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ni. ABSTRACT 

Several protein tyrosine kinases and the signaling pathways in which they 

participate have emerged as attractive targets for drug design. Specific and potent PTK 

inhibitors not only represent a new class of anticancer agents but may also be used as a 

powerful research tool to study the role of PTK-dependent cellular pathways in normal or 

tumor cell growth and to dissect the redundancy in signal transduction pathways. 

Dr. Lam's laboratory has previously reported identification of efficient and 

specific peptide substrates for p60'^'^"^ EH'K using one-bead one-peptide combinatorial 

library method (Lam et al., 1995; Lou et al., 1996a and b). Based on the structure of these 

peptide substrates, I have identified and characterized potent and selective peptide 

inhibitors of p60'^"'"^ PTK. Some of the identified peptide inhibitors were used as a 

research tool in this dissertation to investigate the active site of the enzyme p60'^'^'^ PTK. 

In addition to potency and selectivity, a major criterion for a successful src inhibitor is its 

cell permeability as src is located inside the cell. Peptides are generally impermeable to 

cell membrane. A major accomplishment of this dissertation is development of cell 

permeable peptidomimetic inhibitors of p60'^^'^ PTK based on the identified dipeptide 

motif -De-Tyr- (-I-Y-). This dissertation describes identification of tetrameric and 

trimeric peptidomimetic inhibitors using a combination of two combinatorial methods, 

the 'one-bead one-compound' combinatorial method and the 'iterative' combinatorial 

method. Some of the identiHed inhibitors seem to selectively affect transformed cells 
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versus normal cells at lower concentrations. A lot of still needs to be done to optimize 

these inhibitors. However, the accomplished work in this dissertation proves the 

feasibility of the pseudosubstrate peptide-based approach for the development of cell 

permeable peptidomimetic inhibitors as anti-cancer therapeutic agents. 
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IV. INTRODUCTION 

Hypothesis and Specific Aims 

The overall goal of this dissertation is to develop potent and selective 

pseudosubstrate based peptide and small molecule (peptidomimetic) inhibitors for the 

enzyme p60'^'"^ protein tyrosine idnase. The normal cellular homologue (c-src) of the 

Rous sarcoma virus oncogene (v-src), the first molecularly defined proto-oncogene, 

encodes the p60'^''"^ PTK and is implicated in various cancers (e.g., leukemia, bladder 

cancer, breast cancer, colon cancer), and osteoporosis. Therefore, p60'^'®"^ has been 

considered an important target for the design of antiproliferative drugs. 

Using a novel "one-bead one-peptide" combinatorial library method, efficient and 

specific peptide substrates for p60'^'®'^ PTK were identified in Dr. Lam's laboratory (Lam 

et al., 1995; Lou et al., 1995). Detailed structural-activity relationship study on the 

identified substrates revealed that —De-Tyr- were the two critical residues as a peptide 

substrate for PTK (Lou et al., 1996). The working hypothesis of this dissertation 

is that selective and potent peptide and small molecule (peptidomimetic) inhibitors can be 

developed based on the identified dipeptide (-Ile-Tyr-) substrate motif. There are six 

specific aims addressed in this dissertation: 

Speciflc aim 1: Development of potent peptide inhibitors for p60'^^"^ PTK based on the 

identified peptide substrates. 
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Specific aim 2: Characterize the identified peptide inhibitors by structural-activity-

relationship study and selectivity study. 

Specific aim 3: Investigation of topographical aspects of the identified peptide inhibitor -

enzyme (p60*^''"^ PTK) active site interaction to increase the potency of the inhibitors and 

to design small molecule (peptidomimetic) inhibitors based on the peptide inhibitors. 

Specific aim 4: Identify and characterize small molecule substrates based on the 

identified dipeptide substrate motif -I-Y- (-De-Tyr-) using a combination of two 

combinatorial library methods (one-bead one-compound and iterative process). 

Specific aim 5: E>evelop and characterize potent and selective tetrameric small molecule 

inhibitors based on the identified small molecule substrates. 

Specific aim 6; Develop and characterize potent trimeric small molecule inhibitors and 

assess the effects of these inhibitors on v-src transfected 3T3, 3T3 cells and various 

cancer and normal cell lines. 

Combinatorial library methods 

The broadly applicable concepts and tools encompassed by combinatorial 

chemistry accelerate advances within the originating discipline, namely drug discovery 

and synthetic organic and medicinal chemical research. Combinatorial chemistry, 

however, also catalyzes the acceleration of many other scientific disciplines and is an 

extremely powerful tool in basic research. 

Combinatorial library methods involve three main steps: (i) Preparation of the 

library of tens of thousands to millions of compounds by randomly joining various 
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components (or building blocks) together, (ii) a high throughput assay method by which 

the library can be screened for a specific biological, chemical or physical property, and 

(iii) structure determination of the active compound by a deconvolution method, by direct 

chemical analysis, or by analysis of the coding structure (Lam et al., 1997). Figure 1 

gives the number of possible permutations in a random library when 20 building blocks 

are used in each coupling cycle (Lam et al., 1993). There are two main approaches to 

generate combinatorial libraries: (I) the biological approach, and (II) the synthetic 

approach. There are advantages and disadvantages in each of these approaches. 

Smith and co-workers envisioned the concept of using recombinant bacteriophage 

incorporating random nucleic acid sequences to produce large biological libraries of 

phage that display random peptides on the amino terminus of the viral pin coat protein. 

This was accomplished by the insertion of a stretch of random deoxyoligonucleotide into 

the pIU gene of filamentous phage. Each phage particle has on one end five copies of 

these grafted coat proteins. The phages that bind specifically to an acceptor molecule will 

then be isolated via several cycles of panning (e.g., binding to an acceptor coated petri 

dish) and amplification. Finally, the amino acid sequence of the grafted peptide is 

determined by sequencing the pIII gene of the isolated phage. In 1990 three groups 

reported the successful application of this approach in generating millions of random 

peptides from which specific ligands against monoclonal antibodies (Scott and Smith, 

1990; Cwirla et al., 1990) or streptavidin (Devlin et al., 1990) were isolated. 

Subsequently, related techniques on expressing peptides in libraries of plasmids (Schatz, 

1993) and polysomes (Kawasaki, 1991) were developed. The major advantage of the 
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# Permutations for a Peptide 

X 
XX 
XXX 
xxxx 
xxxxx 
xxxxxx 
xxxxxxx 

20*= 20 
20^ = 400 
20^ = 8,000 
20^ = 160,000 
20^ = 3,200,000 
20* = 64,000,000 
20' = 1,280,000,000 

Figure 1. Number of possible permutations for a random peptide with 20 
eukaryotic amino acids (Lam et al., 1993) 
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biological approach is that the size of the grafted peptide is not limited by the constraints 

of the synthetic peptide chemistry. Furthermore, the biological approach enables one to 

take advantage of known peptide folds (e.g. immunoglobulin fold) by grafting random 

oligopeptides on such tertiary folds. The p>eptides may be expressed in such away that 

they are accessible for molecular interactions either in vitro or in vivo. Another main 

advantage is the ability to be amplified, so that multiple rounds of selection can take 

place-this avoids the limitation on the library size that is imposed by sequential screening 

methods. New diversity is generated during amplification. Multiple rounds of selection 

coupled with mutagenic amplification lead to Darwinian evolution, a process that 

automatically optimizes properties subjected to selective pressures, such as binding 

affinity or catalytic activity. This powerful advantage comes with a severe price, and that 

is a limitation on the chemical nature of the libraries involved to proteins, nucleic acids 

and their close analogs. Thus biological approach is limited to the 20 eukaryotic amino 

acids only, and incorporation of unnatural amino acids or other organic moieties into 

these libraries is not feasible. This approach cannot generate complicated structures (e.g. 

branched, bicyclic, constrained structures), which can be generated by synthetic 

chemistry. Additionally, the diversity of the library is limited due to the bias of the host 

expression system and due to the susceptibility of the expressed peptides to the 

endogenous proteases of the biological host. A major disadvantage of biological approach 

is that the screening assays of the biological libraries are generally limited to binding 

assays (e.g. panning) (Gallop et al., Gordon et al., 1994; Kay, 1995) and not applicable to 

most of the solution phase assays utilized in the standard drug screen. 



23 

The purely chemical or synthetic approaches to combinatorial chemistry allow 

much greater molecular diversity, but the price of diversity is that only a single round of 

selection is possible. The desired compound within a library must be identified in the first 

pass of the screening algorithm. This limitation of the chemical approach can be 

overcome by a sensitive screening process and a well-designed primary library. 

Additionally, the "evolutionary" process can be generated in the synthetic approach by 

designing secondary libraries exploring a more localized region of the "shape space" 

surrounding the original compound, aided by computer modeling and medicinal 

chemistry. 

Most of the synthetic peptide libraries are synthesized by protected adduct 

chemistry using standard 9-fluorenylmethoxycarbonyl (Fmoc) or /-butyloxycarbonyl (r-

Boc) Na-amino acids on a solid phase support system such as polystyrene resin bead 

(Lam et al., 1991). In addition to the natural amino acids, unnatural amino acids, such as 

D-amino acids, N-methylated amino acids as well as non-peptide oligomers or small 

molecules can be incorporated into the chemical libraries. This greatly enhances the 

diversity of such libraries in terms of numbers as well as in terms of conformations of 

library members. The synthetic libraries can contain linear or complex cyclized or 

constrained structures. In addition, amino acids with saccharide or nucleotide side chains 

can be used to introduce carbohydrate or nucleic acid features into the libraries. The most 

important advantage of the synthetic approach is the availability of solid phase as well as 

solution phase screening (Lam et al., 1995; Lam and Lebl, 1994). After completion of the 

library synthesis, the N-terminal and side chain protecting groups are removed, and the 
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solid phase bound compounds can be screened directly, or cleaved off the solid support 

and screened by a solution phase assay (Lam and Lebl, 1994). Direct binding assays have 

been commonly used to screen the solid phase bound library compounds. Detection is 

usually accomplished by enzyme-linked assays, fluorescent assays, or radionucleotide 

assays. Various standardized receptor-binding, biochemical, or cellular assays can easily 

be adapted for screening. 

There are four general approaches to the synthetic library methods: 

(I) Spatially addressable parallel solid phase or solution phase library: Geysen et al. 

(1984) devised a system for synthesizing peptides on polyethylene pins, which could then 

be tested in multi-well plates. Frank et al. (1992) essentially followed Geysen's strategy 

except that a cellulose membrane or paper was used, rather than the polyethylene pins, as 

the solid support for peptide synthesis. Fodor et al. (1991) reported the development of a 

"light-directed, spatially addressable parallel chemical synthesis" technique that uses 

complex instrumentation and photochemistry techniques to synthesize an array of 

peptides on a glass microscope slide. The "diversomer" technology described by Dewitt 

et al. (1993) and applied to nonpeptide, nonoligomeric chemical libraries is another 

variation of the spatially addressable parallel library approach. The major limitation of 

this approach is that only a limited number of peptides can be synthesized in parallel and 

the library is relatively small. 

(ID Synthetic library method using affinity chromatography selection: In this method the 

target receptor is immobilized to generate an affinity column and the library is loaded 

onto the column. The bound ligands from the library are eluted from the column for 
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structure determination. Enough purified peptide (e.g. .1 pmol) must be required for 

accurate microsequencing. Non-specific binding may become a major problem if the 

affinity between the ligand and the receptor is not very high or if there are large number 

of peptides in the library. Identification of ligands for anti-gpl20 monoclonal antibody 

(Zuckermann el al., 1992) and for SH2 and catalytic domains of protein tyrosine kinase 

(Songyang et al., 1993 and 1995) was reported by this approach. 

(in) Synthetic library method requiring deconvolution: This synthetic library method is 

utilized for the development of peptidomimetic inhibitors of p60'^"''"^ protein tyrosine 

kinase in this dissertation. A detailed description of this method is given below. 

Combinatorial library method requiring deconvolution 

In this approach, pools of compounds are prepared such that each separate pool 

has defined building blocks at either one or two positions, and other positions are 

randomized. The optimal building block(s) at the defined position(s) is selected by 

determining which pool(s) has the gieatest biological activity. A second round of 

synthesis is then performed with the selected building block(s) in place at the initial 

defined position(s) in order to prepare pools where the next defined position is 

introduced. Each pool is evaluated for biological activity in order to select the optimal 

building block at the additional defined position. This deconvolution process of iterative 

resynthesis and evaluation is then repeated until all positions are defined. Isolation of the 

active component for structural determination is not required. There are four general 

deconvolution approaches. The "iterative deconvolution" approach (Figure 2) was first 
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Step 1 20 Mixtures O X X X 
(160,000 compounds) 

Screen 

L 9 <> «> • • • 

<1 Synthesis 

Step 2 20 Mixtures L O X X 
(8,000 compounds) 

Screen 

L E ? ?  

Synthesis 

Step 3 20 Mixtures L E O X 
(400 compounds) 

Screen 

L E A ?  

Synthesis 

Step 4 20 Mixtures L E A O 
(20 compounds) 

X Screen 

L E A D  

O = One of the 20 amino acids 
X = All 20 amino acids incorporated 

Figure 2. Scheme of the iterative approach for combinatorial library method that 
requires deconvolution. (Adapted from Houghten et al, 1999) 
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successfully applied by Geysen et al. (1986) in the multi-pin system in an on-pin ELISA 

assay to deflne a mimotope for a monoclonal antibody directed against a discontinuous 

epitope on foot-and-mouth disease virus. Later, Houghten et al. (1991) applied the same 

strategy in a solution phase assay for various monoclonal antibodies, opiate receptor 

(Houghten et al., 1993) and anti-bacterial activity (Blondelle et al., 1995). Requirement 

of multi step synthesis and analysis and the limited number of compounds in the initial 

library are the major limitations of this approach. However, this approach is an excellent 

choice to optimize a lead. 

The "positional scanning" approach was introduced by Dooley and Houghten 

(1993) which involved screening of library mixtures in one step. This approach assumes 

that the contribution of each residue of an active compound to the biological activity is 

independent of each other. This strategy works well if there is only one predominant 

motif. If there are multiple motifs, the results might become scrambled and 

uninterpretable. Erb et al. (1994) described a "recursive deconvolution approach" based 

on the iterative strategy and involving generation of sublibraries at each iterative step. 

The "orthogonal partition approach for decovolution" was reported by Deprez et al. 

(1995). This approach involves synthesis and screening of multiple orthogonal 

sublibraries. Similar to the positional scanning approach, interpretation of results is 

difficult if multiple motifs are present. 

(FV) "One-bead One-compound" approach: This synthetic library method is utilized in 

this dissertation for the development of peptide and peptidomimetic inhibitors of p60'^'^'^ 

protein tyrosine kinase. A detailed description of this method is given below. 
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"One-bead One-compound'* combinatorial library method 

In this approach, the peptide library is generated by a solid-phase technique 

(Merrifield 1963) using a "split synthesis" method (Lam et al., 1991, Houghten et al., 

1991, Furka et al., 1991). In the "split-synthesis" method (Figure 3), the resin-beads are 

first divided into several (e.g. 20) equal aliquots and each of the 20 amino acids are added 

into each reaction vessel and the reaction is driven to completion. The resins are then 

thoroughly mixed, deprotected, and partitioned into 20 aliquots again for the next 

coupling cycle. The process is repeated several cycles until peptide with a desired length 

is obtained. Since each resin bead encounters only one amino acid at each coupling 

cycle, and the reaction is driven to completion, the end result is that every peptide on 

each individual bead is unique and identical. There are -lO'^ copies if each peptide on a 

single lOOjim bead. A pentapeptide library with 20 amino acids incorporated into each 

coupling cycle will have 20^ or 3.2 million possible permutations. The synthesis of such 

a library can generally be completed in 2 - 3 days. The library, consisting of millions of 

bead, each with a unique peptide, is then subjected to screening for a specific acceptor 

molecule (receptor, antibody, enzyme, virus, etc.). The reactive beads are identified and 

physically isolated, and each is subjected to microsequencing with Edman degradation 

chemistry. Each bead contains approximately lOOpmol of peptide and is adequate for 

sequencing. Once a binding motif is identified, a secondary peptide library (based on the 

motif of the primary screen) is generated and screened under a more stringent condition 

to identify leads of higher affinity. Lam et al. (1991) applied the "one-bead one-
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Figure 3. Sciieme of the 'split synthesis' method to generate a 'one-bead one-
compound' combinatorial library (Lam et al., 1991) 



compound" combinatorial peptide library method to synthesize and screen a random 

peptide-bead library of over a million and was able to identify peptide ligands that bind to 

an anti ^-endorphin monoclonal antibody, or streptavidin. The methods of screening 

include both on-bead binding assays (Lam and Lebl, 1994). For the on-bead binding 

assays, standard enzyme-linked colorimetric assays, fluorescent, or radionuclide assays 

can be used. The enzyme-linked colorimetric assay is the simplest because it adapts the 

standard Western blot technology and no special equipment is required. In the last few 

years, this colorimetric method has been applied successfully to identify specific ligands 

for various macromolecular targets such as monoclonal antibodies (Lam et al. 1991), 

lymphoma surface idiotypes (Lam et al. 1995a), MHC-class I molecules (Smith et al. 

1994), streptavidin (Lam et al, 1991, Lam and Lebl 1992), and avidin (Lam and Lebl 

1992). Alternatively, using an orthogonal two-stage release process, the peptide or 

nonpeptide structure can be released from each bead for solution-phase assays. Recently, 

an on-bead whole-cell binding assay was used to discover ligands that are specific for 

integrin prostate cancer cells (Pennigton et al. 1996). Non-specific binding is the major 

limitation of this approach. This limitation can be overcome by a good specific screening 

assay and by multiple screens to eliminate the false-positives. 

Besides on-bead binding assays as described above, the "one-bead one-

compound" concept can also be applied to on-bead functional assay systems. For this 

purpose, [7- " P]ATP and a specific protein kinase is incubated with a random peptide-

bead library. The phosphorylated peptide bead library is then washed thoroughly and 

immobilized on a glass plate with agar. The [32P]-labeled beads are then detected by 
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autoradiography. The bead with the substrate motif is radiolabelled and is isolated for 

microsequencing. Successful identification of peptide substrate motifs for various protein 

kinases (Lam et al., 1995, Lou et al., 1996a and b and 1997, Wu et al.l994) has been 

reported using this on-bead functional assay. In this dissertation, this method has mainly 

been used to identify peptidomimetic substrates for p60'^''"^ PTK. Development of potent 

substrate-based peptide and peptidomimetic inhibitors based on the previously identified 

substrate motifs is also accomplished in this dissertation. 

Types of combinatorial libraries 

Combinatorial libraries can be classified based on the following criteria: 

(0 Design of the library: Generic (unbiased) libraries are designed to discover novel 

structural motifs or a feature that posses desired biological activity, either to replace an 

already existing drug, or to search for lead compounds for new targets. Dedicated, 

secondary, or biased libraries serve the purpose of optimizing the properties of already 

existing lead compounds. 

(II) Peptide vs. Non-peptide oligomeric vs. Small molecule libraries: The first synthetic 

combinatorial libraries were composed of peptides for obvious and pragmatic reasons. 

Peptide chemistry on solid phase (Merrifield, 1963) was well described, as were the 

methods for structure determination with small amounts of material. The building blocks 

and protected amino acids were commercially available and the repetitive manner of 

synthesis enabled almost unlimited complexity of synthetic peptide libraries. 
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Despite the prevalence in nature, however, peptides do not compromise a 

preponderance of pharmaceutical products. In large part this may be due to constraints 

imposed on drug candidates, such as bioavailability and pharmacokinetics. Hence non-

peptide oligomeric and small molecule libraries have emerged as an exiting alternative 

development in the combinatorial library field. Small molecules (<500-600 molecular 

weight) often contain lipophilic, aromatic, or heterocyclic structures. Therefore, leads 

identified from such combinatorial libraries are more likely to be able to cross cell 

membranes, making them ideal candidate for drug development. Another important 

rationale behind the small molecule approach is conformational diversity of such 

libraries. The character of the peptide backbone limits the structural diversity of peptides, 

as the only changing parameter is the type of side-chain connected to the a-carbon atom 

of the peptide backbone. The availability of thousands of small molecule building blocks 

(e.g., aldehydes, ketones) eliminates the limitations imposed by the 50 or so 

commercially available amino acids. Figure 4 illustrates the basic principles of a small 

molecule library. Figure 4A and 4B illustrates three possible schemes in which the 

trimeric structures (oligomeric or small molecules) can be assembled, while figure 4C 

shows the number of possible permutations available in a random trimeric library. 

Another important feature of the small molecules is that unlike peptides they are resistant 

to proteolytic enzyme degradation. 

The nonpeptide oligomeric libraries were generated based on a similar rationale. 

Peptoids (Simon et al., 1992) are the best-known examples of oligomeric nonpeptide 

compounds. The only difference between peptides and peptoids is that in peptoids the 
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side chain is linked to the amide nitrogen of the backbone instead of the a-carbon atom. 

This change introduces two important features. First, peptoids are resistant to proteolytic 

degradation. Secondly, the diversity of peptoids can be greater conformationally as well 

in terms of numbers due to larger availability of building blocks. Another method of 

generating non-peptide or small molecule combinatorial chemical libraries is to use the 

biosynthetic approach or "combinatorial biocatalysis". In this approach enzymes catalyze 

the coupling reactions. A polyketide library (Khosia et al., 1996) and a small molecule 

library of taxol derivatives (Khmelnitsky et al., 1996) were produced by this approach. 

