repertoire of small molecules, peptides and proteins. In the following
section, I will outline these methods to target protein surfaces.
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1.2 Antibodies
Antibodies (also called immunoglobulins) are large, globular, Y-shaped proteins
found in the body and are used by the immune system to identify and neutralize foreign
particles or “antigens” like bacteria (Figure 1.4). Each Y-shaped antibody molecule
contains two antigen-combining sites and consists of four polypeptide chains, two
identical light chains and two identical heavy chains. Domains consisting of a constant
region in the polypeptide chain are denoted by the letter C while domains consisting of a
variable region are denoted by the letter V. Each heavy chain contains three CH regions
(CH1, CH2, CH3) and one VH region at the N-terminus of the molecule. The tertiary
structure of each domain is maintained by disulfide bonds.
The legendary German scientist, Paul Ehrlich, first proposed the idea of a “magic
bullet” that could be developed to selectively treat disease. This idea attained fruition by
the pioneering work of Kohler and Milstein, who developed hybridoma cell lines to
produce monoclonal antibodies.24 This was realized by injecting a rodent with a specific
antigen. Antibodies against the antigen are made by B-cells of a single specificity and are
isolated from the spleen of the immunized rodent. These antibodies are immortalized by
fusion with a B-cell tumor cell line. Such resultant fusions are termed “hybridomas” and
can be constantly produced in large quantities. Polyclonal antibodies have issues of
heterogeneity and contamination with other undesirable antibodies. The advent of
monoclonal antibodies (mAbs) through hybridoma technology was seen as a huge
promise over polyclonal antibodies owing to their specificity and homogeneity. The first
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line of mAbs that were tested for therapeutic potential proved to be a disaster because of
their rodent origins and immunogenicity issues. These rodent mAbs generated human
anti-mouse antibodies (HAMA), which impair the effect of the rodent mAbs25 and cause
severe hypersensitization. A direct substitute for avoiding the HAMA problem is to
utilize human mAbs. But these have their share of problems since it is not ethically
feasible to immunize humans with antigens derived from tumor cell lines to elicit
antibodies. Since the last decade, human mAbs have become a powerful new approach
due to breakthroughs in antibody engineering techniques to generate chimeric and
humanized antibodies.26 These chimeric and humanized antibodies retain the human Fc
framework but also contain certain portions of the murine variable regions. These
engineered antibodies are generated by transferring entire murine variable regions
(“chimeric”)27 (Figure 1.5) or the murine complementarity-determining regions (CDRs)
(“humanization”)28,29 to an existing human immunoglobulin scaffold (Figure 1.6).
Currently, humanized antibodies are utilized as therapeutics since they have a high
specificity and affinity towards their target antigen, and in the process, block proteinprotein interactions and sequester different members of a protein assembly complex.
Today, around 30% of biotechnology companies have therapeutic antibodies undergoing
clinical trials and more than 20 mAbs have been approved for therapeutic use. A few of
these mAbs are listed in Table 1.1. For example, antibodies such as Avastin are utilized
for the treatment of metastatic colorectal cancer (MCRC)30 by inhibiting angiogenesis the process by which new blood vessels arise from pre-existing blood vessels. The
cytokine VEGF has been implicated in angiogenesis and is over-expressed in most
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cancers. A crystal structure of Avastin complexed to the VEGF homodimer has been
solved31 (PDB code 1bj1). Avastin prevents VEGF binding to its natural tyrosine kinase
receptor, Flt-1 (Fms-like tyrosine kinase) (Figure 1.7). Another example of an antibody
for the treatment of solid tumors includes Herceptin for breast cancer, which targets the
HER2/neu interaction. The mAb infliximab is the first antibody that is used in the
treatment of Crohn’s disease, which blocks the interaction of the tumor necrosis factor α
(TNF-α) with its receptor. Crohn’s disease is an inflammation of the gastrointestinal tract
(also termed as inflammatory bowel disease, IBD). However, the large size of antibodies
makes it still extremely difficult to deliver inside a cell for targeting intracellular proteinprotein interactions. Moreover, it is believed that the numerous disulfide links in an
antibody may be reduced within the cell thereby rendering the antibody ineffective.

35

Figure 1.4 Human antibody structure. (Figure adapted from Karp, G; Cell and
Molecular Biology, 3rd edition, Wiley publishers)

Figure 1.5 Schematic diagram depicting a cloning procedure for obtaining a “chimeric”
antibody. (Figure adapted from Morrison, S.L. et al, Proc. Natl. Acad. Sci. USA, 81,
6851-6855, 1984)

Figure 1.6 Schematic depicting the process of “humanization” of an antibody.
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Figure 1.7 Two crystal structures showing monoclonal antibody Avastin (PDB code
1bj1) sequestering the Vascular endothelial growth factor (VEGF) homodimer preventing
its interaction with its natural receptor Flt-1 (PDB code 1Flt). The structure for the PDB
code 1bj1 has been adapted from Reference 31. The structure for the PDB code 1Flt has
been adapted from Reference 187.
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Table 1.1 Monoclonal Antibodies Approved by the FDA for Cancer Therapeutics.26

Antibody

Target

Antibody Type

Indication

Company

Herceptin

HER2

Humanized
IgG1

Breast cancer

Genentech/Roche

Rituxan

CD20

Chimeric IgG1

NHL

Biogen
Idec/Genentech

Gemtuzumab

CD33

Human IgG4
conjugated to
calicheamicin

AML

Wyeth

Cetuximab

EGFR

Chimeric IgG1

Colorectal
cancer

ImClone
Systems/BMS

Avastin

VEGF

Humanized
IgG1

Colorectal
cancer

Genentech

Vectibix

EGFR

Humanized
IgG2a

Colorectal
cancer

Amgen

Zevalin

CD20

90

NHL

Biogen Idec

Y-labeled
mouse IgG1
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1.3 Peptides as Inhibitors of Protein-Protein Interactions
Peptides, which are essentially miniature proteins, make good starting points for
development of potential mimics and thus inhibitors of protein-protein interactions.
Peptides have certain advantages over mAbs. They have better tumor penetration
capabilities and possibly better pharmacokinetics due to their small size. Peptides are
easy to synthesize and are more amenable for chemical modifications to improve binding
to an interface.32 They can also be made resistant to the action of proteases by the
utilization of D-amino and unnatural amino acids.
Interface peptides are peptides derived from the primary amino acid sequence of
one of the interacting protein partners (Figure 1.8).33 Such interface peptides have been
used to target numerous protein-protein interactions. In this section, I will give an
account of some of the important examples of interface peptides used to inhibit proteinprotein interactions. Seminal work by Ruoslahti and coworkers identified peptides that
possess the arginine-glycine-aspartate (RGD) tripeptide motif that interfered with the
binding of fibronectin to cell surface receptors.34 Integrins are among the most important
cell adhesion receptors.35 A particular integrin’s (α4β1) interaction with fibronectin was
inhibited by interface peptides belonging to the isoleucine-leucine-aspartate-valine
(ILDV) motif.36 (IC50= 66 µM). A further five-fold reduction in inhibition was obtained
by changing the isoleucine to a tyrosine (YLDV) (IC50=12.6 µM). Further, drastic
improvements in inhibition were observed by the introduction of conformationally
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constrained motifs, such as phenylurea (IC50=0.6 nM) (Table 1.2). These inhibitory
peptides exert an important pharmacological response in an in vivo setting.
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Figure 1.8 Schematic diagram showing an interface peptide targeting a proteinprotein interaction.
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Table 1.2 Peptide analogue inhibitors for Intergrin α4β1 based on the LDV motif.

Inhibitor Structure

IC50 value (nM)

NH 2-Ile-Leu-Asp-Val-OH

66000

NH2 -Tyr-Leu-Asp-Val-OH

12600

NH-Leu-Asp-Val-OH

1000

O

NH-Leu-Asp-Val-OH
O

HO

NH-Leu-Asp-Val-OH

O

CH3

N
H

430

N
H

O

0.6
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Very recently, Lam and coworkers characterized LLP2A, a peptide ligand from a
one-bead-one-compound (OBOC) combinatorial library method that was shown to have
picomolar affinity against integrin α4β1.37
Viral enzymes have also been targeted by interfacial peptides. In two separate
papers by Chmielewski38 and Fermandjian39, HIV-1 integrase was inhibited with
affinities in the low micromolar range. In viral inhibition, one of the noteworthy success
stories has been the development of Enfuvurtide/T-20/DP-178 (Fuzeon®). Fuzeon® is an
anti-HIV, 36 residue peptide therapeutic developed by Trimeris/Roche.40,41 It is
developed from the C-terminal domain of gp41 (gp-glycoprotein) protein of HIV-1. The
N-terminus is acetylated while the C-terminus is capped as a primary amide during its
synthesis. This modification forces the peptide to adopt an α-helical conformation.
Fuzeon® prevents the attachment of the host cell and viral cell membranes by binding the
N-terminal region of gp41. Very recently, Lu and coworkers reported the design of a new
peptide inhibitor for HIV-1. This recombinant peptide, C52L, is based on both the T-20
and C34 sequences (Figure 1.9) and shows an α-helical conformation. IC50 values in the
nanomolar range were observed for C52L to prevent in vitro infection of human T-cells
by different HIV-1 primary isolates. C52L can be expressed in bacterial vectors using
standard cloning procedures. The advances in recombinant peptide production has an
attractive cost-effective advantage over synthetically produced peptide inhibitors such as
T-20, though still limited to natural amino acids (Figure 1.9).42 McDowell and colleagues
prepared short constrained helical peptides based on T-20 that had covalent cross-link
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tethers at positions i and i +7. The cross-links increased the helical nature of these
peptides, but inhibition of activity was not that pronounced as compared to the T-20
peptide (Figure 1.9).43
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Figure 1.9 Amino acid sequences of inhibitory peptides based on covalent constraints
(HIV35, HIV24, and HIV31). Sequence of C52L, a recombinant peptide inhibitor of
HIV-1. This figure has been adapted from Reference 43.
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HIV-1 protease exists as a homodimer. Different research groups have
successfully inhibited its dimeric interface using peptides.44,45 The Davis group
developed a peptide termed P27, which is derived from the amino and carboxy termini of
HIV-1 protease and contains an additional amino acid sequence derived from the cellpermeable domain of HIV-1 Tat. The P27 peptide successfully prevented dimerization of
HIV-1 wild type (WT) protease as well as protease inhibitor resistant forms of HIV-1
protease with IC50 values ranging from 0.23 – 0.37 µM.44 Chmielewski and coworkers
developed cross-linked peptides derived from the N- and C- termini of HIV-1 protease
that mimic the four interlocking anti-parallel beta strands with 2 strands coming from
each monomeric unit (Figure 1.10).45
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Figure 1.10 Inhibition of HIV-1 protease homodimer by developing interfacial crosslinked peptides that mimic the four inter-digitating beta strands that make up the dimeric
interface. This figure has been adapted from Reference 45.
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Two independent research groups demonstrated viral protein-protein complex
inhibition by a synthetic nonapeptide in the case of herpes simplex virus type 1 (HSV-1)
ribonucleotide reductase (RR).46,47 In the case of other viral enzymes such as herpesvirus
DNA polymerase, peptide inhibitors have been designed based upon the last 36, 27, and
18 amino acid residues of one of the interacting subunits.48 Viral replication is inhibited
in these examples with a low micromolar affinity.
Interface peptides have also shown their utility in inhibiting transcription factors.
Chmielewski and coworkers targeted the basic helix-loop-helix (bHLH) E47 transcription
factor using a small peptide that corresponds to its dimeric interface. This peptide,
referred to as helix II, has a β-sheet structure and prevents homodimerization of E47 and
subsequent DNA binding.49
I have described some examples of how peptides have been used as inhibitors of
protein-protein interactions. An elegant variation of this strategy aimed towards
stabilizing secondary structural elements such as α-helices and β-sheets are discussed in
the following two sections.
1.3.1

α – Helix Stabilization
A common helix stabilization method is the incorporation of α, α-disubstituted

unnatural amino acids. Furet and coworkers incorporated an Aib (aminoisobutyric acid)
fragment into short peptide motifs which resulted in low nanomolar affinity towards the
oncoprotein hDM2.50
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Seminal work by Verdine and colleagues has been done towards constrained helix
stabilization where BH3 helical peptides were generated by hydrocarbon stapling.51 The
design involved α, α- disubstituted unnatural amino acids containing olefinic tethers
which generated an all hydrocarbon staple by ruthenium-induced olefin metathesis
(Figure 1.11). The stabilized helical segment was resistant to the action of proteases and
bound the anti-apoptotic protein Bcl-xL much tighter (Kd = 38.8 nM) than the unmodified
helix (Kd = 269 nM). These constrained peptides were able to permeate cells and turn on
apoptosis in an in vivo setting.
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Figure 1.11 Constrained helical stabilization generated by hydrocarbon stapling applied
to BH3 peptides by ruthenium-induced olefin metathesis. This figure has been adapted
from Reference 51.
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Designed cyclic peptides have also been shown to confer helix stabilization.
Spatola and coworkers designed short disulfide bridged nonapeptides that contain a copy
of the nuclear receptor box pentapeptide amino acid sequence LXXLL (Table 1.3). One
of these designed constrained peptides, PERM-1, binds to estrogen receptors with a Ki of
25 nM.52,53 Siahaan and coworkers have prepared cyclic peptides that block the
interaction between intercellular adhesion molecule-1 (ICAM-1) and lymphocyte
associated antigen-1 (LFA-1). These peptides were based upon the linear 21-mer peptide
sequence of ICAM-1. A common Pro-Arg-Gly sequence motif was observed in the cyclic
peptides which suggests that this motif is important for recognizing LFA-1.54
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Table 1.3 Representative examples of peptide sequences based on the nuclear receptor
box (NR) pentapeptide LXXLL motif that inhibit estrogen receptors.

Peptide Sequences based on LXXLL motif

Ki (nM)

H-Lys-cyclo(D-Cys-Ile-Leu-Cys)-Arg-Leu-Leu-Gln-NH2 (PERM-1)

25 ± 2.2

H-Arg-cyclo(D-Cys-Ile-Leu-Cys)-Arg-Leu-Leu-Gln-NH2 (PERM-2)

11 ± 1.1

H-Lys-cyclo(Cys-Ile-Leu-Cys)-Arg-Leu-Leu-Gln-NH2

416 ± 130

H-Lys-cyclo(Cys-Ile-Leu-D-Cys)-Arg-Leu-Leu-Gln-NH2

2400 ± 870

H-Lys-Leu-Leu-cyclo(D-Cys-Ile-Leu-D-Cys)-Arg-Leu-Leu-Gln-NH2

398 ± 90

H-Lys- cyclo(Cys-Leu-Ile-D-Cys)-Arg-Leu-Leu-Gln-NH2

2100 ± 200

H-Ser-Pro-Ile-Leu-Ser-Arg-Leu-Leu-Gln-NH2

1790 ± 300
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1.3.2 β-Hairpin stabilization
β-Hairpins are structural motifs that consist of two beta-strands that are adjacent
and antiparallel and linked by a short loop. Novel inhibitors of the chemokine receptor,
CXCR4 were developed using β-hairpin constrained peptides.55 Robinson and coworkers
targeted the p53-HDM2 interaction. A crystal structure has been solved previously
showing three important contact points corresponding to residues F19, W23, and L26 of
the helical peptide p53 on the surface of MDM2 (mouse double minute 2).56 Robinson
and coworkers designed β-hairpins that mimic the α-helical motif of p53. The idea was to
prepare the β-hairpin in such a manner that the i, i+4 residues on the helical p53, which
correspond to the critical binding contacts of Phe19 and Trp23, would be nearly the same
distance as two amino acid residues positioned at i, i+2 on a single β-hairpin strand. This
allowed the β-hairpin to behave as a scaffold motif to preorganize the amino acid side
chains of Phe19 and Trp23 so that each residue could make contact simultaneously with
the p53 interaction site on HDM2. The designed mimetic showed an IC50 of 125 µM.
This compound serves as a good starting point for the design of inhibitors against HDM2
even though the inhibition for HDM2 is weak (IC50=125 µM). (Figure 1.12).57
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Figure 1.12 (A) Crystal structure of p53 helical peptide (blue) bound to HDM2
(green) showing the 3 important hydrophobic residues Phe19, Trp23, and Leu 26
(orange) making contacts on the HDM2 protein. (B) The synthesized beta-hairpin
mimetic based on the helical p53 peptide inhibits the p53-HDM2 interaction. The
residues Phe1, Trp3, and Leu4 were incorporated to mimic the Phe19, Trp23, and Leu
26 residues of p53. The crystal structure (PDB code 1ycr) has been adapted from
Reference 56.
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I have described a few examples of rational helical and beta-sheet stabilization
efforts for increasing the potency of short peptides. In the following section, I provide
examples of alternate peptide-like structures that are emerging as new “folded” starting
points for the design of inhibitors against protein interfaces.

1.3.3

β-Peptides
Oligomers of β-amino acids are referred to as β-peptides.58 They serve as

attractive, unnatural scaffolds for mimicking a protein-protein interface. They are
preferred over conventional peptides since they can be exquisitely engineered to possess
helical conformations of high stability. Moreover, this unnatural backbone results in them
being resistant to the action of proteases.59
Recently, Gellman and colleagues designed 12-helical motif β-peptides that serve
as a glycoprotein B (gB) mimetic and prevent human cytomegalovirus (HCMV) entry.
One of these β-peptides inhibited HCMV infection with an IC50 of 30 µM.60 Currently, a
vaccine for HCMV does not exist, and such designed β-peptides can serve as novel leads
for potential anti-HCMV drugs. In another effort, Schepartz and coworkers have
designed 14-helical β-peptides that inhibit the p53-hDM2 interaction with nanomolar
affinity.61 They have also shown 14-helical β-peptides to inhibit gp41 in vitro and cell
fusion assays have demonstrated a low micromolar inhibition against gp41.62
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1.3.4 Peptoids
The monomeric subunit of a peptoid corresponds to N-substituted glycine.
Peptoids have a close resemblance to natural α-amino acids with the difference being that
the side chain in peptoids is attached to the backbone nitrogen atom instead of the αcarbon.63 Peptoids serve as an important alternative to peptides since an exquisite array of
diverse side chains can be attached to the nitrogen backbone atom. Peptoids are also
immune to the action of proteases. Appella and colleagues designed peptoids to target the
p53-hDM2 interaction. Peptoid inhibitors were obtained in the low micromolar regime
with the achiral peptoids serving as better inhibitors than the helical peptoids.44
The above examples demonstrate that non-peptide backbone based oligomers can
potentially function as inhibitors of protein-protein interactions. The next section
describes larger peptides or so-called mini-proteins that have emerged as useful mimics
of protein surfaces.

1.4 Protein Grafting
This strategy involves a structure-based approach developed by Schepartz and coworkers where the important amino acid residues required for molecular recognition from
a native protein are grafted on a small protein scaffold. This has been further improved by
powerful selection methodologies such as phage display. A helical scaffold, the avian
pancreatic polypeptide (aPP) protein was chosen as the core scaffold. aPP is a 36 residue
amino acid protein consisting of an α-helical segment linked to a type II polyproline helix
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by a β-turn (Figure 1.13).64 This strategy presents a powerful approach to design small or
so-called miniature proteins. The protein grafting procedure, in concert with molecular
evolution, has given rise to small proteins that have high affinity for protein targets. A
variety of diverse proteins have been targeted by this approach. This procedure was
initially developed to recognize DNA. Grafting of important DNA contact residues from
the yeast transcription factor GCN4 onto the exterior surface of the helical segment of
aPP gave rise to a 42-amino acid residue peptide that consisted of the folding residues of
aPP and the important DNA contact residues of GCN4. This “hybrid” mini-protein
termed PPBR4 (polyproline-helix basic region) formed a complex with its specific DNA
target with a Kd of 1.5 nM (Figure 1.14).65 The Schepartz lab have expanded their
grafting strategy repertoire to target a wide variety of proteins, including the antiapoptotic proteins Bcl-2 and BcL-xL binding these targets with nanomolar affinity.66
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Figure 1.13 The 36 residue amino acid avian pancreatic polypeptide (aPP) depicting
the helical segment stacked against the polyproline type II helix. (PDB code: 1PPT).
The crystal structure has been adapted from Reference 64 and modeled using the
PyMol software.

Figure 1.14 Schematic describing the protein grafting strategy. This figure has been
adapted from Reference 65.
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Coiled-coil motifs such as leucine zipper domains have also been utilized as
scaffolds for targeting protein-protein interactions. In these cases, the yeast transcription
factor GCN4 has been used. Serrano and coworkers have designed mimetics of the
cytokine, interleukin-4 (IL-4), in which the amino acid residues on IL-4 that are
important for the binding interaction with its receptor, IL-4Rα were grafted onto GCN4
in a stepwise fashion.67 Molecular Dynamic (MD) simulations were further utilized to
differentiate between properly folded and unfolded proteins. From theoretical studies,
two alignment sets of models were proposed. The first set of peptides displayed poor
binding to the IL-4Rα receptor. The second set of peptides showed tighter binding and
was further optimized by the introduction of a disulfide. Eventually, a peptide (12CMARIL4) was isolated with a binding constant of 5 µM for the IL-4Rα receptor. This was the
first example where rational design was successfully used to obtain a peptide that binds a
cytokine receptor.
Kim and coworkers applied the grafting strategy to construct a C-peptide of HIV1.68 This C-peptide is obtained from the C-terminal portion of the glycoprotein (gp41) of
HIV-1. C-peptides by themselves lack structure but attain an α-helical conformation
when bound to the N-peptide portion of gp41. The improvised C-peptide was made by
grafting 19 amino acids belonging to the C-peptide that are important for binding the Nterminal heptad repeat region of gp41 onto the surface of GCN4. This initial designed
peptide, denoted C34-GCN4 showed poor solubility because of its hydrophobic nature. A
circular dichroism (CD) spectrum of C34-GCN4 presented a random coil structure.
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Introduction of a disulfide prevailed over poor solubility and CD spectra gave rise to a
more helical conformation. This designed peptide, denoted “C34coil”, exhibited high
stability, resistance to proteolytic degradation and anti-viral activity in the nanomolar
range.
Disulfide constrained peptides can serve as robust scaffolds by transferring active
sites for generating new engineered mini-proteins. Vita and coworkers employed
scorpion toxin scaffolds, which possess three disulfide bridges that confer extreme
stability.69 Variants of scyllatoxin and charybdotoxin carried a CD4-like loop in their βhairpin region and served as CD4 mimetics (Figure 1.15).70 HIV-1 inhibitory activity in
cell culture studies was shown by one optimized mutant.71
A drawback to this grafting strategy is the lack of detailed structural information
for various protein targets and lack of knowledge about an interacting partner. To
perform protein grafting, an X-ray structure of the protein-protein complex is required
and hence limits the number of systems to which this grafting technique can be readily
applied.
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Figure 1.15 Crystal structure showing the CD4 mini-protein CD4M33 (aqua) with
gp120 envelope glycoprotein of HIV-1 (green). The biphenyl group (shown in red)
sticks into the heart of the gp120 pocket making essential contacts. The biphenyl
group mimics the Phe43 residue in CD4. This crystal structure (PDB code 1yyl) has
been adapted from Reference 69 and modeled using the PyMol software.
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1.5 Other Interesting Non-Immunoglobulin Scaffolds (non-grafting strategies)
The utility and importance of engineered antibodies as therapeutics cannot be
underplayed. However, they are facing stiff competition from a new set of protein display
scaffolds that are specifically selected for binding any target. These novel, nonimmunoglobulin proteins present excellent supporting frameworks for displaying
polypeptide libraries. They can be made amenable to powerful evolution and selection
strategies to isolate specific targets.72-74 I will highlight a few of these systems in the
following section.
Lipocalins are a class of small β-barrel proteins that store and transport
biologically relevant compounds.75 Skerra and colleagues have constructed a library by
random mutagenesis of a certain lipocalin, the bilin binding proteins (BBP) and obtained
three variants that bind fluorescein with high affinities in the nanomolar range.76
Pluckthun and colleagues designed ankyrin repeat (AR) proteins as an alternative
scaffold.77 They made a combinatorial library of AR proteins and targeted E.coli maltose
binding protein (MBP) as well as two eukaryotic mitogen-activated protein kinases
(MAPK). These evolved AR proteins showed high levels of expression and were able to
enrich potential binders quickly in four selection rounds. Affinities in the nanomolar
range were reported.78
Uhlen and coworkers used the Z domain of Staphyloccocal protein A as a
recognition scaffold (also termed affibody).79 This bacterial derived scaffold protein is
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highly thermostable, protease resistant, and free of disulfides. A phage library was
created by randomizing 13 surface residues of the Z domain involved in binding the Fc
portion of immunoglobulin G.80 This library was screened against Taq DNA polymerase,
human insulin, and human apolipoprotein. Circular dichroism spectroscopy showed
secondary structure similar to the native Z domain and these selected affibodies displayed
micromolar dissociation constants for their particular targets.81
The above studies demonstrate different approaches for inhibiting protein-protein
interactions using lipocalins, ankyrin repeat proteins, and the Z domain of Staphyloccocal
protein A. However, small molecule based approaches to selected interfaces are also
emerging which are described in the following section. In general, the small molecules
target interfaces which are likely more akin to active site like-clefts than flat surfaces.
1.6 Small Molecules
The size of protein-protein interfaces are large (≥ 600Å2) and often flat, thus at
first glance it appears extremely difficult to target for small molecules.82 Inspite of this,
there have been many recent reports of success in this challenging arena.83-85
Dale Boger’s group at Scripps targeted the integrin αvβ3/matrix metalloproteinase2 (MMP2) interaction that is involved in angiogenesis. Angiogenesis is the process
whereby new blood vessels arise from pre-existing vessels to provide the cells with a
constant vascular supply. This process also involves providing nourishment and thereby,
growth of tumor cells.86,87 For inhibition of this interaction, Boger and coworkers
constructed a library of small molecules and screened for activity using an enzyme linked
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immune-sorbent assay (ELISA).88 Small molecule inhibitors in the low micromolar range
were identified. One of their compounds, TSRI1265, was also shown to inhibit
angiogenesis in vivo.89
Another example of a recent breakthrough in inhibiting protein-protein
interactions with small molecules lies in the p53-MDM2 (mouse double minute 2, also
termed hDM2 in humans) interaction. The p53 protein is a tetrameric tumor suppressor
which functions as a transcriptional activator.90,91 Under conditions of stress, p53 is
activated and being a transcription factor, turns on genes to perform their specified
functions. If cells do not possess active p53, they will not react favorably to stressful
conditions, which eventually leads to a progression of unfavorable mutations resulting in
a cancerous state. The activity of p53 is regulated by another protein hDM2 (MDM2).
hDM2 is turned on by the transcriptional activity of p53 and is responsible for the
suppression of p53 in different ways.92 hDM2 transports p53 out of the nucleus into the
cytoplasm. The transcriptional activity of p53 fails if it is exported out of the nucleus.
hDM2 behaves as a ubiquitin ligase and marks p53 for degradation.93 Vassilev and
colleagues screened a large library of small molecular weight compounds and found one
specific class of compounds that showed promising activity to inhibit the p53-MDM2
interaction. This specific category of compounds was termed “Nutlins” and they
possessed a cis-imidazoline scaffold. These compounds showed activity in the nanomolar
range and are one of the most powerful examples of targeting a protein with a reasonably
small molecule (Figure 1.16 a).94
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Chmielewski and coworkers targeted the HIV-1 protease dimerization interface
using a library of small molecular weight compounds. Inhibition activities in the
nanomolar range were observed. Replacement of Phe side chains with extended aromatic
structures such as biphenyls increased the inhibition activity of these compounds. The
results from this approach are important in that their small molecule inhibitors showed
equal activity against the wild type HIV-1 protease as well as mutant forms of HIV-1 that
are resistant to different protease inhibitors.95
Hamilton and colleagues designed a tris functionalized terphenyl scaffold to
function as an α-helical mimetic. The crucial aspect of their design criteria was that the 3
ortho positions on the terphenyl scaffold would bear alkyl or aryl substituent groups that
would have the same spatial distance as the i, i+4, and i+7 side chains alongside one face
of an α-helix. These terphenyl scaffolds were shown to inhibit the interaction between
calmodulin and small muscle myosin light chain kinase (smMLCK).96 These scaffolds
were also shown to inhibit the assembly of gp4197 and the p53/hDM2 interaction.98 The
terphenyl scaffold was replaced by the terephthalimide scaffold which mimics the helical
segment of the pro-apoptotic protein Bak. This Bak mimic inhibits the Bcl-xL protein
thus enabling apoptosis (Figure 1.16 b).99 In a similar vein, Guy and coworkers designed
an indole derivative that binds the PDZ domain of MAGI3, a protein that binds to PTEN,
which is a phosphatase that curtails tumors (Figure 1.16 c).100
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Figure 1.16 Small molecule inhibitors of (a) p53-HDM2; (b) Bak/Bcl-xL; and (c)
MAGI3/PTEN interactions
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1.7 Conclusion
In this introductory chapter, ongoing work by prominent researchers in the field
of protein-protein interactions have been summarized. Inhibition of abnormal proteinprotein interactions has been attempted utilizing antibodies, peptides, and small
molecules. Engineered antibodies have the clear lead as therapeutics today in the
biopharmaceutical industry due to their specificity and high binding affinity.
Nevertheless, with the progress and development of new targets, antibodies as the only
binding reagents are being challenged. Antibodies, with their large size and numerous
intra- and inter-disulfide bonds makes them difficult to work with and extremely
prohibitive with regard to cost and also the lack of useful methods for delivery into a cell,
where they have to retain structure. Owing to these problems, their supremacy has been
increasingly challenged in the past few years by the advent of non-immunoglobulin
scaffolds, peptides, and even small molecules101 Each of these certainly have their
advantages and disadvantages. The ease of synthesis and chemical manipulation of
peptides have resulted in a plethora of work over the past decade in their use as scaffolds
for designing efficient inhibitors of protein-protein interactions. The design of peptides as
potential drugs still represents a major challenge because when non-natural peptide
binding sites are targeted, the affinities are often low and they suffer from resistance to
protease action, low bioavailability, and rapid metabolism. The sheer size of these
protein-protein interfaces (≥600 Å2) make it very difficult to be disrupted by small
molecules. Hence, it becomes important to develop new intermediate strategies to block
protein-protein interactions, where we can reduce the size of the protein but perhaps be
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more stable than a peptide. In the subsequent chapters, I shall give an elaborate account
of our methodology to disrupt diverse protein surfaces.
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CHAPTER 2