Selection of a combinatorial library method 

The selection of combinatorial library type depends on the project under 

consideration. For intracellular targets or for enzyme active sites the method of choice is 

small molecule library, while for extracellular targets or receptors that normally bind to 

larger ligands (e.g., cytokines, insulin), a small molecule will be inappropriate. In such 

cases a peptide or an oligomeric nonpeptide library with a larger scaffold may be 

preferable. Similarly for vaccine development or for anti-adhesive strategy peptide or 

glycopeptide libraries would be the libraries of choice. 

Selection of the library method also depends on the project under consideration. To 

identify a novel motif against a novel target the "one-bead one-compound" method is 

ideal as this method can identify all possible motifs in parallel. On the other hand, if there 

is a predominant motif, the "positional scanning" method would be the method of choice. 
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The "iterative" or the "one-bead one-compound" method can be employed for 

optimization of a lead. 

Peptide libraries are useful for the identification of a drug lead. Peptides identified from 

first screen can be used to recognize a motif. Based on the identified motif, one then may 

design and screen secondary peptidomimetic or small molecule libraries. The secondary 

screen would optimize the identified lead in terms of conformation as well as 

pharmacokinetic properties. This dissertation describes a similar strategy to develop 

peptidomimetic inhibitors for the p60'^'^"^ protein tyrosine kinase. Using the random "one-

bead one-peptide" approach substrate (peptide) motifs were previously identified (Lam et 

al., 1995; Lou et al., 1996a and b). Based on the identified motif, peptidomimetic library 

was designed and screened, by iterative approach, to identify peptidomimetic inhibitors 

for p60'^'^"^ protein tyrosine kinase. The whole strategy thus describes a successful 

combination of two combinatorial methods the "one-bead one-compound" method and 

"iterative" method. 

Combination of two combinatorial methods 

The one-bead one-compound (Selectide process) is a parallel approach, while the 

iterative approach is a convergent approach. This difference actually makes these 

approaches complementary to each other. Thus one can combine these methods 

(Figure 5) in two phases of a project, i.e.. Phase I - Lead identification and Phase II -

Lead optimization. 
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Phase I: The initial phase of lead (peptide motif) identification takes advantage of the 

amazing synthesis and screening power of the 'one-bead one-peptide' library method. 

Using a peptide library instead of a small molecule library is appropriate at this initial 

stage, as identified peptides can be easily microsequenced by Edman degradation (small 

molecules can not be microsequenced like peptides). 

Phase 0: A peptide motif is identified based on the initial screen and a secondary 

peptidomimetic library is synthesized based on this motif. This secondary library is 

designed and screened by the iterative approach, taking advantage of the fact that 

structure determination of the active compound is not required in the iterative process. 

Thus this strategy of combing the two approaches — the 'one-bead one-compound' and the 

iterative' approach and using two combinatorial libraries- peptide and peptidomimetic 

libraries at different phases of the project is very advantageous. It capitalizes on the major 

advantages of both the approaches and at the same time avoids limitations of both. 

Protein kinase superfamily 

Protein kinases represent one of the largest protein superfamily. They are related 

by virtue of their "kinase (catalytic) domains" which consist of approximately 250-300 

amino acid residues. There are two major classes of protein kinases; serine/threonine 

kinase and tyrosine kinase. Serine/threonine kinases catalyze the transfer of y-phosphate 

of ATP (or GTP) to the protein alcohol groups (on Ser or Thr), while tyrosine kinases 

catalyze the transfer of y-phosphate to phenolic groups (on tyr). There also exist "dual-
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specificity" kinases that can phosphorylate both Tyr and Ser/Thr residues (Lindberg et 

al., 1992). 

Protein tyrosine iunase (PTK) 

Phosphorylation is one of the major posttranslational modifications, which 

regulates many cellular processes such as cell cycle, growth, and differentiation (Moodie 

et al., 1993; Davis, 1993; Wu et al., 1993; Gille et al., 1992; Eck et al., 1993; Zhou et al., 

1993; Hunter et al., 1987). Phosphotyrosine accounts for about 0.5% of the total 

phosphoamino acid content of the cell (Hunter et al., 1980; Cooper et al., 1981) and yet 

there is a wealth of evidence that tyrosine phosphorylation plays a crucial role in many 

cell regulatory processes. These include T-cell and B-cell activation, responses to 

external stimuli, mitogenesis, differentiation and development, angiogenesis, platelet 

activation, cell shape and attachment, neurotransmitter signaling, cell cycle control, 

growth control, oncogenesis, cell survival and apoptosis, transcriptional regulation, and 

glucose uptake (Hunter et al., 1997; Wilkis, 1993; Ullrich et al., 1990). It is therefore not 

surprising to see that functional perturbation of PTKs result in many diseases. A potential 

role for certain PTKs in tumorigenesis (Table I) is evident from their ability to transform 

normal cells to a neoplastic phenotype when expressed in a mutated unregulated form 

(e.g.. Ret, Bcr-abI) or to an abnormally high level (e.g., Src, EGFR). Examples include 

amplification of c-erb-B2 in human breast cancer (Slamon et al., 1987), chromosomal 

translocation of c-abl in chronic myelogenous leukemia (Konopka et al., 1984). 

Deregulation of PTK activity has also been found in other diseases, such as 



Table I. Protein Tyrosine Kinases and Human Cancer 

Tyrosine Kinase Cancer 

EGF-/TGFa-R Bladder 
Breast 
Brain 
Colorectum 
Lung 

Ovary 
IGFl-R Breast 

Esophagus 
Lung 
Ovary 

NGF-R/trk Colon 
Neuroblastoma 

PDGF-R Midgut 
Pancreas 

CSFl-R/>u Breast 
Leukemia 

FGF-R/bek/flg Brain 
Breast 
Prostate 

Bcr/abI Brain 
Leukemia 

Her/neu/erbh-l Breast 
Lung 
Ovary 

kit Lung 
Ick Colon 

Leukemia 
ret Neuroblastoma 

Thyroid 
ros Brain 
src Bladder 

Colon 
Breast 

Data adapted from Chang and Geahlen (1992) J of NatProd 55, 1529-1560 
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atherosclerosis (Raines et al., 1996), psoriasis (Elder et al., 1989), and osteoporosis 

(Lowe et al., 1993). Therefore, the PTKs are considered attractive targets for cancer 

therapies (Powis, 1994) as well as for other proliferative diseases (Levitzki et al., 1994). 

Since the discovery nearly 25 years ago that the transforming gene product of the Rous 

sarcoma virus is a protein kinase, which phosphorylates tyrosine residues, probably over 

170 eukaryotic PTKs have been identified (Hardie and Hanks, 1996). These may be 

categorized into three main groups: (i) membrane receptor-linked PTKs (e.g., epidermal 

growth factor receptor- EGFR, insulin receptor); (ii) non-receptor-linked cytosolic PTKs 

(e.g., Abi, Fes), and (iii) non-receptor-linked membrane-anchored PTKs (e.g., Src, Lck, 

Lyn). These PTKs have been further classified into families based on structural 

homologies. 

Members of the receptor class of tyrosine kinases are characterized by having an 

extracellular ligand-binding domain, a transmembrane domain and a cytoplasmic domain 

within which is contained catalytic sequence (Fantl et al., 1993). The function of these 

kinases is to transduce a signal, originated by ligand binding, into the cytoplasm. The 

final outcome of this signal may be growth, movement and/or differentiation of the cell, 

depending on the ligand and cell type (Hunter, 1989; Ullrich et al., 1990). The activation 

of the receptors that occurs upon ligand binding is frequently the consequence of receptor 

dimerization, which brings into close opposition two catalytic domains, and results in 

transphosphorylation of the cytoplasmic receptor sequences on several tyrosine residues 

(Williams, 1989). These phosphotyrosines form the binding sites for SH2 domain-

containing proteins, whose consequent activation is responsible for transmitting the 
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signal further (Pawson et al., 1992). Alternatively, receptor activation results in 

phosphorylation of a separate protein to which SH2 domain-containing proteins bind 

(White et al., 1994). 

The non-receptor protein tyrosine idnases are diverse in structure, subcellular 

localization and function. These are divided into at least 8 subfamilies based on catalytic 

domain sequence similarity and the presence or absence of other functional domains 

(Hardie and Hanks, 1995). Src family is one of the 8 subfamilies and has nine distinct 

members, namely Src, Fyn, Yes, Fgr, Lyn, Lck, Hck, Blk, Yrk. They are grouped 

together because of the similarity of the sequence and their regulation (Brickell, 1992; 

Cooper et al., 1993). Figure 6 shows the family tree of Src family and related tyrosine 

kinases. Three members (c-src, c-fgr, c-yes) were first identified as the normal cellular 

sequences transduced by distinct oncogenic retroviruses, while the remaining members 

were identified through their high degree of homology to the src tyrosine kinase domain 

(Bolen et al., 1992). Some Src family members are expressed in a wide variety of tissues, 

while others show a more restricted pattern of expression (Table II). Src is expressed in 

different tissues of the body with the highest protein levels detected in neurons and in 

platelets (Golden and Brugge, 1988). Similarly Yes, Fyn and Lyn are expressed in variety 

of cells, where as Lck, Hck, Fgr, and Blk are primarily expressed in hematopoietic cells 

(Bolen et al., 1992; Brickell et al., 1992). The Yrk kinase is expressed at the highest 

levels in the brain and spleen (Sudolet et al., 1993). 
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Table 11 Members of the Src family of protein tyrosine kinases (PTK) and their 
tissue distribution 

PTK Molecular weight Tissue expression 

Src 60 Platelets, neural, fibroblasts, mammary 

Yes 62 Neural, gastrointestinal 

Fgr 59 Monocytes 

Fyn 55 T cells, neural 

Lck 56 T cells 

Lyn 53, 56 B cells, myeloid cells, natural killer cells 

Hck 55 Myeloid 

BIk 55 B cells 

Adapted from Penuel and Martin, 1999. 
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PTK and Src family members: Structure and Regulation 

The oncogenic properties of Rous sarcoma virus-an avian retrovirus that causes 

rapid eruption of tumors in infected animals-led to the identification of the viral oncogene 

v-src, and the recognition that this is a subtly altered form of the normal cellular gene, c-

src. In 1989, the Nobel Prize in Medicine and Physiology was awarded to J. Michael 

Bishop and Harold E. Varmus for their discovery that the oncogenic counterpart of Rous 

sarcoma virus (v-src) had been transduced from a normal cellular gene (c-src) (Stehelin et 

al., 1976). Since 1976, it has become clear that c-src is the prototype for a family of 

genes, which encode intracellular, membrane-associated tyrosine kinases. Sequence 

identities among the different Src family members exceed 70%. 

The Src protein has captured the imagination and experimental attention of those 

scientists interested in signal transduction and malignant transformation for most of this 

century. Src still remains the focus of investigation both as a model tyrosine kinase and 

for its unique regulation and function. 

Like many other molecules involved in signal transduction, Src and Src family 

kinases consist of modules, which mediate protein-protein interactions. Six distinct 

regions of Src family members are recognized as being important for its kinase activity 

(Figure 7). These regions from the N- to C-terminus are (i) a short membrane anchoring 

SH4 (src homology) domain (Sigal et al., 1994) (ii) a poorly-conserved 'unique' region 

of 40-70 residues, (iii) an SH3 domain of 50 residues, which can bind to specific proline-

rich sequences (left-handed polyproline type II helices) (Ren et al., 1993), (iv) an SH2 

domain of 100 residues, which can bind to tyrosine phosphorylated tyrosine residues in a 
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kinase. (Brown and Cooper, 1996). 
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sequence-specific context (Songyang et al., 1993) (v) a catalytic or kinase domain of 250 

residues, which is conserved, but shows some distinct features from, those of other PTKs 

(Hanks et al., 1988), and (vi) a short C-terminal region containing a conserved tyrosine 

residue (Tyr 527). Dephosphorylation of this tyrosine, or the binding of antibodies to the 

C-terminus, results in the catalytic activation of the Src-related kinases (Cooper et al., 

1986). 

SH4 domain at the N-terminus contains a site for myristoylation, which is 

necessary for membrane localization of Src (David-Pfeuty et al., 1993). Membrane 

association is critical for transformation by activated v-Src (Kamps et al., 1986). The 8112 

domain mediates interactions with receptor-type PTKs and with proteins present in focal 

adhesions, and may also mediate the interaction with the protein substrates of Src kinases 

(Van der Geer et al., 1994). The SHI domain contains a tyrosine (Tyr 416) which is 

autophosphoryalted in the active form of the enzyme. 

The three-dimensional structure of p60'^'^'^ has been recently determined by 

Professor Harrison's group (Xu et al., 1997) at 1.7 A resolution in a closed, inacive state 

(Figure 8). The region of the protein characterized included the SH3 domain, the SH2 

domain, the kinase domain (SHI), and the C-terminal tail with the regulatory tyrosine 

residue phosphorylated. These studies showed that the C-terminal phosphotyrosine 

residue bound to the SH2 domain in an intramolecular fashion. The kinase domain was 

found to be composed of two lobes like other protein kinases- the adenine phosphate 

(ATP)-binding lobe and the peptide-binding lobe. The active site is located in the cleft 

between these two lobes. Contrary to the expectation that the binding of the SH2 domain 
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Figure 8. Crystal structure of p60'^'^'^ protein tyrosine kinase 
(Xuetal. ,  1997) 
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to the C-terminal tyrosine would block access to the active site, the interaction occurs on 

the opposite side of the molecule from the kinase active site. Another unexpected 

observation is that the peptide sequence that links the SH2 and kinase domain adopts a 

polyproline 11 helix conformation, even though c-src does not contain a PXXX motif. The 

SH3 domain binds to this peptide sequence in the inactive form of c-src. 

The molecular switch of regulation: The major switch for p60'^''"^ regulation is a 

tyrosine residue (Tyr 527) located in the C-terminus of the enzyme. This tyrosine residue 

when phosphorylated binds to the SH2 domain. A key function of this interaction may be 

to position the SH3 domain in such away that it can bind the SH2-kinase linker, and 

consequently contact the small lobe of the kinase domain. The interactions between the 

domains lock the molecule in a conformation that simultaneously disrupts the kinase 

active site and sequesters the binding surfaces of the SH2 and SH3 domains. Disruption 

of the active site is achieved by positioning of a helix C (in the small lobe of the kinase 

domain) in such a way that a glutamate (Glu 310) residue critical for kinase activity is 

forced away from the active site. The tyrosine residue at the C-terminus (Tyr 527) can be 

phosphorylated by the cytoplasmic tyrosine kinase, Csk (Brown and Cooper, 1996). 

Constitutively perhaps, phosphorylation of this residue represses the kinase activity of c-

Src. Indeed the main alteration in v-Src is the deletion that removes Tyr-527, and c-Src 

can be converted into an efficient oncogene by substituting Tyr 527 with phenylalanine 

(Kmiecik et al., 1987). Activation of the kinase can be achieved by dephosphorylation of 

Tyr-527 (Hunter, 1987), which would remove the one constraint on the helix C by 

removing the lock on SH3, SH2 domains interactions. Furthermore, autophosphorylation 



of the Tyr 416 in the activation loop would result in reorganization of this sequence, 

thereby lifting another constraint on the helix C. The Tyr 527 at the C-terminus might be 

the key regulatory switch, but ligands binding to the SH2 and SH3 domains can also 

activate the enzyme. Importance of the SH2 and SH3 domains in the regulation was 

demonstrated by showing that point mutations in these domains can lead to the oncogenic 

activation of c-Src (Erpel et al., 1995). Thus, there might be a number of ways to activate 

the enzyme (Figure 9): (i) dephosphorylation of the C-terminal tyrosine (Tyr 527) 

residue by phosphatases, (ii) displacement of the SH2 domain from the C-terminal 

phosphotyrosine by a SH2 binding protein, (iii) by binding of a protein to the SH3 

domain, and (iv) by protein modification that would destabilize the inactive conformation 

or allosteric activation. 

Functions of Src and related kinases 

Although it has been known for many years that constitutive activation of Src-like 

kinases lead to the oncogenic transformation of cells, the role played by these kinases in 

normal cellular physiology is just recently becoming clearer. Two main approaches have 

been used to identify the normal functions of Src family kinases: genetics, making use of 

targeted gene disruption technology, and interfering with Src function by injecting 

antibodies, or expressing dominant-interfering proteins. Mice deficient in Src develop 

severe osteopetrosis (Soriano et al., 1991). The defect in bone development is caused by a 

nonredundant contributions of Src to proper osteoclast function. Src-deficient osteoclasts 

cannot resorb bone, which may be due to a defect in their failure to form mffled borders 
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(Boyce et al., 1992). Expression of kinase-defective alleles of Src in Src-deficient mice 

ameliorated the osteopetrosis (Schwartzberg et al., 1997), suggesting that regions of Src 

other than the kinase domain play a critical role in cytoskeletal rearrangement and cell 

shape. Other nonredundant contributions by Src may not be observed because of the 

increased mortality of Src-/- mice. Thus, while gene targeting may show important clues 

about the functions of a specific Src family member, conclusions about specific function 

must be tempered by the recognition that there appears to be redundancy in the function 

of different Src family members, as well as developmental variation in levels or tissue 

expression of specific Src kinases. In addition, it is possible that some of the phenotyjjes 

observed in knockout mice may be species specific. 

Src family kinases function in numerous signaling pathways including those 

mediating DNA synthesis and proliferation. Recent studies have shown the activation of 

Src-like kinases in the G1 phase after stimulation of cells with the platelet-derived growth 

factor (PDGF), epidermal growth factor (EGF), and fibroblast growth factor (Twamley-

Stein et al., 1993). Antibodies directed against Src or Fyn, or of dominant mutants of Src 

or Fyn, blocked mitogenesis induced by PDGF (Roche et al., 1995). Both Src and Fyn 

bind to a specific phosphorylated tyrosine residue present in the cytoplasmic tail of the 

PDGF receptor, and phosphorylated peptides based on this sequence were capable of 

activating Src and Fyn (Alonso et al., 1995). The inhibition of PDGF-induced 

mitogenesis mediated by dominant negative mutants of Src or Fyn could be rescued by 

the overexpression of c-myc (Barone et al., 1995), suggesting that Src-like kinases may 

be required for induction of the immediate early gene c-myc and progression through G1 
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to S phase and subsequent DNA replication. Activation of Src, Fyn, and Yes has been 

noted in the G2 phase and may be required for the G2 to M phase transition (Roche et al., 

1995a), suggesting role of Src family kinases in both G1 and mitotic check points. 

Several Src family members (Src, Fyn, and Yes) are also important for transducing 

signals in response to cell-cell or cell-matrix adhesion (Klinghoffer et a!., 1999). 

Adherence of cells to the extracellular matrix via integrin receptors results in the 

assembly of protein complexes required to modify the cellular cytoskeleton (Thomas et 

al., 1997). One of the early responses to integrin receptor engagement is the activation of 

Src family kinases that phosphorylate substrates such as focal adhesion kinase, paxillin, 

and plSOcas. These Src-mediated phosphorylation events have been associated with 

changes in cell adhesion, motility, and shape (Klinghoffer et al., 1999). Because the Src 

family kinases affect both cell cycle progression and cytoskeletal organization, 

diregulation may lead to constitutive activation leading to cellular transformation. Thus 

Src kinase can aberrantly activate signaling pathways that are controlled by tyrosine 

phosphorylation. Recent data indicates that transformation by v-Src is mediated by at 

least two parallel pathways, the Ras-MAPK pathway and the PI-3K-mTOR pathway, 

which both contribute to transformation (Figure 10) (Penuel and Martin, 1999). Src 

activates Ras via a domino effect mediated by SH2 and SH3 interactions: Src —> She —> 

Grb2 Sos —> Ras. PI-3K becomes activated via adaptor molecules such as Cbl. 

The p60'^''"^ PTK, thus, plays a critical role in signal transduction pathways. The 

overexpression of p60'^'®"^ has been reported in a number of human cancers, such as colon 

cancer (Bolen et al., 1987), breast cancer (Luttrell et al., 1994), lung (Mazurenko et al.. 
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Figure 10. Major signaling pathways required for transformation by v-Src. 
(Penuel and Martin, 1999) 
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1992), bladder cancer (Fanning et al., 1992), skin cancer (Bamekow et al., 1987), gastric 

cancer (Takeshima et al., 1991), hairy cell leukemia (Lynch et al., 1993), and 

neuroblastoma (Bjelfman et al., 1990). A good therapeutic approach for these cancers 

would be to develop selective and potent peptidic and small molecule inhibitors for the 

enzyme p60'^"®"^. Additionally, such substrates and inhibitors would serve as powerful 

research tools to investigate the role of p60'^*®"^ in signal transduction pathways in normal 

and tumor cells. 

Native protein substrates of PTK 

One of the major thrusts in PTK research is to identify and characterize the 

physiological substrates for these enzymes (Schaller et al., 1993). Generally, two 

strategies have been employed to identify substrates for PTKs: (i) Antibodies to identify 

specific phosphotyrosine-containing proteins (Reynolds et al., 1989) (ii) Genetic analysis 

of PTKs using transformation-defective enzymatically active variant PTKs to correlate 

the phosphorylation of certain cellular proteins with transformed phenotype. One 

consideration inherent in this approach is that the identified phosphorylated proteins may 

represent those that are present in the highest concentration and thus may not reflect the 

critical substrates. Another important consideration is that the proteins phosphorylated in 

different cell types may vary considerably. Another similar approach is to employ cells 

that lack expression of all known Src family members, or cells that lack expression of a 

specific Src kinase. The Src kinase of interest is expressed in these cells and analysis of 

the phosphotyrosine-containing proteins in these cells gives the probable substrates for 
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the icinase. In the last few years, several groups have reported the use of expression 

libraries to identify putative protein substrates for PTKs (Skolnik et al., 1991) 

Many proteins with diverse function have been identified as substrates for p60'^'^'^ 

PTK. Some of these bind to and are phosphorylated by Src, while others display elevated 

phosphorylation on tyrosine in Src transformed cells but have not been shown to interact 

directly with Src (Schaller et al., 1993). The identified substrates of p60'^''^ PTK can be 

divided into three major classes based on their involvement in specific functions of this 

enzyme (Table III): (I) substrates related to growth factor receptor (e.g., PDGF) signaling 

(ii) substrates related to integrin signaling or actin binding (iii) substrates related to cell-

cell adhesion. A new class of substrates was recently established with the discovery that 

an RNA-binding protein, Sam68, is a substrate for Src (Fumagalli et al., 1995). Multiple 

factors appear to be important in the selection of the proteins that are phosphorylated in a 

particular cell. These factors include the role of SH2 and SH3 domains in substrate 

selection based on their ligand binding, membrane localization by the SH4 domains, 

presence of preferred phosphorylation sites and other unidentified factors. The ability to 

predict proteins that may be substrates for PTK is complicated by contribution of each of 

these factors. Attempts have been made to use synthetic peptides to elucidate the 

substrate-specificity of PTK as recognized by the kinase domain. 
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Table lU Protein substrates for Src 

Known Domains Interaction with 
Protein Substrates on Substrates Src Domain 

I. Related to growth factor receptor signaling 

p8S PI3 kinase SH3. SH2, Bcr Src, SH3. SH2 
PLCy SH3, SIC, PH" 
RasGAP SH3, SH2, PH 
pl90 
p62 
She SH2, PTB 

n. Related to integrin signaling or actin binding 

Vinculin 
Tensin SH2 
Talin 
Cortactin SH3 Src SH2 
Paxillin LIM" Src SH3 
Fak" Src SH2 
AFAPllO Src SH3, SH2 
^1 Integrin 
pl30^ SH3 Src SH2 

m. Related to cell-cell adhesion 

pl20*=^ Arm" 
^-Catenin Arm 
Plakoglobin (Y-catenin) Arm 

(Brown and Cooper, 1996 and Al-Obeidi et al., 1998). 
PLCy: phospholipase C-y, PH: pleckstrin homology domain; LIM: zinc-binding 

domain; Arm: armadillo domain; Fak: focal adhesion kinase 
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Peptide substrates of PTK 

While the structural features determining the substrate specificity of 

serine/threonine protein kinases are thoroughly understood (Kemp and Pearson, 1991), 

the structural determinants for PTKs are still mostly unknown. It is often believed that 

FTKs are generally less specific than their serine/threonine -specific counterparts, in 

which selective targeting of the phospho-acceptor site is determined in most cases by 

essential residues, either basic or acidic in nature, situated at definite positions relative to 

the phosphorylation site (Kemp and Pearson, 1990; 1991). The motif RXXS is important 

for substrate recognition by PKC. Basic amino acids (R or K) are commonly found 

around phosphorylation sites for many serine/threonine kinases. 

In contrast to the well-defined linear peptide substrate motifs recognized by 

specific serine/threonine kinases, few peptide motifs have been identified for PTKs. 

Peptides derived from the autophosphorylation site of various PTKs have been used for 

elucidation of structural requirements for enzyme recognition, but these synthetic 

peptides are found to be indiscriminately phosphorylated by various PTKs (Hunter et al., 

1982; House et al., 1984). In addition to the lack of specificity, these peptide substrates, 

with few exceptions, are inefficient with KmS in the high micromolar to millimolar range 

(House et al., 1984; Ruzza et al., 1993). A common feature of several 

autophosphorylation sites of many PTKs is the presence of multiple acidic residues on 

the amino terminal side of the tyrosine residue (Kemp and Pearson, 1991). Studies with 

the synthetic peptides confirmed a favorable effect of N-terminal acidic residue in 

specific PTKs, for e.g., epidermal growth factor receptor PTK (House et al., 1984), and 



58 

insulin receptor PTK (Stadtmauer and Rosen, 1983). However, p60'^ ®'^ (Wong and 

Goldberg, 1983), p56''^'' (Stadtmauer and Rosen, 1983), and p45"''' (Pritchard et al., 1989) 

have been reported to efficiently phosphorylate tyrosyl peptides devoid of acidic residues, 

suggesting that their site specificity may depend on different features. 

One of the approaches to elucidate the specificity of protein kinase is to study the kinetics 

of phosphorylation of a variety of synthetic peptides of known sequence, since the 

structure of these peptides can be varied systematically to find the critical determinants. 

The success of this approach depends on the fact that the specificity of most protein 

kinases appears to be definable at the level of the primary structure of the substrate, and 

also depends on the availability of efficient peptide substrates. This approach has been 

successful for serine/threonine kinases (Kemp and Pearson, 1990), but not with PTKs due 

to the lack of efficient peptide substrates for PTKs. 

The difficulty of previous approaches is that only a small number of potential 

peptide substrates can be studied. Often synthetic peptides based on autophosphorylation 

sites have been used. However, in the last few years Dr.Lam's laboratory (Lam et al., 

1995; Lou et al., 1996a) and others (Songyang et al., 1995) have applied the powerful 

combinatorial library approach to discover different peptide substrate motifs for several 

PTKs (Table IV). Although both methods use combinatorial chemistry, the two 

approaches are very different and so are the results. Lam et al., (1995) used the 'one-bead 

one-compound' combinatorial library method with an "on-bead" functional screening 

assay based on phosphorylation. The bead library is mixed with [y-^^ P]ATP and a PTK. 

After incubation, the bead library is thoroughly washed to remove the free [y-^* P]ATP. 
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Table IV. Comparison of peptide substrates of Src identified in various 
laboratories 

Peptide (.fiM) (amol mg ' min ') 

1. YIYGSFK 55 
2. YIYGSFKKKK 1 
3. GIYWHHY 20 
4. AEEEIYGEFEAKKKK 33 800 
5. EEH-YWSFPAKKK 67 
6. KKSRGDYMTMQIG 790 10 

DRVYVHPF 1300 170 
RDRVYVHPF 870 350 
RRUEDAEYAARG 650 210 
KVEKIGEGTYGWYK 230 230 
KK(YGE)4 150 390 
EFEYAFF 210 680 
YIYGSFK 80 1250 
EEIYGEFE 80 2290 

7. Ac-EDAIY 880 1860 
AEEEIYGEFEAKKKK 100 3060 
Ac-IYGEF 370 1020 

8. RRLIEDAEYAARRG 2800 
AEEEIYGEFEAKKK 33 
FGEFGEFGEYGEFGEGD 73 
Ac-YGEFGEFGD 2300 
Ac-IYGEF 400 

9. (YGE), YGD 2 
(YAE), YAD 21 
(YVE)5 YVD 57 
(YGD), YGD 220 
(YGK), YGD 340 

10. ELPYAG 2900 
cyclic-ELPYAG 6800 
lEDNEYAARQ 2800 
cyclic-IEDNEY AARQ 2300 

11. RRRRRLEELLY 790 2190 
RRRRRLEELL-tyramine 400 309 
RRRRRLEELL-4-ainino-inethyl-benzyl alcohol 180 53 
RRRRRLEELL-3-ainino-inethyl-benzyl alcohol 650 111 

' K. S. Lam et al., unpublished results. 

(Al-Obeidi et al., 1998) 
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The beads are then immobilized on a glass plate with agarose. The immobilized beads are 

then exposed to an x-ray film. The autoradiogram can then be used to localize and 

subsequently isolate individual [^^P]-labeled peptide beads for microsequencing (Wu et 

al., 1994). Using this approach, two efficient peptide substrates YIYGSFK (Km = 55 

(xM) and GIYWHHY (Km = 20 jiM) were identified for p60'^'®*^PTK. Since the bne-bead 

one-compound' approach is spatially separable, it is not uncommon to be able to identify 

ligands with totally different motifs (Lam et al., 1997). The main concern about this 

solid-phase screening approach is that the polyethylene glycol linker as well as the solid 

phase may affect the phosphorylation reaction. 

Songyang et al. (1995) used a solution phase peptide library with a totally 

different affmity selection approach. In his method, solution phase peptide library is 

phosphorylated with ATP and a specific PTK. The phosphopeptide mixture is then 

isolated by a DEAE-sepharose/ferric chelation column chromatography, and 

microsequenced concurrently. The motif identified by this method is the result of an 

average of many different phosphopeptides, and only the predominant amino acid at a 

specific position is chosen for each residue. This method assumes that each residue is 

independent of each other. In general, only one predominant motif can be identified by 

this method. During the library synthesis -KKK was added to the carboxyl terminus, 

presumably for the ease of peptide isolation and kinase assay with cationic paper. 

However, the highly positive charged groups might affect these peptides as substrates for 

PTKs. Using this approach, Songyang et al. (1995), identified a peptide substrate motif 

EEIY(G/E)EFD for v-Src. The most obvious feature of the identified substrate motifs is 
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that most of the peptides, regardless of which PTK was used are highly acidic. It is likely 

that these acidic residues might interact with the three basic residues at the carboxyl 

terminus during the phosphorylation reaction. 

In addition to the synthetic combinatorial libraries, filamentous phage peptide 

expression libraries have been recently used to elucidate peptide substrate or peptide 

ligand motifs for PTKs (Schmitz et al., 1996). In this approach, the phage library is 

phosphorylated in vitro by PTK in the presence of ATP. Antiphosphotyrosine 

monoclonal antibody is then used to pan phages that displayed phosphotyrosine. The 

main concern with this approach is that the monoclonal antiphosphotyrosine antibody 

probably would not recognize all phosphotyrosine peptides. Additionally, it is not clear 

how the pin protein, on which the peptide is displayed, may affect the phosphorylation 

reaction. Using this method, Schimtz et al., (1996) identified a peptide substrate motif 

EXLYWXFX for Src. 

Among all the PTKs, Src is the enzyme with the most available information on its 

substrate specificity. This enzyme has been used to screen all three types of peptide 

libraries. Table IV summarizes the peptide substrate data on Src reported by several 

groups including the kinetic parameters determined for these substrates. It is clear from 

this table that Src can phosphorylate many peptides with diverse sequences. This is 

consistent with the known diversity of protein substrates for Src (Table HI). 

It is very obvious from the data in table IV that the P-1 position of the identified 

substrates, for Src, is a hydrophobic L-amino acid (isoleucine or leucine). Based on the 

phosphorylation studies of more that 70 analogues of the Src-substrate YIYGSFK, it was 
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concluded that a hydrophobic L-amino acid residue at the P-I position and a basic residue 

(L- or D-amino acid) at the P+4 position are important (Lou et al., 1995). Peptidomimetic 

substrates for Src can be developed based on the identified peptide substrate motifs. The 

substrate motif can also be used to develop substrate-based peptide and peptidomimetic 

inhibitors for Src. This dissertation describes development of potent substrate-based 

peptide inhibitors and development of peptidomimetic substrates and inhibitors (based on 

the peptide substrate motifs) for p60'^'®'^PTK using the "one-bead one-compound" 

combinatorial library method. 

Strategies for the development of PTK inhibitors 

Enhanced activity of PTKs has been implicated in many cancers and other 

diseases, as well as in nonmalignant proliferative diseases such as atherosclerosis and 

psoriasis (Elder et al., 1989) and in a large number of inflammatory responses such as 

septic shock. Tyrosine kinases and the signaling pathways in which they participate have 

therefore been identified as potential targets for drug design. Specific and potent PTK 

inhibitors not only represent a new class of anticancer agents but may also be used as a 

powerful tool to study the role of PTK-dependent cellular pathways in normal or tumor 

cell growth and to dissect the redundancy in signal transduction pathways. 

As indicated earlier, PTKs are multidomain enzymes that include a catalytic 

domain and non-catalytic domains such as the SH2 domain, SH3 domain and SH4 

domain. The catalytic as well as non-catalytic domains are known to play a critical role in 

substrate recognition and regulation of p60"^'^"^PTK. SH4 domain is critical for membrane 
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domains play a major role in substrate recognition and regulation of c-Src. The SH2 

domain can bind specific phosphotyrosyl-containing sequences, while the SH3 domain 

binds polyproline helix structures (Brown and Cooper, 1996). This specific ligand 

binding ability of the SH2 and SH3 domains directs substrate recognition and plays a 

major role in regulation of the enzyme through protein-protein interactions. Additionally, 

SH2 domain may act as adapters between phosphorylated receptors and other signaling 

proteins (Schlessinger, 1994). Mutations in the SH2 and SH3 domains affect the ability 

of PTKs to associate with specific endogenous substrates and to activate transforming 

potential (O'brien et al., 1990). However, the catalytic domain of PTK is the most critical 

domain, as it recognizes an appropriate tyrosyl-containg substrate as well as an ATP, and 

catalyzes the transfer of the y-phosphate of ATP to a specific tyrosine residue of the 

substrate. The catalytic domain has been demonstrated to be essential for the ability of 

normal PTKs to induce mitogenesis, and for oncogenic I*TKs to induce and maintain the 

transformed phenotype (Ullrich and Schlessinger, 1990; Parsons and Weber, 1989). 

The agents that inhibit the PTK function can target the critical components of the 

substrate recognition and enzymatic process. Conceptually, inhibition of p60'^"'"^PTK 

function can be achieved by (i) preventing of membrane localization of Src by inhibition 

of myristoylation of the SH4 domain, (ii) interfering with the substrate recognition or 

protein-protein interactions by blocking SH2 or SH3 domains with exogenous ligands, 

(iii) stabilizing the closed (inactive) conformation of the enzyme with ligands affecting 
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aliosteric interactions, and (iv) direct inhibition of the kinase domain itself by interfering 

with binding of ATP or substrate to their respective binding sites. 

The kinase domain is composed of two lobes. The Mg-ATP complex binding site 

is located in the smaller N-terminal lobe while the substrate-binding site is located in the 

larger C-terminal lobe. Molecules that bind to any of these two sites or both of the sites 

with high affinity will likely be potent inhibitors for p60'^'^"^PTK. There are two major 

strategies for the development of PTK inhibitors. 

(I) Natural PTK inhibitors 

Natural product screening has identified a number of substances, which inhibit or 

disrupt cellular processes mediated by PTKs. These compounds are called flavones and 

isoflavones and are isolated from fungal extracts. These compounds are isomeric 

heterocycles and they differ principally in the distribution of hydroxyl or methoxyl 

groups at positions 3,5, and 7 of the benzopyrone ring system and positions 3' and 4' of 

the phenyl ring. In general, inhibitory potency is enhanced with increasing number of 

hydroxyls at these positions (Hagiwara et al., 1988). These compounds exhibit rather 

broad specificity in the micromolar range. This broad specificity might be due to the fact 

that most of these compounds are competitive inhibitors of ATP in the kinase reaction 

(Dow et al., 1994; Huang et al., 1995). It has also been suggested that these compounds 

exhibit multiple ways of interacting with PTKs (Akiyama et al., 1987). Mechanism other 

than direct inhibition of kinase reaction has been identified for geldanamycin, a tyrosine 

kinase inhibitor (Whitesell et al., 1994). Herbinomycin A (Ueharaet al., 1988), genistein 

(Akiyama et al., 1987), and Lavendustin A (Onoda et al., 1989) are other examples of 
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other naturally occurring PTK inhibitors. Lack of specificity and potency are major 

problems with this class of inhibitors. However, these compounds have served as a 

starting point for the development of many types of synthetic PTK inhibitors, mainly for 

the development of competitive inhibitors of ATP. The structure of these naturally 

occurring inhibitors were used in rational design of more potent and selective PTK 

inhibitors by chemical modifications. For example, development of 'tyrphostin' class of 

synthetic PTK inhibitors based on naturally occurring 'erbstatin' PTK inhibitors. 

(IT) Synthetic PTK inhibitors 

A lot of effort is dedicated towards development of synthetic PTK inhibitors 

targeting the (i) ATP binding site (Garcia-Echeverria et al., 2000), (ii) SH2 domain 

(Pacofsky et al., 1998), and (iii) the substrate binding site (Lou et al., 1997). 

(!) Competitive inhibitors at the ATP binding pocket: Most of the reported to date are 

competitive inhibitors at the ATP binding pocket (Garcia-Echeverria et al., 2000). Potent 

inhibitors with IC50 values in the nanomolar range in in-vitro kinase assays have been 

identified by this approach (Klutchko et al., 1998). The fact that ATP serves as a common 

substrate for protein kinases and the ATP binding site is highly conserved among protein 

kinases raises serious questions about the utility of ATP based analogues as specific 

inhibitors. Indeed, any ATP utilizing or forming process is a potential unintended target. 

For example, several ATP-site directed inhibitors have been shown to interfere with 

cellular respiration and fatty acid synthesis (Young et al., 1993). In addition, the high 

intracellular concentration of ATP (up to 5mM) under physiological conditions, which is 

even higher (1.2 to 5 times) in the transformed cells, significantly reduces the inhibitory 
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potency of such compounds in vivo (Traut, 1994). In order to achieve 50% inhibition 

under physiological conditions, the concentration of competitive inhibitors required is 

about 1000-fold greater than its experimentally derived Ki value (Niu and Lawrence, 

1997). Thus, for ATP binding site inhibitors to be good drugs, high inhibitor binding 

affinity and specificity are required in order to compete with high intracellular 

concentration of ATP and yet not inhibit the other ATP-utilizing enzymes present in the 

cells. The initial series of ATP-site directed inhibitors were in fact non-selective. But 

recently, development of highly selective ATP-site directed inhibitors was achieved 

based on the structural information obtained by X-ray crystallography and computer-

assisted molecular modeling. Few of these inhibitors are currently are in early phase 

clinical trials. The selectivity in these inhibitors was achieved by exploiting subtle 

topographical differences at the ATP binding site (Trumpp-Kallmeyer et al., 1998). The 

performance of these inhibitors in clinical trials will mainly depend on their selectivity 

and potency in physiological conditions. 

(ii) SH2 domain binding inhibitors: These inhibitors target the critical protein-protein 

interactions involving the SH2 domain. SH2 domain preferentially binds 

phosphotyrosine-containing proteins and plays a major role in substrate recognition as 

well as in enzyme regulation. Inhibition of binding of SH2 domain to its target protein 

might disrupt signal transduction pathways that lead to the neoplastic phenotype 

(Pacofsky et al., 1998). However, the SH2 blocking agents might target unintended signal 

transduction pathways, as SH2 domain is conserved among PTKs and is involved in a 

number of protein-protein interactions in normal cells. 
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(iii) Pseudosubstrate-based inhibitors: This dissertation employs the Pseudosubstrate-

based inhibitor strategy for the development of PTK inhibitors. A detailed description of 

this strategy is given below. 

Pseudosubstrate-based inhibitors 

It is evident from the ATP-based and SH2 domain blocking inhibitors that 

selectivity is a major concern for any type of PTK inhibitor as it directly relates to 

toxicity of that inhibitor under physiological conditions in-vivo. An alternate approach 

was developed to address this major issue. This approach utilizes an efficient 

pseudosubstrate, a peptide, initially as a lead compound. Inhibitors based on the lead 

peptide substrate would compete only with the protein or peptide PTK substrates. These 

pseudosubstrate-based inhibitors, which specifically bind to the substrate site of PTKs, 

may provide a higher degree of selectivity towards the PTKs. Potent and selective 

inhibitors have been developed based on specific recognition motifs of serine/threonine 

kinases. These inhibitors were developed by replacing the serine or threonine residues of 

the substrate motifs by alanine or other amino acid residues (Kemp and Pearson, 1991). 

The potency of (Ki) of these peptide inhibitors varies between nanomolar to low 

micromolar range. For example, the selective peptide inhibitor based on the substrate 

motif (RRXS) for cAPK has a Ki of 2.3nM (Knighton et al., 1991) for this 

serine/threonine kinase. A similar strategy can be applied to develop PTK inhibitors 

based on specific peptide substrates or motifs that bind efficiently to the active site of the 

enzyme. 
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The pseudosubstrate-based inhibitor approach had been relatively unexplored for 

PTKs partly due to the lack of good short peptide substrates (i.e. eight residues or less) or 

lack of specific recognition motifs for PTKs. In the past few years, our laboratory (Lam 

et al., 1995) and others (Nair et al., 1995; Ramdas et al., 1996; Fry et al., 1994) have 

successfully identified short peptide substrates for pdO'^'^'^PTK. Lam et al. (1995) reported 

the development and characterization of heptapeptide substrates using the 'one-bead one-

compound' combinatorial technology. Later, peptide inhibitors targeting the active site of 

p60'^'®"^PTK were identified (Lou et al., 1997) based on the peptide substrate motifs. For 

the development of PTK inhibitors, the tyrosine residue (phosphorylation site) in the 

peptide substrate motifs is substituted by tyrosine analogues such as phenylalanine, 1-

naphthylalanine (1 -Nal), 2-naphthylalanine (2-Nal). The inhibitor GI(2-Nal)WHHY (Lou 

et al., 1997) showed high selectivity for p60'^ '"^PTK over other Src family ITKs such as 

Lck and Lyn. Most of the inhibitors identified by this approach are moderately potent 

with ICso values in low micromolar range. These pseudosubstrate-based inhibitors are 

excellent research tools to decipher the complex signaling pathways and to investigate the 

structure of the enzyme catalytic site. This dissertation describes a strategy to investigate 

the structure of enzyme active site using topographically constrained analogues of a 

pseudosubstrate inhibitor. Investigation of the conformation of the enzyme active site and 

that of the preferential inhibitor is critical for the development of peptidomimetic small 

molecule inhibitors by a structure based design approach. As mentioned earlier, most of 

the inhibitors identified by Lou et al., 1997 and Alfaro-Lopez et al., 1998 are large 

peptides (heptapeptides) and are moderately potent with IC50 values in the low 



69 

micromolar range. For an inhibitor to be effective in vivo as a drug, it needs ICso values 

in the nonomolar range and it also needs to be a short peptide for better cell permeability. 