DIRECTED EVOLUTION OF A SMALL BETA-SHEET SCAFFOLD FOR
TARGETING PROTEIN SURFACES

2.1 Research Strategy
Targeting a protein surface with small proteins and small molecules remains a
daunting challenge since the surfaces involved in protein-protein interactions are large
and flat with typical interface areas being greater than 600 Å2. A small organic molecule
decorated with functional groups can hardly make an impact on targeting a shallow
protein surface. In the previous chapter, I have discussed the different approaches using
antibodies, peptides, grafting techniques, and small molecules to target protein interfaces
and the various problems encountered. Hence, it becomes important to develop new
methodologies for targeting protein surfaces.
In this chapter, I shall describe our methodology of targeting such protein surfaces
using a three step approach. In the first step, we will utilize a scaffold comprising of a
stabilized secondary structural element commonly found in proteins which could be
either an α-helix or a β-sheet. The chosen scaffold will be used to construct a phage
library, where each member of the library will display different combinations of amino
acids. A two-fold in vitro selection will then be carried out to ensure conservation of the
scaffold’s secondary structure, while isolating library members in a separate selection
step against a novel target protein. The protein variants from the scaffold library will be
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purified and a series of biophysical experiments will be performed to characterize these
proteins. In the next step, we aim to elucidate chemical information regarding the amino
acid residues that are necessary for binding to the target protein surface and understand
the mechanism for binding and perhaps inhibition of the targeted protein. The third and
final step to our three fold approach is to transfer the chemical information necessary for
binding the targeted protein onto minimalist synthetic scaffolds. Overall, we aim to
develop a general method for the discovery of protein epitopes against any given target
with the potential of reducing them to small molecule minimalist structures. (Figure 2.1)
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Figure 2.1 Three step strategy for recognizing a protein surface which entails an
optimization of a protein scaffold for targeting a chosen protein surface. This approach
provides a library of scaffold variants that can be analyzed for binding the target protein
surface. Finally, important chemical information or the epitope can be grafted onto
smaller synthetic scaffolds.
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2.2 Our Approach
We have chosen a structurally conserved β-sheet region for protein recognition
for several reasons. One motivation was the greater atom economy found in β-sheets
compared to α-helices. There are fewer residues (1 in 4) on a particular helical surface
that can interact with the target protein as compared to the alternating residues (1 in 2) on
a β-sheet. Also, minimal β-sheet surfaces or β-sheet mimetic designs have been
challenging and thus are under-utilized in targeting protein surfaces. Furthermore, β-sheet
surfaces present the opportunity to target large, flat surface areas comparable to the
shallow surfaces often seen in protein-protein interfaces.
Thus, we chose to use a β-sheet scaffold, in particular the B1 domain of
Streptococcal protein G. (GB1) for our protein surface targeting strategy. Streptococcus
is a gram positive bacterium that causes strep throat.102 The B1 domain is a small protein
comprising of 56 amino acid residues having an α-helix region and four β-sheets and has
been extensively characterized by NMR103,104 and X-ray crystallography.105 Recent work
in protein design accomplished by Mayo succeeded in generating a hyperthermostable
variant of the Streptococcal protein GB1 domain (HTB1).106 The designed mutant has a
melting temperature in excess of 100°C while maintaining a fold similar to wild-type
GB1. The basis for the enhanced stability is optimized core-packing, favorable helixdipole interactions, improvement of secondary structural propensity, and increased burial
of the hydrophobic surface area. HTB1 is therefore a stable protein that will serve as a
robust scaffold in our strategy.
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Both HTB1 and wild-type GB1 use the α-helical face to bind immunoglobulin G
(IgG) with high affinity (Ka = 3 × 107 M-1) (Figure 2.2).107 This native function could
provide an opportunity to select mutants that maintain native-like function, and by
extension, a native-like fold. Our hypothesis rested on the idea that if the helical face of
HTB1 binds IgG and maintains structural conservation, we could randomize a portion of
the β-sheet region without disrupting IgG binding. The randomized portion could be then
used to evolve the novel function of binding a non-native target surface implicated in
human disease. We conceived that our HTB1 protein should provide the necessary rigid
scaffold for the proposed randomization of eight amino acid residues located on the first
two β-strands (Figure 2.3). We intended to bias our randomized library in a manner in
which the amino acid subset that would be represented in the eight allocated positions
will comprise of residues that are over-represented in protein-protein interfaces. Using
the PyMol software, we calculated an interface area of roughly 200 Å2 that would
comprise the eight randomized residues on the first two strands of HTB1. The
randomized library was achieved by phage display.108-110 This methodology can be used
to rapidly construct a vast HTB1 library of ~109 mutants. The subsequent in vitro
selection methodology serves a two-fold purpose. First, HTB1 mutants are obtained that
bind IgG and retain tertiary structure. Secondly, these mutants from the randomized
library should use their β-sheet scaffold to bind a target protein surface and manifest a
new binding function. The biological library of HTB1 mutants was therefore deliberately
biased towards coding for amino acids Tyr, Arg, Trp, and His which are usually observed
in large proportions in protein-protein interaction sites.
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Figure 2.2 Interaction between HTB1 and immunoglobulin G depicting the helix (shown
in salmon red) of hTB1 interacting with the Fc portion of IgG (shown in green). The βsheets of HTB1 are shown in aqua blue. This structure is based on PDB code – 1FCC and
the figure was modeled using the PyMol software. This structure has been adapted from
Reference 107.
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HTB1

MAQTFKLIINGKTLKGEITIEAVDAAE-

rTB1

MAQTFXLXIXGKTLXXXIXIXAVDAAE-

Figure 2.3 Crystal structure of GB1 depicting the eight positions for randomization
(residues shown in salmon red) in the first two β-strands. The light blue helix is necessary
for binding immunoglobulin G. Shown in the box are the amino acid sequences for HTB1
and the proposed randomized sequence (rTB1). The residues (X) depicted in red reflect
positions for randomizations. This crystal structure (PDB code 1gb4) has been adapted
from Reference 106 and was modeled using the PyMol software program.
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2.3 Choice of Target Protein
Thrombin was chosen as our preliminary target protein. It is a glycosylated
trypsin-like serine protease generated in the penultimate step of the blood coagulation
cascade from the circulating plasma protein prothrombin and has been widely implicated
in numerous venous and arterial thrombotic disorders.111 Thrombin plays a pivotal role in
thrombosis and haemostasis. It converts soluble fibrinogen into insoluble fibrin, which
consequently aggregates and forms the interconnecting network or meshwork, termed as
the clot. Thrombin also activates several coagulation factors, such as factors V, VIII,
XIII, protein C, and protein S.112 Importantly for our purposes, thrombin has numerous
recognition sites or domains on its surface and can interact with a large number of diverse
substrates, both natural and synthetic in origin.113
One of the most notable features of thrombin is its unusual charge distribution.
Although it possesses an almost neutral isoelectric point, it has two regions where
charged residues are abundant. One of these domains is composed of basic amino acid
residues and is termed the anion-binding exosite I (ABE-I). This positive patch plays a
crucial role in interactions with hirudin114, fibrinogen115, fibrin116, thrombomodulin117,
and triabin118 among many others. A noteworthy protein among these worth mentioning
is the 65 residue hirudin, derived from the medicinal leech, Hirudo medicinalis. Hirudin
is one of the most potent, natural inhibitors of thrombin that forms a 1:1 non-covalent
complex with a Kd of 0.3 pM. Its highly anionic C-terminal tail is vital for the interaction
with thrombin.119,120
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Thrombin’s other anion-binding site is far more electropositive and is referred to
as the heparin-binding site or ABE-II. The proteins that primarily inhibit thrombin by
binding this exosite are heparin, haemadin121,122, and the platelet glycoprotein Ibα.123
Heparin binds thrombin and accelerates the complex formation of thrombin with serpins
antithrombin III and heparin cofactor II.
Snake venoms contain a vast complex array of biologically potent proteins that
affect vital life functions, including blood coagulation and platelet aggregation.
Bothrojaricin is a 27 kDa protein isolated from the venom of the pitviper Bothrops
jararaca and is one of the rare types of inhibitors that bind both the exosites of thrombin
to inhibit its function.124
In addition to these exosites, there are several recognition modes associated with
thrombin. The active site of thrombin, like all serine proteases, is composed of the
catalytic triad that consists of His57, Asp102, and Ser195.125 Apart from synthetic
molecules like Argatroban126, natural proteins like rhodniin127 and ornithodorin128 are
double headed inhibitors that contact both the active site as well as exosite I. Thrombin
possesses an insertion loop (Leu59-Asn62) that is implicated in extracellular-matrix
binding.125 Thrombin also has an RGD segment (Arg187, Gly188, and Asp189) that
plays a distinct role as a docking site in platelet binding through the platelet specific
GPIIb/IIIa receptor. There is a high likelihood that the selected HTB1 mutants from the
randomized library will be able to bind any of these numerous binding sites on thrombin

77

(Figure 2.4). Hence such a protein with its multiple sites of specific function is an ideal
case to test our methodology.
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Figure 2.4 Multiple sites of interaction of Thrombin. The three black residues in the
center represent the active site. The residues in brown represent the heparin binding site
or the ABE-II. The residues in red depict the fibrinogen binding exosite or ABE-I. Finally
the residues in green represent the RGD site. This structure was modeled from the PDB
code 1AHT using the PyMol software. This structure was adapted from Reference 113.
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2.4 Protein Scaffold Library
We employed phage display as our selection platform for the dual surface
selection methodology. Standard molecular biology methods were used to construct a
large library of ~ 109 HTB1 mutants. Our HTB1 library will utilize only 12 of the
available 20 naturally occurring amino acids (Figure 2.5). The library was deliberately
biased towards coding for amino acids Tyr, Trp, Arg, and His based on the residues that
are predicted to be enhanced at “hot spots” in protein-protein interfaces. The codons for
the amino acids in keeping with the hot spot hypothesis are listed in Table 2.1. The
randomized codons were synthesized as NRK, where N represents any of the four bases
A, T, G, or C. R represents either A or G, and K represents either T or G. This generates
16 possible codons (4×2×2)8 and hence provides 168 theoretical DNA sequences, thus
limiting the total possible residues at each position to allow for the randomization of 8
positions simultaneously with complete library coverage.
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Figure 2.5 The amino acid composition of the hot-spot biased HTB1 library. The three
letter and single letter codes are also depicted for each amino acid.
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Table 2.1 Codons for the 12 amino acid basis subset for the HTB1 library.

A

G

TAT

Tyr

TGT

Cys

TAG

Stop

TGG

Trp

T

C

A

CAT

His
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CGG
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CAG
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Asn

AGT
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GAG
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2.5 Phage Display
In recent years, phage display has evolved into a powerful tool providing
opportunities to study protein-protein interactions and to develop novel ligand
receptors.129,130 The essential advantages of phage-display approaches originate in the
incorporation of the protein and genetic components into a single phage virion. By
providing a direct physical link between the phenotype (expressed protein) and the
genotype (encoding genetic information), one can perform iterative rounds of selection of
clones with desirable functional properties followed by amplification of the selected
library.108,109 Specific phage clones are progressively enriched on the basis of their
specificity and affinity for the target receptor during library selection or “panning”.
Hence, relatively rare receptor-binding clones can be rescued quickly and efficiently from
large libraries. The properties of the selection system are greatly influenced by the choice
of the phage coat protein used for fusion with the recombinant protein of interest. There
are 11 gene products encoded by the genome of the phage (Figure 2.6). The 2 common
gene products utilized are pIII and pVIII. For pVIII, there are approximately 2700 copies
in wild type virions. Fusion proteins involving pVIII provides multivalent display,
however, this display affords relatively inefficient interclonal competition, and thus the
highest-affinity clones may not be recovered efficiently. pVIII fusion proteins have also
been shown to impair phage assembly when the exogenous proteins are longer than 8
amino acids, thus severely limiting the size of the library members.
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In contrast, low valency phage display techniques center on the pIII gene product.
pIII possesses five copies per virion, which are localized to one end of the phage, and can
readily accommodate fusion with large peptides (Figure 2.7). Systems with various pIII
configurations exist, both with pentavalent and monovalent display modalities.
In a typical phage display selection protocol, the enrichment of phages that
display a binding peptide or small protein is achieved by affinity selection of a library
containing phage on an immobilized target. This process, termed in phage literature
nomenclature as “bio-panning” entails the capture of binding phage while the nonbinding phages are washed away. In the next step, the captured phage are eluted and
amplified in bacterial cells such as E.coli. Subsequently, the amplified phages are
subjected to the next bio-panning round and the same cycles of binding, elution and
amplification are repeated till there occurs an enrichment of certain phage and the peptide
or protein that they present are individually analyzed by DNA sequencing.
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Figure 2.6 Structure of a filamentous phage particle. This structure has been adapted
from Reference 109.

Figure 2.7 Different types of phage display formats. This structure has been adapted
from Reference 109.
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2.6 Dual Surface Phage Display Selection Strategy
The dual surface phage display selection strategy was carried out to obtain high
affinity HTB1 variants that bind immunoglobulin G to retain structure but also evolve to
bind a new target surface utilizing their β-sheet epitope. The initial structural selection
step against IgG was carried out once and resulted in the recovery of roughly 42% of our
HTB1 library. This section of the initial HTB1 library retained its ability to bind
immobilized IgG and provided the starting point for further selections against the
thrombin target. The functional selection step against immobilized thrombin was
executed nine times (Figure 2.8).
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Figure 2.8 Dual surface phage display selection strategy.
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2.7

Amino Acid Distribution of HTB1 Mutant Sequences over Different Panning

Rounds
Each of the HTB1 mutant amino acid sequences from the last two rounds (8th and
9th rounds) of panning against thrombin are listed below (Table 2.9 and 2.10). The
sequences from earlier rounds of panning (Tables 2.2 – 2.8) and the percentage of
different amino acids (enrichment occurrence) from each round of panning (Tables 2.11 –
2.19) are listed in Appendix I.
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Table 2.9 Round 8 panning sequences against thrombin.
Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFHLEIYGKTLNYGIYIHAVDAAEAEKIF-

8SR1

MAQTFYLNIDGKTLYYKIRINAVDAAEAEKIF-

8SR2

MAQTFNLGINGKTLHYNIRIKAVDAAEAEKIF-

8SR3

MAQTFYLWIDGKTLNYHIRIQAVDAAEAEKIF-

8SR4

MAQTFWLGIRGKTLNWEIRIKAVDAAEAEKIF-

8SR5

MAQTFQLNIHGKTLYSQIRIRAVDAAEAEKIF-

8SR6

MAQTFYLKIQGKTLRHRIHIHAVDAAEAEKIF-

8SR7

MAQTFYLWIQGKTLSYHIRIKAVDAAEAEKIF-

8SR8

MAQTFNLNIQGKTLYYSIRIRAVDAAEAEKIF-

8SR9

MAQTFNLQIYGKTLWWQIRIDAVDAAEAEKIF-

8SR10

MAQTFYLWIDGKTLSYHIRIRAVDAAEAEKIF-

8SR11

MAQTFWLQIEGKTLHGSIQIKAVDAAEAEKIF-

8SR12

MAQTFDLKIYGKTLDQYICIGAVDAAEAEKIF-

8SR13

MAQTFHLQIQGKTLGDYIRIRAVDAAEAEKIF-

8SR14

MAQTFYLHIDGKTLQSGIWIRAVDAAEAEKIF-

8SR15

MAQTFSLQIRGKTLYYHIHINAVDAAEAEKIF-

8SR16

MAQTFYLDIHGKTLWYRINIKAVDAAEAEKIF-

8SR17

MAQTFQLHIWGKTLQYHIGIHAVDAAEAEKIF-

8SR18

MAQTFNLWIQGKTLDRWISIDAVDAAEAEKIF-

8SR19
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Table 2.10 Round 9 panning sequences against thrombin.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFNLGINGKTLHYNIRIKAVDAAEAEKIF-

9SR2

MAQTFNLNINGKTLHQNIKIRAVDAAEAEKIF-

9SR3

MAQTFYLWIQGKTLSYHIRIKAVDAAEAEKIF-

9SR4

MAQTFHLEIYGKTLNYGIYIHAVDAAEAEKIF-

9SR5

MAQTFELHIDGKTLSQSIRIKAVDAAEAEKIF-

9SR6

MAQTFYLWIDGKTLNYHIRIQAVDAAEAEKIF-

9SR8

MAQTFKLRIEGKTLSCQININAVDAAEAEKIF-

9SR12

MAQTFCLEIQGKTLCQYINICAVDAAEAEKIF-

9SR13

MAQTFYLQIYGKTLGYYIEIHAVDAAEAEKIF-

9SR15

MAQTFYLNIWGKTLDYSIWIKAVDAAEAEKIF-

9SR19

90

2.8 Analysis of HTB1 mutants
The DNA sequences of each HTB1 mutant were analyzed after nine rounds of
bio-panning. The DNA sequences were converted to amino acid sequences using a
proteomics based computer program, ExPASy (Swiss Institute of Bioinformatics). These
HTB1 mutants were placed in two sets or families termed Set I and Set II based on
common traits. On arranging these sequences as an anti-parallel β-hairpin motif,
structural information amongst the residues in space can be gathered (Figure 2.9).
An interesting observation made from analyzing these amino acid sequences was
the presence of tyrosine residues at the first and the fifth mutation site for HTB1 mutants
pertaining to Set I. The eighth mutational site for most of these proteins possess
positively charged residues such as Arg, Lys, and His. The occurrence of tyrosine
residues (which is a phenolic moiety) at the first and fifth randomized sites portray a
distinct epitope that could play a pivotal role in HTB1 mutant-thrombin recognition. This
could suggest charge transfer interactions such as π-π interactions with aromatic amino
acid residues on the surface of thrombin. Cation-π interactions between positively
charged amino acid residues (Lys, Arg) on the surface of thrombin, especially the anion
binding exosites-I and II, and the tyrosine residues of the HTB1 mutant could also occur.
It has been shown previously by two independent research groups that sulfated
tyrosine residues present in platelet glycoprotein Ibα (GpIbα) are important for the
binding interaction between α-thrombin and GpIbα.131,132 The sulfate groups on tyrosines
form salt-bridge interactions with side-chain nitrogens on basic residues in the anion
binding exosite-II. The positively charged amino acid residues at the eighth mutational
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site on the second segment of the β-hairpin motif could possibly be interacting with
negatively charged amino acid residues such as Glu or Asp on the surface of thrombin to
form a salt bridge type interaction. There is also a possibility for this segment to undergo
cation-π interactions with aromatic residues on the surface of thrombin. There is a
preponderance of aromatic amino acid residues in this family of HTB1 mutants. This is in
agreement with Bogan and Thorn’s work where certain amino acids such as Tyr, Trp,
Arg, and His are found in hot spots in protein-protein interfaces.19 A significant
correlation is observed on comparing our selection results with the compiled mutagenesis
data of Bogan and Thorn (Figure 2.10). On analysis of Set II, there is an absence of Tyr
residues at the first and fifth randomized sites. The fourth mutational site has a Ser or His
residue, which can account for hydrogen bonding interactions with residues on the
surface of thrombin since they are good hydrogen bond donors.
We also determined the distribution of these amino acids after a few rounds of
panning. The selection results from round 0 (theoretical number), averages of rounds 4
and 5, and the averages of rounds 8 and 9 were analyzed for the 12 amino acids. Our
library contains three codons for Arg, two codons for Gly and one codon each for the
remaining nine amino acid residues. The purpose for the analysis of the amino acid
distribution was to see if there were any increase in the preferred hot spot residues, Tyr,
Arg, His, and Trp during the course of these nine rounds of panning. These results clearly
show an increase in the amino acid residues Tyr, Trp, Arg, His, and surprisingly, Asn. In
contrast, there was also a decrease in amino acid residues Glu, Gln, Asp, and Cys. The
rest of the amino acids had a relatively constant ratio. These results have been depicted in
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the form of a histogram (Figure 2.11). This 12 amino acid basis set showing an increase
in the preferred amino acid residues at interface regions reinforces the hotspot hypothesis
since this biased phage display library displays distinct epitopes and provides a rich array
of HTB1 mutant sequences that bind thrombin.
At first glance, it is interesting to observe that these HTB1 mutants from hot spot
biased beta sheet libraries portray consensus-clusters for protein recognition. Our dual
selection has afforded a structured element that functionally evolves to recognize a target
protein surface. This is in contrast to the use of selection approaches where antibodies or
small peptides have been made to recognize protein surfaces when prior information on
structure is absent.
We will initially express and purify these HTB1 mutants and test them for
structural information and stability. Circular dichroism spectroscopy will be used to
obtain aspects of secondary structure and stability. These HTB1 mutants will be then
subsequently assayed for binding to their native partner, IgG, and their functional target,
thrombin. In our strategy, we applied selective pressure to isolate HTB1 mutants that
bound thrombin, but not necessary pressure to inhibit thrombin. Hence, it is important to
perform a thrombin inhibition assay, which, if positive would imply that these in vitro
evolved HTB1 mutant proteins can hamper thrombin’s natural function.
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Figure 2.9 HTB1 mutant amino acid sequences identified against thrombin based on the
parent HTB1 protein depicted as an anti-parallel β-hairpin motif. There are two families
depicted as Set I and Set II. The numbering system based on the original protein sequence
is depicted for the eight randomized sites in red.
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Figure 2.10 Comparison between our selection results and compiled mutagenesis data
from Bogan and Thorn’s work.
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Figure 2.11 Histogram depicting the change in amino acid composition for HTB1
mutants going from round 0 to round 9. Each of the 12 amino acids are depicted by 3
columns, one represents the theoretical number (round 0). The second represents the
average of rounds 4 and 5 and the last column represents the average of rounds 8 and 9.
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2.9 Expression and Purification of HTB1 mutants
The HTB1 parent along with a few selected HTB1 variant sequences,
9sr2, 9sr3, 9sr4, 9sr5, 9sr8, 9sr12, 9sr15, 9sr19, were cloned into a protein expression
vector pQE30 (Qiagen). This vector contains a hexa-histidine tag situated at the Nterminus that facilitates ease of purification by metal-affinity chromatography (Figure
2.12). All HTB1 mutants were expressed in E.coli XL1-Blue cell lines, induced,
harvested, and lysed. The imidazole ring is part of the structure of the amino acid
histidine. It is these imidazole rings in the histidine residues of the hexa-histidine tag that
bind to the nickel agarose resin. These proteins were eluted by either lowering the pH to
6.3 that facilitated protonation of the histidines or by increasing the concentration of
imidazole to ~0.5 M. All these HTB1 mutants were subjected to SDS-PAGE analysis to
verify the presence of the protein (Figure 2.13). Each of these proteins were further
purified by size-exclusion chromatography and characterized by mass spectrometry. The
typical yields of these β-sheet proteins were about 40-50 mg/L.
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Figure 2.12 Vector map of pQE-30 (Qiagen) showing the hexa-histidine tag, different
multiple cloning sites, promoter regions, region of antibiotic resistance, and origin of
replication site. The thrombin binding proteins were cloned into the pQE-30 vector to
facilitate protein purification. This picture has been taken from the QIAexpressionist, a
protein expression and purification manual from Qiagen, 5th edition.
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Figure 2.13 Coomassie stained SDS-PAGE of the Ni-affinity purification profile of
9sr4, an HTB1 variant selected to bind thrombin. Lane 1: molecular weight markers;
Lane 2: flow through; Lanes 3-6: washes; and Lanes 7-10: elutions with 0.5 M imidazole.
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2.10 Structural Characterization of Thrombin Binding Proteins
Circular dichroism (CD) spectroscopy was carried out to determine whether our
mini-proteins were well-folded and stable despite the presence of eight surface mutations
on the adjacent β-strands. The secondary structure of proteins and polypeptides are
studied by CD spectroscopy which is based on differences in absorption of left and right
circularly polarized light as a result of structural asymmetry. There are three distinct CD
signatures for specific secondary structural conformations in proteins, the α-helix, βsheet, and a random coil (Figure 2.14).133 On the basis of these specific CD profiles,
secondary structural details of our proteins can be inferred.
The CD spectra for each HTB1 mutant protein were obtained at a concentration of
25 µM. These HTB1 mutants showed secondary structure in solution since their CD
spectra were very similar to that of the parent HTB1. This indicates that they possess a
conserved fold (Figure 2.15). The stability of these mini-proteins was assessed by thermal
denaturation studies under extreme conditions involving a chemical denaturant (3 M
guanidine hydrochloride) where normal proteins of 56 residues would be unfolded. High
concentrations of chaotropic agents such as urea or guanidine hydrochloride denature
proteins by allowing water molecules to solvate non-polar groups in the interior of
proteins. The hydrophobic interactions that stabilize protein structures are disrupted by
the action of such chaotropes. All the mini-proteins showed significant thermal stability
displaying reversible folding and unfolding transitions. The melting temperatures (Tm’s)
of these proteins were in the range of 55-75°C in the presence of a chemical denaturant