In this dissertation I have described identification and characterization of two potent (ICso 

= O.SpM) and short hepta and hexapeptides (peptide sequences- CIYKYYF and 

CIYKYY) using a similar strategy as Lou et al., 1997. Unfortunately these peptides did 

not show any significant effect on the v-src transfected 3T3 cells or their tyrosine 

phosphorylation pattern as analyzed by Western blot on cell lysate, using anti-

phosphotyrosine antibody. This is probably due to the inability of these peptides to enter 

the intact cell. 

Pseudosubstrate>based small organic molecule inhibitors 

In addition to potency and selectivity, a major criterion for a successful Src family 

PTK inhibitor is its cell permeability, as these enzymes are located inside the cells. 

Peptides are generally impermeable to cell membrane. Small molecules (<500-600 

molecular weight), on the other hand, often contain lipophilic, aromatic, or heterocyclic 

structures and can penetrate cell membranes, making them ideal candidates for drug 

development. However, peptide substrate motifs and short peptide inhibitors do provide 

excellent leads for the design and development of peptidomimetic or small molecule 

inhibitors against the peptide/protein substrate pocket. A major accomplishment of this 

dissertation is development of small molecule substrates and inhibitors for p60'^'^"^PTK. 

As described earlier, a number of peptide substrates and inhibitors have been identified 

for p60'^'^'^PTK in our laboratory (Lam et al., 1995; Lou et al., 1996a and b, and 1997) 
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and in other laboratories (Songyang et al., 1995; Nair et al., 1995). Table V shows 

important substrates and inhibitors of Src identified in our and other laboratories. 

Importance of a motif -De-Tyr- (-I-Y-) for binding to the active site is obvious from the 

table V. This dissertation describes development of peptidomimetic substrates and 

inhibitors based on this specific -Ile-Tyr- motif, using a combination of two 

combinatorial methods, the 'one-bead one-compound' combinatorial method and the 

iterative process. The structure of the identified peptidomimetic substrates is R-I-Y-X 

(where R is an alkyl group and X is an amino acid residue). The molecular weight of 

these substrates is in the range of 500 to 700. These substrates were identified by an on-

bead functional screening assay based on phosphorylation. However, the solution phase 

compounds were found to be poorly phasporylated. Thus, the identified compounds are 

determined to be very inefficient substrates of p60'^''"^PTK. However, the identified 

substrates were found to be good inhibitors of p60'^'^"^ kinase reaction (IC50 values in the 

range of 15 to 40 liM). Replacement of tyrosine residue by tyrosine analogues in these 

compounds led to the development of more potent inhibitors (IC50 values in the range of 

8 to 10 mM). Recently, trimeric inhibitors (R-Tyr analogue-X) were identified based on 

the tetrameric (R-De-Tyr analogue-X) inhibitor structures. The trimeric inhibitors have 

IC50 values in the range of 15 to 40 |iM for p60'^'^'^PTK in in-vitro kinase assay. These 

trimeric inhibitors seem to have a significant effect on v-src transformed 3T3 cells. A 

wide spectrum of cellular activity is observed for the trimeric inhibitors when tested 

against different cancer cell lines and normal cell lines including normal fibroblasts (3T3 

cells). This variability is possibly the result of a number of combined factors including 
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Table V. Important peptide substrates and inhibitors of Src 

Peptide substrates 

Y I Y G S F K *  
G lY W H H Y* 
E E I Y G E F F»* 

Peptide inhibitors 

M lY K Y Y F» 
CI Y K Y Y F* 

* Lam's laboratory (Lam et al., 1995; Lou et al., 1996a and b) 
** Songyang's lalwratory (Songyang et al., 1995) 
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potency, selectivity, variable ceil permeability, binding to media, solubility in media, and 

other unidentified factors. Exposure of v-src transformed 3T3 cells to lower 

concentrations (10 to 20 jiM) of the trimeric inhibitors resulted in complete reversion of 

the refractiie, spindle-shaped morphology characteristic of oncogenic transformation in 

this cell type. After 2-3 days of culture with the inhibitors, loss of focus formation and 

restoration of contact inhibition of growth are also observed. Higher concentrations of 

inhibitors seem to cause ceil death. The most potent inhibitors have ICso values for cell 

killing in the range of 20 to 40 jiM. Similar effect is observed when these inhibitors were 

tested with a number of cancer cell lines (bladder cancer, prostate cancer). Some cancer 

cell lines are significantly affected by these inhibitors (ICso = 15-25 pM), while others 

seem to be very resistant. A significant effect is observed on the normal (3T3) fibroblasts 

and normal bladder cancer cell lines at high inhibitor concentrations (>80 ^iM). This 

effect may be due to the inhibition of normal p60'^'^"^PTK in these cells. However, at 

lower concentrations no effect on the normal ceils can be observed. Thus, these inhibitors 

seem to selectively kill transformed cells versus normal cells at least at lower 

concentrations (20-40 nM). 

A lot of work still needs to be done to optimize these inhibitors in terms of their 

potency, selectivity and structure. However, trends for the successful inhibition of p60'^' 

srcpyfj^ are becoming apparent. Also the precise mechanism of cell killing and that of 

morphological reversion of v-src 3T3 cells needs to be investigated to determine the 

signal transduction pathways inhibited by these agents. However, the accomplished work 
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proves the feasibility of the pseudosubstrate peptide-based approach for the development 

of small molecule inhibitors as anti-cancer therapeutic agents. 

The medicinal literature on protein kinase inhibition is very much in its infancy 

with trends and design principles just now emerging. While the clinical utility of kinase 

inhibitors and generality of the flndings remains to be determined, it is clear that at least 

some protein kinases appear to be medicinally "targetable" with compounds having 

useful potency and selectivity. 
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V. MATERIALS AND METHODS 

Materials 

Human p60*^'®'^ PTK, Lyn PTK, and Lck PTK was purchased from UBI, Lake 

Placid, New York. [y^'PlATP was obtained from ICN Biomedicals Inc, Irvine, 

California. TentaGei S resin was obtained from Rapp Polymer, Tubingen, Germany. Rink 

resin, Fmoc (fluorenylmethyloxycarbonyl)-protected amino acids, Boc [benzotriazol-yl-

oxy-tris-(dimethylamino)-phosphonium hexafluorophosphate], HOBt (9-

hydroxybenzotriazole), and DIEA (N, N-diisopropylethylamine) were purchased from 

Advanced ChemTech, Louisville, Kentucky. Dimethylformamide, methanol, methyl t-

butyl ether, and acetonitrile were purchased from Baxter, McGraw Park, Illinois. Fmoc-

L-Lys(alloc)-OH was obtained from Millipore Co., Bedford, Massachusetts. 

Dichloromethane, N-methyl-morpholine, and Tetrakis (triphenylphosphine)-palladium 

was purchased from Aldrich Chemical Co., Milwaukee, Wisconsin. BSA (Bovine serum 

albumin, fraction V), MES (2-[N-morpholino]ethanesulfonic acid), magnesium chloride, 

phenol, anisole and ethanedithiol, acid molybdate and lithium chloride were obtained 

from Sigma, St. Louis, Missouri. Glogos™ II autoradiogram marker was purchased from 

Stratagene, La Jolla, California. X ray film (Kodak X-OMAT LS) was also obtained from 

Sigma Chemical Co. Agarose (Seaplaque agarose) was purchased from FMC 

Bioproducts, Portland, Maine. Anion exchange TLC (thin layer chromatography) plates 

(Cellulose MN 300 polyethyleneimine impregnated Catalog No. 801053) were purchased 

from Bodman, Aston, Pennsylvania. Phosphoric acid was purchased from Fisher 
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Scientific, Fair Lawn, New Jersey. Fmoc-L-2-naphthylalanine and F-moc-D-tyrosine 

were purchased from Advanced ChemTech, Louisville, Kentucky. Fmoc-aminobenzoic 

acid and Fmoc-D-2-naphthylalanine from Neosystem Laboratoire, France. 

Specialized amino acids for topographical investigations were synthesized and provided 

by Dr. Hruby's laboratory at the University of Arizona. 

Peptide Synthesis and Purification 

All peptides were synthesized by standard solid-phase peptide synthesis 

techniques using Fmoc chemistry (Stewart and Young, 1984; Atherton and Sheppard, 

1989). Rink resin (Advanced ChemTech) with a substitution of 0.4 mmol/g was used to 

obtain peptides with carboxyl amide. Fmoc-protected amino acids and the coupling 

reagents HOBt (l-Hydroxybenzotriazole) and DIC (Diisopropylcarbodiimide) were 

added to the rink resin in 3-fold molar excess. Average coupling time at room 

temperature was Ih. Completion of coupling was confirmed by ninhydrin test. The Fmoc 

group was deprotected with 20% piperidine (v/v) in DMF (Dimethyl formaldehyde) (one 

treatment for 5 minutes followed by another one for 15 minutes). The completed peptides 

were cleaved from the resin by mixture K (Trifluoroacetic acid-phenol-triisopropylsilane-

thioanisole, 94:2:2:2, v/w/v/v) for 2 h at room temperature. The cleaved peptides were 

precipitated by methyl f-butyl ether, washed, and lypholized. The crude peptides were 

then purified by reverse-phase high performance liquid chromatography (protein and 

peptide Cig column: Vydac). The purity of the peptides was assessed by analytical 

reversed-phase high performance liquid chromatography and was determined to be >98% 
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pure. Mass spectrometry analysis was used to confirm the molecular weights of the 

desired peptides. 

Solution-phase phosphorylation assay 

All of the phoshorylation assays were performed at 25°C in a final volumn of 20 

fil of MES buffer (10 mM magnesium chloride, and 0.4 mg/ml BSA. PH 6.8) containing 

a specific PTK, 10|iM [y- ^'P] ATP (specific activity- 25 Ci/mmol), a specific peptide 

substrate with or without a peptide or a small molecule inhibitor. The concentrations of 

PTKs used were as follows: 30 units/ml for p60 PTK (900,(XX) units/mg), 90 units/ml 

for Lyn(6157 units/mg), and 90 units/ml for Lck (2500 units/mg). The reactions were 

initiated with the addition of a PTK. Reactions were allowed to proceed for 10 min and 

were then stopped with 20 ^il of 150 mM phosphoric acid. The terminated reaction 

mixtures (5 ^il) were then spotted onto the anion exchange thin layer chromatography 

(TLC) plates (Cellulose MN 300 polyethyleneimine impregnated, Macherey-Nagel 

Gmbh and Co., Postfach, Germany) which had previously been soaked with 0.5 M NaCl 

for about 5 min and rinsed with double-distilled water. The loaded TLC plates were air 

dried for about 10 min. Chromatography was performed using 15 mM phosphoric acid 

and 0.25 M NaCl as the mobile phase for about 15 min at room temperature to separate 

^"P-labeled phosphopeptides from free [Y-^"P]ATP and other ^"P-Iabeled components 

such as [^~P]PPi (Lx)u et al., 1996). The dried TLC plates were then exposed to the 

storage phosphor screen for 1 h at room temperature. The exposed screen was read by 

the 425S Phospholmager (Molecular Dynamics, Sunnyvale, CA) and the spots 
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corresponding to the phosphopeptide were quantitated. For the background correction 

[Y-^~P]ATP and a PTK were mixed together in the absence of any peptide substrate and 

incubated under the same conditions as described above. 

Data analysis 

The ICso values were estimated by a nonlinear regression data analysis using the 

GraFit.computer program (Erithacus Software Ltd. Staines. United Kingdom). 

Mixture>based small organic molecule library synthesis 

A biased mixture based (Houghton et al., 1991) small organic molecule library 

(Library structure: R-De-Tyr-X where R is the alkyl group and X is a variable L or D 

amino acid except cysteine) was synthesized by a "split synthesis approach" as 

previously described (Lam et al., 1991, 1992; Furka et al., 1991). The library was 

synthesized in a 96 well format using 96 alkyl (R) groups. TentaGel beads with a 

substitution of .25 mmol/g and a diameter of 90 |iM (Rapp Polymere, Trubingen, 

Germany) were chosen as solid support. It already has a hydrophilic poly(ethylene 

glycol) linker, and therefore additional linker is not needed for our study. Standard solid-

phase peptide synthesis techniques using Fmoc chemistry (Stewart and Young, 1984; 

Atherton and Sheppard, 1989) was used for coupling amino acid residues. A total of 38 L 

and D-amino acids were used except for cysteine to avoid intramolecular cyclization or 

intermolecular disulfide formation. The resin was first divided into 38 aliquots and each 

reacted with 3-fold molar excess of a single Fmoc amino acid. Coupling was initiated by 
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the addition of a 3-fold molar excess of HOBt (l-Hydroxybenzotriazole) and DIC 

(Diisopropylcarbodiimide). The coupling reaction was monitored by the standard 

ninhydrin test. Subsequently, the aliquots were washed, mixed thoroughly, washed and 

deprotected by 20% piperidine in (v/v) in DMF (Dimethyl formaldehyde). After the first 

cycle of "split synthesis", the aliquots were mixed together and reacted with the Tyrosine 

residue and then with the Isoleucine residue fixing these positions in the library. After the 

deprotection of the De residue, the resin is divided into 96 aliquots and allocated to the 

wells of a deep 96-well plate. The free amino groups were reacted with 10 equivalents of 

96 alkyl (R) groups in TMOF (Trimethyl orthoformate) for 3 h at room temperature. 

After thorough washing with DMF, 20 equivalents of NaBHaCN (Sodium 

cyanoborohydride) in THF (Tetrahydrofiiran) was added into each well, and the reaction 

proceeded overnight at room temperature. Resin was washed by DMF, and the ninhydrin 

test was performed to check the completeness of the primary amino group transformation 

to the secondary amino group. In the case of a positive test, the coupling was repeated. 

After thorough washing with DMF and methanol, the resin is vacuum dried overnight. 

The side chain protecting groups were removed by mixture K (Trifluoroacetic acid-

phenol-triisopropylsilane-thioanisole, 94:2:2:2, v/w/v/v). After thorough washing with 

DMF, methanol and ether, the resin is air dried and stored in 0.01% HCl (hydrochloric 

acid). 
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Primary screening based on an on-bead phosphorylation assay 

The mixture-based small molecule library is screened for substrates of p60 

PTK by a method as described previously using [Y-^"P]ATP as a tracer to detect 

phosphorylated compounds on beads (Lam and Wu, 1994; Wu et al., 1994). Briefly, solid 

phase small organic molecule phosphorylation assay was performed in the MES buffer 

(pH 6.8) containing 30mM 2-(N-morpholino)ethanesulfonic acid (MES), lOmM 

magnesium chloride, and 0.4mg/niL bovine serum albumin (BSA). The beads from each 

well (a mixture of compounds with a fixed R group) of the 96 well plate are washed 6 

times with the MES buffer before screening. The phosphorylation reaction was conducted 

in MES buffer containg ll.lng/mL p60 and 1 ^IM [Y-^~P]ATP. After incubation at 

room temperature for 2h with gentle shaking, the beads were then washed 10 times with 

phosphate-buffered salts -Buffer A (PBS, pH 7.2, containing o.68 M NaCl, 13 mM KCl, 

40mM Na2HP04, 7 mM KH2PO4, and 0.05% Tween 20). The thoroughly washed library 

beads were then heated to 100° for 15 min in IN HCl to reduce non-covalent labeling, 

washed and suspended in 1 % agarose (SeaPlaque agarose; FMC Bioproducts, Rockland, 

Maine) solution at 70-75° and carefully poured onto a transparency and air-dried at room 

temperature. Glogos™ II autoradiogram markers (Stratagene, La Jolla, California) are 

taped onto each comer of the dried agarose transparency prior to exposure in order to be 

able to later align the immobilized beads with the autoradiogram. The immobilized beads 

on the transparency were then exposed to X-ray film (Kodak X-OMAT LS) for 14-18 h 

at room temperature. The film was developed to detect the phosphorylated bead mixtures. 

The phosphorylated bead mixtures correspond to dark spots on the developed X-ray film. 
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A confirmatory analysis of the phosphorylated mixtures was conducted. For confirmatory 

analysis, the agarose gel with embedded beads corresponding to the location of dark spots 

on the X-ray film was dissolved in double-distilled water at 70-75° and reimmobilized 

with 1 % agarose on a separate transparency. The agarose gel with embedded beads is air-

dried and exposed to X-ray film as described above and developed. For each experiment 

a set of tentagel beads (without any compounds on the beads) was included as a negative 

control and a set of beads with a known peptide substrate sequence (Lam et al., 1995) 

was included as a positive control. Phosphorylated beads in the primary screen represent 

a mixture of compounds with a fixed R (alkyl) position. 

Parallel synthesis of individual compounds 

Compounds were synthesized in a 96-well format. Fmoc-De-Tyr-Xaa (Xaa = 38 L 

and D-amino acids except cysteine) was first assembled on the resin (TentaGel) by Fmoc 

chemistry technique, using DIC and HOBt. After deprotection of the Fmoc group with 

20% piperidine in DMF, the peptide resin was allocated into two deep 96-well plates with 

a single set of peptide beads assigned to a single well. The four identified alkyl (R) 

groups from the primary screening were added into the wells in a manner so that beads 

with a single compound (R-Ile-Tyr-Xaa) are generated in each well. The coupling of the 

alkyl (R) groups to the free amino groups on the De residue was achieved as described in 

the library synthesis section. Completion of transformation of primary amino group to 

secondary amino group was monitored by the standard ninhydrin test. The side protection 

groups were cleaved using the mixture K as described in the library synthesis section. 
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Secondary screening 

The secondary screening assay is similar to the primary screening assay 

(described above). Sets of beads with single compound were used for secondary 

screening instead of the mixture-based library beads used in the primary screening. 

Phosphorylated beads identifled in the secondary screen represent single compound 

sequence. 

Synthesis of the constrained peptides 

The constrained peptides were provided by Dr. Hruby's laboratory at the 

University of Arizona. First, four isomers of a specialized amino acid, N"-Fmoc-P-

methyl-2'-naphthylalanine were synthesized (Yuan and Hruby, 1997) and then N"-Fmoc 

protection was carried out as follows. Briefly, the amino acid hydrochloride salts (1.50 

mmol) were dissolved in 18 mLof aqueous 10% Na2C03, and the solution was cooled in 

ice bath to 0 °C. To this stirred mixture was added dropwise a solution of Fmoc-Osu 

(2.25 mmol) dissolved in 14 mL of DMF. The mixture was stirred overnight at room 

temperature. The reaction was quenched by adding 15 mL of water, and the mixture was 

washed with ether. The aqueous solution was cooled to 0 °C, acidified with 3 N HCl (pH 

2), and extracted with ethyl acetate. The combined organic extracts were washed with 

water and dried over MgSCM, and filtered, and then vacuum removal of solvent gave 

white powders for the four isomers of N"-Fmoc-P-Me(2')NaI (N"-Fmoc-P-methyl-2'-

naphthyialanine). Purification of the four isomers was performed by RP-HPLC. 
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The constrained peptides were generated by incorporation of the four isomers of 

N"-Fmoc-P-Me(2')Nal in separate peptides. The p-MBHA resin (substitution 0.32 

mmol/g) was used as a solid support for this peptide synthesis. 

Microculture tetrazolium (MTT) assays 

Cells were harvested from exponential-phase mantainance cultures, counted by 

tryphan blue exclusion, and dispensed within replicate 96-well culture plates in 100-^.1 

volumes using a multichannel pipet. Following a 24-h incubation at 37 °C, 5% CO2, 

100% relative humidity, 100 fil of culture medium with or without the active compound 

was dispensed in appropriate wells. Eight decreasing dilutions of compounds were used 

and experiments were conducted in triplicates. Peripheral wells of each plate (lacking 

cells) were utilized for compound blank and medium/tetrazolium reagent blank for 

"background" determinations. Culture plates were than incubated from 2h to 48 h prior to 

the addition of tetrazolium reagent. Cell proliferation (MTT) kit (Roche Molecular 

Biochemicals) was used for assessment of cell growth inhibition.20)il of the MTT 

labeling agent was added to each well and culture plates were incubated at 37 °C for 4h. 

200 )il of solubilization solution from the kit was then added to each well and plates were 

then incubated at 37 °C overnight. 96-well plates were then read at 540nm using a 

scanning multiwell spectrophotometer (enzyme-linked immunosorbent assay reader). 

Absorbance levels from compound treated cells were corrected against untreated control 

absorbance values. 
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VI. DEVELOPMENT AND CHARACTERIZATION OF A 
PSEUDOSUBSTRATE-BASED INHIBITOR OF p60'=-^ PTK 

Introduction 

Because deregulation of tyrosine phosphorylation seems to be a critical 

abnormality in malignant transformation and other proliferative diseases, inhibition of 

tyrosine phosphorylation represents an attractive therapeutic strategy. Specific and potent 

PTK inhibitors not only represent a new class of anticancer agents but may also be used 

as a powerful research tool, to study the role of PTK-dependent cellular pathways in 

normal or tumor cells, and to decipher the complex signal transduction pathways. 

p60'^"®"^PTK, the product of the first molecularly defined proto-oncogene, is thought to 

play a critical role in mediating cell proliferation, mitotic events and can aberrantly 

activate signaling pathways leading to neoplastic phenotype. A number of primary 

tumors and tumor cell lines from patients with colon cancer (Bolen et al., 1987), breast 

cancer (Luttrell et al., 1994), lung cancer (Mazurenko et al., 1992), bladder cancer 

(Fanning et al., 1992), melanoma (Bamekow et al., 1987), leukemia (Lynch et al., 1993) 

and neuroblastoma (Bjelfman et al., 1990) have been shown to have elevated src kinase 

activity. Development of potent and selective inhibitors of p60'^'®'^ PTK may be a good 

approach for anti-cancer drug design. 

Different strategies have been employed to develop PTK inhibitors. Natural 

product screening programs have identified a number of substances, many of which are 

phenolic in nature and compete with ATP for binding to the enzyme active site (Huang et 

al., 1994; Dow et al., 1995). A lot of effort is dedicated towards development of synthetic 
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PTK inhibitors targeting the ATP binding site (Garcia-Echeverria et al., 2000), SH2 

domain (Pacofsky et al., 1998) binding site. Selectivity is a major concern for these 

inhibitors as ATP serves as a common substrate for protein kinases. Any ATP utilizing or 

forming process is a potential unintended target (Young et al., 1993). An alternative 

approach is to utilize peptide-based inhibitors, which compete only with the protein and 

peptide PTK substrates. This approach had been relatively unexplored (Fry et al., 1996) 

due to the lack of suitable short peptide substrates (i.e. eight residues or less) or lack of 

specific recognition motifs for PTKs. In the past few years, our laboratory (Lam et al., 

1995) and others (Nair et al., 1995; Ramdas et al., 1996; Fry et al., 1994) have 

successfully identified short peptide substrates for p60'^"^"^PTK. Lam et al. (1995) reported 

the development and characterization of heptapeptide substrates using the 'one-bead one-

compound' combinatorial technology. Development of peptide inhibitors based on the 

peptide substrate motifs was reported (Lou et al., 1997; Alfaro-Lopez et al., 1998). As 

expected the identified inhibitors were highly selective for p60'^"''"^PTK over other closely 

related Src family PTKs such as Lck and Lyn (Lou et al., 1997; Alfaro-Lopez et al., 

1998). However, most of the inhibitors identified by this approach are moderately potent 

with IC50 values in low micromolar range. For an inhibitor to be effective under 

physiological conditions, it should have IC50 values in the nanomolar range. In this study, 

I have described identification of a potent (IC50 = 0.5 ̂ iM) heptapeptide inhibitor for p60'^" 

srcpTK. 

Detailed structure-activity study of an efficient peptide substrate YIYGSFK {Km 

= 55 [iM) had concluded that De^ and Tyr' were critical for biological activity of this 
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peptide (Lou et al., 1996a). Based on the dipeptide motif -De-Tyr-, a secondary library 

was synthesized (XIYXXXX, wherein X = 19 eukaryotic amino acids excluding Cys). 

After screening this secondary library by an on-bead phosphorylation assay more 

efficient peptide substrates (e.g. GIYWHHY, Km = 21 pM) were identified (Lx>u et al., 

1996b). This secondary screen also identified certain other peptide substrates. One of 

these peptides, MIYKYYF was a very inefficient substrate. However, MIYKYYF was 

determined to be a moderately potent inhibitor (IC50 = 6 ^iM) using YIYGSFK as a 

substrate. In this study, I describe development of potent inhibitors for p60'^''"^PTK, using 

MIYKYYF as the template. 

Results 

The peptide MIYKKYF identified by screening a biased library (XIYXXXX) was 

found to be a very inefficient substrate. When this peptide was tested as an inhibitor using 

YIYGSFK as a substrate, inhibition of YIYGSFK was observed with an IC50 value of 6 

fiM. In an effort to improve the inhibitory potency of MIYKYYF, I synthesized a series 

of analogues of this peptide. IC50 values of these peptides were determined using 

YIYGSFK as a substrate. 

In the first series of peptides, an "alanine scan" (figure 11) of the peptide 

MIYKYYF was performed to determine the contribution of each residue to the inhibitory 

activity of the peptide. Replacement of Met' by alanine did not show any significant 

effect on inhibitory potency of the peptide. 
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Figure 11. "Alanine scan" analysis of MIYKYYF. 
The amino acids of MIYKYYF were substituted by alanine one at a time. The inhibition 
assays were carried out in a final volume of 20 jil containing the assay buffer. The 
substrate used in the experiment was YIYGSFK at 55 ^iM (equal to the Km value of the 
substrate). The concentration of p60'^'®'^ PTK was 30 units/ml (900,000 units/mg). The 
concentration of [Y^"P]ATP was 10 (iM. The reactions were allowed to proceed for 10 
min and were stopped with 20 (il of 150 mM phosphoric acid. The phosphorylation of 
YIYGSFK by p60'^'®'^ PTK in the absence of any inhibitors was used as a control (100%). 
The data presented here are mean ± SD (n=2). 
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This suggested that Met^ might not be important for activity of this peptide. Replacement 

of all other residues leads to loss of inhibitory potency indicating importance of these 

residues for biological activity of MIYKYYF. In the second series of peptides, I 

performed a "deletion scan" (figure 12) by synthesizing NHa terminus- and COOH 

terminus- truncated analogues of MIYKYYF to determine the minimal core structure 

required for inhibitory activity. Deletion of Met' had no significant effect on the 

inhibition potency. Deletion of carboxyl terminus residues significantly reduced the 

inhibitory potency of MIYKYYF. These results are consistent with our "alanine scan" 

results suggesting that all other residues except the Met' were critical for inhibitory 

activity of MIYKYYF. We decided to explore the hexapeptide lYKYYF as an inhibitor. 

The primary library that was screened to identify the initial peptide MIYKYYF 

did not contain cysteine residues. The cysteine residues were excluded from library 

synthesis to avoid intramolecular and intermolecular sulfhydryl bond formation in the 

library. However, sulfhydryl groups and formation of covalent sulfhydryl bonds are 

critical for the conformation of enzymes and may play an important role in enzyme-

inhibitor interactions. I hypothesized that adding an -SH group by addition of cysteine to 

the inhibitor lYKYYF to target the sulfhydryl groups of src would increase the potency 

of this inhibitor. To test this hypothesis, I synthesized three analogs of lYKYYF 

incorporating cysteine at different positions. Addition of Cys to the last position and at 

the third position (by replacing Lys^) increased the potency of the inhibitor. The most 

dramatic effect (Table VII) was observed when Cys was added to the first position 

increasing the potency of the parent inhibitor twenty folds. IC50 value of the new 
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Figure 12. "Deletion scan" analysis of MIYKYYF. 
The amino acids of MIYKYYF were deleted one at a time from carboxyl and amino 
terminus maintaining a core —lYK- structure . The inhibition assays were carried out in a 
final volume of 20 ^il containing the assay buffer. The substrate used in the experiment 
was YIYGSFK at 55 ^iM (equal to the Km value of the substrate). The concentration of 
p60'^'^'^ PTK was 30 units/ml (900,000 units/mg). The concentration of [y~P]ATP was 10 
jiM, The reactions were allowed to proceed for 10 min and were stopped with 20 ^.1 of 
150 mM phosphoric acid. The phosphorylation of YIYGSFK by p60'^'^"^ PTK in the 
absence of any inhibitors was used as a control (100%). The data presented here are mean 
± SD (n=2) 
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Table VI ICso values of the Alanine scan*' and '^Deletion scan" peptide inhibitors 
of p60''*" PTK, based on the peptide MIYKYYF (ICso= 6 ^M) 

Peptide structure IC50 jiM* 

1 MIYKYYF 6 ± 1 
2 MIYKYYA 140 ±8.6 
3 MIYKYAF 363 ±11.9 
4 MIYKAYF 25 ±6 
5 MIYAYYF 21 ±3.6 
6 MIAKYYF 151 ±8 
7 MAYKYYF 98 ± 8.7 
8 AIYKYYF 10 ±2 
9 MIYKYY 182 ±7.5 
ID MIYKY 237 ±14.1 
11 MIYK 289 ±11.5 
12 lYKYYF 8 ±1.5 

* The values represent the mean of three independent experiments. The substrate used in 
these experiments was YIYGSFK at a concentration of 55 |iM 
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Table VII IC50 values of the peptide inhibitors of PTK, based on the peptide 
CIYKYYF aCso = 0^ ̂ lM) 

Peptide* structure IC50 fiM** 

13 CIYKYYF 0.5 ±0.15 
14 lYKYYFC 5± 1.8 
15 lYCYYF 6 ±2.2 
16 cIYKYYF 5.9 ± 0.8 
17 L-PenlYAYYF 1.3 ± 0.53 
18 D-PenlAKYYF 4.8 ± 1 
19 Ac-CIYKYYF 6± 1.1 

* c, D-Cysteine; L-Pen, L-Pencillamine; D-Pen, D-Pencillamine; Ac, Acetyl. 
** The values represent the mean of three independent experiments. The substrate used in 
these experiments was YIYGSFK at a concentration of 55 nM. 
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inhibitor, CIYKYYF, is in the nanomolar range (IC50 = 0.5 jiM). Clearly the Cys' 

residue is critical for potency of this inhibitor. To assess the importance of Cys' residue 

in terms of its conformation, size and sulfhydryl group, I synthesized peptides containing 

cysteine analogs at the first position. All the analogs contain -SH groups. The inhibitory 

potency was retained when Cys at the first position was replaced by penicillamine (L-

Pen). However, about ten folds reduction in inhibitory activity was observed when L-Cys 

was substituted by D-Cys or L-Pen was substituted by D-Pen, indicating importance of 

stereospecificity at this position (figure 13). N-acetylation of the inhibitor resulted in loss 

of inhibitory potency by ten folds, suggesting involvement of the N-terminal free amino 

group in the interactions with the p60'^'®"^ active site. 

The sulfhydryl group of Cys' in peptide CIYKYYF might be involved in 

formation of critical disulfide bonds at the enzyme active site. To test this possibility, I 

conducted inhibition experiments with the inhibitor CIYKYYF in presence of a 

sulfhydryl compound, DTT (dithiothreitol). DTT should prevent any disulfide bond 

formation. Addition of DTT (0.0IM) reduced the IC50 value of CIYKYYF from 0.5 to 5 

jiM (Figure 14). This reduction in inhibitory potency clearly indicated the importance of 

sulfhydryl group of Cys' in the interactions at the active site of p60'^'''"^ PTK. 

Discussion 

With the advances in molecular understanding of cancer and proliferative 

diseases, PTKs (protein tyrosine kinases) have become an extremely attractive target for 

drug development (Levitzki and Gazit, 1995). Potent and selective inhibitors of PTK 
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Figure 13. IC50 comparison of ''Cysteine mimetic" analogues of CrVXYYF. 
The inhibition assays were carried out in a final volume of 20 p.! containing the assay 
buffer. The substrate used in the experiment was YIYGSFK at 55 jiM (equal to the Km 
value of the substrate). The concentration of p60'^"'"^ PTK was 30 units/ml (900,000 
units/mg). The concentration of [^'PIATP was 10 ^iM. The reactions were allowed to 
proceed for 10 min and were stopped with 20 nl of 150 mM phosphoric acid. The 
phosphorylation of YIYGSFK by p<50'^'^'^ PTK in the absence of any inhibitors was used 
as a control (100%) 
(c, D-Cysteine; L-Pen, L-Pencillamine; D-Pen, D-Pencillamine; Ac, Acetyl). The data 
presented here are mean ± SD (n=2) 
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Figure 14. Effiect of DTT (dithiothreitol) (O.OIM) on the inhibitory activity of 
CIYKYYF and the Cysteines at the active site of p60'^'^ that might be affected by 
DTT. 
A. Inhibition assays were conducted at 20, 10, 5, 2.5, 1.25, 0.65, 0.325 ^iM concentration 

of inhibitor CIYKYYF in absence of DTT or in presence of DTT~*~ 
B. Amino acid sequence of human c-Src showing the kinase domain and the two active OOQ 
site cysteine residues, Cys and Cys" . 
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represent a new class of therapeutic agents for the treatment of variety of diseases, 

including cancers. Different strategies have been employed to develop synthetic PTK 

inhibitors. An attractive approach to develop PTK inhibitors is to utilize peptide 

substrate-based inhibitors. The inhibitors based on a specific peptide substrate of a PTK 

might provide greater selectivity as they compete only with the protein or peptide 

substrates of the PTK. 

In the past few years, our laboratory (Lam et al., 1995) has successfully identified short 

peptide substrates for p60'^'^'^PTK. Lam et al. (1995) reported the development and 

characterization of heptapeptide substrate, YIYGSFK, using the 'one-bead one-

compound' combinatorial technology. Detailed structure-activity study of the peptide 

substrate YTYGSFK {Km = 55 pM) concluded that De* and Tyr^ were critical for 

biological activity of this peptide (Lou et al., 1996a). Based on the dipeptide motif -De-

Tyr-, a secondary library was synthesized (XIYXXXX, wherein X = 19 eukaryotic amino 

acids excluding Cys). Screening of the secondary library identified more efficient peptide 

substrates (e.g. GIYWHHY, Km = 21 ^M) (Lou et al., 1996b). The identified substrate 

motifs were used as templates for the design and development of peptide-based inhibitors 

(Lou et al., 1997; Alfaro-Lopez et al., 1998). The peptide-based inhibitors were 

determined to be highly selective for p60'^'^'^PTK over other closely related Src family 

PTKs such as Lck and Lyn (Lou et al., 1997; Alfaro-Lopez et al., 1998). The secondary 

screen that identified efficient peptide substrates (Lou et al., 1996b), had also identified 

certain other inefficient peptide substrates. One of these inefficient peptide substrates 

MIYKYYF when tested as an inhibitor using YTYGSFK as a substrate, was determined 
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to be a moderately potent inhibitor (ICso = 6 pM). Most of the inhibitors identified so far 

using the peptide-based approach are moderately potent with ICso values in low 

micromoiar range. For an inhibitor to be effective under physiological conditions, it 

should have ICso values in the nanomolar range. In this study, using MIYKYYF as a 

template and utilizing the peptide-based approach, I have successfully developed a potent 

(IC50 = 0.5 }JM) heptapeptide inhibitor for p60"^'^'^PTK. 

I performed an "alanine scan" on the peptide MIYKYYF to determine the importance of 

each residue of this peptide for its inhibitory activity (Table VI). Significant reduction in 

inhibitory potency was observed when De", Tyr', Tyr^ and Phe' were replaced by alanine 

in this peptide. Loss of inhibitory potency on replacement of De" and Tyr' is consistent 

with our previous results (Lx)u et al., 1996a) confirming importance of these residues for 

binding of the peptide to the enzyme active site. Three to four folds reduction in potency 

was observed on replacement of Lys^ and Tyr^ by alanine. However, substitution of Met' 

by alanine or deletion of this residue did not show any significant effect on the inhibitory 

potency of this peptide (Table VI). This clearly suggested that the Met' of MIYKYYF is 

not required for inhibitory activity of this peptide. The deletion of even one amino acid 

residue from the carboxyl terminus of MIYKYYF significantly (about 30 folds) reduced 

the potency of this inhibitor. Thus, from this series of analogues of MIYKYYF (IC50 = 

6^M), lYKKYF (ICso = 8|iM) emerged as an inhibitor with similar inhibitory potency as 

its parent compound. 

The initial library screening that identified MIYKYYF did not contain cysteine residue to 

avoid any intra or intermolecular disulfide bond formation (Lou et al., 1996b). However, 
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it has been suggested that targeting suifhydryl groups of the enzyme p60'^'^'^ might be 

critical for enzyme inhibition. In fact, it has been shown that, Herbimycin A, an 

antibiotic, known to irreversibly inhibit the auto- and trans-phosphorylation activities of 

p60v-src in in vitro inmiune complex Idnase assays, specifically targets the suifhydryl 

groups of p60v-src (Uehara et al., 1989; Fukazawa et al., 1990). Suifhydryl compounds 

such as dithiothreitol abolished the ability of herbimycin A to inactivate p60v-src kinase 

suggesting the possibility that suifhydryl (-SH) groups of p60v-src are involved in the 

inactivation of v-src kinase activity (Fukazawa et al., 1990). I hypothesized that addition 

of -SH group containing cysteine residue to the inhibitor lYKYYF would provide 

additional interactions with the enzyme active site and may even form a disulfide bond 

with the enzyme, thereby improving the potency of this inhibitor. All the three cysteine-

containing peptide analogues of lYKYYF did show improved inhibitory potency (Table 

VII). The peptide inhibitor, CIYKYYF, was determined to be a very potent inhibitor with 

an IC50 value of 0.5 ^iM. Thus, addition of just one cysteine residue to amino terminus of 

lYKYYF increased the inhibitory potency of this peptide by more than twenty folds. I 

further examined the importance of cysteine residue in peptide CIYKYYF in terms of its 

two side chain groups, the suifhydryl group and the amino group and in terms of its 

conformation (Table VII). The peptides containing cysteine analog L-Pen in place of 

Cys' in CIYKYYF retained the inhibitory potency. However, substitution of Cys' in 

CIYKYYF, by D-Cys or by D-Pen reduced the potency by ten folds indicating 

importance of L-conformation both for Cys' and Pen' at this position. Blocking the free 

amino group of Cys' by acetylation also reduced the inhibitory potency of CIYKYYF. 
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The results suggested that all the three factors, the sulfhydryl group, the free N°- group, 

as well as the stereospecificity of Cys' are critical for the improved inhibitory potency of 

the peptide CIYKYYF. I, also, examined the possibility that contribution of sulfhydryl 

group to the improved inhibitory potency might be due to specific disulfide bond 

formation at the enzyme active site. Inhibition experiments conducted in the presence of 

the reducing agent, DTT, showed a ten-fold reduction in inhibitory potency of CIYKYYF 

(Figure 14A). The ten-fold reduction in inhibitory activity was also seen when Cys' was 

deleted from the peptide CIYKYYF (Table VI). Together, the data suggests that disulfide 

bond formation between the Cys' of the peptide CIYKYYF and a cysteine residue at the 

active site of the p60'^'^"^PTK may account for the potency of CIYKYYF. Figure 14B 

shows the two possible cysteine residues, Cys~^^ and Cys'*^®, at the active site of p60'^' 

srcpTj^ that might be involved in such disulfide bond formation with the peptide 

CIYKYYF. 

The identification of Fen-IYKYYF as a potent inhibitor (IC50 = 1.3 ^M) is 

important due to two reasons. CIYKYYF peptide, due to the presence of natural amino 

acid residues at both carboxyl and amino terminus, is susceptible to both carboxyl- and 

amino- peptidases. However, Pen-IYKYYF, due to penicillamine at the amino terminus, 

may render the peptide more resistant to proteolysis by amino- peptidases. Cell 

permeability is another important criterion for a good inhibitor drug. Substitution of Cys' 

by Pen' in CIYKYYF enhances hydrophobicity of this peptide at the N-terminus, which 

might lead to improved cell permeability. The peptide Pen-IYKYYF can serve as an 

excellent lead compound for future development of peptidomimetic inhibitors. 
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Conclusions 

In this study, I have identified two potent peptide inhibitors for p60'^'^"^PTK using 

an inefficient peptide substrate as a template. One of the identified inhibitors, CIYKYYF, 

contains all natural amino acids and has ICso value in the nanomolar range (O.S ^M). The 

other peptide, Pen-IYKYYF contains penicillamine replacing Cys at the first position 

(IC50 = 1.3 ^M). The peptide Pen-IYKYYF has a more hydrophobic amino terminus 

compared to the p>eptide CIYKYYF and hence might show improved cell permeability. 

The peptide Pen-IYKYYF, also, is more resistant to peptidases. We are currently 

investigating the peptide CIYKYYF by performing structural-activity-relationship study 

on this peptide. The peptides Pen/C-IYKYYF are still quite large peptides (heptamers) 

for them to be able to penetrate the cell membrane and have an effect inside the cell. 

Using the peptide CIYKYYF as a template, we have recently identified shorter peptide 

inhibitors with similar potency. Identification of such shorter inhibitors is critical as these 

shorter motifs can be utilized as leads for the future development of related 

conformationally constrained peptides, peptidomimetics and small molecule inhibitors, 

by applying a structure-based design approach. 
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VII. STRUCTURE-ACTIVITY RELATIONSHIP AND CHARACTERIZATION 
OF A POTENT PSEUDOSUBSTRATE-BASED INHIBITOR OF p60'-^ PTK. 

Introduction 

The normal cellular homologue (c-src) of the Rous sarcoma virus oncogene (v-

src), the first molecularly defined proto-oncogene, encodes the p60'^'®'^PTK and is 

implicated in various cancers (e.g., leukemia, bladder cancer, breast cancer, colon cancer) 

(Bolen et al., 1987; Luttrell et al., 1994; Mazurenko et al., 1992; Fanning et al., 1992). 

Deregulation of activities of PTKs has been implicated in many diseases including 

cancers (Wilkis, 1993) and other proliferative diseases (Elder et al., 1989). Tyrosine 

kinases and the signaling pathways in which they participate have therefore been 

identified as potential targets for drug design. 