100

compared to the parent HTB1 which displayed a Tm of 80°C (Figure 2.16). These β-sheet
proteins are well-structured and thermostable in solution.
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Figure 2.14 Secondary structural details by Circular Dichroism (CD) spectral analysis of
poly-L-lysine. Curve 1 represents the α-helical conformation, curve 2 depicts a β-sheet,
and curve 3 describes a random coil. This figure has been adapted from Reference 133.
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Figure 2.15 Circular Dichroism (CD) spectra for the family of thrombin binding miniproteins. (A) 9sr4, (B) 9sr8, (C) 9sr15, (D) 9sr19, and (E) parent HTB1.
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Figure 2.16 Thermal melts of the selected thrombin-binding mini-proteins (A) 9sr4, (B)
9sr8, (C) 9sr15, (D) 9sr19, and (E) HTB1 were monitored at 218 nm in 3 M guanidine
hydrochloride.
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2.11 IgG Binding of Thrombin-Binding Mini-Proteins
Our dual surface selection strategy consisted of a structural selection step
subsequently followed by functional selection. The structural selection step involved the
β-sheet mini-proteins from the phage library binding the immunoglobulin IgG, which
allows these proteins to retain their tertiary structure. Following the panning rounds and
structural characterization by CD spectroscopy, we wanted to verify whether our miniproteins do bind their native partner, IgG. We interrogated this structural selection step
by partially altering an IgG binding assay developed by Hellinga and Sloan with
reference to the native B1 domain of Streptococcal protein G (GB1).134,135 They
introduced a fluorescent reporter group site-specifically in the GB1 protein to monitor
complex formation with immunoglobulin, IgG. In their published work, they see an
enhancement in fluorescence upon binding of dye-labeled GB1 protein to its native
partner, IgG.
Since our HTB1 parent protein and its mutants (obtained from phage display
panning rounds) are derived from the native GB1 protein, we expected to observe a
similar increase in fluorescence of these dye-labeled proteins when they bind IgG. An
environmentally sensitive fluorophore, acrylodan, was site-specifically attached to a
cysteine mutation at residue position 33 of the parent HTB1 protein to form labeled
HTB1, termed as FHTB1. As expected, an increase in fluorescence results upon direct
binding of IgG to FHTB1 at 480 nm. Increasing concentrations of the unlabeled β-sheet
proteins were added which resulted in a competition with FHTB1 for the same binding
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site on IgG that eventually leads to a decrease in fluorescence. We determined the
binding constants for our β-sheet mini-proteins on the basis of the Kd between the
IgG/FHTB1 interaction (320 ± 5 nM). The Kd values for three of our proteins, 9sr4,
9sr15, and 9sr19 were determined to be 2.1, 2.2, and 3.9 µM, respectively (Figure 2.17).
The binding of our β-sheet mini-proteins with IgG suggests a retention of native tertiary
structure. The IgG binding experiment was performed by Scott Meyer, a fellow graduate
student in the Ghosh lab.
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Figure 2.17 IgG binding assay. (A) Addition of IgG to an acrylodan-labeled HTB1
(FHTB1) causes an increase in fluorescence emission at 480 nm. (B) Unlabeled
thrombin-binding HTB1 mutant proteins were added to a preformed IgG/FHTB1
complex, and the fluorescence emission was measured as a function of competitor
concentration, and normalized to an internal standard.
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2.12 Conclusions
In keeping up with our goal of providing a new method for selectively targeting a
protein surface, we have demonstrated the use of a structured, thermo-stable β-sheet
domain to target a known protein surface. The hyperthermophilic variant of the bacterial
Streptococcal protein GB1, referred to as HTB1 was our preferred choice of scaffold.
This protein is made up of one α-helix and four β-sheets, two strands of which were
partially randomized. Our library of HTB1 mutants was biased towards residues known
to be enriched in protein-protein interfaces based on the “hot spot” hypothesis of protein
binding. Previous studies have detailed the use of the helical portion of HTB1 to bind its
native partner, immunoglobulin IgG. Since the α-helix confers IgG binding ability, this
would afford retention of native tertiary structure. The other β-sheet face was then
functionally evolved to bind a new target protein, thrombin.
Thrombin has numerous potential interaction sites, and as such, was ideal to test
our methodology. Panning by phage display against thrombin led to the realization of
several HTB1 mutant protein sequences from 9 rounds. These sequences were divided
into two groups or families based on common traits. A unique consensus amongst Set I
HTB1 variants was the presence of two tyrosine residues at randomized sites, 1 and 5. To
investigate these mutants further, these proteins were initially expressed and purified and
characterized by SDS-PAGE and mass spectrometry. CD spectroscopic analysis of these
HTB1 mutants afforded secondary structure and high thermo-stability. These HTB1
mutants were subsequently tested to verify whether they bind their native partner,
immunoglobulin IgG. Their ability to bind IgG confirmed native-like tertiary structure.
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At this juncture, these HTB1 mutants will be tested for their ability to bind their
target, thrombin, for which they were functionally selected. Binding studies will
eventually give rise to inhibition studies to test these HTB1 mutants in the context of
thrombin inhibitors.
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2.13 Experimental Procedures
2.13.1 General Materials
All amino acid derivatives, HOBT, BOP, and resins used for peptide synthesis
were purchased from Novabiochem. Enzymes and M13KO7 helper phage were
purchased from New England Biolabs, XL1-Blue Escherichia coli was obtained from
Stratagene, custom oligonucleotides were obtained from Integrated DNA Technologies,
and all other materials were purchased from Sigma, unless otherwise noted.

2.13.2 Library Construction and Phage Display Selection
The phage display vector pHTB1 was obtained by cloning a synthetic construct
encoding for the HTB1 gene between the SfiI and NotI restriction sites into the phagemid
vector pCANTAB 5E (Pharmacia). There is a unique PstI site incorporated in the HTB1
construct sequence that enables the creation of two cassettes for mutagenesis (SfiI/PstI or
PstI/NotI). The rTB1 library-containing cassette was created between the two restriction

sites SfiI/PstI and incorporated the codon NRK at each position marked for
randomization. N corresponds to either A, T, G, or C. R represents A or G, and K
represents T or G. This library codes for residues biased toward those known to be overrepresented in protein-protein interfaces. After transformation of the library into XL-1
Blue E. coli cells, the total library size was 2.2 × 109. The phage display selection was
carried out as follows. Briefly, the HTB1 library was displayed as a gene III fusion on
M13 phage particles using the phagemid vector library described above. The library-
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containing phage particles were isolated after superinfection with M13KO7 helper phage
from the supernatant of an XL-1 Blue E. coli culture via poly(ethylene glycol) (PEG)
precipitation. The isolated phage particles were then used to pan against targets
immobilized on polystyrene plates via standard methods. Bound phage particles were
eluted under acidic high-salt conditions (1 M NaCl, pH= 2). The output phage particles
were then used to infect fresh XL-1 Blue E. coli, which became, after amplification, the
input for the next round of selection. Phage-infected E. coli were plated on agar plates
with glucose and ampicillin selection to achieve single colonies for isolation and DNA
sequencing.
The primers used to create the library are as follows:
rTB1 Forward primer : 5’- gcggcccagccggccatggcccagaccttcnrkcttnrkatcnrk
ggtaaaaccctgnrknrknrkatcnrkatcnrkgctgttgacgctgcagaagctg – 3’
rTB1 Reverse primer: 5’ - cagcttctgcagcgtcaacagc – 3’
Seq#
DNA

1

5

15

20

atggcccagaccttcnrkcttnrkatcnrkggtaaaaccctgnrknrknrkatcnrkatc

Rand#

1

A.A.

M

Seq#

21

DNA

10

A

Q

T

F

X

2
L

X

3
I

25

X

G

K

T

30

L

4

5

6

X

X

X

7
I

35

X

I

40

nrkgctgttgacgctgcagaagctgaaaaaatcttcaaacagtacgctaacgacaacggt

Rand# 8
A.A.

X

A

V

D

A

A

E

A

E

K

I

F

K

Q

Y

A

N

D

N

G
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Seq#
DNA

41

45

50

55

58

atcgacggtgaatggacctacgacgacgctaccaaaaccttcaccgttaccgaa

Rand#
A.A.

I

D

G

E

W

T

Y

D

D

A

T

K

T

F

T

V

T

E

Seq# is the amino acid residue number of the HTB1 mini-protein
Rand# is the randomized position number

2.13.3 Protein Cloning, Expression, and Purification
Selected HTB1 mutants were cloned into appropriate restriction sites of the pQE30 His-tag expression vector (Qiagen) using appropriate primers. The sequences of the
cloned mutants were confirmed by DNA sequencing and expressed as His-tag fusion
proteins to facilitate purification. All HTB1 mutants were expressed in XL-1 Blue E. coli
and induced with 1 mM IPTG at an OD600 of 1. Cells were harvested after 10-16 h and
lysed. The soluble fraction of the cell lysate was bound to nickel agarose resin (Qiagen)
in a buffer containing 50 mM Na2HPO4 and 0.3 M NaCl at pH 8.0. The proteins were
eluted with increasing concentrations of imidazole, with all mutants eluting at 0.5 M
imidazole. These proteins were subsequently purified on a size-exclusion HiLoad 16/60
Superdex 75 prep grade FPLC column (Amersham Pharmacia). Protein molecular
weights were determined via MALDI mass spectrometry.
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2.13.3.1 Primer sequences
Protein expression: All selected mutants were sub-cloned into the pQE30 hexa
his-tag expression vector (Qiagen) using appropriate primers and confirmed by DNA
sequencing. The primers used to sub-clone the B1 mutants are as follows:
Forward primer (9sr4 and 9sr8):
5’-gcatccgcatgcgcagctcactatatggcccagaccttc–3’
Forward primer (all others):
5’-cgcggatccgcagctcattatatgaccttcaagcttatcatcaac– 3’
Reverse primer:
5’-gtatctccccgggctattcggtaacggtgaaggttttg-3’
All mutants except for 9sr4 and 9sr8 were cloned into the BamHI site of pQE-30.
Due to an internal BamHI site, these mutants were cloned into the SphI site, which
produced a Cys N-terminal to HTB1 sequence. These Cys residues were utilized for
labeling in subsequent sedimentation equilibrium analysis (refer section 3.7.1), but all
other assays were carried out with the Ser mutant that was constructed by site-directed
mutagenesis. 9sr15C was also constructed via site-directed mutagenesis.
The primers for these mutations are as follows:
9sr15C forward primer:
5’–ccatcacggatgcgcagctcattatatggcc–3’
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9sr15C reverse primer:
5’–ggccatataatgagctgcgcatccgtgatgg–3’
9sr4/8 forward primer:
5’–cggatccgcaagcgcagctcactatatggcc–3’
9sr4/8 reverse primer:
5’–ggccatatagtgagctgcgcttgcggatccg–3’

2.13.4 Circular Dichroism Spectroscopy
Circular

dichroism

(CD)

data

were

recorded

on

an

Aviv

62A-DS

spectropolarimeter using a 0.1-cm path length cell. All spectra were taken at 25 °C in 20
mM sodium phosphate at pH 8.0. Protein concentrations were determined by UV
spectrophotometry at 280 nm under denaturing conditions. The mean residue ellipticity
was calculated as: (θ × 100)/(0.1 cm × [P] × n), where n is the number of residues, [P] is
the protein concentration (µM), θ is in units of (degree × cm2/dmol), and the spectra were
acquired in a 0.1-cm path length cell. Thermal melts were monitored at 218 nm and were
run in 3 M guanidine HCl. Data points were collected every 2°C with an averaging time
of 10 s and an equilibration time of 2 min.
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2.13.5 HTB1 (Q33C) Labeling and IgG Binding Assay
The extent to which the mutants could bind HTB1’s native target, IgG, was
measured via an assay first developed by Hellinga and Sloan. The Q33C mutant of HTB1
was labeled with the environmentally sensitive dye, acrylodan, 4.7 mg (21 µmol) of
acrylodan (Molecular Probes) was dissolved in 1 mL of dimethyl sulfoxide, which was
then added to 1.05 µmol of the Q33C mutant in 15 mL of PBS buffer (70 µM final
concentration). The reaction vessel was shaken for 2 h, at which point the reaction was
quenched with 20 µL of β-mercaptoethanol. The labeled protein, FHTB1, was first
purified on a nickel-agarose affinity column (Qiagen), and then on a NAP-10 Sephadex
G-25 column (Amersham Pharmacia). Labeling of the protein was confirmed by
visualization of an SDS-PAGE gel by UV fluorescence and coomassie blue staining. The
molecular weight of FHTB1 was confirmed via MALDI mass spectrometry (expected
mass: 8571 g/mol; found: 8569 m/z). IgG binding assays were run on a Photon
Technology International (PTI) spectrofluorometer in 20 mM Tris-HCl at pH=7.4 with an
excitation wavelength of 392 nm. An internal standard of a water-soluble 20 nM quantum
dot solution (λmax=595 nM, Evident Technologies) was used. Fluorescence emission of
the labeled FHTB1 was monitored at 480 nm and expressed as a fraction of the quantum
dot emission intensity. To determine the binding affinity of FHTB1 to the Fc portion of
IgG, whole human IgG was added in increasing concentrations to FHTB1 (with a final
FHTB1 concentration of 300 nM). The results with whole human IgG correspond well
with those obtained using the Fc portion of human IgG, assuming two Fc regions per IgG
molecule. To determine the IgG binding affinity of the thrombin-binding HTB1 mutants,
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a competition assay was run with FHTB1. Increasing amounts of the selected thrombin
binders were premixed with FHTB1 (300 nM), and human IgG was added (500 nM
putative Fc concentration). Fluorescence was measured after a 30-min incubation and
expressed as a fraction of the quantum dot internal standard (20 nM). The resulting
binding curves were fit to the following equation:

where F is the measured fluorescence, F0 is the initial fluorescence reading, Ff is the final
fluorescence reading, [FHTB1] is the concentration of FHTB1, KDFHTB1 is the
dissociation constant of FHTB1 for IgG, [B1mut] is the concentration of the selected
thrombin-binding mutant, and KDmut is the dissociation constant of the thrombin binders
for their interaction with IgG. The IgG binding determination was carried out by a fellow
graduate student, Scott Meyer.
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CHAPTER 3

THROMBIN BINDING, INHIBITION, AND IDENTIFICATION OF KEY RESIDUES
THAT CONSTITUTE A THROMBIN-BINDING EPITOPE

3.1. Introduction
In this chapter, I will outline different methods to characterize protein-protein
interactions. These methods will be discussed with emphasis on their advantages and
disadvantages. The method of choice will be used to study the binding interaction
between our HTB1 mutants with thrombin to obtain an equilibrium dissociation constant.
Once binding is established, we will interrogate some of these HTB1 mutants in an
inhibition assay to determine if they can inhibit the proteolytic activity of thrombin since
our dual surface phage display selection methodology only selects for thrombin binders
and not inhibitors. Important residues of the HTB1 mutant proteins will be analyzed
further to determine the minimal epitope necessary for thrombin binding and inhibition.
3.2 Methods to Characterize Protein-Protein Interactions
There are various methods available to characterize protein-protein interactions.
This section will describe details of four such methods, namely Fluorescence Polarization
(FP), Surface Plasmon Resonance (SPR), Isothermal Titration Calorimetry (ITC), and
Analytical Ultracentrifugation (AUC). The benefits and drawbacks of each of these
methods are discussed, since in the future we may explore several methods for the
classification of protein-protein interactions. However, due to a variety of reasons, we
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focused on the last of these methods, AUC, for the characterization of the direct binding
of our HTB1 mutants to thrombin.

3.2.1 Fluorescence Polarization (FP)
Fluorescence polarization (FP) or fluorescence anisotropy is often used because it
gives a direct measure of a ligand’s bound/free ratio. This technique is based on the
principle that small molecules rotate faster than large molecules. It was first introduced
by Perrin136 and subsequently used by Laurence to study the binding of small fluorophore
dyes to bovine serum albumin (BSA). The resulting polarization data was used to
estimate binding constants.137 In proteins, tyrosine and tryptophan are two amino acids
that are common fluorophores. In the case of proteins, the indole ring in tryptophan is the
result of its intrinsic fluorescence. There are however distinct problems in measuring
intrinsic tryptophan fluorescence in typical polarizations experiments. As an electron
donor the fluorescence of indole is easily quenched. Each tryptophan residue has a unique
environment with respect to surrounding amino acids and the solvent polarity. Hence,
each tryptophan will also possess different spectral properties.138 This has led to the
development of covalent fluorescent labels in polarization experiments. Such a covalent
fluorophore conjugated to a peptide or a small protein has free rotational motion and
tumbles freely. When the labeled peptide or small protein is bound to its protein partner
as a complex, there is restricted rotational ability of the fluorescent label that results in an
increase in polarization. Hence a high polarization value denotes a large labeled complex
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and has undergone little rotation during its excited state. A low polarization value
signifies a small labeled molecule that rotates rapidly during its excitation lifetime
(Figure 3.1).139,140 Equilibrium binding assays in FP do not require separation of free and
bound ligands. FP has been used to study the interaction between labeled small peptides
that bind the class I human leukocyte antigen (HLA) protein. Kinetic binding studies
have afforded binding constants in the 9 – 30 nM range for a series of peptides.141
Fluorescence polarization experiments have not been utilized in our project but it is a
useful technique for studying protein-protein interactions.
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Figure 3.1 Schematic depicting a typical fluorescence polarization experiment between
two proteins, A and B. Protein/peptide B has been labeled with a fluorescent probe.
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3.2.2 Surface Plasmon Resonance (SPR)
SPR is an optical technique that is used to characterize binding events in
macromolecules.142 Typically, a target protein is immobilized on a gold sensor surface
using routine coupling chemistry. This protein is referred to as the ligand in SPR
nomenclature. The other interacting protein or peptide, referred to in this case as the
analyte, is passed through over the immobilized ligand in solution. The binding event
between these two molecules close to the sensor surface results in a change in refractive
index. Resonance is a result of the interaction between electromagnetic vectors in the
incident light and free electron clouds, called plasmons, present in the gold conductor.
This resonant coupling between the incident light and surface plasmons in the conducting
film occurs at a specific angle of incident light. The light energy is absorbed which
causes a drop in reflected light intensity at that specific angle. This angle depends on the
refractive index of the medium opposite of the incident light and on the amount of
analyte bound to the immobilized ligand.143 The schematic working principle of an SPR
bio-sensor has been depicted in Figure 3.2. The advantage of SPR is the monitoring of
interacting events in real time which consists of primarily three steps: injection of a pulse
of analyte to observe association with the immobilized ligand, a constant flow of buffer
over the sensor surface to observe dissociation, and regeneration of the sensor surface to
prepare for the next injection (Figure 3.3). SPR also does not require the presence of a
fluorescent or radioactive label for any of the interacting molecules. An important
concern is a possible alteration of biochemical properties of the ligand during and after
immobilization. It is imperative that the ligand retains its biological activity during the
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time course of experiments. Another issue of concern for the analysis of small analytes is
unspecific binding either to the chip matrix or to the immobilized protein. SPR is not
practical for high throughput assays since only one sample is analyzed at a time.
Automation does not solve the problem since the sensor surface is prone to deterioration
over usage of a long period of time and with re-use. Blockages or air bubbles in the
microfluidic system are common occurrences during time-consuming experiments.
SPR has been used for the study of biomolecular interactions. Protein-DNA
interactions have been investigated by Schubert and co-workers to study the binding
between human replication protein A (RPA) and single-stranded DNA. The kinetics of
binding was studied at various temperatures to obtain association (ka) and dissociation
(kd) rate constants. A ratio of these two result in equilibrium dissociation constant (KD)
values. The KD values for the ssDNA-RPA interaction ranged from 2.6 pM at 10°C to 48
pM at 40°C.144 Protein-protein interactions for the Type III Secretion System (TTSS) of
the plague bacillus Yersinia pestis has been investigated by Ulrich and coworkers using
the SPR technique. Fifteen proteins of the TTSS were studied as pair-wise interactions
and the interactions were categorized as weak, medium, and strong. Interactions indicated
by SPR were further confirmed by mass spectrometry analysis.145
In our case, we were using SPR to study the binding interaction between thrombin
and our HTB1 mutants but the experiments were abandoned due to severe
instrumentation problems.
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Figure 3.2 Working principle of an Surface Plasmon Resonance (SPR) bio-sensor. This
figure has been adapted from Reference 142.
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Figure 3.3 A sensorgram showing a graphic display of the signal during a binding event.
This figure has been adapted from Reference 142.
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3.2.3 Isothermal Titration Calorimetry (ITC)
ITC represents the most quantitative means for measuring the thermodynamic
properties of a protein-protein interaction. The binding equilibrium is directly measured
by determining the heat evolved on association of a protein with its interacting partner.
The values of the binding constant (Ka), the stoichiometry of interaction (n), and the
enthalpy of binding (∆H) are determined from a typical ITC experiment. Furthermore, the
Gibbs free energy and the entropy of binding are obtained from the equilibrium
association constant. A typical experimental set-up involves two identical cells
surrounded by an adiabatic jacket (Figure 3.4).146 The sample cell consists of the
macromolecule solution and the reference cell consists of an equal volume of buffer or
water but not containing any protein. The interacting peptide or protein is placed in a
syringe and is referred to as the titrant. During the injection of the titrant into the sample
cell, heat is absorbed or evolved depending on whether the macromolecular binding event
is endothermic or exothermic. The heat absorbed or evolved during an ITC experiment is
proportional to the fraction of bound ligand. As the titrant concentration increases, the
macromolecule becomes saturated and less heat is evolved or absorbed on further
addition of the titrant. ITC does not require the presence of chromophores or
fluorophores, nor does it require an enzymatic assay. Tight binding between
macromolecules can be difficult to investigate by ITC since the lower limit of detection is
usually ~ 10 nM. A large volume (~1.7 mL) of protein is required for each experiment in
the sample cell. Baseline stability is a matter of concern in typical ITC runs and air
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bubbles can often generate spurious heat signals which could lead to error in
measurement.
ITC has been used to investigate numerous protein-protein interactions. Recently,
Strauss and Wuttke have determined the binding constant between the poliovirus RNApolymerase 3D and viral protein VPg. The KD value for this binding interaction is 11.3
µM. ITC analysis was also carried out for different VPg mutants with the 3D protein that
highlights important residues for 3D-VPg binding. Alanine mutations identified two
residues – P14 and R17 that are critical for the binding interaction.147 Trosset and
coworkers investigated the interaction between β-catenin and Tcf proteins. Inhibition of
this interaction has been the recent focus of research groups since this pathway is
switched on in several cancer types. Small molecules that compete for the Tcf3/Tcf4
binding site on β-catenin were identified from a large computational search comprising
thousands of compounds. ITC analysis identified the tightest binder having a KD of 450
nM.148
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Figure 3.4 Schematic diagram of an ITC instrument. Two cells, the sample and
reference, are placed in an adiabatic jacket. A continuous source of power is applied by a
reference heater to the reference cell. The temperature difference between the two cells is
detected by sensitive thermocouples. During an ITC experiment, heat is absorbed or
evolved and depending on the type of association, the cell feedback heater will either
increase or decrease power to keep the sample cell temperature the same as that of the
reference cell. This figure has been adapted from Reference 146.
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3.2.4 Analytical Ultracentrifugation (AUC)
AUC is a powerful tool to study the interaction between macromolecules in
solution. There are two types of experiments that can be carried out using AUC –
sedimentation equilibrium and sedimentation velocity. Like ITC, this method also
involves unmodified proteins and monitors an important aspect of complex formation,
namely changes in mass.149
In sedimentation equilibrium, the protein is allowed to sediment at low rotor
speeds. The force acting upon it is the centrifugal force which is opposed by an opposite
force – the force of diffusion. When these forces are equal and opposite, the system
reaches equilibrium. At this point, a gradient of protein concentration is set up in the cell.
The optical detector in the instrumentation measures a direct readout of the absorbance of
the protein at equilibrium. Analysis of this concentration gradient enables the calculation
of the molecular weight of the protein sample (Figure 3.5).
In the case of a velocity experiment, high rotor speeds rapidly pellet the protein to
the bottom of the sample cell. The sedimentation coefficient parameter is obtained from
the movement of the boundary that arises when sedimentation proceeds. This boundary is
formed between pure solvent and the solution containing the protein. Repeated scanning
of the sample cell absorbance allows detection of the moving boundary. The diffusion
coefficient and the molecular weight of proteins can be obtained from a sedimentation
velocity experiment.150,151 The last decade has seen a burst in analytical
ultracentrifugation experiments because of improved instrumentation.
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Figure 3.5 Principle of Sedimentation equilibrium.
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3.3 Direct Thrombin Binding
We thus far know that our β-sheet mini-proteins are structured and stable and bind
their native partner IgG to retain tertiary structure. We investigated direct binding of our
mini-proteins with thrombin by sedimentation equilibrium studies to verify if these miniproteins could indeed evolve a new thrombin binding function while still maintaining
their β-sheet topology and IgG binding capability. Direct binding can be best examined
by analytical ultracentrifugation studies and an estimate of the equilibrium dissociation
constant can be obtained. The complexation state of the mini-proteins with thrombin can
be best characterized by AUC. Aggregation of these proteins with themselves or when
complexed to each other can be easily determined. It is not possible to determine
aggregation of these proteins by any other method mentioned previously like SPR, ITC,
or FP. SPR deals with immobilization of one protein on a surface which could lead to a
loss of its biological activity. This matrix immobilization procedure is avoided in AUC
where the protein is usually monitored in its native physical state. ITC requires a large
amount of protein in the sample cell for each experiment which can lead to rapid
exhaustion of protein stocks.
In AUC experiments, the intrinsic absorbance is usually followed at 280 nm for a
protein sample to determine its molecular mass and its native physical state. However,
this is not possible to determine complex formation between two proteins of significantly
different molecular weights at the same wavelength, since it is difficult to determine the
contribution of each protein species towards complex formation. To circumvent this
problem, a fluorescent label is covalently attached to one protein species so that complex
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formation can be followed at the wavelength corresponding to the maximum absorbance
of the fluorescent label. This has been demonstrated by Fersht and colleagues who
selectively labeled an oligonucleotide with fluorescein and followed its binding to p53
using analytical ultracentrifugation.152
In our case, either thrombin or any of the selected β-sheet proteins had to be
selectively labeled with a dye molecule to follow complex formation. Thus, a cysteine
residue was incorporated in the N-terminal region of two mini-proteins, 9sr4 and 9sr15,
to form 9sr4C and 9sr15C by site-directed mutagenesis. The incorporated cysteine was
specifically labeled with an excess of Alexa Fluor 488 C5 maleimide (Invitrogen) dye
molecule (1:10 mole ratio of protein:dye). The labeled protein and thrombin were mixed
at molar ratios of 2.8:1 for 9sr4C and 4:1 for 9sr15C and subsequently allowed to reach
equilibrium at different rotor speeds of 10,000, 15,000, and 20,000 rpm. The absorbance
was recorded at 494 nm, which corresponds to the absorbance maxima of the Alexa fluor
488 C5 maleimide dye molecule. By fitting the sedimentation equilibrium data to a
theoretical curve, a fraction for the resultant labeled bound complex between thrombin
and 9sr4C-Alexa fluor 488 or 9sr15C-Alexa fluor 488 is obtained. For the data analysis at
rotor speed 15,000 rpm, the molecular weights of 9sr4C-Alexa fluor 488 was constrained
at 9420 Da along with the molecular weight of the resultant 1:1 complex of 9sr4C-Alexa
fluor 488 with thrombin at 45920 Da. The bound, labeled complex gives rise to a
fractional value that allows an estimated calculation of the equilibrium dissociation
constant (Kd) for the interaction between 9sr4C-Alexa fluor 488 and thrombin.
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Analysis of the sedimentation equilibrium data shows both 9sr4C-Alexa fluor 488
and 9sr15C-Alexa fluor 488 forms a 1:1 complex with thrombin (Figure 3.6). The data
was analyzed using SEDEQ 4.1 (Allen Minton, Laboratory of Biochemical
Phamacology, NIH). The dissociation constant (Kd) for 9sr4C and thrombin was
calculated to be 13.5 µM using the following equation:

Where:
Kd = Dissociation constant of the thrombin-labeled 9sr4 interaction
[9sr4]T = Total concentration of labeled 9sr4 (3.9 µM)
[Thr]T = Total concentration of thrombin (2.1 µM)
fc = Fraction of labeled 9sr4 that is bound to thrombin, from the best fit of the
sedimentation equilibrium data.
Similarly, the Kd for 9sr15 with thrombin was determined to be 9.6 µM, where [9sr15]T
was 7.8 µM; [Thr]T was 4.2 µM ; and fc was found to be 0.21 from sedimentation
equilibrium experiments.
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Figure 3.6 Sedimentation equilibrium of 9sr15C-Alexa Fluor 488 and 9sr4C-Alexa
Fluor 488 with thrombin. The sedimentation equilibrium absorbance profile of the
labeled thrombin-binding proteins A) 9sr15C and B) 9sr4C was recorded at 494 nm and
15,000 rpm.
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3.4 Thrombin Inhibition Assay
We were interested in determining whether these thrombin binding mini-proteins
inhibit the proteolytic activity of thrombin. The HTB1 mutant β-sheet mini-protein
domains studied thus far are structured, thermostable, bind their native partner IgG, and
functionally evolve to bind their selected target thrombin. Thrombin inhibition studies are
usually performed using chromogenic substrates such as S-2238 (H-D-Phe-Pip-Arg-pnitroanilide) where thrombin hydrolysis of this particular substrate releases p-nitroaniline
which is detected at 405 nm (Figure 3.7A).116,153 We chose to use a fluorogenic substrate
for measuring thrombin inhibition since fluorogenic probes have higher sensitivity which
facilitates the use of thrombin at lower concentrations. Due to the higher sensitivity
achieved with a fluorogenic substrate, better comparisons in fold inhibition can be
monitored for the different HTB1 proteins.
For the purpose of studying thrombin inhibition, a commercially available
tripeptide substrate, benzoyl-Phe-Val-Arg-AMC.HCl (Sigma) was utilized. This
tripeptide substrate (Km = 21 ± 3 µM) releases a fluorescent coumarin derivative when
cleaved by the active site of thrombin after the Arg residue (Figure 3.7B). These different
HTB1 mutants when bound to thrombin should bind to any of its various recognition
sites. If these mutants bind to the active site of thrombin, they should prevent the active
site from cleaving after the Arg residue of the fluorogenic substrate. When thrombin is
incubated without the presence of any HTB1 mutant, the addition of the fluorogenic
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substrate results in a signal that is larger compared to the value when incubated in the
presence of an HTB1 mutant.
Our selection protocol directly selects for thrombin binders rather than inhibitors.
Hence, it is interesting that only the HTB1 mutants with the Tyr residues at the first and
fifth randomized sites actually inhibit the proteolytic activity of thrombin in the low
micromolar regime. All the other HTB1 mutants that did not possess the Tyr residues at
these positions either slightly inhibited or did not inhibit thrombin (Figures 3.8 and 3.9).
Inhibition constants, Ki values, for these β-sheet mini-proteins were calculated from IC50
values based on the Cheng-Prusoff equation.154 Table 3.1 represents the Ki values for
these mini-proteins assayed against thrombin.
We also investigated the specificity of these mini-protein inhibitors. We were
interested to see whether these inhibitors were specific for thrombin, or whether they
inhibited common proteases. We chose trypsin for our comparative study since it is a
non-specific protease and cleaves the same tri-peptide substrate - benzoyl-Phe-Val-ArgAMC.HCl. The mini-protein 9sr4 was selected for the inhibition assay with trypsin and
was found to hardly show any inhibitory effect against trypsin (Table 3.2). This suggests
that the mini-protein family of HTB1 mutants recognize and inhibit thrombin specifically
and not general serine proteases.
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Figure 3.7 (A) Cleavage of the commonly used chromogenic substrate (H-D-Phe-PipArg-pNA; S-2238) by the catalytic active site of thrombin after the Arg residue to release
the chromophore p-nitroaniline that is monitored at 405 nm. (B) Cleavage of the
fluorogenic substrate (Benzoyl-Phe-Val-Arg-AMC.HCl) by the catalytic active site of
thrombin after the Arg residue to release the fluorescent coumarin derivative. The
fluorophore release is monitored at 370 nm and 450 nm which corresponds to its
excitation and emission wavelengths.

140

A

B

141

C

D

142

E

Figure 3.8 Thrombin inhibition by selected mini-proteins. Kinetic inhibition assays of
thrombin were run using the fluorogenic substrate benzoyl-Phe-Val-Arg-AMC. The
normalized inhibition of these mini-proteins was plotted against the inhibitor
concentration to determine IC50 values. Inhibition was shown for A) 9sr4, B) 9sr8, C)
9sr15, D) 9sr19, and E) HTB1.
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Table 3.1 Inhibition constants, Ki’s, for different mini-proteins against thrombin.

Mini-protein

Ki value ± SD (µM)

9sr4

27 ± 5

9sr8

28 ± 4

9sr15

18 ± 3

9sr19

17 ± 3

9sr3

>1000

9sr12

>1000

HTB1

>1000

Figure 3.9 Different mini-proteins assayed for thrombin inhibition.
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Table 3.2 Comparison of proteolytic activity of HTB1 mutant 9sr4 against the serine

proteases – trypsin and thrombin.

Concentration (µM)

100

Trypsin with 9sr4

Thrombin with 9sr4

(Normalized Inhibition)

(Normalized Inhibition)

0.08

0.915
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3.5 Importance of the Di-Tyrosine Motif
From the thrombin inhibition assays, HTB1 mutants that possessed Tyr residues
at the first and fifth randomization sites were able to bind and inhibit thrombin. If these
two tyrosines are indeed important for thrombin inhibition, a sequential replacement of
these tyrosine residues to alanine would be incorporated. Alanine substitutions have been
important for the identification of important functional epitopes. Mutation to an alanine
removes all side-chain atoms past the β-carbon (in alanine, side-chain R = methyl group).
If a specific amino acid with a functional group is known to be involved in binding to a
protein surface, replacing the functional side-chain with a methyl group should decrease
its binding affinity to the surface. Hence, the vital role of side-chain functional groups at
certain specific positions in the amino acid sequence can be obtained by alanine
mutagenesis. Alanine scanning mutagenesis has been utilized in the past to provide
important information on protein-protein interactions. Cunningham and Wells have used
this technique to describe the binding of the human growth hormone (hGH) to the human
growth hormone binding protein (hGHbp).155 Their mutational experiments showed a
subset of side chain contacts buried at the interface contributing to 85% of the binding
energy. These residues are referred to as “hot spots” of binding energy.156 In the case of
an antigen-antibody interface, important energetic side chain contacts were determined
by alanine scanning experiments for the interaction between hen egg-white lysozyme
(HEWL) and the monoclonal antibody, HyHEL-10.157 Similarly, RNA binding proteins
have specific amino acid residues contacting the RNA phosphate backbone that are
energetically most relevant which are surrounded by a set of energetically less important
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amino acids. Mutating these critical amino acid residues to alanines result in a substantial
decrease in binding energy.158
In our case, alanine substitutions were carried out for two β-sheet mini-proteins –
9sr4 and 9sr15 and these alanine mutants were cloned, expressed, and purified. The
change in binding affinity of the HTB1 mutants upon mutation of the tyrosines to alanine
should reflect the contribution of these residues to the overall binding energy. However,
the mutation of these residues to alanine could disrupt the fold of these mini-proteins and
thus disrupt their thrombin-binding ability. Binding affinities will not divulge any
information on the structure of these proteins after introduction of the alanine mutations.
Our hypothesis is that the di-tyrosine motif is directly important for thrombin inhibition,
rather than simply contributing to structural stability. Hence these alanine mutants of 9sr4
and 9sr15 were first evaluated for secondary structure by circular dichroism spectroscopy
(Figure 3.10). These alanine mutants are well structured in solution and have CD spectra
similar to their parent proteins – 9sr4 and 9sr15. The thrombin inhibition assay was
revisited for these alanine mutant proteins of 9sr4 and 9sr15 and a significant drop in
thrombin inhibition was observed. The relative activity was studied at two specific
concentration points, 15 µM and 50 µM. On comparing the inhibition values of these
alanine mutants to their parent proteins, 9sr4 and 9sr15 at these concentrations, there was
a significant drop in thrombin inhibition (Figure 3.11). It is interesting to observe that
these β-sheet mini-proteins have evolved from a large library to bind and inhibit thrombin
with two conserved tyrosine residues that is suggestive of a small binding region on the

147

surface of thrombin. It has been shown previously that the N-terminal region of the
chemokine co-receptor, CCR5, has four distinct tyrosine residues which when mutated to
alanine, prevent gp120 binding and decrease CCR5 co-receptor activity.159 Similarly, the
replacement of Tyr60 to Ala reduces the binding affinity of bovine insulin-like growth
factor binding protein-2 (bIGFBP2) to the insulin-like growth factor (IGF).160
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A

B

Figure 3.10 Far UV-circular dichroism of the 9sr4 family and 9sr15 family. A. The CD
spectra of 9sr4 (green) is shown with the alanine mutants – 9sr4(Y1A) (in blue) and
9sr4(Y5A) (in red). B. 9sr15 (blue) is shown with the alanine mutants – 9sr15(Y1A) (in
green) and 9sr15(Y5A) (in red).
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Figure 3.11 Thrombin inhibition by single alanine mutants of the 9sr4 and 9sr15 miniproteins. The table on the left shows the % inhibition of thrombin by the alanine mutants
in comparison to that of the parent thrombin-binding mini-proteins at the same
concentrations.
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3.6 Conclusions
In this chapter, we have discussed sedimentation equilibrium and its use in
determining direct binding between thrombin and our HTB1 mutants. This technique
does away with any immobilization strategy followed in the SPR method. The proteins
are studied in their native, physical state in solution. Any aggregation of the proteins
during complexation can be readily followed by sedimentation equilibrium. The HTB1
mutants, 9sr4 and 9sr15, were labeled with a dye to follow complexation at the
wavelength corresponding to the maximum absorbance of the fluorescent label. From the
sedimentation equilibrium studies, we found that thrombin binds to labeled 9sr4 and
9sr15 in a 1:1 ratio with a KD of binding in the low micromolar regime. This direct
binding experiment established the functional evolution of these pre-structured β-sheet
HTB1 mutants for their target protein, thrombin.
After establishing binding, we analyzed these mutants further to check for
inhibition of the proteolytic activity of thrombin since our dual surface phage display
selection affords thrombin binders, and not inhibitors. It was interesting to observe
thrombin inhibition in the 17-27 µM range by only those HTB1 mutants belonging to Set
I that possess two tyrosine residues at randomized positions 1 and 5. The di-tyrosine
epitope was analyzed further by sequentially mutagenizing the tyrosine residues to an
alanine and revisiting the inhibition assay. This systematic replacement of the phenol
group by a methyl group brought forth a decrease in thrombin inhibition for alanine
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mutants of 9sr4 and 9sr15, highlighting the importance of this specific thrombin-binding
epitope.
Further studies in the next chapter will detail mimicking the thrombin-binding
epitope in the context of a small molecule. These minimalist small molecules will be
subsequently tested for thrombin inhibition.
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3.7 Experimental Procedures
3.7.1 HTB1 Mutant Labeling and Analytical Ultracentrifugation
Single Cys residues were incorporated into the N-termini of the proteins 9sr15C
and 9sr4C, which were then labeled with the thiol-specific probe, Alexa Fluor 488 C5
maleimide (Invitrogen). The Cys-containing proteins were separately dialyzed into 20
mM Tris buffer containing 20 mM NaCl and 1 mM DTT at pH 7.5 and 4 °C. The
proteins (2 mL) were next dialyzed into 800 mL of buffer without DTT for a period of 2
h at 4 °C. The buffer was then replaced with fresh buffer, and the proteins were allowed
to dialyze for 2 h more. To 700 µL of 50 µM protein 9sr15C or 9sr4C was added a 10fold mol excess of Alexa Fluor 488 C5 maleimide dye, and the reaction was allowed to
proceed for 3 h at room temperature on the bench top shaker. Excess dye was removed
with a NAP-10 Sephadex G-25 column (Amersham Pharmacia). A 15% SDS-PAGE gel
was run to confirm the labeling of the protein. The dye-labeled proteins were then further
purified via FPLC with a size-exclusion HiLoad 16/60 Superdex 75 prep grade column
(Amersham Pharmacia). Sedimentation equilibrium analysis was performed on a
Beckman Optima XL-1 analytical ultracentrifuge equipped with an An60Ti rotor at 25 °C
with rotor speeds of 10,000, 15,000, and 20,000 rpm. A control experiment was run
simultaneously in another rotor cell containing only dye-labeled protein. All protein
samples were prepared and dialyzed overnight in 20 mM Tris buffer containing 20 mM
NaCl at pH 8.0. The dialysates were then used as blanks during the sedimentation
analysis. Scans were performed by measuring the absorbance at 494 or 280 nm with a
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step size of 0.001 cm. Samples equilibrated for 24 h and duplicate scans 2 h apart were
overlaid to determine when equilibrium had been reached. Data points were collected for
(a) a mixture of thrombin (Sigma) at a final concentration of 4 µM with dye-labeled
9sr15C (11 µM final) and (b) thrombin (2.2 µM final) with labeled 9sr4C (9 µM final).
By fitting the data to a theoretical curve, a fraction for the bound complex was obtained
that enabled an estimation of the equilibrium dissociation constant (Kd) for the interaction
between thrombin and the HTB1 variant. In all cases, the data sets were analyzed by
SEDEQ 4.1 (Allen Minton, Laboratory of Biochemical Pharmacology, NIH).

3.7.2 Thrombin Inhibition Assay
The inhibitory activities of the HTB1 mini-proteins for thrombin were measured
in a kinetic assay using a fluorogenic substrate, benzoyl-Phe-Val-Arg-AMC
(Calbiochem). These assays were performed at room temperature in 20 mM Tris buffer at
pH 8.0, containing 20 mM NaCl and 0.05% Triton X-100 with 1 nM thrombin. After 30
min of incubation of thrombin with increasing concentrations of the HTB1 mutant
proteins, the assays were started by the addition of the fluorogenic substrate. The
proteolytic release of coumarin was monitored for 60 s by fluorescence emission at 450
nm using a PTI spectrofluorimeter, with an excitation wavelength of 370 nm. The raw
data points were fit linearly, and the resulting slopes were used to calculate IC50 values,
which were determined by plotting the data as percent inhibition versus the log of the
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concentration of the HTB1 mutant proteins. The data sets were fit to the variable slope
sigmoidal by the equation below using Kaleidagraph (version 3.52, Synergy Software).

y = a + [(b – a)/(1 + (x/c)d]

where a is the value of dependent variable y for the minimal curve asymptote, b denotes
the value of y for the maximal curve asymptote, x is the logarithm of the inhibitor
concentration, c is the IC50 value, and d is the Hill slope, which describes the steepness of
the inhibitor response curve. The data set was further analyzed by the Cheng-Prusoff
equation.

Ki = IC50/[1 + ([S]/KM)]

where IC50 is the concentration of the inhibitor producing a 50% inhibition, [S] is the
substrate concentration, and Km (21 ± 3 µM) is the Michaelis constant of the substrate for
the enzyme obtained from a Michaelis Menton plot.

3.7.3 Alanine-Scanning Mutagenesis

Single alanine mutants for both 9sr4 and 9sr15 at positions 1 and 5 were
constructed by site-directed mutagenesis using the QuikChange site-directed mutagenesis
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protocol (Stratagene). Utilizing the appropriate primers shown below, we constructed the
Y1A and Y5A mutants of 9sr4 and 9sr15 separately via polymerase chain reaction with
the parent pQE30 constructs as templates. The four Ala mutant plasmids were isolated,
and the proteins were expressed in the same manner as the parent mutants.
A typical site-directed mutagenesis protocol is describes as follows (For a 50 µL
volume reaction vessel):
10X Pfu Ultra buffer

= 5 µL

DNA template (~100 ng/µL) = 1 µL
Fwd primer (10 pmol/µL)

= 1.5 µL

Rev primer (10 pmol/µL)

= 1.5 µL

dNTP mix (10 mM)

= 2 µL

Nanopure water

= 37 µL

2 µL of Pfu Ultra DNA polymerase enzyme is added last, the cocktail is mixed well and
the mutagenesis is allowed to proceed for 16 cycles using the thermocycler program.
When the mutagenesis cycle ends, 2 µL of the enzyme DpnI is added to digest the parent
plasmid. The vial is mixed well, spun at 14,000 rpm for 1 min, and further incubated for
1 h at 37°C. Next, 2 µL of the mutagenesis reaction is transformed into 40 µL of E.coli
XL1-Blue cells and recovered in ~0.95 mL of 2xYT medium without any antibiotic

resistance. The recovered plasmid is incubated at 37°C for 1 h at 175 rpm and
subsequently 100 µL of it is plated in an LB-agar plate with the specific antibiotic
resistance that codes for the plasmid of interest. The plasmid is incubated overnight at
37°C. The colonies resulting from the overnight incubation are grown in 2xYT medium
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dosed with the necessary antibiotic resistance and harvested for DNA subsequently. The
purified plasmid DNA after mutagenesis is now sent to the DNA sequencing facility to
confirm the mutagenesis incorporated.
The Y1A and Y5A single alanine mutations were incorporated employing the
following primers:
9sr4 (Y1) forward primer:
5’–ggcccagaccttcgccctttggatcc–3’
9sr4 (Y1) reverse primer:
5’-ggatccaaagggcgaaggtctgggcc–3’
9sr4 (Y5) forward primer:
5’–ggtaaaaccctgagtgcccatatcagg–3’
9sr4 (Y5) reverse primer:
5’-cctgatatgggcactcagggttttacc–3’
9sr15 (Y1) forward primer:
5’–ggcccagaccttcgcccttcagatctatgg–3’
9sr15 (Y1) reverse primer:
5’-ccatagatctgaagggcgaaggtctgggcc–3’
9sr15 (Y5) forward primer:
5’–ggtaaaaccctgggtgcctatatcgagatcc–3’
9sr15 (Y5) reverse primer:
5’-ggatctcgatataggcacccagggttttacc–3’
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CHAPTER 4

KINETIC ANALYSIS AND TRANFER OF CHEMICAL INFORMATION ONTO A
SMALL SYNTHETIC MOLECULE
4.1 Introduction
The search for small molecules that bind protein surfaces or modulate proteinprotein interactions has been extremely challenging due to the relatively large and
featureless protein-protein interfaces involved. Traditional targets for such small
molecules have usually been the active sites of enzymes, since the interior of enzymes
have well-defined clefts and thus provide numerous contact points that afford high
binding affinity. Several types of interactions such as hydrogen bonding, electrostatics,
and salt-bridge interactions play a vital part in the molecular recognition of such small
molecules in these enzyme active sites, hence molecules containing hydrogen-bond
donors and acceptors can serve as useful inhibitors.
In stark contrast, the design and development of small synthetic molecules to
disrupt protein-protein interactions is challenging despite its immense therapeutic
potential. This is primarily because of the surfaces involved in these cases, typically
large, dynamic and featureless. There have been few reports in literature of such
molecules identified from high throughput screens. In the case of peptide modulators of
protein-protein interactions, the primary limitations in their usage are the susceptibility to
cleavage by proteases and the lack of bioavailability. This limitation has been partially
overcome by incorporating D-amino acids at these cleavage positions. However, the use
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of D-amino acids or constrained analogs can, at times, interfere with the complex
formation process. These problems have given rise to the development of
peptidomimetics of protein secondary structural elements such as α-helices and β-sheets
that can possess biological activity against their natural protein targets.

4.2 Terphenyl Based Helical Mimetics
Grafting of residues that are important in protein-protein or protein-peptide
interactions to a small molecule scaffold presents an alternative means of identifying
disrupters of protein-protein interactions. The idea is to develop small molecules based
on synthetic scaffolds that can mimic the key features of large protein secondary
structural elements. Such designed small molecules will have low molecular weights (<
1000 Da), and be devoid of peptide bonds. Some designed inhibitors have rigid templates
to prevent hydrophobic collapse. A classical paradigm was the design of terphenyl-based
α-helical mimetics designed by Hamilton and coworkers that was used to disrupt proteinprotein contacts.83
In nature, the α-helix is an important protein secondary structural element. Amino
acid residues at positions i, i+3, i+4, and i+7 are located on the same side of the helical
backbone and are often involved in the molecular recognition of a protein surface. αhelices play a vital role in several protein-protein, protein-DNA, and protein-RNA
interactions. This makes helices a critical target for the design of small synthetic agents
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that can mimic their structure and biological function. Hamilton and colleagues designed
a non-peptide tris functionalized terphenyl scaffold to function as an α-helical mimetic.
The crucial aspect of their design criteria was that the 3 ortho positions on the terphenyl
scaffold would bear alkyl or aryl substituent groups that would have the same spatial
distance as the i, i+4, and i+7 side chains alongside one face of an α-helix (Figure 4.1
A).83 These synthetic agents were prepared by a Suzuki coupling reaction. These
terphenyl scaffolds were first shown to inhibit the interaction between calmodulin and
small muscle myosin light chain kinase (smMLCK).96 The designed terphenyl (Figure
4.1B i) competed with smMLCK peptide with an IC50 value of 9 nM. These scaffolds
were also shown to subsequently inhibit the assembly of gp41 with an IC50 value of 13.18
± 2.54 µg mL-1. They disrupt the binding of the C-terminal peptides to the trimeric Nterminal core and thus prevent entry of HIV-1 into host cells (Figure 4.1B ii).97 To
highlight the importance of these scaffolds for other critical protein targets, these
terphenyl-based antagonists were also used to mimic the α-helical region of the p53
peptide and inhibit the p53/hDM2 interaction. The important amino acid residues of p53
that make useful contacts on the hDM2 surface are F19, W23, and L26 and these
designed terphenyl derivatives present their side chains into the F19, W23, and L26
binding groove pockets of hDM2. The best terphenyl derivative inhibitor displayed a Ki
of 0.182 µM.98 This helical mimetic strategy was used for the design of an inhibitor for
the anti-apoptotic protein Bcl-xL. The natural binding partner of Bcl-xL is Bak. NMR
studies have shown that a helical portion of the Bak protein binds a deep hydrophobic
cleft on the Bcl-xL protein.161 Hamilton and colleagues designed a terphenyl-based

160

scaffold to block the Bak recognition motif on the surface of Bcl-xL.99 A designed
terphenyl derivative was found to be a potent inhibitor of Bcl-xL with a Ki of 114 nM
(Figure 4.1B iii). The terphenyl scaffold has been replaced by the terephthalimide
scaffold which mimics the helical segment of the pro-apoptotic protein Bak (Figure 4.1B
iv). This Bak mimic inhibits the Bcl-xL protein with a Ki of 0.78 µM thus enabling
apoptosis.162
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A

Figure 4.1 A. Rational design of terphenyl-based α-helical mimetics. This figure has
been adapted from Reference 83.
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Figure 4.1 B. Terphenyl (i-iii) and terephthalimide (iv)-based inhibitors. (i) inhibits the
interaction between calmodulin and smMLCK. (ii) inhibits the assembly of gp41. (iii)
inhibits the Bak- Bcl-xL interaction while terephthalimide (iv) also inhibits the Bak- BclxL interaction.
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In this chapter, I will discuss the transfer of important chemical information that
can be obtained from the particular amino acid residues implicated in binding the target
protein surface - thrombin. These residues that are important for protein binding activity
will be transplanted onto smaller synthetic scaffolds. From the previous chapters,
structured mini-protein variants of HTB1 have been identified that bind and inhibit
thrombin. These proteins have a distinct di-tyrosine motif at positions 1 and 5 on the first
two β-strands of the mini-proteins. Alanine scanning mutagenesis has established that
these two tyrosines are important and contribute towards a minimal epitope in binding
and inhibiting thrombin. For the purpose of translating information from a structured
mini-protein to a small molecule, the di-tyrosine motif will be mimicked in the case of
the small molecule setting and the thrombin inhibition assay will be revisited.
Once inhibition is established, the mode of inhibition of the structured miniprotein as well as the small molecule will be investigated by kinetic analysis. Subsequent
experiments will also be performed to rule out any inhibition due to aggregation effects.
Finally, the distance between the two tyrosines will be evaluated in a small molecule
setting by changing the linker lengths and thrombin inhibition will be further investigated
by this pool of different di-tyrosine molecules.