Development of specific and potent inhibitors for PTKs has been of interest not 

only as a therapeutic strategy but also as a research tool to understand biological role of 

FTKs. A number of naturally occurring compounds such as flavones and isoflavones 

have been shown to inhibit the function of PTKs in a manner, which is competitive to 

ATP (Hagiwara et al., 1988). Several FTK inhibitors targeting the ATP-binding site have 

been developed through synthetic chemistry (Garcia-Echeverria et al., 2(XX)). Selectivity 

and potency are the major concerns for ATP-binding site synthetic inhibitors (Young et 

al., 1993) as well as for naturally occurring inhibitors such as genistein (Akiyama et al., 

1987), herbinomycin A (Ueharaet al., 1988). 
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The catalytic domain of PTKs has been demonstrated to be essential for normal 

PTKs to induce mitogenesis and for oncogenic PTKs to induce and maintain the 

transformed phenotype (Parsons and Weber, 1989; Ullrich and Schlessinger, 1990). 

Pseudosubstrate-based inhibitors, which are competitive to the substrate-binding site of 

PTKs, may provide a high degree of selectivity towards these PTKs. The substrate-based 

inhibitor approach is relatively unexplored for ETKs (Fry et al., 1996) due to the lack of 

suitable short peptide substrates (i.e. eight residues or less) or lack of specific recognition 

motifs for PTKs. However, in the past few years, our laboratory (Lam et al., 1995) and 

others (Nair et al., 1995; Ramdas et al., 1996: Fry et al., 1996) have successfully 

identified short peptide substrates for p60'^"''"^PTK. Our laboratory reported the 

development and characterization of heptapeptide substrates using the 'one-bead one-

compound' combinatorial technology (Lam et al., 1995). We reported the development of 

highly selective inhibitors for p60'^^"^PTK using the identified peptide substrates as 

templates (Lou et al., 1997; Alfaro-Lopez et al., 1998). The three major criteria for a 

successful inhibitor are potency, selectivity and cell permeability. Most of the identified 

peptide-based inhibitors are moderately potent with IC50 values in low micromolar range 

and are relatively large for them to be able to penetrate the cell membrane. Recently, we 

successfully identified a potent heptameric inhibitor with an IC50 value of 0.5 |iM. This 

potent inhibitor, CIYKYYF (Table Vll-Chapter VI) retains the core structure (-De'-Tyr^-) 

identified in previous substrates and inhibitors (Lou et al., 1997; Alfaro-Lopez et al., 

1998). In addition, it has a critical Cys' residue at the amino terminus. 
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In this report, we have performed a structural-activity relationship study on the 

inhibitor CIYKYYF (IC50 = 0.5 ^M). We have identified a potent and shorter hexameric 

inhibitor, CIYKYY, with an IC50 value of 0.6 ^iM. We have also identified a moderately 

potent tetrameric inhibitor CIYK (IC50 = 7 (iM) which may serve as a template for future 

development of peptidomimetic and small molecule inhibitors. 

Results 

An important criterion for a successful inhibitor is its cell permeability. 

CIYKYYF is a potent inhibitor with an IC50 value of 0.5 jiM. However, it did not show 

any significant effect on the morphology of v-src transfected 3T3 cells or on the tyrosine 

phosphorylation pattern of the cell lysate as analyzed by Western blot using 

antiphosphotyrosine antibody (data not shown). This is probably due to the inability of 

the peptide, CIYKYYF, to penetrate the cell membrane. For a peptide to be cell 

permeable, it generally has to be shorter in size, more hydrophobic, and with neutral 

charge. Cell permeability is one of the major advantages of small molecule inhibitors 

over peptide inhibitors. However, peptide inhibitors can be used as a template for the 

development of small molecule inhibitors. For a peptide inhibitor to be a lead for 

development of small molecule inhibitors it needs to be shorter in size. The peptide 

inhibitor, CIYKYYF, being a larger heptameric peptide, is not a good lead for the 

development of small molecule or peptidomimetic inhibitors. To develop shorter peptide 

inhibitors based on the structure of CIYKYYF, I synthesized a series of analogues of this 



102 

peptide. First, alanine scan was performed on CIYKYYF to determine the contribution of 

each amino acid residue to the inhibitory activity of this peptide. The inhibitory activities 

of these peptide analogues were tested at 20 (xM concentration using YIYGSFK (55 ^iM) 

as a substrate. Figure 15 shows the level of substrate (YIYGSFK) phosphorylation at 20 

of inhibitor concentration. Lys'* seems to be the most critical residue as substitution 

of Lys'* by alanine in CIYKYYF led to significant loss of inhibitory activity. Substitution 

of De~ and Phe' did not significantly affect the inhibitory potency of CIYKYYF. All the 

three Tyr residues, Tyr^, Tyr^ and Tyr^ seem to be important for inhibitory activity of 

peptide CIYKYYF. The cation-7C interaction between the aromatic residues (Tyr^ and 

Tyr*^) and the adjacent cationic Lys'* residue might result in a constrained peptide 

structure (Gallivan and Dougherty, 1999). To test this possibility, I decided to synthesize 

"deletion scan" analogues of CIYKYYF peptide by deleting one amino acid at a time 

from the carboxyl end of the peptide (Figure I6A). Deletion of the Phe' did not show any 

significant effect on the inhibitory potency of this peptide leading to identification a 

shorter hexameric inhibitor CIYKYY with an IC50 value of 0.6 fiM (Table VIH). 

Consistent with the constrained structure hyp>othesis, deletion of Tyr^ and further deletion 

of Tyr^ led to gradual reduction in inhibitory activity of the peptide (figure 16A). Figure 

16B shows the IC50 curves and the gradual loss of inhibitory potency on truncation of 

carboxyl terminus amino acid residues of the peptide CIYKYYF. The peptide CIYK 

without the carboxyl terminus aromatic residues shows about thirty folds reduction in 

inhibitory potency. Interestingly, the tetrameric peptide, CIYK, does not show total loss 

of inhibitory activity and is a moderately potent inhibitor with an IC50 value of 15 nM. 
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Figure 15. "Alanine scan" analysis of CIYKYYF at 20 concentration of the 
inhibitor. 
The amino acids of CIYKYYF were substituted by alanine one at a time. The inhibition 
assays were carried out in a final volume of 20 |il containing the assay buffer. The 
substrate used in the experiment was YIYGSFK at 55 nM (equal to the Km value of the 
substrate). The concentration of p60'^"®"^ PTK was 30 units/ml (900,000 units/mg). The 
concentration of [y^~P]ATP was 10 |iM. The concentration of the inhibitors was 20 |iM. 
The reactions were allowed to proceed for 10 min and were stopped with 20 |xl of 150 
mM phosphoric acid. The phosphorylation of YIYGSFK by p60'^"®"^ PTK in the absence 
of any inhibitors was used as a control (100%). The data presented here are mean ± SD 
(n=2). 
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Figure 16. ''Deletion scan" analysis of CIYKYYF. 
The amino acids were deleted one at a time from carboxyl terminus of peptide 
CIYKYYF. Figure 16A shows the IC50 value comparison and figure 16B shows the 
inhibition curve comparison for the deletion analogues of CIYKYYF. The inhibition 
assays were carried out in a final volume of 20 ^il. The substrate used in the experiment 
was YIYGSFK at 55 nM. The concentration of p60'^'"'^ PTK was 30 units/mi (900,000 
units/mg). The concentration of [y^'FJATP was 10 (iM. The reactions were allowed to 
proceed for 10 min and were stopped with 20 ^,1 of 150 mM phosphoric acid. The 
phosphorylation of YTYGSFK by PTK in the absence of any inhibitors was used 
as a control (100%). The data presented here are mean ± SD (n=2) 
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Table Vm IC50 values of the 'Deletion scan" and '^Tyrosine mimetic" analogues 
of p6G""= PTK, based on the peptide CIYKYYF aCso- 0^ nM) 

Peptide* structure IC50 ̂ iM** 

1 CIYKYYF 0.5 ±0.15 
2 CIYKYY 0.6 ±0.1 
3 CIYKY 2.8 ±0.8 
4 CIYK 15 ±0.8 
5 lYKYY > 160 
6 CI-(2')Nal-KYYF 21 ± 1.5 
7 CI-(3,5-diI)Tyr-KYYF I.l ±0.16 
8 CIFKYYF 4± 1 
9 CIFK 29 ± 1 
10 Cl-(P-Phe)-K 11.8 ± 1.4 

*(2') Nal, 2-naphthyIalanine; p-Phe, P-phenyialanine; (3,5-dir)Tyr, 3,5-di-iodo tyrosine 
** The values represent the mean of two to four independent experiments. The substrate 
used in these experiments was YIYGSFK at a concentration of 55 ^iM 



106 

This short tetrameric peptide inhibitor, CIYK, can serve as an important lead for future 

development of peptidomimetic or small molecule inhibitors. 

I also synthesized a series of analogues of the peptide CIYKYYF by replacing the 

Tyr' residue with other aromatic amino acid residues in an effort to improve the 

inhibitory potency of this peptide. We have previously shown that the substitution of Tyr^ 

by 2-naphthylalanine (Wu et al., 1996) or by di-Iodo tyrosine (Josue Alfaro-Lopez et al., 

1998) led to the development of selective and potent inhibitors. Therefore, I decided to 

use these two aromatic residues, (2')Nal, and (3,5 -dil) Tyr and a Phe (F) residue to 

generate "Tyr^-mimetic" analogues of the peptide CIYKYYF. IC50 values of these 

analogues were determined using YTYGSFK as a substrate. The "tyrosine mimetic" 

analogues did not exhibit any improvement in inhibitory potency over the parent peptide 

CIYKYYF (Figure 17). Replacement of Tyr' by (2')Nal significantly reduced the 

inhibitory potency. However, the peptide with (3,5)di-Iodo-Tyr in place of Tyr^ retained 

a similar inhibitory activity as CIYKYYF. 

I synthesized two "tyrosine mimetic" analogues of CIYK to improve inhibitory 

potency of this peptide. The peptide containing p-phenylalanine in place of Tyr^ showed 

a little improvement in its inhibitory potency (Figure 18), while the other peptide 

containing Phe (F) in place of Tyr'showed loss of inhibitory potency. 

The substrate YIYGSFK used in the inhibition assays is a positively charged peptide. Our 

and other laboratories have previously identified efficient negatively charged substrates 

for p60'^'^"^I*TK. One of such peptide substrates is EEIYGEFF (Songyang et al., 1995). I 

tested the peptide inhibitors CIYKYYF and CIYKYY in the presence of EEIYGEFF as a 
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Figure 17. ICso value comparison of **Tyr^ mimetic" analogue inhibitors of peptide 
ClYKYYF. 
The inhibition assays were carried out in a final volume of 20 |il containing the assay 
buffer. The substrate used in the experiment was YIYGSFK at 55 jiM (equal to the Km 
value of the substrate). The concentration of p60'^'®'^ PTK was 30 unit^ml (900,000 
units/mg). The concentration of [^'PIATP was 10 ^M. The reactions were allowed to 
proceed for 10 min and were stopped with 20 p,l of 150 mM phosphoric acid. The 
phosphorylation of YIYGSFK by p60'^"®"^ PTK in the absence of any inhibitors was used 
as a control (100%). The data presented here are mean ± SD (n=2) 
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Figure 18. IC50 value comparison of '^Tyr' mimetic" analogue inhibitors of peptide 
CIYK. 
The inhibition assays were carried out in a final volume of 20 jil containing the assay 
buffer. The substrate used in the experiment was YIYGSFK at 55 jiM (equal to the Km 
value of the substrate). The concentration of p60'^'^"^ PTK was 30 units/ml (900,000 
units/mg). The concentration of [y^'PlATP was 10 piM. The reactions were allowed to 
proceed for 10 min and were stopped with 20 )il of 150 mM phosphoric acid. The 
phosphorylation of YIYGSFK by p60'^"^'^ PTK in the absence of any inhibitors was used 
as a control (100%). The data presented here are mean ± SD (n=2) 
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substrate (Figure 20). The peptide CIYKYY inhibits phosphorylation of EEIYGEFF 

similar to its inhibitory effect on YIYGSFK phosphorylation. However, the peptide 

CIYKYYF causes increase in phosphorylation of EEIYGEFF (Figure 20). About two 

folds increase in phosphorylation of EEIYGEFF is observed in presence of 20 ^iM of 

peptide CIYKYYF (Figure 19). We are at this time unable to provide any logical 

explanation of this observed increase in phosphorylation of EEIYGEFF in the presence of 

peptide CIYKYYF. We are currently investigating the peptide CIYKYYF and its 

analogues with different substrates to explain the observed stimulatory effect of 

CIYKYYF on EEIYGEFF phosphorylation. 

Discussion 

Abnormal signaling via tyrosine kinases has been linked to a number of 

pathophysiological processes including cancer, immunoinflammatory and other 

proliferative diseases (Wilkis et al., 1993; Elder et al., 1989). Since distinct PTKs are 

implicated in diverse diseases selective PTK inhibitors are highly desirable. The obstacles 

to identifying selective inhibitors are the large number of PTKs that have been described 

and the structural homology between the PTKs, especially in their ATP-binding regions 

(Hanks et al., 1988). Despite these difficulties several potent PTK inhibitors have been 

identified (Zimmerman et al., 1997). Selectivity is still the major concern for inhibitors 

targeting ATP-binding site as any ATP utilizing or forming process is a potential 

unintended target (Young et al., 1993). We, in our laboratory have successfully 

developed an alternative pseudosubstrate-based inhibitor approach to address the 
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Figure 19. Comparison of the effect of peptide CIYKYYF on the phosphorylation of 
substrate YIYGSFK {Km - 55 ^M) and substrate EEIYGEFF {Km — 45 ^M). 
The phosphorylation assays were carried out in a final volume of 20 ^1 containing the 
assay buffer. The substrates used in the experiment were YIYGSFK at 55 and 
EEIYGEFF at 45 (iM (equal to the Km values of the substrates). The concentration of 

FTK was 30 units/ml (900,000 units/mg). The concentration of [y'^PJATP was 10 
pM. The concentration of the peptide CIYKYYF used was 20, 10, 5, 2.5, 1.25, 0.325, 
0.625 (iM. The reactions were allowed to proceed for 10 min and were stopped with 20 nl 
of 150 nxM phosphoric acid. 
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Figure 20. Comparison of the effect of peptides CIYKYYF and CIYKYY on 
phosphorylation of substrate EEIYGEFF (Km = 45 hM). 
The phosphorylation assays were carried out in a final volume of 20 ^.l containing the 
assay buffer. The substrate used in the experiment was EEIYGEFF at 45 nM (equal to 
the Km values of the substrate). The concentration of PTK was 30 units/ml 
(900,000 units/mg). The concentration of [y^'PIATP was 10 jiM. The concentration of 
the peptides CIYKYYF and CIYKYY used was 80, 40, 20, 10, 5, 2.5 ^M. The reactions 
were allowed to proceed for 10 min and were stopped with 20 |il of 150 mM phosphoric 
acid. 



112 

selectivity issue. Using the "one-bead one-compound" combinatorial technology we 

successfully identiHed efficient peptide substrates for p60'^""^PTK (Lam et al., 1995; Lou 

et al., 1996). Using the peptide substrates as templates we successfully developed several 

moderately potent and highly selective peptide inhibitors for p60'^"®'^PTK. I identified a 

potent (IC50 = 0.5 ^M) heptameric peptide inhibitor, CIYKYYF for p60'^ "'PTK. Inspite 

of its high potency the peptide CIYKYYF did not show any significant effect on v-src 

transfected 3T3 cells. This might be due to its inability to enter an intact cell and its 

susceptibility to proteases. Cell permeability is a major problem with peptide inhibitors. 

Shorter size and higher hydrophobicity are the requirements for a peptide to be able to 

penetrate the cell membrane. Additionally, a shorter peptide motif can serve as a lead for 

the development of peptidomimetic or small molecule inhibitors, which are known to 

exhibit better cell permeability than their peptide counterparts. In an effort to develop 

shorter and potent peptide inhibitors we synthesized and tested a series of analogues of 

the peptide CIYKYYF. 

Cys' has already been established as a critical residue for the peptide CIYKYYF 

as substitution of Cys' by alanine led to twenty-fold reduction in inhibitory potency of the 

peptide (Table VI - Chapter VI). By performing an "alanine scan' on other positions of 

CIYKYYF, I determined the importance of Lys"* residue, followed by residues Tyr', Tyr^ 

and Tyr® for inhibitory activity of the peptide (Figure 15). Substitution of De^ and Phe' by 

alanine did not significantly affect the inhibitory activity of the peptide. Phe^ is not 

essential for the inhibitory activity, as deletion of Phe' did not significantly affect the 

inhibitory activity (CIYKYY with IC50 = 0.6 }iM; Figure 16A). Any further truncation of 



113 

the carboxyl terminus of this peptide leads to reduction in inhibitory potency (Table 

Vm). Interestingly, the loss of inhibitory activity is not total. The reduction in inhibitory 

activity seems to be gradual (Figure 16B) with loss of each aromatic tyrosine residue 

(Tyr^ and Tyr^). The tetrameric peptide CIYK still retains moderate inhibitory activity 

with an IC50 value of 15 fiM. This result is critical as this tetrameric peptide CIYK can 

now be used as a template for the development of secondary peptidomimetic or small 

molecule libraries for future optimization of this lead. Deletion of Cys' residue from the 

peptide CIYKYY leads to total loss of inhibitory activity, once again, confirming 

importance of Cys' residue in this peptide. 

An important strategy for the development of substrate-based inhibitors for PTKs is to 

replace the tyrosine residue of the substrate with nonphosphorylatable tyrosine mimetics 

like phenylalanine (Wu et al., 1996), I-naphthylalanine, 2-naphthylalanine (Lou et al., 

1997), phosphonomethylphenylalanine (Niu and Lawrence, 1997). In the last few years, 

we have successfully applied this strategy for the development inhibitors based on 

substrate motifs (Lou et al., 1997; Alfaro-Lopez et al., 1998). Based on our previous 

results, replacement of Tyr3 with (2')Nal (Wu et al., 1996) or with (3,5-diIodo)Tyr 

(Alfaro-Lopez et al., 1998) in X-IY-XXXX type of inhibitors, led to more potent 

inhibitors than other tyrosine analogues. I decided to synthesize "tyrosine mimetic" 

analogues using the two tyrosine mimics, (2')Nal and (3,5-diIodo)Tyr. Additionally, I 

also synthesized an analogue containing the phenylalanine (F) residue. No improvement 

in inhibitory potency was observed with the "tyrosine mimetic" analogues (Figure 17). 

This might be due to the possibility that the hydroxyl group of tyrosine is important for 
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certain critical interactions at the enzyme active site. The (3,5-diIodo)Tyr containing 

analogue still retains good inhibitory potency (ICso = 1.3 ^M). This may be due to a 

different role of the bulky iodo atoms at the active site of p60'^'^**^PTK, which does not 

involve stereoelectronic effects that could affect the hydrogen-binding properties of the 

phenolic OH. 

The tetrameric peptide CIYK is a moderately potent inhibitor with an ICso of 15 

|iM. I synthesized and tested two "tyrosine mimetic" analogues of this peptide. As in case 

of the {jeptide CTYKYYF replacement of Tyr^ with phenylalanine (F) did not improve 

inhibitory potency of CIYK (Figure 18). Interestingly, some improvement in inhibitory 

potency (IC50 = 11.8 |iM) was observed when Tyr^ in CIYK was replaced by another 

"tyrosine mimetic" ^-phenylalanine (P-Phe). 

The peptide CIYKYYF inhibits phosphorylation of the positively charged 

substrate YIYGSFK. However, this peptide stimulated phosphorylation of a negatively 

charged substrate EEIYGEFF (Figure 19). In contrast to the peptide CIYKYYF, the 

peptide CIYKYY without the Phe' residue, inhibited phosphorylation of both the 

substrates (figure 20). Although we do not have any strong evidence, differentia] 

allosteric interaction may be a plausible explanation for this observed phenomenon. Work 

Is currently underway in our laboratory to study this interesting phenomenon. 

Conclusions 

I have successfully identified a shorter and potent (IC50 = 0.6 pM) hexameric 

inhibitor CIYKYY using CIYKYYF as a template. Identification of the tetrameric 
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peptide CIYK as a moderately potent inhibitor (IC50 = 15 jiM) is the most important 

fmding as this peptide can serve as a lead for development of peptidomimetic or small 

molecule inhibitors. Thus, I have shown that even short peptide inhibitors with moderate 

potency can be identified using the pseudosubstrate-based inhibitor approach. The 

finding that the peptide CI-(3,5-diDY-KYYF is a potent inhibitor (IC50 =1.1 (iM) is also 

important. It suggests that a peptide analogue containing a tyrosine with a radioactive 

iodine label replacing Tyr' might be able to bind to the active site. Such a peptide CI-

(l'^)Tyr-KYYF, due to its radioactive label can be used to map the enzyme active site 

and to prove that CIYKYYF, indeed forms a disulfide bond with the enzyme p60'^'^'^PTK. 

These investigations might be critical for future design and development of 

peptidomimetic and small molecule inhibitors for p60'^''"^PTK. 
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Vni. INVESTIGATION OF THE ACTIVE SITE OF THE ENZYME p60'-^ FTK 
USING TOPOGRAPHICALLY CONSTRAINED PEPTIDE INHIBITORS OF 

p60'-^PTK 

Introduction 

Protein tyrosine kinases (PTKs) are integral members of the signal transduction 

pathways involved in cellular regulation and are involved in cellular transformation. This 

association of PTKs with cellular transformation and their involvement in cancer and 

other proliferative diseases suggest that selective inhibitors against PTKs are potential 

daigs. The p60'^""^ is a membrane-associated PTK participating in growth factor receptor-

stimulated mitogenic signaling (Taylor and Shalloway, 1996) and hyperactivation of 

p60'^"^'^ has been implicated in many human cancers (Maa et al., 1995). Entities that 

modulate regulated signal transduction pathways offer potential value as 

antiproliferative agents. 

Inhibitors of PTKs are attractive not only as potential drugs but also as a research 

tool to investigate the PTK active site and to decode the complex signaling pathways. 

Our laboratory has recently reported development of moderately potent peptide inhibitors 

of p60'^'^'^ PTK using a substrate-based approach (Lou et al., 1997). Since p>eptide 

inhibitors are generally impermeable to cell membranes and are susceptible to peptidases, 

they might prove ineffective under physiological conditions. However, peptide inhibitors 

do provide excellent tools for investigation of enzyme active site. Additionally, the 
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peptide inhibitors and the enzyme active site investigations conducted using such peptide 

inhibitors provide critical foundation for the development of cell permeable and peptidase 

resistant peptidomimetic or small molecule inhibitors. Given a particular potent peptide 

inhibitor and the topographical aspects of the enzyme active site surrounding that 

inhibitor, a peptidomimetic can be designed that will mimic the original peptide in three-

dimensional structure, topographical shape, binding affinities, stereoelectronic properties, 

biological response, and other desired properties. 

In this study, we designed topographically constrained inhibitors based on a 

previously identified peptide inhibitor. We utilized these constrained inhibitors to explore 

the topographical requirements of p60*^'^'^ PTK active site. 

Results 

We (Lam et al., 1995) using the "one-bead one-compound" concept reported the 

identification of a peptide sequence YIYGSFK as an efficient substrate for p60"^'®'^ PTK 

with a Km value of 55 ^M. Based on this peptide substrate, we reported the development 

of moderately potent inhibitors for p60'^""^ PTK (Alfaro-Lopez et al., 1998). The 

inhibitors were developed by replacing the Tyr' in YIYGSFK by 2'-naphthylalanine and 

by replacing the De" by penicillamine. Additionally, the inhibitors were globally 

constrained by cyclization of the peptide. The cyclization of peptide was achieved by 

generation of a disulfide bond between the penicillamine and a newly added cysteine 

residue at position 7 of the peptide. The peptides I and 2 in table IX show the structures 

of such peptide inhibitors with IC50 values of 1.6 and 2.1 (iM respectively. These peptides 
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were used as templates for the design and synthesis of peptide inhibitors with local 

constraints in addition to the global constraints. The local constraints were generated by 

replacement of (2')Nal residue in peptides 1 with four isomers of specially synthesized P-

methyl-2'-naphthylalanine (Yuan et al., 1997) amino acids (Figure 21). The synthesis of 

these specialized amino acids and the synthesis of peptides 3 to 6 (Table DC) containing 

these amino acids were conducted in Dr. Hruby's laboratory at the University of Arizona. 

These P-methyl-2'-naphthylalanine isomers (Figure 21) are topographically biased amino 

acids which means that the four isomers in peptides 3 to 6 assume specific and different 

conformations at the enzyme active site. We decided to study the effects of these 

topographically biased amino acids, on the inhibitory potency of peptide 1 toward p60'^ 

PTK. We expected to observe a preference of the enzyme toward one of the four peptides 

containing a different isomer at this p>osition. However, in contrast to the case of 

membrane bound receptor ligands (Qian et al., 1996), a significant difference in 

inhibitory potency among the four peptides was not observed (Table EX). 

A rational approach in the search for potent inhibitors of PTK is the introduction 

of nonphosphorylatable tyrosine mimetics in the phosphorylation site of suitable 

substrates (Niu and Lawrence, 1997). If the hydroxyl group of tyrosine is retained and 

additional functionalities are incorporated in the aromatic nucleus, this could preclude 

phosphoryl transfer improving the inhibitory potency of such an inhibitor. On the basis 

of the results obtained (Lam et al., 1995), the position 3 in these inhibitors is thought to 

be the residue that resembles the phosphorylation site of the substrateYIYGSFK and 

therefore the key interacting side chain of these peptides at the enzyme active site. Thus, 
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(2S.3SK0-Mi<2')IW 

(2R.3ll>^44«(2')Nal 

Figure 21. The structures of the four isomers of |3-methyl(2')naphthyialaiiine and of 
the lodo-tyrosines 
[incorporated at position 3 (replacing Nal^) of inhibitor Y-c[D-Pen-(2')Nal-GSFC]KR 
(Inhibitor 1) in Table EX] 
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Table IX IC50 values of topographically constrained inhibitors of 

Peptide structure^ IC50 

I Y-c[D-Pen-(2')Nal-GSFC]KR 1.6 ±0.4 
2 Y-c [D-Pen-D^2' )Nal-GSFC] KR 2.1 ±0.2 
3 Y-c[D-Pen-(2R,3R)*-P-Me(2')Nal-GSFC]KR 1.0±0.9 
4 Y-c[D-Pen-(2R,3S)*-3-Me(2')Nal-GSFClKR 2.9± 1.3 
5 Y-c[D-Pen-(2R,3S)*-p-Me(2')Nal-GSFC]KR 1.5± 1.0 
6 Y-c[D-Pen-(2S,3S)*-P-Me(2')Nal-GSFC]KR 1.8± 1.30 
7 Y-c[D-Pen-(3-DTyr-GSFC]KR 0.13±0.02 
8 Y-c[D-Pen-(3,5-diDTyr-GSFC]KR 0.54±0.42 

^ P-Me(2')Nal, P-methyl-2'-naphthylaIanine; (3-I)Tyr, 3-Iodotyrosine; (3,5-diI)Tyr, 3,5 
di-Iodotyrosine 
^ The values represent the mean of three independent experiments. The substrate used in 
these experiments was YIYGSFK at a concentration of 55 nM 
* Represent topographical constrain or specific conformation of the P-Me(2')Nal isomer 
in the peptide 
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it was decided to incorporate the unnatural amino acids 3-iodotyrosine and 3,5-

diiodotyrosine (Figure 21), as potential nonphosphorylatable tyrosine tnimetics, at 

position 3 of the lead inhibitory sequence 1. The introduction of these two sterically 

demanding groups ortho to the aromatic hydroxyl group may interfere with the ability of 

this group to engage in productive hydrogen-bonding interactions with the active-site 

residues of the enzyme. This substitution led to the potent peptides 7 and 8 with IC so 

values of 0.13 and 0.54 pM, respectively (Table EX). 

Selectivity is an important advantage of the substrate-based PTK inhibitors, 

because they interact at the peptide-substrate binding pocket rather than the highly 

conserved ATP binding site. Lck and Lyn PTKs were selected as representatives of Src 

family PTKs for the selectivity studies. The cdc.2(6-20) peptide KVEKIGEGTYGVVYK 

{Km = 100 (iM) derived from p34'^'''^", has been reported to be a specific and efficient 

peptide for the Src family PTKs (Cheng et al., 1993). In this study, we decided to use this 

peptide as a substrate to evaluate the selectivity of our inhibitors among Src family PTKs. 

It is because the Lck and Lyn kinase preparations contain some contaminating Ser 

kinases, which preclude the use of YIYGSFK as a substrate. Selectivity studies showed 

very high Lyn/Src selectivity ratios and relatively high selectivity ratios for the peptides 1 

to 6 (Table X). Compounds 7 and 8 were shown to be the most potent inhibitors of p60'^' 

src found in our study, showing no inhibition of Lyn PTK at concentration up to 800 

HM. However, as shown in Table X, they show a poor Lck/Src selectivity ratio which 

may indicate that the role of the iodine atoms may be common in both Src and Lck active 

sites. 
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Table X IC50 values and selectivity ratios of topographically constrained inhibitors 
ofp60'-^PTK 

Peptide IC50 Selectivities 

p60c-src Lck Lyn Lck/Src Lyn/Src 

I 1.0 ±0.2 50±5 >800' 50 >800 
2 2.0 ± 0.2 >800 >800 >400 >400 
3 1.2 ±0.3 260 ±40 >800 220 >670 
4 3.4 ±0.9 470 ±33 >800 140 >240 
5 2.6 ±0.6 220 ± 10 >800 85 >310 
6 1.5 ±0.2 260 ±8 >800 170 >530 
7 0.61 ±0.2 11 ±2 >800 18 >1300 
8 0.76 ± 0.04 11 ±2 >800 14 >1100 

* The values represent the mean of three independent experiments. The substrate used 
in these experiments was cdc.2(6-20) at a concentration of 100 fiM. 

Indicates that no inhibition by these peptides was found even at concentrations above 
800 mM. 
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Discussion 

Advances in molecular understanding of cancer and proliferative diseases have 

led to the identification of PTKs as new signaling targets for drug development. Potent 

and selective inhibitors of PTK (Levitzki and Gazit, 1995) represent a new class of 

therapeutic agents for the treatment of variety of diseases, including cancers. Different 

strategies have been employed to develop synthetic PTK inhibitors. An attractive 

approach to develop PTK inhibitors is to utilize peptide substrates as templates for the 

development of inhibitors. The substrate-based inhibitors might provide greater 

selectivity as the inhibitors compete only with the PTK substrates targeting a specific 

PTK. The peptide inhibitors due to their inability to enter the intact cell may not be good 

as potential drugs, however they provide an excellent tool for investigation of the enzyme 

active site. The peptide inhibitors also are excellent leads for development of cell 

permeable peptidomimetics as potential drugs. 

In this study, I attempted to utilize previously identified peptide inhibitors in our 

laboratory for investigation of the p60'^''"^ F»TK active site. The strategy I employed was to 

perform a 'Topographical scan" of the enzyme active site using topographically 

constrained isomers of a known inhibitor. 

Topography can be defined as the relative, cooperative, three-dimensional 

arrangements of the side-chain groups in polypeptide. The topography of side-chain 

groups plays a critical role in peptide-receptor interactions. The investigation of the 

topographical aspects of bioactive peptides offers great potential in the design of potent 
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and selective peptides (Hruby et al., 1997). This has been shown, in case of highly 

selective ligands for he 5-opioid, melanotropin, and glucagon receptors (Qian et al., 

1996). Topographically constrained isomers of peptide 1 were generated by introduction 

of specially synthesized topographically biased 3-methyl-2'-naphthylalanine isomers 

(Figure 21) at the third position in the peptide 1. These constrained isomers assume a 

specific conformation and thus would be involved in different stereoelectronic 

interactions at the enzyme active site leading to certain variations in their inhibitory 

potency towards p60'^'"^ PTK. However, no significant difference in potency was 

observed for the four isomers (Table DC). Perhaps the results can be explained on the 

basis of previous studies (Lee et al., 1995), which have shown unusual broad active-site 

substrate specificity for p60'^'"^ PTK. This was explained in terms of "dual specificity"; 

i.e., the interaction enzyme-substrate is not fixed to a prescribed site but instead fluctuates 

according to the structural nature of the substrate. This broad specificity was explored in 

terms of the chain length between the phosphorylatable function and the adjacent peptide 

bond, but our results support this hypothesis in terms of topographical space as well. 

These results may suggest that the enzyme p60'^'"^ PTK, unlike some types of membrane-

bound receptors (Qian et al., 1995; Azizeh et al., 1996), is able to perform important 

conformational changes molding itself around the inhibitor during the binding process 

which may avoid, to some extent, the differentiation of distinct topographies on the 

interacting side chains of the inhibitor. 

Introduction of the unnatural amino acids 3-iodotyrosine and 3,5-diiodotyrosine 

(Figure 21), as potential nonphosphorylatable tyrosine mimetics, at position 3 of the lead 
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inhibitory sequence 1 led to the identification two highly potent inhibitors of p60'^'"^ PTK 

(Table DC). This result may indicate a different role of the bulky iodo atoms at the active 

site of p60'^'"^ PTK, which does not involve stereoelectronic effects that could affect the 

hydrogen binding properties of the phenolic OH. These compounds represent the most 

potent substrate-based inhibitors so far. 

Selectivity of inhibitor is critical, as it translates into the toxicity of the potential 

drug derived from that inhibitor. Our selectivity studies on the topographically 

constrained inhibitors using Lck and Lyn PTKs as representatives of Src family PTKs 

show high degree of selectivity for p60'^'®'^ (Table X). The poor Lck/Src selectivity ratios 

for the iodo-containing compounds might reflect similar role of the bulky iodine atoms at 

the Lck active site as at the active site of Src. 

Conclusions 

We have performed a 'Topographical scan" on the p60'^'''^ PTK active site using 

topographically constrained isomers of a known inhibitor. No preference was observed 

for any of the four topographically constrained peptides indicating that the topographical 

requirements at the enzyme active site are flexible. These results have important 

implications for future development of peptidomimetic inhibitors based on the identified 

peptide inhibitors. High potency of iodo-containing inhibitors is critical as it suggests 

importance of bulky atoms for development of potent inhibitors for p60'^""^ PTK. 

The high selectivity of the identified inhibitors for p60'^""^ PTK proves importance of this 

substrate-based inhibitor design approach. 
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IX. IDENTIFICATION OF PEPTIDOMIMETIC SUBSTRATES AND 
INHIBITORS OF p60'-" PTK USING COMBINATORIAL LIBRARY 

TECHNOLOGY 

Introduction 

The advances in the molecular understanding of disease processes have led to the 

recognition that many diseases result from the malfunction of signal transduction 

pathways. This recognition has induced intense research to explore the possibility of 

targeting the aberrant signaling pathways for disease therapy (Levitzki, 1996). 

Signaling for a large number of critical cellular functions is modulated by a variety of 

receptor and nonreceptor protein tyrosine kinases (PTKs) and by their ability to 

phosphorylate tyrosine residues in specific proteins. The importance of tyrosine 

phosphorylation is reflected in the large array of structurally diverse cellular PTKs that 

participate in a wide variety of cellular activities including proliferation, growth, 

differentiation, adhesion, and responses to mitogens and stress (Moodie et al., 1993; 

Davis, 1993; Wu et al., 1993; Gille et al., 1992; Eck et al., 1993; Zhou et al., 1993; 

Hunter et al., 1987). It is therefore not surprising to see that abnormal signaling via PTKs 

has been linked to a number of pathophysiological processes including cancer (Slamon et 

al., 1987; Konopka et al., 1984), atherosclerosis (Raines et al., 1996), psoriasis (Elder et 

al., 1989), and other immunoinflammatry diseases. 

p60'^'^'^, a nonreceptor PTK, is involved in numerous signal transduction pathways that 

are important in cell proliferation and activation of cellular processes (Bolen et al., 1997), 
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and its increased expression has been associated with neoplastic phenotype in connection 

with other transforming genes (Luttrell et al., 1994; Mazurenko et al., 1992; Fanning et 

al., 1992). 

Because the functional perturbation of PTKs seems to be a critical abnormality in 

malignant transformation, the inhibition of tyrosine phosphorylation represents an 

attractive strategy for controlling unregulated growth and aberrant malignant behavior. 

An important aspect of this therapeutic strategy is the target selectivity. In the past few 

years, our laboratory has dedicated a lot of efforts towards development of synthetic PTK 

inhibitors targeting the substrate-binding site of the enzyme (Wu et al., 1996; Lou et al., 

1997;). The substrate-based inhibitor approach had been relatively unexplored for PTKs 

partly due to the lack of good short peptide substrates or lack of specific recognition 

motifs for PTKs. In the past few years, our laboratory (Lam et al., 1995) have 

successfully identified short peptide substrates for p60'^'^'^PTK using the powerful 'one-

bead one-compound' combinatorial technology. Based on the identified peptide substrate 

motifs, we successfully developed peptide inhibitors targeting the active site of p60'^" 

srcpTi^ (Lou et al., 1997). This strategy of developing inhibitors which compete with the 

peptide or protein substrates of PTK has led to the identification of potent and highly 

selective peptide inhibitors for p60'^"^"^ PTK (Alfaro-Lopez et al., 1998). However, the 

identified peptide inhibitors did not show any significant effect on the intact v-src 

transfected 3T3 cells. Peptide inhibitors do not make good drug candidates for 

intracellular targets due to their impermeability to the cell membrane. However, they do 

provide excellent leads for the development of cell permeable peptidomimetic or small 
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molecule inhibitors. In this report, we have described a strategy for the development of 

peptidomimetic substrates and inhibitors based on the previously identified peptide 

binding motifs. 

Our previous data on peptide substrates and inhibitors led us to conclude that -De-

Tyr- are the two critical residues (Figure 22) for the binding of a peptide to the substrate-

binding site of p60'^'^'^PTK (Lou et al., 1996a; Lx)u et al., 1996b; Lou et al., 1997). In this 

report. We synthesized a dedicated mixture-based peptidomimetic library based on the -

Ile-Tyr- motif. The screening of this secondary peptidomimetic library by an on-bead 

screening assay applying the 'iterative' process, led to the identification of 

peptidomimetic substrates. These peptidomimetic substrates proved to be very inefficient 

as substrates. However, when tested as inhibitors for p60'^"^'^PTK, they showed moderate 

inhibitory potency (IC50 = 15-20 ^M). 

Results 

Detailed structure-activity study of an efficient peptide substrate YIYGSFK {Km 

= 55 ^iM) had concluded that He" and Tyr^ were critical for biological activity of this 

peptide (Lou et al., 1996a). Based on the dipeptide motif -De-Tyr-, a secondary library 

was synthesized (XIYXXXX, wherein X = 19 eukaryotic amino acids excluding Cys). 

After screening this secondary library by an on-bead phosphorylation assay more 

efficient peptide substrates (e.g. GIYWHHY, Km = 21 pM) were identified (Lou et al., 

1996b) proving the importance of the dipeptide motif -De-Tyr- for binding to the 

substrate-binding site (Figure 22). Importance of the -De-Tyr- motif for inhibitors of p60'^" 
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Peotide ICsn UM 

Substrate Y lY G S F K' 55 

Substrate — -• G lY W H H V 21 

Substrate E E I Y G E F F * '  45 

Inhibitor — - •  C I  Y K Y  Y F  0.5 

Inhibitor — - •  M I Y K Y Y F  6 

Figure 22. Substrates and inhibitors of protein tyrosine kinase indicating 
importance of dipeptide motif -Ile-Tyr- (-I-Y-) for binding of these peptides to the 
active site of p60''*" PTK. 
^ Lam et al., 1995; Lx>u et al., 1996a and b 
''Songyang et al., 1995 

Unpublished data 
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srcpTK established by development of potent inhibitors based on this motif (Lou et 

al., 1997; Alfaro-Lopez et al., 1998). One of the identified inhibitors, GI(2-Nal)WHHY 

(Lou et al., 1997) showed high selectivity for p60'^'*"PTK over other Src family PTKs 

such as Lck and Lyn. However, the identified peptide inhibitors (Lou et al., 1997; Alfaro-

Lopez et al., 1998) did not show any significant effect on the intact v-src transfected 3T3 

cells due to their impermeability to the cell membrane. I decided to develop potentially 

cell permeable peptidomimetic (MW = 500-700) substrates and inhibitors based on the 

dipeptide motif -De-Tyr-. 

We designed and synthesized a biased peptidomimetic library using -De-Tyr- (-1-

Y-) as a core structure. The structure of this biased peptidomimetic library was R-I-Y-X 

where R represents the alkyl groups (total 96) and X represents all the L and D amino 

acid residues except L and D-cysteine residues. The cysteine residues were excluded 

from the library synthesis to avoid intermolecular disulfide bond formation in the library. 

The library was synthesized in a 96-well format. A single well represented a mixture of 

compounds with a defined R' position at the amino terminus and different L or D amino 

acid residues at the X"* position. Figure 23 describes the synthetic scheme of the 

peptidomimetic library. The first three amino acid residues, X*, Tyr^ and lie" were 

coupled using standard Fmoc synthesis technique. Alkylation at the carboxyi terminus 

(R*) was carried out under the conditions of reductive amination with a variety of 

aldehydes. Figure 24 describes the chemistry of reductive alkylation at the carboxyi 

terminus. 
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Polymeric carrier 

1. X(i.38) aa coupling 
2. Deprotection 

l-M)" 

1. Tyrosine (Y) residue coupling 
2. Deprotection 

1. Isoleucine (I) residue coupling 
2. Deprotection 

l-Y-X, ,.j,rO 

1. Coupling of aldehyde (R) group 
2. Reductive amination 

Figure 23. *Split and Mix' synthetic scheme of the peptidomimetic library with the 
structure R-I-Y-X( i.m )-0. [R represents 96 alkyl groups, X represents all 38 (L and D) 

amino acids except L and D-Cys and O represents the polymeric carrier resin beads]. 
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NaBHaCN 

-CON» :ONH 

Ri = All amino acid residues except cysteine 
R2= Tyrosine residue 
R3 = Isoleucine residue 
R4 = Aldehyde group 

Figure 24. Chemistry of reductive amination in the final step of the peptidomimetic 
library synthesis 
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The peptidomimetic library was screened for p60'^''"^PTK substrates by an on-bead 

phosphorylation-screening assay (Lam et al., 199S). I used a two step 'iterative' strategy 

(Figure 25) for screening of the peptidomimetic library. As each well in the 96-well 

library represented a defmed R' (alkyl) group, the first 'iteration' led to the identification 

of active R groups at the first position. Figure 26 shows an autoradiogram showing solid 

phase phosphorylation of an active R-based mixture compared to certain other inactive R-

based mixtures. Four strong positive R groups were identified. The structures of these 

alky! groups, designated as C4, GIO, H4 and HIO, are shown in figure 27. Each well in 

the primary library represented a defined R (alkyl) group. Each well also represented a 

mixture of R-based compounds with different amino acid residues (38 total) at the 

carboxyl terminus (X'' position). Therefore, in the second 'iteration' I conducted parallel 

synthesis of all possible (total 156) compounds based on the four active alkyl groups. All 

the synthesized compounds were screened using a similar on-bead phosphorylation-

screening assay as in the first 'iteration'. The second screening step led to the 

identification of important amino acid residues at the position. Total 7 strong positive 

compounds were identified as a result of the two-step screening process. Four of the 

identified compounds contain lysine at the X'* position, while others contain valine, 

glycine and phenylalanine at this position. 