4.3 Rationale for Minimal Epitope
The HTB1 mutant proteins that possessed a di-tyrosine motif were important in
binding and inhibiting thrombin. These two tyrosines, that are located in positions 1 and 5
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on the first two β-strands, were further verified by alanine scanning mutagenesis to
present a minimal thrombin binding epitope. The final step of our three pronged strategy
was to graft these important residues from a structured mini-protein onto a small
synthetic scaffold. Our HTB1 mutant proteins having the di-tyrosine motif were shown to
possess the parent HTB1 structure from IgG binding assays and circular dichroism
spectroscopy. The knowledge of structural information allowed us to measure the
distance between the Cα carbon atoms of the two tyrosine residues at positions 1 and 5 on
these HTB1 mutant proteins. A distance of 9.2 Å was calculated using the PyMol
software program on the basis of the NMR structure of the parent HTB1 protein. This
particular distance was also verified using the Insight II modeling program. A mimic of
these structured mini-proteins was rationally designed using the two tyrosine residues
with the calculated distance constraints. A tetrapeptide – Tyr-β-Ala-β-Ala-Tyr, (which
will be henceforth termed as Tyr-(β-Ala)2-Tyr), was designed such that the distance
between the two particular tyrosines is around 11 Å (Figure 4.2 A). Another peptide, TyrGly-Tyr, having the two tyrosine residues at a much shorter distance of ~6 Å was also
designed (Figure 4.2 B).
Our hypothesis was that the tetrapeptide, Tyr-(β-Ala)2-Tyr, which spans a
distance of ~11 Å, would be able to mimic the minimal di-tyrosine epitope and inhibit
thrombin. On the other hand, the tripeptide, Tyr-Gly-Tyr, has a shorter distance between
the two tyrosine residues of ~6 Å. This particular distance constraint would not allow the
minimum 9.2 Å distance to be spanned between the two tyrosines making this tripeptide
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a negative control. It should not be able to inhibit thrombin and hence not serve as an
ideal di-tyrosine mimic.
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Figure 4.2 Designed minimal mimics of the di-tyrosine epitope. A) depicts the
tetrapeptide, Tyr-(β-Ala)2-Tyr, that spans the distance between the two tyrosine residues
at ~11 Å. This distance mimics that between the two tyrosines of the structured miniprotein variants of HTB1. The distance was calculated based on the structural NMR data
of the parent HTB1 protein. B) depicts the tripeptide, Tyr-Gly-Tyr, with a shorter
distance between the two tyrosines at ~6 Å.
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4.4 Small Molecule Mimic of the Di-Tyrosine Epitope
The two peptides were synthesized by standard Fmoc solid-phase peptide
synthesis (SPPS) methods, purified by reverse-phase HPLC, and tested for thrombin
inhibition. The same inhibition assay was revisited using the fluorogenic substrate,
Benzoyl-Phe-Val-Arg-AMC.HCl. As mentioned in Chapter 3, this tripeptide releases a
fluorescent coumarin derivative when cleaved by the active site of thrombin after the Arg
residue. If these di-tyrosine peptides have an inhibitory effect towards thrombin, the
addition of the fluorogenic substrate should result in a signal that is smaller compared to
the value when thrombin is incubated in the absence of these di-tyrosine peptides.
From the thrombin inhibition assays performed with the tetrapeptide and
tripeptide separately, the tetrapeptide, Tyr-(β-Ala)2-Tyr, inhibited thrombin with an IC50
value of 681 ± 70 µM, while the tripeptide, Tyr-Gly-Tyr, having the shorter distance of
~6 Å between the two tyrosine residues hardly showed any thrombin inhibition (Figure
4.3). This experiment demonstrates that it is possible to transfer chemical information
from a structured mini-protein to a small molecule. The appropriate distance between the
two tyrosine residues is necessary and important for inhibiting thrombin. The minimal
tetrapeptide epitope which has the correctly spaced di-tyrosine residues re-iterates the
effect of the 56 residue HTB1 mutant proteins.

168

Figure 4.3 Inhibition of thrombin with peptide mimics of the di-tyrosine motif. The
percent inhibition of thrombin with the tetrapeptide, Tyr-(β-Ala)2-Tyr (shown in red
bars), and the tripeptide, Tyr-Gly-Tyr, (shown in blue bars) is depicted. The calculated
distance between the two tyrosine residues in the case of the tetrapeptide mimics that of
the selected thrombin-binding mini-proteins (~11 Å) based on the NMR structure of the
parent HTB1, whereas the same distance in the tripeptide is shorter (~6 Å).
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4.5 Kinetic Analysis of HTB1 Mutant Protein and Tetrapeptide Epitope

At this juncture, we know that the HTB1 mutant proteins and the di-tyrosine
tetrapeptide epitope inhibit the proteolytic activity of thrombin. However, we have yet to
establish the mode of inhibition of our HTB1 mutant proteins and the tetrapeptide, Tyr(β-Ala)2-Tyr and decided to investigate this by exhaustive kinetic analysis. There are
three general types of enzyme inhibition mechanisms, competitive, non-competitive, and
uncompetitive inhibition. Many of the small molecule inhibitors of thrombin bind the
active site, thereby out-competing the substrate and turning off thrombin activity. This is
characteristic of competitive inhibition (Figure 4.4 A). In the case of non-competitive
inhibition, the inhibitor binds to a site that is distinct from the active site of the enzyme
but still influences the binding of the substrate at the active site (Figure 4.4 B). Lastly, in
the case of uncompetitive inhibition, the inhibitor binds to a site on the enzyme which
becomes available only after the substrate has bound the active site of the enzyme (Figure
4.4 C).
The HTB1 mini-protein variant, 9sr4, was interrogated along with the tetrapeptide
Tyr-(β-Ala)2-Tyr in the kinetic analysis study. A kinetic analysis was carried out by
incubating thrombin at different concentrations of the inhibitors, 9sr4 and Tyr-(β-Ala)2Tyr. The concentrations used for the inhibitors were based on the concentrations
employed in the inhibition assays against thrombin performed previously. Concentrations
of 5 µM, 25 µM, and 50 µM were utilized in the case of the 9sr4 mini-protein while 500
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µM, 750 µM, and 1000 µM were used in the case of the tetrapeptide. Different
concentrations of the tri-peptide coumarin substrate were employed for this study ranging
from 25 µM to 150 µM. To perform a kinetic analysis, routine inhibition assays were
performed with each different substrate concentration, and the data were analyzed using
different equations for all three modes of enzyme inhibition – competitive, noncompetitive, and uncompetitive for both sets of inhibitors, the 9sr4 mini-protein (Figure
4.5) and its tetrapeptide mimetic (Figure 4.6).
Upon globally fitting the data using SigmaPlot (ver.10.0), neither the competitive
nor the uncompetitive model agreed with the kinetic data. Among the parameters that are
used to judge each fit, a statistical parameter referred to as the Akaike’s Information
Criterion (AICc) is used to rank each model fit. The model with the lowest AICc value is
considered the best fit model. Using this information, the data were best fit to a noncompetitive inhibition model for both inhibitors, the 9sr4 mini-protein and the
tetrapeptide epitope, Tyr-(β-Ala)2-Tyr. The Ki values calculated from the non-competitive
inhibition model was 25 ± 4 µM for the 9sr4 mini-protein and 705 ± 26 µM in the case of
the tetrapeptide mimetic. These Ki values obtained from the kinetic study were in
excellent agreement with values from inhibition assays obtained at a single substrate
concentration using the Cheng-Prusoff method. From the kinetic analysis, there seems to
be a similar inhibition trend for both 9sr4 and Tyr-(β-Ala)2-Tyr, with both systems
inhibiting thrombin in a non-competitive fashion. This seems to suggest that both the
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mini-protein 9sr4 and its tetrapeptide mimetic Tyr-(β-Ala)2-Tyr probably bind the same
site on the surface of thrombin.
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A

Equation for competitive inhibition: v = Vmax/[1+(Km/[S])(1+( I/Ki)]

B

Equation for non-competitive inhibition: v = Vmax/[1 + (I/Ki) + (Km/[S])]
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C

Equation for uncompetitive inhibition: v = Vmax/([1 + (I/Ki)] [(1 + (Km/[S])])

Figure 4.4 Diagrams depicting different modes of enzyme inhibition. In A) competitive
inhibition, the substrate and inhibitor both bind to the active site in a mutually exclusive
manner. In B) non-competitive inhibition, the inhibitor binds to either the enzyme or to
the enzyme-substrate complex. The binding of the inhibitor renders the enzyme inactive.
In the C) uncompetitive mode of inhibition, the inhibitor binds only to the enzymesubstrate complex which renders the enzyme inactive. Also shown are the different
equations that are used to fit the kinetic data.
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A) Competitive Inhibition

Parameters
Vmax 6510.3 ± 365
Km
13.42 ± 4.2
Ki
3.61 ± 1.04
Goodness of Fit
Degrees of Freedom 29
AICc 405.8
R2 0.984
Sum of Squares 7.67e+6
Sy.x 514.4
B) Uncompetitive Inhibition
Parameters
Vmax 7415.5 ± 295
Km
24.5 ± 3.4
Ki
18.9 ± 1.5
Goodness of Fit
Degrees of Freedom 29
AICc 376.5
R2 0.994
Sum of Squares 3.06e+6
Sy.x 324.9
C) Non-competitive Inhibition
Parameters
Vmax 7164.6 ± 216
Km
20.9 ± 2.4
Ki
25.2 ± 1.6
Goodness of Fit
Degrees of Freedom 29
AICc 367.5
R2 0.995
Sum of Squares 2.31e+6
Sy.x 282.4
Figure 4.5 Thrombin was subjected to a kinetic analysis with the HTB1 variant- 9sr4.
The protein was used at three different concentrations – 5, 25, and 50 µM and subjected
to analysis using different kinetic models –A) Competitive, B) Uncompetitive, and C)
Non-competitive inhibition. Results best agreed to a non-competitive model of inhibition
(encircled red box).
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A) Competitive Inhibition
Parameters
Vmax 6307 ± 335
Km
14.64 ± 4.5
Ki
90.1 ± 24.5
Goodness of Fit
Degrees of Freedom 37
AICc 505.7
R2 0.981
Sum of Squares 9.87e+6
Sy.x 516.4
B) Uncompetitive Inhibition
Parameters
Vmax 7412.5 ± 243
Km
30.46 ± 3.6
Ki
538.7 ± 31.5
Goodness of Fit
Degrees of Freedom 37
AICc 457.9
R2 0.994
Sum of Squares 2.98e+6
Sy.x 283.8
C) Non-competitive Inhibition
Parameters
Vmax 7098.5 ± 141
Km
24.3 ± 1.9
Ki
704.5 ± 26
Goodness of Fit
Degrees of Freedom 37
AICc 431.4
R2 0.997
Sum of Squares 1.54e+6
Sy.x 203.8
Figure 4.6 Mode of inhibition for Tyr-(β-Ala)2-Tyr: Thrombin was subjected to a kinetic
analysis with the tetrapeptide mimetic. The tetrapeptide was used at three different
concentrations – 500, 750, and 1000 µM and subjected to analysis using different kinetic
models – A) Competitive, B) Uncompetitive, and C) Non-competitive inhibition. Results
best agreed to a non-competitive model of inhibition (encircled red box).

176

4.6 Is Thrombin Inhibition Induced By Aggregation
It is well known that small, organic, drug-like molecules tend to form colloid-like
aggregates at micromolar concentrations in an aqueous environment. These molecules
tend to inhibit enzymes non-specifically leading to false-positive hits in high-throughput
enzymatic assays.163 Shoichet and colleagues discovered many such “nuisance”
compounds when they were looking for inhibitors of β-lactamase. These compounds not
only inhibited β-lactamase, but also other enzyme targets such as dihydrofolate reductase
(DHFR), chymotrypsin, malate dehydrogenase (MDH), and β-galactosidase.164 They
found that the inhibitory effects of these molecules would decrease on the addition of
high concentrations of bovine serum albumin (BSA) or even large amounts of the target
enzymes. In contrast, on increasing the concentrations of the small molecules by the same
margin would return their inhibitory potencies. Such a strange pattern of inhibition was
not observed in any known enzyme inhibition mechanism pathway. The molar ratios of
the inhibitor and the target enzyme point to a stoichiometric basis, but an extremely
biased stoichiometry with probably thousands of inhibitor molecules to one enzyme
molecule. This is suggestive of the fact that these small molecule inhibitors sequester
their enzyme targets without any specificity, thereby blocking them.165 These small
molecule aggregates are usually detected by dynamic light scattering (DLS) and
transmission electron microscopy (TEM) and are highly sensitive to the presence of nonionic detergents such as Triton X-100.
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We were concerned about possible aggregation effects of our tetrapeptide
mimetic, Tyr-(β-Ala)2-Tyr on thrombin. We used the fluorescent dye, 8-anilino-1naphthalene sulfonic acid (ANS) to probe possible aggregation effects of our tetrapeptide,
Tyr-(β-Ala)2-Tyr. The proclivity of a peptide to aggregate can be investigated by changes
in the fluorescence of the dye, ANS. Typically, the fluorescence of ANS increases upon
interaction with an apolar environment and has been used to measure the critical micellar
concentration (CMC) of detergents such as sodium dodecyl sulfate (SDS),166,167 and in
measuring the hydrophobic environments of proteins and aggregating peptides.168,169 To
investigate the behavior of our tetrapeptide with ANS, fluorescence was monitored in the
presence of increasing amounts of the tetrapeptide with concentrations ranging from 250
µM to 1250 µM. The concentrations of the tetrapeptide investigated in this study were in
the same range as that of the inhibition and kinetic assays performed against thrombin.
The detergent SDS was used as a positive control in concentrations of 0.1 mM to 15 mM.
The fluorescence spectra were monitored between 420 nm and 600 nm for the
tetrapeptide at different concentrations with a fixed concentration of 10 µM of ANS after
incubating them for 2 hours at room temperature. The same procedure was repeated in
the case of different concentrations of SDS (Figure 4.7). From the dye-binding studies
with ANS, there is no evidence of aggregation of our tetrapeptide epitope Tyr-(β-Ala)2Tyr since there is no increase in fluorescence observed. On the other hand, the control
SDS causes a large in increase in fluorescence on binding ANS with increasing
concentrations. This behavior of SDS is in excellent agreement with literature
precedence.
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Another technique involving dynamic light scattering (DLS) was conducted to
verify that the tetrapeptide epitope Tyr-(β-Ala)2-Tyr does not inhibit by aggregation. DLS
is a popular technique to determine the size and distribution of particles by the scattering
of light. The sizes of particles measured range from a few nanometers to a few microns. It
is a non-invasive technique and the method is rapid and simple to perform. Most
importantly, the sample can be recovered.
A solution of the tetrapeptide was investigated at 1 mM along with SDS as a
choice of positive control. The SDS concentrations were chosen as being below and
above the apparent critical micellar concentration (CMC) of SDS as indicated by the
ANS dye assay from above. Hence, the concentrations of SDS chosen were 1 mM and 10
mM. From DLS studies, the data for 1 mM tetrapeptide was identical to that of the buffer
control and the 1 mM SDS sample indicating no aggregation. The 10 mM SDS control
noticeably shows aggregation as also confirmed from ANS binding experiments (Figure
4.8). The DLS studies were performed by Scott Meyer.
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C)

NH2
SO3H

Figure 4.7 8-Anilino-1-naphthalene sulfonic acid (ANS) binding. The fluorescence
emission of ANS at its maxima with increasing concentrations of A) Tyr-(β-Ala)2-Tyr at
470 nm, and B) SDS at 485 nm. The raw fluorescence emission spectra between 420 nm
and 600 nm for the (A) tetrapeptide and (B) SDS are shown as insets. C) Chemical
structure of the dye ANS.
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Figure 4.8 Dynamic Light Scattering (DLS) readings of the tetrapeptide at 1 mM show
particle abundance profiles similar to those of the buffer background, indicating no
aggregation is taking place under assay conditions. Also shown are abundance profiles
for SDS at 1 mM (below the apparent CMC) and 10 mM (above the apparent CMC).
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4.7 Proof of Reversible Inhibition

It has been observed that many non-competitive inhibitors of enzymes display
irreversible inhibition.170 In such cases, the activity of the enzyme is lost either by
covalent modifications or by irreversible enzyme denaturation. To confirm whether our
tetrapeptide epitope, Tyr-(β-Ala)2-Tyr, was a reversible or an irreversible thrombin
inhibitor, an exhaustive dialysis experiment was conducted. Thrombin was incubated
with a fixed concentration of the tetrapeptide (1 mM). Another sample of thrombin was
incubated with the assay buffer (20 mM tris, 20 mM NaCl, 0.05% Triton X-100 at pH
8.0) as a control experiment. The activity of the enzyme was measured prior to dialysis.
The samples were then dialyzed for several hours in a large molecular weight dialysis
membrane cut off (7 kDa). The molecular weight of thrombin is ~37 kDa hence the
tetrapeptide whose molecular weight is that of any small organic molecule (~486 Da)
should be dialyzed away. The control dialysis experiment consisted of thrombin with the
buffer solution. After dialysis, the thrombin activity was assayed by the addition of the
fluorogenic tripeptide coumarin substrate, Benzoyl-Phe-Val-Arg.AMC (Figure 4.9). We
observed that the enzymatic activity of thrombin was completely restored. Hence,
exhaustive dialysis led to the removal of the small tetrapeptide inhibitor, Tyr-(β-Ala)2Tyr from thrombin, demonstrating reversible, non-covalent inhibition.
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Figure 4.9 Reversibility of inhibitor binding. The catalytic activity of thrombin is
measured before and after exhaustive dialysis in the absence or presence of the
tetrapeptide, Tyr-(β-Ala)2-Tyr (1 mM), demonstrating that inhibition is reversible and
non-covalent.
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4.8 Di-Tyrosine Peptides of Different Lengths
We established the importance of the di-tyrosine motif and carried out its mimicry
in the context of a small molecule setting. A tetrapeptide, Tyr-(β-Ala)2-Tyr, was made in
order to space the two tyrosine residues at a similar distance to those present in the
structured HTB1 mutant protein (9.2 Å). A tripeptide, Tyr-Gly-Tyr, was designed to
restrict the tyrosines at a shorter distance than 9.2 Å. These two peptides were assayed
against thrombin and the tetrapeptide with a similar distance between the di-tyrosines as
present in the HTB1 mutants showed thrombin inhibition in the high micromolar range
(IC50 = 681 ± 70 µM), while the tripeptide hardly showed any thrombin inhibition. We
wanted to verify these results with a larger pool of di-tyrosine containing peptides with
different spacings between the di-tyrosines. This will enable us to optimize the distance
between the di-tyrosines necessary for thrombin inhibition.
We initially made different peptides of varying length containing the di-tyrosine
motif. All these peptides were synthesized by standard Fmoc solid phase peptide
synthesis (SPPS) methods, purified by reverse-phase HPLC, and characterized by Maldi
mass spectrometry. The peptides made were a pentapeptide (Tyr-(β-Ala)3-Tyr), a
hexapeptide (Tyr-(β-Ala)4-Tyr), an octapeptide (Tyr-(β-Ala)6-Tyr), and the control
peptide was a tripeptide (Tyr-β-Ala-Tyr) which lacked the 9.2 Å minimal distance
necessary for thrombin inhibition (Figure 4.10).

184

HO
H
N

H 2N

O

H
N

O

OH

O

Tyr-β -Ala-Tyr

OH

HO

H 2N

OH

O

O

O

O

O

H
N

H
N

H
N

H
N

Tyr-( β-Ala)3 -Tyr

OH

HO

H2 N

O
OH

O

O

O

O

O

H
N

H
N

H
N

H
N

H
N

OH

Tyr-( β-Ala)4 -Tyr

HO

H 2N
O

O

O

H
N

H
N

H
N

H
N

H
N

O

Tyr-( β-Ala)6 -Tyr

O

H
N
O

H
N

O
OH

O
OH

Figure 4.10 Di-tyrosine peptides with different spacer lengths between the two tyrosine
residues.
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4.9 Assaying the Di-Tyrosine Peptides of Differing Lengths against Thrombin
The effect of the distance between the tyrosine residues will be tested as a
function of the abilities of various peptides to inhibit thrombin. The inhibition assay
revealed a similar trend in inhibition for the pentapeptide, hexapeptide, and the
octapeptide when compared to the original tetrapeptide epitope, Tyr-(β-Ala)2-Tyr with
IC50 values in the high micromolar regime. The control tripeptide, Tyr-(β-Ala)-Tyr, on
the other hand showed little thrombin inhibition (Figure 4.11). Table 4.1 represents the
IC50 values for these di-tyrosine peptides assayed against thrombin. These inhibition
assays suggest that a minimum distance of 9.2 Å between these di-tyrosines is necessary
for thrombin inhibition.
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A

B
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C

D

Figure 4.11 Thrombin inhibition by di-tyrosine peptides of different spacer lengths.
Inhibition assays of thrombin were run using the fluorogenic substrate benzoyl-Phe-ValArg-AMC. The normalized inhibition of these di-tyrosine peptides was plotted against
the inhibitor concentration to determine IC50 values. Inhibition was shown for A) Tyr-(βAla)6-Tyr, B) Tyr-(β-Ala)4-Tyr, C) Tyr-(β-Ala)3-Tyr, and D) Tyr-(β-Ala)-Tyr.
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Figure 4.12 Comparison of thrombin inhibition by di-tyrosine peptides of different
spacer lengths. The percent inhibition of thrombin with the octapeptide, Tyr-(β-Ala)6-Tyr
(shown in black bars), hexapeptide, Tyr-(β-Ala)4-Tyr (shown in green bars),
pentapeptide, Tyr-(β-Ala)3-Tyr (shown in blue bars), and the tripeptide, Tyr-(β-Ala)-Tyr
(in red bars) is depicted.

Table 4.1 IC50 values for different di-tyrosine peptides against thrombin.

Di-tyrosine peptide

IC50 value ± SD (µM)

Tyr-(β-Ala)6-Tyr

755 ± 55

Tyr-(β-Ala)4-Tyr

691 ± 25

Tyr-(β-Ala)3-Tyr

647 ± 41

Tyr-(β-Ala)-Tyr

> 1000
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4.10 Conclusions
We have established a new method for designing structured mini-proteins and
small molecules that bind protein surfaces. In our work, we have utilized a small,
monomeric, thermostable protein domain HTB1. The parent HTB1 protein maintains
structure by binding its native partner, the immunoglobulin IgG using its helical face. The
HTB1 protein was conceived as a rigid scaffold for presenting eight randomized positions
located on the first two β-strands of the protein in the context of a vast library of HTB1
mutants. This library was then manipulated by phage display to isolate HTB1 mutants
that bound to a non-native target, thrombin. There were two families of HTB1 mutants
that evolved from the panning rounds against thrombin. One family possessed tyrosine
residues at two distinct positions, 1 and 5, on its β-sheet surface. The various HTB1
variants from the scaffold library were expressed and a series of biophysical experiments
were performed to characterize these proteins. These HTB1 mutants were found to be
well-folded, thermostable, bind their native partner IgG, and also bind their functional
target thrombin. It was exciting to see that these HTB1 mutants that had the two distinct
tyrosine residues not only bound, but also inhibited thrombin with Ki values in the low
micromolar range. Alanine scanning mutagenesis validated the importance of the dityrosine epitope.
Since our parent HTB1 protein maintains structure, we were able to measure the
distance between the two tyrosine residues at 9.2 Å. This allowed us to graft the dityrosine epitope onto a small synthetic molecule. This di-tyrosine epitope, Tyr-(β-Ala)2-
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Tyr, which has a distance between the two tyrosines at ~11 Å, was found to inhibit
thrombin with an IC50 of 681 ± 70 µM. A control peptide, Tyr-Gly-Tyr that does not
space the distance between the two tyrosines from the HTB1 structure was found to have
little effect on thrombin inhibition. The mode of inhibition was next tested for one of the
HTB1 mini-protein variants, 9sr4 and for the tetrapeptide epitope, Tyr-(β-Ala)2-Tyr.
Kinetic analysis of both these systems showed them to best fit to a non-competitive
model of inhibition with Ki values of 25 µM for 9sr4 and 705 µM for the tetrapeptide.
There is an approximate 28-fold reduction in activity from 9sr4 to the tetrapeptide but we
must take into account the fact that we are comparing two very different systems. 9sr4 is
a structured mini-protein while the tetrapeptide Tyr-(β-Ala)2-Tyr is a flexible, floppy,
unstructured molecule that possesses the functional tyrosine residues.
Thus, we have outlined our three pronged strategy for obtaining a simple small
molecule with only two functional tyrosine residues based on structurally defined
epitopes obtained from our dual surface selection strategy. Initial results with different
linker lengths for di-tyrosine peptides suggest that a minimum distance of 9.2 Å between
these two tyrosines is necessary for thrombin inhibition. Future work will focus on
intricate details of the di-tyrosine epitope to increase specificity by creating a constrained
peptide library with the di-tyrosines conserved and performing further selections against
thrombin which could bring a possible increase in affinity. We can explore the possibility
of extending our methodology to other small protein motifs that can be further reduced to
small molecule peptide/protein mimetics.
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4.11 Experimental Procedures

4.11.1 Peptide Synthesis and Purification
Peptides were synthesized by solid-phase peptide synthesis using standard
fluorenylmethoxycarbonyl (Fmoc) strategy on Rink Amide AM resin. The final peptides
were cleaved from the resin, and global deprotection was achieved by TFA cleavage with
the appropriate scavengers (95% TFA, 2.5% water, 2.5% triisopropylsilane) for 120 min
at room temperature. The solution was filtered and precipitated by transferring to a
centrifuge tube that contained pre-cooled ether. After centrifugation and three washes
with fresh ether, the white crude product was collected. The crude peptide was purified
by reverse-phase HPLC (Varian) using a C18 column (Vydac). Peptides were purified
with a linear gradient of 20-80% acetonitrile in water containing 0.1% TFA at a flow rate
of 8 mL/min, for 50 min.
Peptide sequences: (1) NH2-Tyr-βAla-βAla-Tyr-CONH2
(2) NH2-Tyr-Gly-Tyr-CONH2
(3) NH2-Tyr-βAla-Tyr-CONH2
(4) NH2-Tyr-(βAla)3-Tyr-CONH2
(5) NH2-Tyr-(βAla)4-Tyr-CONH2
(6) NH2-Tyr-(βAla)6-Tyr-CONH2
MALDI mass spectra confirmed the peptide molecular weights:
Peptide (1) expected: 485.5; found: 486.1 (m/z).
Peptide (2) expected: 400.4; found: 401.1 (m/z).
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Peptide (3) expected: 415.5; found: 415.3 (m/z).
Peptide (4) expected: 557.6; found: 557.3 (m/z).
Peptide (5) expected: 628.7; found: 628.3 (m/z).
Peptide (6) expected: 771.0; found: 770.4 (m/z).

4.11.2 Thrombin Inhibition Assay
The inhibitory activities of the different di-tyrosine peptides for thrombin were
measured in a kinetic assay using a fluorogenic substrate, benzoyl-Phe-Val-Arg-AMC
(Calbiochem). These assays were performed at room temperature in 20 mM Tris buffer at
pH 8.0, containing 20 mM NaCl and 0.05% Triton X-100 with 1 nM thrombin. After 30
min of incubation of thrombin with increasing concentrations of the di-tyrosine peptides,
the assays were started by the addition of the fluorogenic substrate. The proteolytic
release of coumarin was monitored for 60 s by fluorescence emission at 450 nm using a
PTI spectrofluorimeter, with an excitation wavelength of 370 nm. The raw data points
were fit linearly, and the resulting slopes were used to calculate IC50 values, which were
determined by plotting the data as percent inhibition versus the log of the concentration
of the di-tyrosine peptides. The data sets were fit to the variable slope sigmoidal equation
below using Kaleidagraph (version 3.52, Synergy Software).

y = a + [(b – a)/(1 + (x/c)d]
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where a is the value of dependent variable y for the minimal curve asymptote, b denotes
the value of y for the maximal curve asymptote, x is the logarithm of the inhibitor
concentration, c is the IC50 value, and d is the Hill slope, which describes the steepness of
the inhibitor response curve. The data set was further analyzed by the Cheng-Prusoff
equation.

Ki = IC50/[1 + ([S]/KM)]

where IC50 is the concentration of the inhibitor producing a 50% inhibition, [S] is the
substrate concentration, and KM (21 ± 3 µM) is the Michaelis constant of the substrate for
the enzyme obtained from a Michaelis Menton plot.

4.11.3 Kinetic Analysis

Kinetic assays were performed on the protein 9sr4 using different substrate
concentrations that were varied from 25 to 150 µM. Inhibitor concentrations were
likewise varied, but with a concentration range of 5-50 µM. The same experiment was
repeated with the tetrapeptide (Tyr-βAla-βAla-Tyr), which was varied from 500 to 1000
µM. A plot of 1/V versus 1/[S] gave the best fit to a noncompetitive model (SigmaPlot)

expressed in the equation below in terms of v:

v = Vmax/[1 + (I/Ki) + (Km/[S])]
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where v is the velocity of the reaction in arbitrary fluorescence units per second and
Vmax is the maximum velocity of the reaction.

4.11.4 ANS Binding Studies
A stock solution of ANS (Sigma A-1028) (1.55 mM) was prepared using sterile
filtered (0.2 µm) nanopure water and was used immediately. The final concentration of
ANS in all experiments was 10 µM and sodium dodecyl sulfate (SDS) was used as a
control. All experiments were performed in 20 mM tris containing 20 mM NaCl at pH
8.0 at room temperature. Fluorescence measurements were performed using a Photon
Technology International (PTI) spectrofluorimeter. The excitation wavelength was 370
nm and the emission was recorded from 420 to 600 nm. The excitation and emission slit
widths were 10 nm and 12 nm, respectively. Fluorescence spectra of 10 µM ANS in the
presence of increasing amounts of the tetrapeptide Tyr-β-Ala-β-Ala-Tyr (250 µM - 1250
µM) and SDS (0.1 mM – 15 mM) were separately determined after incubating the
samples with dye for 2 hours at room temperature. Each spectrum was recorded twice
and averaged. The emission wavelength maximum for ANS with the tetrapeptide was
470 nm and for ANS with SDS was 485 nm.
4.11.5 Dynamic Light Scattering studies
Light scattering data was collected at a 90º angle on a BI8000 autocorrelator from
Brookhaven Instrument Corp. Data was fit using a non-negatively constrained least
squares method, with a range of 3 to 500 nm. A solution of the tetrapeptide (1 mM) was
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prepared in the thrombin assay buffer, along with SDS controls. The SDS concentrations
were chosen as being below and above the apparent critical micellar concentration
(CMC) of SDS as indicated by the ANS dye assay from above. Hence SDS
concentrations of 1 mM and 10 mM were chosen as controls for the experiment.

4.11.6 Reversibility of Inhibition
Thrombin was incubated in the presence or absence of the tetrapeptide (Tyr-βAla-β-Ala-Tyr) at a concentration of 1 mM. The enzymatic activity was measured prior
to dialysis. This mixture was dialyzed for 3 x 8 hours at 4°C in a dialysis cassette (7 kDa
molecular weight cut off, Pierce) in 150 mL of 20 mM tris, 20 mM NaCl, 0.05% Triton
X-100 at pH 8.0. A control consisting of thrombin (1 nM) and buffer was also dialyzed in
the same manner. After dialysis, the thrombin activity was assayed by the addition of the
fluorogenic substrate, Benzoyl-Phe-Val-Arg.AMC, (Calbiochem).
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CHAPTER 5

TARGETING THE VASCULAR ENDOTHELIAL GROWTH FACTOR (VEGF)
5.1 Introduction
Angiogenesis has been referred to as a “double-edged sword.” The process of
angiogenesis which involves the growth of blood vessels from pre-existing vasculature is
vital to reproduction, development, and repair. Under these conditions, angiogenesis is
highly regulated and of a short duration. In pathological states, angiogenesis is
unregulated such that the disease is driven by continual neovascularization (Figure
5.1).171 Judah Folkman’s key observation of neovascularization in a corneal tumor tissue
after an initial dormant period led to the linkage of tumor growth to angiogenesis.172
When solid tumor cells reach a size of 1-2 mm in diameter, they become deficient in
oxygen (hypoxic) and are unable to grow further in the absence of angiogenesis. In the
growth and development of tumors, there occurs an “angiogenic switch” that results in a
rapid change from suppressed angiogenesis to a pro-angiogenic state. This event allows
the tumor to shift from a prolonged inactive resting state to a condition involving brisk,
exponential growth and angiogenesis.173 There are several factors that contribute to
angiogenesis, referred to as pro-angiogenic and anti-angiogenic factors respectively.
Among these, the Vascular Endothelial Growth Factor (VEGF)/ Vascular Endothelial
Growth Factor Receptor (VEGFR) family comprise an important class of positive
mediators of angiogenesis and will be the focus of this chapter. Much evidence has
suggested that VEGF and its receptors play a critical role in tumor angiogenesis, making
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it a validated target for therapeutic intervention.174-176 In this chapter I will discuss
VEGF, its receptors, and different approaches towards preventing VEGF binding to its
receptor. I will then present my work in this area, which constitutes a new approach for
targeting VEGF with a beta-sheet protein scaffold to possibly prevent tumor
angiogenesis.

198

Figure 5.1 The progress and development of tumor angiogenesis. A somatic mutation
results in a small avascular tumor. The secretion of pro-angiogenic factors to the
underlying epithelium promotes capillary blood vessel growth. This neovascularization
results in tumor nutrition and growth, leading to tumor angiogenesis. (Picture courtesy:
Prof. Bogdan Olenyuk, Department of Chemistry, University of Arizona).
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5.2 The VEGF Family
VEGF (also referred to as VEGF-A) is a cytokine that has been implicated in
angiogenesis. It belongs to the cystine-knot family of platelet-derived growth factors.
Other members of the VEGF family include VEGF-B, VEGF-C, VEGF-D, and VEGF-E.
All these different VEGF family members show varying degrees of homology with
VEGF-A. Alternative splicing of VEGF-A mRNA gives rise to different isoforms of
VEGF differing in the number of amino acids. The prominent isoforms contain 121, 165,
189, and 206 amino acids. VEGF165, being the dominant form is a 45 kDa disulfidelinked homodimer glycoprotein.177-179 Muller and coworkers solved the crystal structure
of VEGF8-109 and found that it forms an antiparallel homodimer where each monomeric
unit is linked by two disulfide bridges (Figure 5.2).180,181

5.2.1 The Biology of VEGF and its Receptors
The biological activity of VEGF is mediated by two important receptors that
belong to the tyrosine kinase family. These receptors are structurally related and bind
VEGF with high affinity. The two receptors are the fms-like tyrosine kinase182,183 (Flt-1
or VEGFR-1), and the kinase domain receptor (KDR or VEGFR-2). The murine version
of KDR/ VEGFR-2 is referred to as fetal liver kinase or Flk-1. A third tyrosine kinase
receptor, Flt-4 or VEGFR-3 is also found that binds to the other types of VEGF family
members, notably VEGF-C, and VEGF-D. While the mitogenic activity and endothelial
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cell differentiation of VEGF is brought about by its association with KDR, the
vascularization activity of VEGF is brought about by its interaction with Flt-1.184 VEGF
and its receptors are over-expressed in many types of cancers. Hence blocking VEGF or
its receptors can inhibit new blood vessel development and stop the progress of tumors.
It has been shown that radio-labeled VEGF (125I-VEGF) binds to cells expressing
Flt-1 with high affinity (Kd = 20 pM).183 Structurally, these receptors have seven
immunoglobulin (Ig)-like domains, a transmembrane spanning region, a tyrosine kinase
domain that is interrupted by a long kinase-insert domain.185 The mode of binding
between VEGF and its receptors has been well worked out by numerous research groups
wherein two molecules of either KDR/Flk-1 or Flt-1 bind a single homodimer of VEGF
(Figure 5.3).180,186-188 Inspite of the seven Ig domains for the two receptors, the first and
second Ig domains in Flt-1 is sufficient to bind VEGF with only a slight weaker affinity
than the entire Flt-1.189,190 In analogous work with a deletion mutant study suggests that
Ig domains 2 and 3 in KDR are sufficient to incorporate high affinity binding with
VEGF.188,191 VEGF has a potent and specific mitogenic activity on endothelial cells. It
has been shown to encourage proliferation, migration, and tube formation of endothelial
cells.192

-
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Figure 5.2 Crystal structure of the VEGF homodimer showing the two monomeric
subunits in salmon red and teal (PDB code 2vpf). The two disulfide bridges connecting
the subunits are depicted in green. The structure has been adapted from Reference 181
and modeled using the PyMol software.
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Figure 5.3 Crystal structure of the VEGF homodimer with its receptor, Flt-1D2 (PDB
code 1Flt). The mode of binding shows two molecules of the receptor depicted in green
binding to one single homodimer of VEGF. The two monomeric subunits of VEGF are
depicted in salmon red and teal. The crystal structure has been adapted from Reference
187 and modeled using the PyMol software.
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5.3 Antibodies against VEGF
Napoleone Ferrara and coworkers at Genentech developed an anti-human VEGF
antibody referred to as A4.6.1. This antibody stopped the progress of human tumors in
mice in vivo.193 A humanized version of this monoclonal antibody (mAb) A4.6.1 was
prepared to target the VEGF-A ligand. This humanized form of mAb was named
bevacizumab (Avastin) and was the first US FDA approved drug for the treatment of
metastatic colorectal cancer.194,195 The crystal structure of the VEGF homodimer with
Avastin has been solved by de Vos and colleagues (Figure 5.4). The total buried surface
area for this antigen-antibody interface comprises ~1743 Å2. Eight amino acid residues of
the antibody have been identified by alanine scanning mutagenesis to contribute a larger
portion of the binding energy. There are 5 aromatic residues present among the 8 which
depicts the importance of aromatic amino acid residues located as hot spots on proteinprotein interfaces. These residues are Tyr32, Trp50, Tyr95, Trp96, and Trp100. The other
three important non-aromatic residues involved in the interaction are two Asn and one
Ser. The functional epitope on VEGF consists of six residues which are Met81, Gln89,
Gly92, Arg82, Ile83, and Gly88. Met 81, Gln89, and Gly92 have the biggest impact since
alanine substitutions of these residues lowers affinity by 70-110 fold while about 22-40
fold for the other three residues, Arg82, Ile83, and Gly88.31 A comparison of the VEGFFab structure with the VEGF-Flt-1 structure suggests a common binding mode for the
antibody against VEGF.
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Thorpe and coworkers developed another mAb, 2C3 that blocked the interaction
between VEGF and KDR but not between VEGF and Flt-1. 2C3 also suppressed VEGFinduced growth of endothelial cells and inhibited tumor growth in mice models.196,197 In
another attempt at making VEGF neutralizing antibodies, Sato and coworkers raised three
mAbs, Ab-153, Ab-309, and Ab-342 against VEGF165 that were able to inhibit VEGFinduced proliferation of HUVEC cells. These mAbs were also able to block radio-labeled
VEGF (125I-VEGF165) from binding its receptors on cultured endothelial cells. Ab-153
blocked 80% of VEGF-induced cell growth at a concentration of 200 nM. In the binding
assay, Ab-153 was the most effective where 85% inhibition was observed for 90 pM
radio-labeled VEGF binding to its receptor at an antibody concentration of 400 nM.198
Suzuki and colleagues developed HuMV833, which is the humanized form of the murine
mAb, MV833, against VEGF.199 This showed initial promise as the murine mAb by
inhibiting several human xenografts in animal models but the humanized version has
been discontinued after phase I clinical trials following wide variability in tissue
distribution among human subjects in normal organs and malignant tumors.200-202
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Figure 5.4 Crystal structure of the VEGF homodimer with the Fab fragment, Avastin
(PDB code 1bj1). The mode of binding shows two molecules of the receptor depicted in
green binding to one single homodimer of VEGF. As shown previously, the two
monomeric subunits of VEGF are depicted in salmon red and teal. The antibody exerts its
neutralizing effect by sterically inhibiting the interaction of VEGF with its receptors. The
structure was adapted from Reference 31 and modeled using the PyMol software.
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5.4 Peptides against VEGF
Tournaire and coworkers isolated a peptide from a 7-mer random peptide library
displayed on bacteriophage M13. This peptide, ATWLPPR, (also referred to as the V1
peptide), was able to inhibit VEGF binding to its receptor, KDR with a relatively weak
estimated IC50 value of 80 µM. This peptide also showed inhibition of VEGF-induced
angiogenesis in the cornea of rabbits.203 Another research group isolated a novel peptide
from a 12mer random peptide library displayed on bacteriophage M13. This peptide,
designated as K237, having the sequence HTMYYHHYQHHL, inhibited proliferation of
VEGF-induced human umbilical vein endothelial cells (HUVECS) and blocked binding
of VEGF to its receptor, KDR.204 Fairbrother and colleagues screened a 16-20 mer
disulfide-constrained peptide library to find inhibitors of the interaction between VEGF
and its receptors.205 Three classes of peptides were identified from phage display panning
rounds. Some of these peptides were able to inhibit VEGF binding to its receptor, KDR,
in the 0.2 - 10 µM range. A particular peptide, v114, having the sequence
VEPNCDIHVMWEWECFERL,

was

able

to

inhibit

VEGF-induced

HUVEC

proliferation with an IC50 of 9.6 µM. An NMR solution structure of VEGF with another
phage-derived peptide, v107, was solved by Fairbrother and colleagues.206 v107 has the
amino acid sequence, GGNECDAIRMWEWECFERL, and is unstructured in solution but
folds once bound to VEGF. They found that the binding mode of the small peptide to
VEGF is similar to the interaction of VEGF to its natural receptor, Flt-1. Most of the
VEGF-v107 interactions are mediated through hydrophobic side chain contacts. Alanine
scanning mutagenesis was performed to determine the important contributing residues of
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the peptide. The W11 and F16 residues on converting to alanine abolished binding of the
peptide to VEGF. These residues have their side chains buried deep in the VEGF-v107
interface and are most crucial for activity. Alanine substitutions of M10 and W13 result
in 200-250 fold increases in IC50 values while I7 shows a 25-fold increase in IC50 value.
The last residue, L19, on substituting to an alanine displays an IC50 value of 4 µM. This
residue has the least effect on the IC50 value of v107 (0.7 µM). The complex between
VEGF and v107 buries a total surface area of ~1100 Å2 where the peptide scaffold
contribution comprises only 19 residues (Figure 5.5). In contrast, the Flt-1 receptor
complexed with VEGF buries a total surface area of 1672 Å2 where the receptor domain
contributes 101 residues. This translates to a binding domain contribution to VEGF of
roughly 66% for v107 in comparison to the receptor, Flt-1, which also requires less than
19% of the number of residues. Another 20mer peptide from the phage library, v108,
having the sequence, RGWVEICAADDYGRCLTEAQ, was co-crystallized with
VEGF.207 This peptide too was unstructured in solution but adopted an extended
confirmation on binding VEGF. This complex buries a total surface area of ~1300 Å2.
The last four C-terminal residues (TEAQ) on v108 were observed to have no contact with
VEGF. Deleting these last four residues hardly showed any difference in v108 IC50
values (8.2 µM for v108 compared to 20 µM for the deletion peptide referred to as v113).
The first seven residues, RGWVEIC, was shown to make the most significant contacts
with VEGF in an extended conformation. The truncated peptide (v110), having residues
RGWVEIC and the disulfide constrained portion, CAADDYGRCL (named v112) did not
show any inhibition when tested separately. This suggests that the disulfide loop and the
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extended initial seven residues have a major contribution to VEGF binding and
inhibition.
Very recently, Erdag and coworkers isolated two peptides from a 7-mer random
phage peptide library that was screened against VEGF165. These peptides had sequences
WHKPFRF and WHLPFKC and were able to inhibit VEGF-induced HUVEC
proliferation in vitro by 77% and 55% respectively. The binding constants for these
peptides were observed to be in the low micromolar range and the stoichiometry of
binding was two peptides for one VEGF homodimer that is consistent with literature
findings as determined by SPR and MALDI-TOF analysis.208
Non-proteogenic Inhibitors: Pegaptanib

Very recently, an RNA aptamer was identified against VEGF165. Aptamers are
oligonucleotides that are selected to bind molecular targets with high affinities.209
Pegaptanib sodium was the first aptamer that was FDA approved for use as a drug in the
treatment of patients with age-related macular degeneration (AMD).44,210,211
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Figure 5.5 Crystal structure of the VEGF homodimer with the phage-derived peptide,
v107 (PDB code 1kat). The mode of binding shows two molecules of the peptide
depicted in green binding to one single homodimer of VEGF. As shown previously, the
two monomeric subunits of VEGF are depicted in salmon red and teal. This structure was
adapted from Reference 206 and modeled using the PyMol software.
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5.5 Research Strategy
As previously discussed, we have established a dual surface selection strategy that
selects from a robust β-sheet presenting scaffold that has been biased towards certain
amino acid residues that are commonly observed in protein-protein interface sites. Such
amino acids are referred to as “hot spots”. We have utilized phage display to evolve our
vast library of β-sheet epitopes. The constituents of such a library retain their original
function by binding their native partner, IgG, utilizing an α-helical segment and thus
maintain their tertiary structure, but simultaneously evolve a new function for binding a
target protein utilizing their β-sheet motif. We had successfully demonstrated our
methodology on thrombin, which is characterized by a globular surface that presents
numerous unique sites to which natural and synthetic inhibitors bind. Towards this goal,
we wished to probe the generality of our methodology and target a structurally distinct
protein surface, represented by the vascular endothelial growth factor (VEGF) protein.

5.5.1 Rationale for Targeting VEGF
The VEGF homodimer protein has primarily a β-sheet architecture and binds its
natural receptors and inhibitors. We hypothesized that our large library of evolved βsheet epitopes could potentially interact with the numerous β-sheet regions of VEGF. If
the “hot-spot” hypothesis holds, then we would expect that some of our selected β-sheet
epitopes would potentially bind the receptor binding sites on VEGF and thus block the
interaction between VEGF and its natural receptor, Flt-1 (Figure 5.6). Alternatively, our
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approach may result in the identification of new regions on VEGF that may be targeted
and thus result in the identification of new epitopes that have not been targeted to date. If
successful, this would provide new modalities of interfering with VEGF targeting and
controlling VEGF function.
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Figure 5.6 Hypothetical targeting mode of our HTB1 library mutants with VEGF.
Shown here are two copies of our HTB1 mutant (in green) binding a single VEGF
homodimer (monomer subunits shown in salmon red and teal).
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5.6 Synthesizing VEGF protein and its Receptor Flt-1
In order to proceed with our approach we needed to clone, express, and purify
VEGF and Flt-1 domain 2 (Flt-1D2) proteins. This is a challenging prospect as there are
numerous disulfides in both proteins. The VEGF11-109 construct previously utilized for
selection of v107 was chosen for these studies.212 The cDNAs for both VEGF and Flt-1D2
(referred to as Flt-1 henceforth) were cloned into a hexa-histidine tag vector to facilitate
purification. The proteins were expressed as inclusion bodies using immobilized metal
affinity chromatography (IMAC) (Figure 5.7) and subsequently purified on a sizeexclusion column under denaturing conditions. The protein peaks of interest were
collected and numerous refolding conditions were experimented with over several
months before appropriate conditions were found that resulted in reproducible conditions
for refolding these very difficult proteins. Once appropriate refolding conditions were
established in the presence of oxidizing/reducing agents, the resulting folded proteins
were subsequently repurified on a size-exclusion column to yield homodimeric (VEGF)
or monomeric (Flt-1). The successfully refolded proteins were characterized by SDSPAGE (Figure 5.8) and MALDI mass spectrometry.
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Figure 5.7 SDS-PAGE gels depicting expression of (A) VEGF and (B) Flt-1 proteins as
insoluble inclusion bodies. The lane legends for both gels are: Lane 1. molecular weight
standard. Lanes 2-5 washes with 0, 10 mM, 20 mM, and 50 mM imidazole. Lanes 6-10.
Elutions with 0.5 M imidazole.
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Figure 5.8 SDS-PAGE gels depicting refolding of proteins seen under reducing and nonreducing conditions. (A) VEGF protein showing its native dimeric state seen under nonreducing conditions and (B) the monomeric receptor Flt-1 showing the same molecular
weight under reducing and non-reducing conditions.
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5.7 Association between VEGF and Flt-1
Having successfully expressed and refolded VEGF and its receptor, Flt-1 we
needed to establish whether these proteins are indeed correctly folded. If they are
correctly folded then they should specifically associate with each other. We tested this by
a size-exclusion binding experiment. In this experiment, VEGF and Flt-1 were mixed in a
1:2 molar ratio and equilibrated at 4°C for 2 hours. As controls for this experiment,
VEGF and Flt-1 were separately injected into a size-exclusion column at the same
concentration, which resulted in specific retention volumes on the column. On injecting
the mixture between VEGF and Flt-1 into the column, the peak corresponds to a retention
volume that is distinct from either VEGF or Flt-1 (Figure 5.9). To ascertain the molecular
weight of the complex, protein standards were run separately to establish a calibration
curve (Figure 5.10). The VEGF-Flt-1 complex peak on deconvolution of molecular
weights corresponds to a 1:2 complex where two copies of Flt-1 bind a single VEGF
homodimer. These results are in accordance with literature precedence.

217

Figure 5.9 FPLC binding experiment between VEGF and its receptor, Flt-1. The VEGF
protein (shown in red) and the Flt-1 protein (green) were run separately on the column.
The mixture containing VEGF and Flt-1 were injected after a 2 h incubation time on the
column (blue). The distinct difference in retention volume of the mixture peak suggests
that VEGF and Flt-1 associate in solution.
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Figure 5.10 Protein standards run on the size-exclusion column overlaid with the
experimental results of the VEGF-Flt-1 binding experiment. On deconvolution of the
retention volumes to molecular weights, the results obtained were as follows: 1. Flt-1
(Theoretical MW = 13.6 kDa; Experimental MW = 11.152 kDa). 2. VEGF homodimer
(Theretical MW = 27 kDa; Experimental MW = 18.33 kDa). 3. Complex between VEGF
and Flt-1 (Experimental MW = 39.4 kDa). These results suggest a 1:2 binding between
VEGF and Flt-1 where two copies of Flt-1 bind a single VEGF homodimer.
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5.8 Isothermal Titration Calorimetry (ITC) between VEGF and Flt-1
Having demonstrated that our VEGF and Flt-1 constructs associate in solution
with each other, we wanted to establish the binding constant between these proteins.
Isothermal titration calorimetry, ITC, is a reliable method to determine binding
equilibrium directly by determining heat evolved on the association of two proteins, in
our case VEGF with its receptor, Flt-1. For the ITC binding experiment, VEGF was
placed in the sample cell at a concentration of ~5 µM. Flt-1 was titrated into the VEGF
solution from a reservoir held at a 15 mole-fold excess at ~75 µM. The titration resulted
in an “n” value for the reaction corresponding to 1.902, which is in accordance with a 1:2
molar ratio between the VEGF homodimer and the expected complex with two copies of
the Flt-1 receptor. The equilibrium dissociation constant (Kd) of the VEGF-Flt-1
interaction was ~480 nM, which is significantly higher than reported literature values
(Figure 5.11).
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Figure 5.11 ITC analysis between VEGF and Flt-1.
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5.9 Biotinylation of VEGF
Having demonstrated to a first approximation that our proteins, VEGF and
receptor Flt-1 are indeed active and associate in solution, we moved onto selecting for
beta-sheet inhibitors of this association. We chose to biotinylate VEGF non-specifically
but at an average level of one biotin for every VEGF dimer and attach it to a plate with
immobilized NeutrAvidin. (a deglycosylated version of Streptavidin that binds biotin
extremely tightly)213,214 For the purpose of biotinylation, the reagent, EZ-Link SulfoNHS-LC-LC-Biotin (Figure 5.12 A) was used in a 4 mole-fold excess to label VEGF.
(Figure 5.12 B). The measurement of relative biotinylation was carried out using a
HABA (4’-hydroxyazobenzene-2-carboxylic acid) assay.215 The number of moles of
biotin incorporated per mole of VEGF was estimated to be 1.2 using the difference in
absorbance measured at 500 nm between the HABA-NeutrAvidin complex and the
NeutrAvidin-biotinylated VEGF complex.
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Figure 5.12 (A) Structure of biotinylation reagent EZ-Link Sulfo-NHS-LC-LC-Biotin.
(B) Scheme depicting biotinylation of VEGF protein.

223

5.10 Phage Display Selection Strategy
As previously described in the case of the thrombin binding proteins, the dual
surface phage display selection strategy was carried out to obtain high affinity HTB1
variants that bind immunoglobulin G to retain structure but also evolve to bind a new
target surface utilizing their β-sheet epitope. The initial structural selection step against
IgG was executed, which resulted in a ~40 % recovery of our phage library. This subset
of the initial HTB1 library was chosen for subsequent targeting of the target, VEGF.
Since each of our HTB1 mutants are linked to its genetic material, mutants that
specifically bind the VEGF target can be easily isolated and characterized by repetitive
cycles of panning and amplification (Figure 5.13).
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Figure 5.13 Dual Surface Phage Display Selection Strategy against VEGF.
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5.11 Results of Phage Display Selections against VEGF
The elutions of the phage pools were carried out against biotinylated VEGF in
two diverse ways. 100 µL of 1 µM biotinylated VEGF was bound in two different wells
on the NeutrAvidin plate identically. One well containing the VEGF target was eluted
with 10 µM of the natural receptor of VEGF, Flt-1 (200 µL volume capacity). This was
to ensure a competition among our HTB1 mutants for the receptor’s binding site on
VEGF. The other well containing biotinylated VEGF was eluted with 200 µL of the
panning buffer (1X phosphate buffered saline at pH 7.4 with 0.05% Tween-20). Both
elutions with Flt-1 and the panning buffer were done identically at the same time. The
phage-infected E.coli colonies arising due to the elutions with Flt-1 and the panning
buffer were sequenced from each round of panning. The HTB1 mutant amino acid
sequences from the earlier rounds of panning are listed in Appendix I (Tables 5.1 – 5.10).
After performing six rounds of panning against biotinylated VEGF, the HTB1
mutant

sequence,

6VF-2,

whose

amino

acid

sequence

corresponds

to

MAQTFYLHIEGKTLWRYIKISAVDAAEAEKIF-, appears 11 times. There were a total

of 25 colonies sequenced from this round of panning (Table 5.11). 6VF-2 has a clear
majority consensus among these various HTB1 mutants.
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Table 5.11 Round 6 Panning Sequences against VEGF. Elution performed with Flt-1.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFHLKICGKTLRWGIGIKAVDAAEAEKIF-

6VF-1

MAQTFYLHIEGKTLWRYIKISAVDAAEAEKIF-

6VF-2

MAQTFWLSICGKTLCWDINIRAVDAAEAEKIF-

6VF-3

MAQTFSLYIRGKTLHYHIYIRAVDAAEAEKIF-

6VF-4

MAQTFYLYIGGKTLYNKIYIKAVDAAEAEKIF-

6VF-5

MAQTFNLSIHGKTLYWEIKIDAVDAAEAEKIF-

6VF-6

MAQTFYLNICGKTLCYQIGIHAVDAAEAEKIF-

6VF-7

MAQTFNLHIRGKTLGWSIHIRAVDAAEAEKIF-

6VF-8

MAQTFQLGIHGKTLSQEIRIWAVDAAEAEKIF-

6VF-9

MAQTFQLYIQGKTLRHQIYIEAVDAAEAEKIF-

6VF-10

MAQTFQLDIHGKTLKYNISIKAVDAAEAEKIF-

6VF-11

MAQTFWLNIKGKTLWCRIYIGAVDAAEAEKIF-

6VF-12

MAQTFNLYIYGKTLRYYIHIYAVDAAEAEKIF-

6VF-13

MAQTFCLWIKGKTLEYCINIKAVDAAEAEKIF-

6VF-14
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From the sixth round of panning after elution with the panning buffer, 11 phageinfected E.coli colonies were isolated and sent for DNA sequencing (Table 5.12). The
HTB1 mutant sequence, 6B-1, which also corresponds to the identical amino acid
sequence seen with the consensus sequence, 6VF-2, after elution with Flt-1
(MAQTFYLHIEGKTLWRYIKISAVDAAEAEKIF-), showed up nine times.
Table 5.12 Round 6 panning sequences against VEGF. Elution performed with panning
buffer.
Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFYLHIEGKTLWRYIKISAVDAAEAEKIF-

6B-1

MAQTFQLEICGKTLRYNIHIKAVDAAEAEKIF-

6B-2

MAQTFSLNIQGKTLSWRIYIRAVDAAEAEKIF-

6B-3
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There was a concern after we obtained the identical HTB1 mutant sequence from
two different routes of elution. We must keep in mind that this particular sequence arises
from an approximate 2 billion phage library. Since our elution with the panning buffer
also gave rise to the same sequence, we were anxious whether we had evolved a
particular HTB1 mutant sequence that recognizes a NeutrAvidin plate and not the desired
target. To overcome this possible problem, we decided to re-visit the phage display
selections against biotinylated VEGF. We decided to simultaneously pan our phage
library of HTB1 mutants against VEGF bound in one well and against just the
NeutrAvidin plate in an adjacent blank well that has just been washed with the panning
buffer. The phage selections against the NeutrAvidin plate would serve as our control.
The well containing immobilized VEGF was eluted with Flt-1 and the blank well serving
as the NeutrAvidin control was eluted with panning buffer.
The phage-infected E.coli colonies were isolated and sequenced from different
rounds of panning. The HTB1 mutant amino acid sequences were listed in a tabular
format for elutions performed against the target, VEGF, as well as the NeutrAvidin plate
control. The HTB1 amino acid sequences for all the rounds of selection have been listed
in Appendix I (Tables 5.13 – 5.20) The colonies from the third round of panning were not
sequenced.
All identified sequences from the rounds of panning against NeutrAvidin do not
match

with

the

consensus

sequence,

6VF-2,

MAQTFYLHIEGKTLWRYIKISAVDAAEAEKIF-. This is suggestive of the fact that we
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are obtaining a real sequence that binds VEGF and not the plate. There were 10
sequences analyzed from the last round of panning (5th round). 7 sequences came up
identically

as

the

majority

consensus,

6VF-2,

MAQTFYLHIEGKTLWRYIKISAVDAAEAEKIF-. Thus the HTB1 mutant 6VF-2

identified from phage display selections against VEGF is the only sequence that has
evolved as a dominant winner from an ~109 phage library.
The 6VF-2 mini-protein will be expressed, purified and characterized by several
methods. Furthermore, its potential binding activity for VEGF will be interrogated by
FPLC binding experiments and ITC analysis.
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5.12 Characterization of HTB1 Mutant – 6VF-2
The HTB1 mutant, 6VF-2, which re-emerged from the selections against VEGF
was cloned into an expression vector, pQE30 (Qiagen) that bears a 6x histidine tag at the
N-terminus which enables easy purification. They were subsequently expressed in an
E.coli strain XL1-Blue and purified over immobilized metal-ion affinity chromatography

(IMAC) on a Ni-NTA matrix (Qiagen) with increasing concentrations of imidazole (0 –
0.5 M). The imidazole fractions containing the 6VF-2 protein of interest were pooled
together and further purified on a size-exclusion column. The 6VF-2 protein was
confirmed by SDS-PAGE analysis and MALDI mass spectrometry (Figure 5.14).
5.12.1 Structural Characterization
Circular dichroism (CD) spectroscopy was carried out to determine whether 6VF2 was well-folded and stable despite the presence of eight surface mutations on its first
two β-strands. The CD spectra for 6VF-2 was analyzed at a concentration of 25 µM. This
HTB1 mutant, 6VF-2, CD spectra was very similar to that of the parent HTB1 (Figure
5.15). The stability of 6VF-2 was interrogated by thermal denaturation studies under
extreme conditions involving a chemical denaturant (3 M guanidine hydrochloride)
where normal proteins of 56 residues would be unfolded. The HTB1 mutant, 6VF-2,
showed significant thermal stability displaying reversible folding and unfolding
transitions. The melting temperature (Tm) of the 6VF-2 mini-protein was close to 55°C in
the presence of a chemical denaturant compared to the parent HTB1 which displayed a
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Tm of 80°C (Figure 5.16). Thus this experiment confirmed that 6VF-2 was reasonably
well-structured and also thermostable in solution.
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Figure 5.14 HTB1 mutant, 6VF-2, selected from the panning rounds against VEGF. (A)
shows the first two β-strands as an antiparallel hairpin loop showing the eight randomized
residues. (B) Structure showing the eight amino acid side chains as a stick representation.
(C) Linear representation of the eight residues.
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A

B

Figure 5.15 Circular Dichroism (CD) spectra for the VEGF binding mini-protein. (A)
6VF-2 and (B) parent protein HTB1.
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A

B

Figure 5.16 Thermal melts of the VEGF-binding mini-protein (A) 6VF-2 and parent
protein (B) HTB1 were monitored at 218 nm in 3 M guanidine hydrochloride.
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5.13 Binding between VEGF and HTB1 mutant – 6VF-2
We examined the association between VEGF and the selected HTB1 mutant,
6VF-2 by size-exclusion binding experiments similarly to that performed for the study
between VEGF and its receptor, Flt-1. Pure VEGF and 6VF-2 proteins were equilibrated
at a 1:4 mole ratio for 2 hours at 4°C. In control experiments, both proteins were
separately injected into the size-exclusion column. On injecting the VEGF-6VF-2
complex into the size-exclusion column, we observed a peak that had a clear change in
the retention volume that was distinct from the VEGF and 6VF-2 peaks when injected
separately. This peak provided evidence that it contains a certain ratio of VEGF and 6VF2 (Figure 5.17).
To ascertain the molecular weight of the complex peak, FPLC protein standards
were run separately into the same column to establish a calibration curve (Figure 5.18).
The VEGF-6VF-2 complex peak on deconvolution corresponds to a ratio of 1:1 where a
single copy of 6VF-2 bind a single VEGF homodimer. This is very interesting since this
is the first instance to our knowledge where VEGF shows a 1:1 mode of binding to a
ligand, wheras all reported studies have found the VEGF homodimer molecule binds two
copies of its natural receptors or inhibitors designed against it (Table 5.21).

236

Figure 5.17 FPLC binding experiment between VEGF and 6VF-2. The VEGF protein
(shown in green) and the 6VF-2 protein (black) were run separately on the column. The
mixture containing VEGF and 6VF-2 were injected after a 2 h incubation time on the
column (blue). The distinct difference in retention volume of the mixture peak suggests
that VEGF binds 6VF-2.
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Figure 5.18 Protein standards run on the size-exclusion column overlaid with the
experimental results of the VEGF-6VF-2 binding experiment. On deconvolution of the
retention volumes to molecular weights, the results obtained were as follows: 1. 6VF-2
(Theoretical MW = 8.55 kDa; Experimental MW = 7.77 kDa). 2. VEGF homodimer
(Theretical MW = 27 kDa; Experimental MW = 16.625 kDa). 3. Complex between
VEGF and 6VF-2 (Experimental MW = 24.992 kDa). These results suggest a 1:1 binding
between VEGF and 6VF-2 where one copy of 6VF-2 binds a single VEGF homodimer.

238

Table 5.21 Results from FPLC Binding Experiments.

Protein System

Theoretical MW (kDa)

Experimental MW (kDa)

VEGF

27

18.33

Flt-1

13.6

11.15

VEGF/Flt-1 Complex

54

39.42

VEGF

27

16.625

6VF-2

8.55

7.777

VEGF/6VF-2 Complex

44

24.992
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5.14 Isothermal Titration Calorimetry (ITC) between VEGF and 6VF-2
ITC analysis was carried out to further verify the equilibrium dissociation
constant (Kd) between VEGF and 6VF-2. FPLC binding experiments have suggested a
1:1 mode of binding between VEGF and 6VF-2 which is contrary to the mode of binding
with all of VEGF’s natural receptors and inhibitors. An important aspect of ITC analysis
is the determination of stoichiometry (“n value”) of a binding interaction. This n-value
will provide a useful insight into the VEGF-6VF-2 interaction and would reinforce the
gel-filtration results.
For the ITC experiment, VEGF was placed in the sample cell at ~5 µM and 6VF2 was placed in the titration syringe in excess at ~75 µM. The n-value of the binding
experiment was ~0.96 which indeed corresponds to a 1:1 mode of binding between the
VEGF homodimer and 6VF-2. The equilibrium dissociation constant (Kd) of the
interaction between VEGF and 6VF-2 was ~1.3 µM ± 0.7 (Figure 5.19).
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Figure 5.19 ITC analysis between VEGF and 6VF-2. VEGF and 6VF-2 form a complex
with a 1:1 mode of binding.

241

5.15 Mode of Binding
The experimental results obtained from FPLC binding experiments and ITC
analysis both suggest a 1:1 mode of binding between VEGF and the HTB1 mutant - 6VF2. Antibodies or peptides that inhibit VEGF bind its receptor binding site in a 1:2 mode
of complexation where two copies of the antibody or peptide inhibitor bind a single copy
of the VEGF homodimer. This type of complex formation also holds true for natural
receptors that bind VEGF.
Thus, this new stoichiometry observed for VEGF and 6VF-2 is the first instance
where any VEGF ligand has been shown to bind the homodimer. There are two possible
modes of binding: a) one possibility being that 6VF-2 binds both VEGF halves
simultaneously across its dimeric interface in an asymmetric fashion (Figure 5.20 A) or
alternatively, b) 6VF-2 binds one of the VEGF halves which sterically prevents binding
of a second 6VF-2 to the other VEGF half (Figure 5.20 B).
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A

B

Figure 5.20 Possible modes of binding of our HTB1 mutant – 6VF-2 on VEGF. (A) The
experimental evidence is suggestive of 6VF-2 binding the VEGF homodimer across its
dimeric interface, which is asymmetric. (B) depicts the probable binding of 6VF-2 at one
of the VEGF binding sites resulting in allosteric inhibition of the binding of a second
6VF-2 molecule at the other VEGF binding site.

243

5.16 Future Directions
We have succeeded in identifying an HTB1 mutant, 6VF-2, that is suggestive of
binding VEGF in its asymmetric interface. Size-exclusion binding experiments and ITC
analysis have demonstrated that VEGF binds 6VF-2 to form a 1:1 complex. This is in
contrast to the natural receptors and inhibitors of VEGF where two copies of inhibitor or
receptor bind a single VEGF homodimer.
We are currently working towards identifying new methods for enhancing the
affinity of 6VF-2 utilizing bivalent approaches. In one such variation, we could
potentially link the known peptide v107 to our selected protein 6VF-2 with our current
assumption that they bind distinct sites on the VEGF homodimer. With proper choice of
linkers between these two VEGF-binders we could significantly enhance their overall
affinity for VEGF and even approach low nanomolar inhibition as seen with antibodies
such as Avastin. Another unanswered question is does 6VF-2 binding to VEGF interfere
with Flt-1 binding to VEGF? We could examine this by competition experiments as we
have demonstrated with thrombin, though these experiments are challenging given the
folding properties of VEGF and Flt-1. We could also examine the effect of 6VF-2
directly as it may interfere with VEGF mediated cell proliferation in HUVE cells.
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5.17 Experimental Procedures
5.17.1 General
All enzymes and M13KO7 helper phage were purchased from New England
Biolabs (NEB). All Fmoc protected amino acids, PyBOP, and Rink Amide AM resin for
solid

phase

peptide

synthesis

were

purchased

from

Novabiochem.

Custom

oligonucleotides were obtained from Integrated DNA Technologies. XL1-blue and BL-21
Escherichia coli were purchased from Stratagene.

5.17.2 Library Construction and Phage Display Selection
The phage display vector pHTB1 was obtained by cloning a synthetic construct
encoding for the HTB1 gene between the SfiI and NotI restriction sites into the phagemid
vector pCANTAB 5E (Pharmacia). There is a unique PstI site incorporated in the HTB1
construct sequence that enables the creation of two cassettes for mutagenesis (SfiI/PstI or
PstI/NotI). The rTB1 library-containing cassette was created between the two restriction

sites SfiI/PstI and incorporated the codon NRK at each position marked for
randomization. N corresponds to either A, T, G, or C. R represents A or G, and K
represents T or G. This library codes for residues biased toward those known to be overrepresented in protein-protein interfaces. After transformation of the library into XL-1
Blue E. coli cells, the total library size was 2.2 ×109. The phage display selection was
carried out as follows. Briefly, the HTB1 library was displayed as a gene III fusion on
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M13 phage particles using the phagemid vector library. The library-containing phage
particles were isolated after superinfection with M13KO7 helper phage from the
supernatant of an XL-1 Blue E. coli culture via poly(ethylene glycol) (PEG) precipitation.
The isolated phage particles were then used to pan against biotinylated VEGF
immobilized on NeutrAvidin plates via standard methods. Bound phage particles were
eluted under competing conditions with Flt-1 receptor. The output phage particles were
then used to infect fresh XL-1 Blue E. coli, which became, after amplification, the input
for the next round of selection. Phage-infected E. coli were plated on agar plates with
glucose and ampicillin selection to achieve single colonies for isolation and DNA
sequencing.
The primers used to create the library are as follows:
rTB1 Forward primer : 5’- gcggcccagccggccatggcccagaccttcnrkcttnrkatcnrk
ggtaaaaccctgnrknrknrkatcnrkatcnrkgctgttgacgctgcagaagctg – 3’
rTB1 Reverse primer: 5’ - cagcttctgcagcgtcaacagc – 3’

Seq#
DNA

1

5

15

20

atggcccagaccttcnrkcttnrkatcnrkggtaaaaccctgnrknrknrkatcnrkatc

Rand#

1

A.A.

M

Seq#

21

DNA

10

A

Q

T

F

25

X

2
L

X

3
I

X

30

4
G

K

T

L

X

35

5
X

6
X

7
I

X

I

40

nrkgctgttgacgctgcagaagctgaaaaaatcttcaaacagtacgctaacgacaacggt
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Rand# 8
A.A.

X

Seq#

41

DNA

A

V

D

A

A

E

A

E

K

45

I

F

K

Q

Y

50

A

N

D

N

55

G

58

atcgacggtgaatggacctacgacgacgctaccaaaaccttcaccgttaccgaa

Rand#
A.A.

I

D

G

E

W

T

Y

D

D

A

T

K

T

F

T

V

T

E

Seq# is the amino acid residue number of the HTB1 mini-protein
Rand# is the randomized position number

5.17.3 Protein Cloning, Expression, and Purification
The VEGF insert, the selected HTB1 mutant - 6VF-2 and fusion construct, v107L-6VF-2 were cloned into appropriate restriction sites of the pQE30 hexahistidine tag
expression vector (Qiagen) using appropriate primers. The Flt-1 gene insert was subcloned into the pRSF-Duet (Novagen) hexa-histidine tag expression vector using
appropriate primers. The fusion construct, v107-L-6VF-2, was made by a Klenow
extension

of

the

v107

peptide

portion

(amino

acid

sequence

–

GGNECDAIRMWEWECFERL), which also includes the linker region L consisting of
the following amino acid sequence, AAGSGSGSGS, and subsequently cloned into the
6VF-2 plasmid at the BamH1 and Pst1 restriction sites. All full length sequences for the
HTB1 mutants were confirmed by DNA sequencing and expressed as histag fusion
proteins to aid in purification.
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5.17.3.1 Primer Sequences
The primers used to sub-clone these gene inserts are as follows:
Forward primer (VEGF):
5’- catcacggatccgcagctcattatcatcacgaagtggtgaagttc –3’
Reverse primer: (VEGF)
5’- gctgcaggtcgacccgggctagtctttctttggtctgcattc – 3’
Forward primer: (Flt-1)
5’- cgcggatccgcaggctcattattgcggtagtgatacaggtaga-3’
Reverse primer: (Flt-1)
5’-gtcgacctgcagttagattgtattggtttgtcgatgtgtgag-3’
Forward primer: (6VF-2)
5’-cgcggatccgcagctcattatatgaccttcaagcttatcatcaac– 3’
Reverse primer: (6VF-2)
5’-gtatctccccgggctattcggtaacggtgaaggttttg-3’
Forward primer: (Klenow extension for v107-L-6VF-2)
5’catcacggatccgcagctcattatggaggaaacgaatgcgacatcgcacggatgtggg
aatgggaatgcttcgaacggctggcagcaggaagcggaagcggaagcggaagc-3’
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Reverse primer: (Klenow extension for v107-L-6VF-2)
5’agcttctgcagcgtcaacagcactgatcttgatataccgccacagggttttaccctc
gatatgaagatagaaggtctgggccatgcttccgcttccgcttccgcttcctgctgc3’

5.17.4 Size-Exclusion Chromatography
Purification of VEGF, Flt-1, and 6VF-2 proteins was performed by size exclusion
chromatography on a Superdex 75 Hi-Load prep column using the Äkta Explorer 10
FPLC system (GE). VEGF and Flt-1 were initially purified under denaturing conditions
in a buffer system employing 6 M urea, 10 mM tris, 100 mM Na2HPO4 at pH 8.0. Elution
fractions (1.2 mL) were collected at room temperature with a flow rate of 0.8 mL/min.
These proteins were refolded in a buffer system consisting of 0.3 M urea, 10 mM tris,
100 mM Na2HPO4, 5 mM cysteine and 1 mM cystine. VEGF was refolded overnight at
room temperature in 2 L of the buffer system in a dialysis snake-skin tubing (MWCO –
3000 Da, Pierce) at a final concentration of 0.05 mg/mL. Flt-1 was refolded overnight at
4°C in 2 L of the buffer system in a dialysis snake-skin tubing (MWCO – 3000 Da,
Pierce) at a final concentration of 0.05 – 0.1 mg/mL. After refolding, VEGF and Flt-1
were subsequently purified under native conditions using the Superdex 75 analytical
column. Runs were performed at room temperature in an FPLC buffer consisting of 1X
phosphate buffered saline (pH 7.4). FPLC operation and data analysis were done with
UNICORN software. For the binding experiments between VEGF/Flt-1 and VEGF/6VF-
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2, runs were performed on the Superdex 75 analytical column which was calibrated with
molecular weight standards bovine serum albumin (66 kDa), carbonic anhydrase (29
kDa), cytochrome C (12.4 kDa), and aprotinin (6.5 kDa). Elution fractions (0.5 ml) were
collected at room temperature with a flow rate of 1.0 mL/min.

5.17.5 Circular Dichroism Spectroscopy
Circular

dichroism

(CD)

data

were

recorded

on

an

Aviv

62A-DS

spectropolarimeter using a 0.1-cm path length cell. All spectra were taken at 25°C in 20
mM sodium phosphate at pH 8.0. Protein concentrations were determined by UV
spectrophotometry at 280 nm under denaturing conditions. The mean residue ellipticity
was calculated as: (θ × 100)/(0.1 cm × [P] × n), where n is the number of residues, [P] is
the protein concentration (µM), θ is in units of (degree × cm2/dmol), and the spectra were
acquired in a 0.1-cm path length cell. Thermal melts were monitored at 218 nm and were
run in 3 M guanidine HCl. Data points were collected every 2°C with an averaging time
of 10 s and an equilibration time of 2 min.

5.17.6 Isothermal Titration Calorimetry
Binding of VEGF to its receptor, Flt-1 or the HTB1 mutant, 6VF-2, was measured
by isothermal titration calorimetry using a VP-ITC calorimeter (MicroCal, Northampton,
MA). All protein samples were dialyzed against an ITC buffer (1X PBS, pH 7.4) and
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degassed several times prior to titration. Experiments were performed at 25°C. 1.7 mL of
5 µM VEGF was titrated by 272 µL of ~75 µM Flt-1 or 6VF-2 over 27 injections. Data
were analyzed with Origin 7.0 software (MicroCal), using a single-site binding model.
∆H, ∆S, and KA values were experimentally determined, and KD was indirectly obtained
from the equilibrium association constant.
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APPENDIX I
TABLES

Table 2.2 Round 1 panning sequences against thrombin.
Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFYLQIWGKTLYNEIQISAVDAAEAEKIF-

1SR1

MAQTFGLSIQGKTLRDHIWICAVDAAEAEKIF-

1SR2

MAQTFSLQIRGKTLRCGIQIQAVDAAEAEKIF-

1SR3

MAQTFQLGIRGKTLSQNIRIHAVDAAEAEKIF-

1SR4

MAQTFGLRIQGKTLRWCICIKAVDAAEAEKIF-

1SR5

MAQTFHLCIDGKTLQHCIHIKAVDAAEAEKIF-

1SR6

MAQTFSLQIWGKTLGNGININAVDAAEAEKIF-

1SR7

MAQTFSLEIKGKTLEYQISIQAVDAAEAEKIF-

1SR8
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Table 2.3 Round 2 panning sequences against thrombin.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFCLCIGGKTLNCNIQIQAVDAAEAEKIF-

2SR1

MAQTFQLRINGKTLRNRIYIWAVDAAEAEKIF-

2SR2

MAQTFHLYIRGKTLRGRIYIGAVDAAEAEKIF-

2SR3

MAQTFQLCIWGKTLCCRIRIQAVDAAEAEKIF-

2SR4

MAQTFQLNIRGKTLNRQISIQAVDAAEAEKIF-

2SR5

MAQTFCLYIDGKTLRGEIHIQAVDAAEAEKIF-

2SR6

MAQTFKLRIEGKTLRWQIRISAVDAAEAEKIF-

2SR7

MAQTFYLQIHGKTLKNYIEIRAVDAAEAEKIF-

2SR8

MAQTFRLQIQGKTLHKRIEIHAVDAAEAEKIF-

2SR9

MAQTFHLYIEGKTLRDQIHIGAVDAAEAEKIF-

2SR10
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Table 2.4 Round 3 panning sequences against thrombin.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFQLDIRGKTLYRRIHIDAVDAAEAEKIF-

3SR1

MAQTFCLGIHGKTLRQYIWIHAVDAAEAEKIF-

3SR2

MAQTFRLQICGKTLHRWIWIQAVDAAEAEKIF-

3SR3

MAQTFWLNINGKTLQWRIRIRAVDAAEAEKIF-

3SR4

MAQTFQLCIRGKTLKSNIQIEAVDAAEAEKIF-

3SR5

MAQTFDLQINGKTLQHRIHINAVDAAEAEKIF-

3SR6

MAQTFNLCIRGKTLHSQIWIRAVDAAEAEKIF-

3SR7

MAQTFQLDIGGKTLQKRIRIKAVDAAEAEKIF-

3SR8

MAQTFHLHIQGKTLGQHINIDAVDAAEAEKIF-

3SR9

MAQTFHLKIKGKTLKRGIGIQAVDAAEAEKIF-

3SR10
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Table 2.5 Round 4 panning sequences against thrombin.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFCLHIYGKTLQRDIQIRAVDAAEAEKIF-

4SR1

MAQTFHLQINGKTLDRRIDIQAVDAAEAEKIF-

4SR2

MAQTFQLNIYGKTLYNCIKIRAVDAAEAEKIF-

4SR3

MAQTFQLQIYGKTLQDYICIRAVDAAEAEKIF-

4SR4

MAQTFNLQICGKTLKGEITIEAVDAAEAEKIF-

4SR5

MAQTFHLHIHGKTLWQEIRIQAVDAAEAEKIF-

4SR6

MAQTFCLQIQGKTLNQKICIQAVDAAEAEKIF-

4SR7

MAQTFWLRIQGKTLGYDIYIRAVDAAEAEKIF-

4SR8
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Table 2.6 Round 5 panning sequences against thrombin.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFDLYIEGKTLQYHIHIKAVDAAEAEKIF-

5SR1

MAQTFCLQIHGKTLDYDIYIKAVDAAEAEKIF-

5SR2

MAQTFYLCIQGKTLHSKIGIYAVDAAEAEKIF-

5SR3

MAQTFDLYIEGKTLQYHIHIKAVDAAEAEKIF-

5SR4

MAQTFQLEIRGKTLHYNIYIGAVDAAEAEKIF-

5SR5

MAQTFHLQIYGKTLQRYIKINAVDAAEAEKIF-

5SR6

MAQTFQLEIQGKTLCQNIKIKAVDAAEAEKIF-

5SR7

MAQTFYLNIYGKTLHYDIRIKAVDAAEAEKIF-

5SR8
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Table 2.7 Round 6 panning sequences against thrombin.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFYLWIQGKTLSYHIRIKAVDAAEAEKIF-

6SR1

MAQTFCLYIGGKTLQKEIRIGAVDAAEAEKIF-

6SR2

MAQTFQLHIQGKTLNYDIRIRAVDAAEAEKIF-

6SR3

MAQTFSLNICGKTLNGRIQISAVDAAEAEKIF-

6SR4

MAQTFWLKIGGKTLYYHIRIYAVDAAEAEKIF-

6SR5

MAQTFHLYIYGKTLHQKIGIEAVDAAEAEKIF-

6SR6

MAQTFELRIGGKTLNQQIYIYAVDAAEAEKIF-

6SR7

MAQTFWLQINGKTLYKYIRIWAVDAAEAEKIF-

6SR8

MAQTFWLNINGKTLSWQIRIHAVDAAEAEKIF-

6SR9
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Table 2.8 Round 7 panning sequences against thrombin.
Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFWLHIDGKTLDYRIKIHAVDAAEAEKIF-

7SR1

MAQTFYLHIQGKTLYGSIYIQAVDAAEAEKIF-

7SR2

MAQTFYLKIQGKTLRHRIHIHAVDAAEAEKIF-

7SR3

MAQTFRLDIYGKTLHDQIRIRAVDAAEAEKIF-

7SR4

MAQTFNLEIEGKTLHQRIYIRAVDAAEAEKIF-

7SR5

MAQTFKLYIQGKTLEWHIDIYAVDAAEAEKIF-

7SR6

MAQTFYLEIKGKTLEYRIQIKAVDAAEAEKIF-

7SR7

MAQTFYLWIDGKTLNYHIRIQAVDAAEAEKIF-

7SR8

MAQTFHLEIYGKTLNYGIYIHAVDAAEAEKIF-

7SR9

MAQTFNLHIRGKTLRHNIQIQAVDAAEAEKIF-

7SR10

MAQTFNLSINGKTLNRQIRIEAVDAAEAEKIF-

7SR11

MAQTFYLHIHGKTLEYRIRIQAVDAAEAEKIF-

7SR12

MAQTFELRIGGKTLNQQIYIYAVDAAEAEKIF-

7SR13

MAQTFYLWIQGKTLSYHIRIKAVDAAEAEKIF-

7SR14

MAQTFQLNINGKTLRWYISIRAVDAAEAEKIF-

7SR15

MAQTFYLYIHGKTLEDYIRIQAVDAAEAEKIF-

7SR16

MAQTFHLHICGKTLHHQIRIKAVDAAEAEKIF-

7SR17

MAQTFYLQINGKTLEYRIRIQAVDAAEAEKIF-

7SR18

MAQTFCLSIQGKTLQGNIRIDAVDAAEAEKIF-

7SR19
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Amino acid sequence (contd.)

Name

MAQTFDLDIQGKTLCKGIRIRAVDAAEAEKIF-

7SR20

MAQTFHLDIRGKTLRCQIGIHAVDAAEAEKIF-

7SR21

MAQTFELQIDGKTLDYNIHINAVDAAEAEKIF-

7SR22

MAQTFYLHIHGKTLWNNIKIRAVDAAEAEKIF-

7SR23

MAQTFYLWIHGKTLSYHIRIKAVDAAEAEKIF-

7SR24
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Amino acid preference in hot spots.

Table 2.11 Selection results from Round 1 of panning.

Residue

Theoretical
%

Number of
Occurrences

Actual %

Enrichment

His

6.25

5

7.8

1.25

Arg

18.75

7

10.9

0.58

Gln

12.5

13

20.3

1.62

Asn

6.25

5

7.8

1.25

Lys

6.25

3

4.68

0.75

Ser

6.25

7

10.9

1.75

Tyr

6.25

3

4.68

0.75

Cys

6.25

6

9.37

1.50

Trp

6.25

4

6.25

1.0

Asp

6.25

2

3.125

0.50

Glu

6.25

3

4.68

0.75

Gly

12.5

6

9.37

0.75
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Table 2.12 Selection results from Round 2 of panning.

Residue

Theoretical
%

Number of
Occurrences

Actual %

Enrichment

His

6.25

7

8.75

1.40

Arg

18.75

18

22.5

1.20

Gln

12.5

14

17.5

1.40

Asn

6.25

7

8.75

1.40

Lys

6.25

3

3.75

0.60

Ser

6.25

2

2.5

0.40

Tyr

6.25

7

8.75

1.40

Cys

6.25

7

8.75

1.40

Trp

6.25

3

3.75

0.60

Asp

6.25

2

2.5

0.40

Glu

6.25

5

6.25

1.0

Gly

12.5

5

6.25

0.50
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Table 2.13 Selection results from Round 3 of panning.
Residue

Theoretical
%

Number of
Occurrences

Actual %

Enrichment

His

6.25

11

13.75

2.20

Arg

18.75

16

20

1.06

Gln

12.5

15

18.75

1.50

Asn

6.25

7

8.75

1.40

Lys

6.25

6

7.5

1.20

Ser

6.25

2

2.5

0.40

Tyr

6.25

2

2.5

0.40

Cys

6.25

4

5

0.80

Trp

6.25

6

7.5

1.20

Asp

6.25

5

6.25

1.0

Glu

6.25

1

1.25

0.20

Gly

12.5

5

6.25

0.50
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Table 2.14 Selection results from Round 4 of panning.

Residue

Theoretical
%

Number of
Occurrences

Actual %

Enrichment

His

6.25

5

8.92

1.43

Arg

18.75

9

16.07

0.85

Gln

12.5

15

26.78

2.14

Asn

6.25

4

7.14

1.14

Lys

6.25

2

3.57

0.57

Ser

6.25

0

0

0

Tyr

6.25

7

12.5

2.0

Cys

6.25

5

8.92

1.43

Trp

6.25

2

3.57

0.57

Asp

6.25

5

8.92

1.43

Glu

6.25

1

1.78

0.28

Gly

12.5

1

1.78

0.14
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Table 2.15 Selection results from Round 5 of panning.

Residue

Theoretical
%

Number of
Occurrences

Actual %

Enrichment

His

6.25

9

14.06

2.25

Arg

18.75

3

4.68

0.25

Gln

12.5

10

15.625

1.25

Asn

6.25

4

6.25

1.0

Lys

6.25

8

12.5

2.0

Ser

6.25

1

1.56

0.25

Tyr

6.25

15

23.43

3.75

Cys

6.25

3

4.68

0.74

Trp

6.25

0

0

0

Asp

6.25

5

7.81

1.25

Glu

6.25

4

6.25

1.0

Gly

12.5

2

3.125

0.25

264

Table 2.16 Selection results from Round 6 of panning.

Residue

Theoretical
%

Number of
Occurrences

Actual %

Enrichment

His

6.25

6

8.33

1.33

Arg

18.75

9

12.5

0.66

Gln

12.5

10

13.8

1.10

Asn

6.25

7

9.72

1.55

Lys

6.25

5

6.94

1.11

Ser

6.25

4

5.55

0.88

Tyr

6.25

13

18.05

2.88

Cys

6.25

2

2.77

0.44

Trp

6.25

6

8.33

1.33

Asp

6.25

1

1.38

0.22

Glu

6.25

3

4.16

0.66

Gly

12.5

6

8.33

0.66
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Table 2.17 Selection results from Round 7 of panning.

Residue

Theoretical
%

Number of
Occurrences

Actual %

Enrichment

His

6.25

29

15.10

2.42

Arg

18.75

31

16.14

0.86

Gln

12.5

25

13.02

1.04

Asn

6.25

17

8.85

1.42

Lys

6.25

10

5.2

0.83

Ser

6.25

6

3.125

0.50

Tyr

6.25

32

16.67

2.66

Cys

6.25

4

2.08

0.33

Trp

6.25

7

3.64

0.58

Asp

6.25

13

6.77

1.08

Glu

6.25

12

6.25

1.0

Gly

12.5

6

3.125

0.25
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Table 2.18 Selection results from Round 8 of panning.

Residue

Theoretical
%

Number of
Occurrences

Actual %

Enrichment

His

6.25

21

15.44

2.47

Arg

18.75

13

36.11

1.93

Gln

12.5

15

11.02

0.88

Asn

6.25

9

6.61

1.05

Lys

6.25

6

4.41

0.70

Ser

6.25

7

5.14

0.82

Tyr

6.25

32

23.52

3.76

Cys

6.25

1

0.73

0.11

Trp

6.25

12

8.82

1.41

Asp

6.25

10

7.35

1.18

Glu

6.25

3

2.2

0.35

Gly

12.5

7

5.14

0.41
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Table 2.19 Selection results from Round 9 of panning.

Residue

Theoretical
%

Number of
Occurrences

Actual %

Enrichment

His

6.25

19

12.5

2.0

Arg

18.75

13

8.55

0.45

Gln

12.5

15

9.86

0.78

Asn

6.25

16

10.52

1.68

Lys

6.25

12

7.89

1.26

Ser

6.25

11

7.23

1.16

Tyr

6.25

35

23.02

3.68

Cys

6.25

4

2.63

0.42

Trp

6.25

11

7.23

1.15

Asp

6.25

4

2.63

0.42

Glu

6.25

7

4.60

0.74

Gly

12.5

5

3.28

0.26

268

Table 5.1 Round 1 panning sequences against VEGF. Elution performed with Flt-1.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFRLYIQGKTLWKHIRIHAVDAAEAEKIF-

1VF-1

MAQTFQLYIRGKTLQGQIGIDAVDAAEAEKIF-

1VF-2

MAQTFRLRIRGKTLNQRICIKAVDAAEAEKIF-

1VF-3

MAQTFCLRIHGKTLGHCIGICAVDAAEAEKIF-

1VF-4

MAQTFYLRIKGKTLRSSIRIDAVDAAEAEKIF-

1VF-5

MAQTFNLCIQGKTLGHRIRIQAVDAAEAEKIF-

1VF-6

MAQTFQLGIQGKTLYYQIQIDAVDAAEAEKIF-

1VF-7

MAQTFCLYIHGKTLKREICIQAVDAAEAEKIF-

1VF-8

MAQTFYLEINGKTLNKQIQIDAVDAAEAEKIF-

1VF-10
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Table 5.2 Round 1 panning sequences against VEGF. Elution performed with panning
buffer.
Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFSLRIGGKTLRWEINIYAVDAAEAEKIF-

1B-1

MAQTFRLDIKGKTLRQRIWIGAVDAAEAEKIF-

1B-2

MAQTFHLRIYGKTLNREIEIQAVDAAEAEKIF-

1B-3

MAQTFHLRIRGKTLYDQIEIYAVDAAEAEKIF-

1B-4

MAQTFWLQINGKTLNHRIEIRAVDAAEAEKIF-

1B-5

MAQTFYLQIRGKTLWNSIRIHAVDAAEAEKIF-

1B-6

MAQTFRLQINGKTLCDHINIHAVDAAEAEKIF-

1B-7

MAQTFQLQIYGKTLRQRICIYAVDAAEAEKIF-

1B-8

MAQTFRLQIRGKTLKQQIYIQAVDAAEAEKIF-

1B-9
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Table 5.3 Round 2 Panning Sequences against VEGF. Elution performed with Flt-1.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFRLKIKGKTLCQRIWIHAVDAAEAEKIF-

2VF-1

MAQTFELEIWGKTLGQGIRIQAVDAAEAEKIF-

2VF-2

MAQTFSLHINGKTLRRQIQIYAVDAAEAEKIF-

2VF-3

MAQTFKLYIYGKTLKQNIRISAVDAAEAEKIF-

2VF-4

MAQTFKLRISGKTLGDGISIRAVDAAEAEKIF-

2VF-5

MAQTFCLWIQGKTLNNRIHIQAVDAAEAEKIF-

2VF-6

MAQTFYLHISGKTLNYGIWINAVDAAEAEKIF-

2VF-7

MAQTFQLYIQGKTLCYQINIRAVDAAEAEKIF-

2VF-8
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Table 5.4 Round 2 Panning Sequences against VEGF. Elution performed with panning
buffer.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFQLRIGGKTLGYWIKIWAVDAAEAEKIF-

2B-1

MAQTFRLRIRGKTLSWQISINAVDAAEAEKIF-

2B-2

MAQTFYLDIQGKTLGRRIQIQAVDAAEAEKIF-

2B-3

MAQTFRLHIYGKTLRYEIRIHAVDAAEAEKIF-

2B-4

MAQTFNLCIYGKTLNWRIWIHAVDAAEAEKIF-

2B-5

MAQTFRLRIRGKTLCNHIKIYAVDAAEAEKIF-

2B-6

MAQTFRLRIRGKTLWHNIEIDAVDAAEAEKIF-

2B-7

MAQTFKLYICGKTLHRYIQIWAVDAAEAEKIF-

2B-8

MAQTFQLKINGKTLGQRICIRAVDAAEAEKIF-

2B-9
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Table 5.5 Round 3 Panning Sequences against VEGF. Elution performed with Flt-1.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFKLYIKGKTLRRYIRIQAVDAAEAEKIF-

3VF-1

MAQTFCLCIYGKTLRHCIQISAVDAAEAEKIF-

3VF-2

MAQTFYLNIQGKTLYQRIHIDAVDAAEAEKIF-

3VF-3

MAQTFWLRIDGKTLRYSIQIKAVDAAEAEKIF-

3VF-4

MAQTFNLSIQGKTLQQYININAVDAAEAEKIF-

3VF-5

MAQTFNLQINGKTLRDRIRIHAVDAAEAEKIF-

3VF-6

MAQTFCLYINGKTLYQRIWIRAVDAAEAEKIF-

3VF-7

MAQTFYLQIQGKTLCDRIQIYAVDAAEAEKIF-

3VF-8

MAQTFCLSIRGKTLCRDICIWAVDAAEAEKIF-

3VF-9
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Table 5.6 Round 3 Panning Sequences against VEGF. Elution performed with panning
buffer.
Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFYLRIGGKTLGHYIQIRAVDAAEAEKIF-

3B-1

MAQTFQLEIKGKTLKQRIQIRAVDAAEAEKIF-

3B-2

MAQTFKLHIDGKTLRNCIQIWAVDAAEAEKIF-

3B-3

MAQTFYLSIEGKTLQYNIKIYAVDAAEAEKIF-

3B-4

MAQTFHLRICGKTLQCRINIHAVDAAEAEKIF-

3B-5

MAQTFYLHIEGKTLWRYIKISAVDAAEAEKIF-

3B-6

MAQTFWLCIYGKTLHHHIRIQAVDAAEAEKIF-

3B-7

MAQTFYLWIYGKTLHRYIQIWAVDAAEAEKIF-

3B-8

MAQTFQLKINGKTLSYGINISAVDAAEAEKIF-

3B-9
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Table 5.7 Round 4 Panning Sequences against VEGF. Elution performed with Flt-1.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFYLQIDGKTLNGYIGIQAVDAAEAEKIF-

4VF-1

MAQTFCLQIDGKTLDWRIQIKAVDAAEAEKIF-

4VF-2

MAQTFYLRIYGKTLRQCIHIQAVDAAEAEKIF-

4VF-3

MAQTFWLSIWGKTLCWDINIRAVDAAEAEKIF-

4VF-4

MAQTFHLQIWGKTLYHNINIRAVDAAEAEKIF-

4VF-5

MAQTFQLRIWGKTLQQYISICAVDAAEAEKIF-

4VF-6

MAQTFWLSICGKTLCWDINIRAVDAAEAEKIF-

4VF-7

MAQTFHLNICGKTLCYKIYIYAVDAAEAEKIF-

4VF-8

MAQTFCLDIYGKTLQGQIKIGAVDAAEAEKIF-

4VF-9

MAQTFWLHIYGKTLQHHIHIEAVDAAEAEKIF-

4VF-10

MAQTFQLWIQGKTLYKQIHIQAVDAAEAEKIF-

4VF-11

MAQTFQLHICGKTLCGYIRIHAVDAAEAEKIF-

4VF-12

MAQTFQLNIQGKTLRQYISIRAVDAAEAEKIF-

4VF-13
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Table 5.8 Round 4 Panning Sequences against VEGF. Elution performed with panning
buffer.
Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFYLHIEGKTLWRYIKISAVDAAEAEKIF-

4B-1

MAQTFCLEIQGKTLHSSIGIQAVDAAEAEKIF-

4B-2

MAQTFWLRIYGKTLSWGIRIRAVDAAEAEKIF-

4B-3

MAQTFWLQIGGKTLHQQIRISAVDAAEAEKIF-

4B-4

MAQTFRLEIWGKTLWYHIHIQAVDAAEAEKIF-

4B-5

MAQTFRLDIWGKTLDHHIQIRAVDAAEAEKIF-

4B-6

MAQTFQLGIWGKTLEYRIRISAVDAAEAEKIF-

4B-7

MAQTFWLRIEGKTLYYEIKIKAVDAAEAEKIF-

4B-8

MAQTFGLSIRGKTLCWDINIRAVDAAEAEKIF-

4B-9

MAQTFQLYIQGKTLSWHIQIKAVDAAEAEKIF-

4B-10
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Table 5.9 Round 5 Panning Sequences against VEGF. Elution performed with Flt-1.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFNLSIHGKTLYWEIKIDAVDAAEAEKIF-

5VF-1

MAQTFYLHIEGKTLWRYIKISAVDAAEAEKIF-

5VF-2

MAQTFYLYIGGKTLHYYIRINAVDAAEAEKIF-

5VF-3

MAQTFNLHIQGKTLYNEIRIKAVDAAEAEKIF-

5VF-4

MAQTFGLQIYGKTLRNRISIDAVDAAEAEKIF-

5VF-5

MAQTFHLQIQGKTLYYYIYIRAVDAAEAEKIF-

5VF-6

MAQTFHLWIEGKTLKYYIHIRAVDAAEAEKIF-

5VF-7

MAQTFWLSICGKTLCWDINIRAVDAAEAEKIF-

5VF-8

MAQTFHLNIYGKTLNWNIHIHAVDAAEAEKIF-

5VF-9

MAQTFWLHIYGKTLQHHIHIEAVDAAEAEKIF-

5VF-10

MAQTFYLYINGKTLSYNISINAVDAAEAEKIF-

5VF-11

MAQTFCLYINGKTLHWSICIDAVDAAEAEKIF-

5VF-12
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Table 5.10 Round 5 Panning Sequences against VEGF. Elution performed with panning
buffer.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFYLHIEGKTLWRYIKISAVDAAEAEKIF-

5B-1

MAQTFRLGIGGKTLWWDINIKAVDAAEAEKIF-

5B-2

MAQTFHLEIKGKTLQSQIYIRAVDAAEAEKIF-

5B-3
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Table 5.13 Round 1 panning sequences against VEGF. Elution performed with Flt-1.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFCLCIQGKTLSNYIRIKAVDAAEAEKIF-

1VF-1

MAQTFSLSIYGKTLWRSIWIKAVDAAEAEKIF-

1VF-2

Table 5.14 Round 1 panning sequences against NeutrAvidin. Elution performed with
panning buffer.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFCLNIHGKTLQYHICISAVDAAEAEKIF-

1PO-1

MAQTFQLHIWGKTLYQQIQIYAVDAAEAEKIF-

1PO-2

MAQTFYLCIHGKTLENCIWIHAVDAAEAEKIF-

1PO-3

MAQTFDLRIQGKTLNWQIRINAVDAAEAEKIF-

1PO-4

MAQTFSLEIQGKTLRRHIKIEAVDAAEAEKIF-

1PO-5
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Table 5.15 Round 2 panning sequences against VEGF. Elution performed with Flt-1.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFQLYICGKTLSYYINIQAVDAAEAEKIF-

2VF-1

MAQTFWLCIQGKTLSWRIQINAVDAAEAEKIF-

2VF-2

MAQTFYLCIGGKTLCYRIQINAVDAAEAEKIF-

2VF-3

MAQTFCLRIDGKTLHQDIDIKAVDAAEAEKIF-

2VF-4

MAQTFGLHINGKTLGWDIQIRAVDAAEAEKIF-

2VF-5

MAQTFWLNIHGKTLSHYIRINAVDAAEAEKIF-

2VF-6

MAQTFYLHICGKTLHQKIRIDAVDAAEAEKIF-

2VF-7

MAQTFCLYINGKTLNGQIRIQAVDAAEAEKIF-

2VF-8
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Table 5.16 Round 2 panning sequences against NeutrAvidin. Elution performed with
panning buffer.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFQLYICGKTLHHGIYIKAVDAAEAEKIF-

2PO-1

MAQTFRLCIHGKTLEYRINIQAVDAAEAEKIF-

2PO-2

MAQTFKLYICGKTLCRHIDIKAVDAAEAEKIF-

2PO-3

MAQTFYLNINGKTLYWRIHIRAVDAAEAEKIF-

2PO-4

MAQTFHLCIEGKTLHQNIGIYAVDAAEAEKIF-

2PO-5

MAQTFRLHIWGKTLHNHIRIYAVDAAEAEKIF-

2PO-6

MAQTFHLNICGKTLCYHIQIDAVDAAEAEKIF-

2PO-7
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Table 5.17 Round 4 panning sequences against VEGF. Elution performed with Flt-1.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFCLHIHGKTLCQNIRIGAVDAAEAEKIF-

4VF-1

MAQTFYLHIEGKTLWRYIKISAVDAAEAEKIF-

4VF-2

MAQTFGLDICGKTLEYWIRIQAVDAAEAEKIF-

4VF-3

MAQTFRLSIQGKTLYYDIRIRAVDAAEAEKIF-

4VF-4
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Table 5.18 Round 4 panning sequences against NeutrAvidin. Elution performed with
panning buffer.
Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFQLQINGKTLHWRIRIHAVDAAEAEKIF-

4PO-1

MAQTFWLEINGKTLRYYIQIQAVDAAEAEKIF-

4PO-2

MAQTFQLHIHGKTLCYYIQIWAVDAAEAEKIF-

4PO-3

MAQTFQLRIEGKTLYRRIQISAVDAAEAEKIF-

4PO-4

MAQTFNLDIQGKTLRQDIRIGAVDAAEAEKIF-

4PO-5

MAQTFWLHIQGKTLSYHIRIHAVDAAEAEKIF-

4PO-6

MAQTFQLNIYGKTLHYRIQIRAVDAAEAEKIF-

4PO-7

MAQTFNLCIHGKTLGYCIQIGAVDAAEAEKIF-

4PO-8

MAQTFQLRIDGKTLSQWIRIQAVDAAEAEKIF-

4PO-9
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Table 5.19 Round 5 panning sequences against VEGF. Elution performed with Flt-1.

Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFGLDICGKTLEYWIRIQAVDAAEAEKIF-

5VF-1

MAQTFYLHIEGKTLWRYIKISAVDAAEAEKIF-

5VF-2
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Table 5.20 Round 5 panning sequences against NeutrAvidin. Elution performed with
panning buffer.
Amino Acid Sequence

Name

MAQTFKLIINGKTLKGEITIEAVDAAEAEKIF-

HTB1

MAQTFWLQIDGKTLNHEIRIKAVDAAEAEKIF-

5PO-1

MAQTFRLDICGKTLCYNIRIRAVDAAEAEKIF-

5PO-2

MAQTFYLQIHGKTLGYQIRIKAVDAAEAEKIF-

5PO-3

MAQTFQLQIYGKTLEYHINISAVDAAEAEKIF-

5PO-4

MAQTFYLQIQGKTLYGEIHIRAVDAAEAEKIF-

5PO-5

MAQTFHLQIYGKTLSSHIDIHAVDAAEAEKIF-

5PO-6

MAQTFRLEIWGKTLHQYIRIRAVDAAEAEKIF-

5PO-7

MAQTFHLYISGKTLSYQIYIKAVDAAEAEKIF-

5PO-8

MAQTFYLQIHGKTLGYQIRIQAVDAAEAEKIF-

5PO-9

MAQTFKLDINGKTLHGQIRIRAVDAAEAEKIF-

5PO-10
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