The first screen identified certain weak positive R groups in addition to the four 

strong positive R groups. All the positive R groups were then compared to each other in a 

'comparison' screen. An autoradiogram showing comparison of the strong and weak 

positive R groups identified in first screen is shown in figure 28. Similar to the first 
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RrI-Y-X<,.3.,-0 R2-I-Y.X<,.3,,-0 R,.I.Y-X<,3.,-O R*.I-Y.X(,-O 

Screening 1 

Identification of mixture Rj-l-Y-X<t.3g) -O 

Synthesis of R2-based compounds 

R2-I-Y-X( ,,-0 R2-I-Y-X( 2)-0 Rj-I-Y-X< 3,-0 ... ... R2-I-Y-X( 

Screening 2 

Identification of compound R2-I-V-X (15) -O 

Figure 25. Scheme of 'iterative' synthesis and screening of the peptidomimetic 
library. 
R represents the alkyl group and X represents all 38 (L and D) amino acids except L or 
D-Cys. O represents the polymeric carrier bead. Two screening steps are required to 
identify the individual compounds. 
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(A) 
G„-I-Y-X 

(B) 
Gr-I-Y-X 

.> 

r - ' ,  •  -  '  ,  -

•  »  * •  •  ^  *  

W •i--

Negative control 
G„-I-Y-X 

Gu-I-Y-X YIYGSFK 

Figure 26. Autoradiograms of the 'initial screen' 
(A) Identifying the positive sample GIO-I-Y-X and (B) Comparing it with 
negative samples G9-I-Y-X and GI1-I-Y-X . (X = random amino acid residues) 
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Strone positive R BTOUD mixtures Weak positive R mrouo mixtures 

G10 2,3-Thiopheiiedicarboxyaldehycle A6 Anthraldehyde 

^CHO CHO 

cco 
C4 2-chloro-6-nitrobenzaldehycle B1 3-Bromobenzaldehyde 

CHO 9"® 

a. 
H4 3-(4-Tert-Butylphenoxy)benzaldehyde 

CHO 

9 
\} 

( 
CH3 

HIO 3,4,5-Trimethoxybenzaldehyde 

CHjHhCH, 

CHO 

A OMd^^OMe 
OMe 

Figure 27. Structures of strong and weak positive R groups identified in the first 
step of the two step 'iterative' screening protocol 
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A6-I-Y.X GIO-I-Y-X 

w- -

H4-I-Y-X HIO-I-Y-X 

... 
"fi  ' .  

. J* . 

Bl-I-Y-X C4-I-Y-X 

,f -

- f -

V>;-' 

' . .X 

• m  ^  . .V . 

Figure 28. An autoradiogram showing comparison of different R group 
mixtures (A6, GIO, 114, HIO, Bl, C4) identified in initial screen 
(Structures of R groups- refer to figure 27, X = random amino acid residues). 
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screen, the second screen identifled certain weak positive compounds in addition to the 7 

strong positive compounds. A detail analysis of the two-step screening process is shown 

in Figure 29. Table XI shows the analysis of the positive compounds identified in the 

second screening step. 

All the identified strong positives compounds were synthesized in solution-phase 

and tested for their efficiency as substrates for p60'^'''^PTK using a thin layer 

chromatography assay (Lam et al., 1995). None of the compounds showed efficient 

phosphorylation in solution phase. However, when tested as inhibitors for p60'^"®'^PTK 

using YIYGSFK (Lam et al., 1995) as a substrate, good inhibition was observed for some 

of the compounds. Figure 30 shows inhibition observed with compounds at 100 |iM 

concentration using YIYGSFK as a substrate. IC50 values of the identified inhibitors 

using YIYGSFK as a substrate are shown in table Xn. 

The identified peptidomimetic compounds have tetrameric structures (R-I-Y-X). 

Total loss of phosphorylation in the on-bead phosphorylation assay was observed for 

most of the peptidomimetics when the De' in these compounds was deleted. However, the 

compound GIO-I-Y-K retained phosphorylation even on deletion of He". The trimeric 

compound GIO-Y-K showed moderate inhibitory activity (Figure 29 and table XII) with 

an IC50 value of 39 nM. 

I also tested the compound GlO-l-Y-K for its inhibitory activity using substrates 

of p60'''^'^FTK other than YIYGSFK. The inhibition curves for inhibitor GIO-I-Y-K using 

two different substrates YIYGSFK and cdc.2(6-20) are shown in figure 31. 
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Peptidomimetic library Structure : R(i.96)-I-Y-Xaa(i.i9) 
(R- aldehyde group, Xaa- amino acid residue) 

Step 1; Identification of R (aideliyde) groups 

Library 
Initial Screen 

(96 R mixtures*) 

R groups Negative PiKitive 

Comparison screen" 

1 (19 R mixtures^ 

R groups Weak Positive Strong Positive => (4 R mixtures) 
(A6, BD" (C4, GIO, H4, HIO) " 

i Step 2; Identification of X aa (amino acid) 

RfUed-I-Y-XLorDaa** (156 CoBlOOUnds) 

Initial screen/ 

(20 compounds) Negatives Pq^itives 

Comparison Screen'' 

Weak Positives Strong Positives =^> (7 compounds) 

Figure 29. Analysis of the two step 'iterative' screening of the peptidomimetic 
library 
* Each R mixture is a mixture of 38 compounds with all L or D amino acid residues at 

the carboxyl terminus (except cysteine residues) with a defined R group 
*• Individual compounds synthesized by fixing the four identified R groups at the 

amino terminus and the 38 amino acids at the carboxyl terminus 
The positive compounds identified in the initial screen are compared for their activity 
in a single experiment 

'' Structures of these aldehyde groups are shown in figure 26. 
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Figure 30. Inhibition of substrate (YIYGSFK) phosphorylation observed in 
presence of 100 fiM of identified (R-I-Y-X and R*Y-X) compounds. 
(R = aldehyde group, X = Amino acid residue) The inhibition assays were carried out in a 
final volume of 20 |il containing the assay buffer. The concentration of peptidomimetic 
compounds used was 100 jiM. The substrate used in the experiment was YIYGSFK at 55 
fiM (equal to the Km value of the substrate). The concentration of p60'^"^"'' PTK was 30 
units/ml (9(K),000 units/mg). The concentration of [y^'FJATP was 10 ^iM. The 
concentration of the inhibitor GIO-I-Y-K used was 20, 10, 5, 2.5 jiM. The reactions were 
allowed to proceed for 10 min and were stopped with 20 ^.1 of 150 mM phosphoric acid. 
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Table XI. Analysis of compounds identified in the second screening step 

Strong Positive compounds* Weak positive compounds* 

GIO-I-Y-K GIO-I-Y-A 
H4-I-Y-K GIO-I-Y-R 
HIO-I-Y-K GIO-I-Y-G 
C4-I-Y-K GIO-I-Y-L 
H4-I-Y-G H4-I-Y-A 
H4-I-Y-F H4-I-Y-R 
H4-I-Y-V H4-I-Y-m 
H4-I-Y-q 
C4-I-Y-A 
C4-I-Y-R 
C4-I-Y-I 
HIO-I-Y-G 
HIO-I-Y-A 

Analysis of positive compounds was based on the number and intensity of positive 
beads 
* Structures of the aldehyde groups GIO, H4, HIO and C4 are shown in figure 27 
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Table XII ICso values of the peptidomimetic inhibitors based on GIO and H4 

Peptidomimetic* structure IC50 

1 GIO-I-Y-K 18 ±2 
2 H4-I-Y-K 17 ±3.3 
3 H4-I-Y-V 39 ± 4.2 
4 H4-I-Y-F 22 ± 3.8 
5 GIO-Y-K 38 ±4.5 

* Structures of the aldehyde groups GIO, H4, HIO and C4 are shown in figure 27. 
** The values represent the mean of two to three independent experiments. The substrate 
used in these experiments was YIYGSFK at a concentration of 55 (iM 
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Figure 31. Inhibition curves for inhibitor GIO-I-Y-K in presence of two different 
substrates, YIYGSFK (Km = 55 ^M) and cdc.2(6-20) {Km = 100 ̂ M). 
The phosphorylation assays were carried out in a final volume of 20 |il containing the 
assay buffer. The substrates used in the experiment were YIYGSFK at 55 ^iM and 
cdc2.(6-20 (iM) at ICQ }iM (equal to the Km values of the substrates). The concentration 
of p60'^ '"^ FTK was 30 units/ml (900,000 units/mg). The concentration of [y~P]ATP was 
10 ^iM. The concentration of the inhibitor GIO-I-Y-K used was 20, 10, 5, 2.5 fiM. The 
reactions were allowed to proceed for 10 min and were stopped with 20 ^1 of 150 mM 
phosphoric acid. 
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Discussion 

Cancer drug discovery is one of the most rapidly changing areas. There has been a 

recent shift of emphasis toward novel mechanistic targets that have emerged as a direct 

consequence of the intense study of the underlying pathological alterations in the 

molecular machinery of signaling pathways associated with the cancerous state. Src 

family protein tyrosine kinases due to their association with cell transformation and 

carcinogenesis are excellent targets for anti-cancer drug discovery. PTK inhibitors 

selectively targeting PTKs could potentially be of great therapeutic value. Such inhibitors 

may also be useful in deciphering the complexities of various signaling pathways. 

A number of strategies have been employed to develop PTK inhibitors. Our laboratory 

has dedicated a lot of efforts towards development of PTK inhibitors targeting the 

substrate-binding site. Selectivity may be a major advantage of peptide substrate-based 

inhibitors as they compete only with the peptide or protein substrate, thus, specifically 

targeting a single PTK. Our laboratory has reported the development of potent and highly 

selective peptide inhibitors of p60'^"^"^PTK (LXJU et al., 1997; Alfaro-Lxjpez et al., 1998). 

These peptide inhibitors though invaluable as a tool for investigation of the enzyme in in 

vitro studies (Alfaro-Lopez et al., 1998), did not show any significant effect on the intact 

v-src transfected 3T3 cells, probably due to their inability to penetrate the cell membrane. 

Since the catalytic domain of p60'^'''^PTK is intracellular, an inhibitor should be cell 

permeable to be effective under physiological conditions. Peptidomimetics or small 

molecules unlike peptides may contain lipophilic, aromatic or heterocyclic structures that 

allow them to cross the cell membranes, making them ideal candidates for drug 
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development. Another major advantage of peptidomimetics is that unlike peptides they 

are resistant to peptidases. Peptide inhibitors might not be good candidates for drug 

development but they provide excellent leads for the development of peptidomimetic or 

small molecule inhibitors targeting the substrate-binding site. In this report, I have 

applied a similar strategy for the development of peptidomimetic substrate and inhibitors 

for p60'^'''"^PTK. Our data from the peptide substrates (Lam et al., 1995; Lou et al., 1996a) 

and peptide inhibitors (Lou et al., 1997) led to the identification of a dipeptide motif -De-

Tyr- (-I-Y-) critical for binding of these peptides to the active site of p60'^"''^PTK (Figure 

22). Using this motif -I-Y- as a core, we designed and synthesized a biased mixture-

based peptidomimetic library. We used the 'one-bead one-compound' split and mix 

approach for synthesis of this peptidomimetic library (Figure 23). However, I used the 

'iterative' approach for the two-step screening (Figure 25). The 'iterative' approach was 

selected for screening due to a number of reasons. We have already identified the critical 

motif (-I-Y-), which is required for binding. Therefore, screening of the biased 

peptidomimetic library for a peptidomimetic substrate is a lead optimization process. The 

'iterative deconvolution' is an excellent strategy for lead optimization as it emphasizes 

identification of important active residues at a specific position in the compound. The 

goal of our lead optimization was to identify critical alkyl groups and amino acid residues 

on either side of the motif -I-Y-. Another important reason for using the 'iterative' 

approach is that structure determination of the active compound is not required in this 

approach unlike the 'one-bead one-compound' screening approach. As the 

peptidomimetics do not have a free amino groups at the amino terminus for Edman 



146 

degradation they can not be sequenced like peptides excluding the possibility of 

application of the 'one-bead one-compound' screening strategy instead of the 'iterative' 

strategy. 

Using the 'iterative deconvolution' screening strategy (Figure 29), I identified 

four Important alkyl groups (R*) at the first position in the 'first iteration' (Figure 27). As 

the original library was a mixture-based library with a defined R' in each screened 

sample, individual compounds based on the identified four R groups were synthesized 

and screened. This 'second iteration' led to the identification of individual active 

compounds (Table XI). Four of the strong positive compounds contain positively charged 

lysine residue at the carboxyl terminus. This result is consistent with our previous peptide 

inhibitor data where we identified a tetrameric moderately potent peptide inhibitor C-I-Y-

K with lysine residue at the carboxyl terminus (chapter Vn - Table VHI). 

Screening and identification of peptidomimetic substrates was accomplished by a 

solid phase on-bead phosphorylation assay. The strong {wsitive compounds identified by 

the solid phase phosphorylation assay did not show efficient phosphorylation in solution 

phase indicating their inefficiency as substrates for p60'^"^"^PTK. These compKiunds, 

however, showed good inhibitorj' activity (Figure 30 and Table XII) when tested as 

inhibitors for p60'^"''"^PTK using YIYGSFK as substrate (IC50 = 15-40 nM). One of the 

identified compounds GIO-I-Y-K when tested as an inhibitor showed good inhibitory 

activity with two different peptide substrates, YIYGSFK and cdc2.(6-20), of p60'^'®'^FTK 

(Figure 31). 
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Identification of the trimeric compound GIO-Y-K as a moderate inhibitor p60'^' 

srcpTK is the most critical finding of this study (table XII). This compound may be cell 

permeable due to its low molecular weight (< 500). This compound, GIO-Y-K may serve 

as an important lead for the development of more potent, trimeric and potentially cell 

permeable peptidomimetic inhibitors for p60'^'^"^PTK. The identified inhibitors are 

currently being tested for their effects on v-src transfected 3T3 cells. The preliminary 

results are encouraging. However, the lysine (K^*) residue at the carboxyl terminus of 

these inhibitors might adversely affect the cell permeability of these inhibitors. Presence 

of lysine or any other natural amino acid residue at the carboxyl terminus also leaves the 

inhibitor susceptible to intracellular carboxyl peptidases reducing their bioavailability. 

Therefore, currently we are investigating the possibilities of substituting the lysine (K"*) 

residue with certain unnatural amino acid residues or peptidomimetic structures. We are 

also exploring the possibilities of substituting the tyrosine residue with certain unnatural 

tyrosine mimetics. Thus, a lot of work still needs to be done to optimize the identified 

inhibitors to improve their potency and cell permeability. 

The 'one-bead one-compound' (Selectide process) is a parallel approach and is 

ideal for identification of novel peptide motifs. This approach identifies all possible 

motifs in parallel. The major limitation of the 'one-bead one-compound' library approach 

is requirement of sequencing of the identified compounds by Edman degradation to 

determine their stmcture, thus limiting application of this approach mainly to peptides. 

The 'iterative decovolution' (Houghten et al., 1991) library approach is a convergent 

approach and may not be ideal for initial lead identification as it identifies a limited 
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number of motifs. However, it is an excellent choice for lead optimization as it 

emphasizes activity of individual groups at a specific position in the compound. Thus, 

'iterative deconvolution' (Geysen et al., 1986; Houghten et al., 1991) can be effectively 

utilized for optimization of positions surrounding a specific lead. The 'iterative 

deconvolution' approach is also an excellent choice for the development of 

peptidomimetic or small molecule leads (Houghten et al., 1999), as structure 

determination of the active compounds is not required in this approach. The differences 

in the two approaches actually make these approaches complementary to each other. We 

have developed a "Combinatorial Model" (Figure 32) by combining these two 

approaches at different phases of the •p60'^"^"^PTK substrate-based inhibitor' project. We 

utilized the amazing synthesis and screening power of the 'one-bead one-compound' 

library approach for initial identification of peptide motifs of substrates and inhibitors of 

p60'^^"^PTK (Lam et al., 1995, Lou et al., 1997, Alfaro-Lopez et al., 1998). Using a 

peptide library instead of a small molecule library is appropriate at this initial stage, as 

identified peptides, unlike small molecules, can be easily microsequenced by Edman 

degradation. Once the identiflcation of critical motif was complete, we optimized the 

peptide lead into a peptidomimetic by identification of critical alkyi groups for positions 

surrounding the identified peptide motif. The 'iterative deconvolution' library approach 

was used in this second step to utilize the excellent optimization ability of the iterative 

approach. The fact that structure determination of the active peptidomimetic compound is 

not required in the iterative process was another major advantage of using 'iterative' 

approach at the second stage of lead optimization. 
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One step screen 

Multistep Iterative' screen 

Peptidomimetic Leads 
Substrates/Inhibitors of PTK 

Peptide Leads 
Substrates/Inhibitors of PTK 

Cell-free System Investigations 
- Structure Activity Relationship 
- Selectivity 

Cell Svstem Investigations 
• Assessment of effects on cells 
• Mechanism of effects on cells 

Identification of Peptide Motif Critical for Activity 

Iterative' Peptidomimetic Combinatorial Library 
Library (dedicated) structure: Ri-O-O-Rj 

One-bead One-compound Combinatorial Peptide Library 
Library structure: X-X-X-X-X-X-X 

Structure-Activity RelationsiilD Study 
• 'Alanine' scan 
- Deletion' and Truncation' scan - 'Global' constraints (cyclization) 
- Single and Multiple substitutions - 'Local' constraints (specialized AA) 

- Conformational (D-amino acid) scan 

CPOTENTIAL DRUG 
(PTK inhibitors) 

Figure 32. A 'Combinatorial* Model for the development of protein 
tyrosine kinase (PTK) inhibitors 
X = Random amino acid residue, O = Fixed amino acid residue, 
R = Peptidomimetic groups, AA = Amino acid residue 
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The strategy of combining the two approaches - the 'one-bead one-compound' and the 

'iterative' approach at different phases of the project is very advantageous. It capitalizes 

on the major advantages of both the approaches and at the same time avoids limitations 

of both. Figure 32 describes the two-step "Combinatorial Model" for the development of 

substrate-based PTK inhibitors as potential anti-cancer drugs. 

Conclusions 

We have developed an effective and expeditious strategy for converting peptide 

leads into peptidomimetic leads using a combination of two combinatorial library 

methods the 'one-bead one-compound' and the 'iterative deconvolution' method. The 

peptidomimetic inhibitors for p60'^'®'^PTK identified in this report are moderately potent 

with IC50 values in the range of 20 to 40nM. A lot of work still needs to be done to 

optimize these inhibitors in terms of their potency and cell permeability. 

We have generated an excellent model for the development of peptidomimetic 

inhibitors for PTKs using a combination of two combinatorial methods, the 'one-bead 

one-compound' and the 'iterative decon volution' method. The 'one-bead one-compound' 

library approach is utilized for initial identification and development of a novel peptide 

lead. The identified peptide lead is then optimized to generate a peptidomimetic lead 

using the 'iterative deconvolution' library method. We have successfully identified 

peptidomimetic inhibitors for p60'^""^PTK using the two-step "Combinatorial Model" 

(Figure 32). This simple and efficient model can be utilized for expeditious development 

of substrate-based peptidomimetic inhibitors for other PTKs. 
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X. DEVELOPMENT OF CELL-PERMEABLE PSEUDOSUBSTRATE-BASED 
PEPTnX>MIMETIC INHIBITORS OF p60'-^ PTK 

Introduction 

In cancer drug discovery, there has been a recent shift of emphasis toward novel 

mechanistic targets. These targets have emerged as a direct consequence of the intense 

study of the underlying pathological alterations in the molecular machinery of signaling 

pathways associated with the cancerous state. 

Protein tyrosine kinases (PTKs), one of such targets, play a central role in signal 

transduction cascades. PTKs are key enzymes, which by virtue of tyrosine 

phosphorylation control important signaling events associated with differentiation, cell 

cycle control, cell growth, adhesion and responses to mitogens and stress (Parsons and 

Parsons, 1997; Erpel and Courtneidge, 1995). Distinct PTKs are implicated in diverse 

conditions such as angiogenesis (Shawver et al., 1997), restenosis (Mattsson et al., 1995), 

atherosclerosis (Raines et al., 1996) and cancer (Ottenhoff-Kalf et al., 1992). Therefore, 

the development of PTK inhibitors has been has been considered a promising approach 

for the design of antiproliferative drugs. 

Because the deregulation of tyrosine phosphorylation seems to be a critical 

abnormality in malignant transformation, the inhibition of PTKs represents an attractive 

therapeutic strategy for cancer. Specific and potent PTK inhibitors not only represent a 

new class of anticancer agents but may also be used as a powerful research tool, to study 
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the role of PTK-dependent cellular pathways in normal or tumor cells, and to deconvolute 

the complex signal transduction pathways. Large number of PTKs that have been 

described and the high structural homology between the PTKs has been the major 

obstacle to development of selective inhibitors of PTKs. Despite these difficulties several 

selective PTK inhibitors have been identified targeting specific receptor tyrosine kinases 

such as epidermal growth factor receptor (EGF-R) (Traxler et al., 1996), platelet-derived 

growth factor receptor (PDGF-R) (Kubo et al., 1997), and fibroblast growth factor 

receptor (FGF-R) (Barvian et al., 1997). We, in our laboratory, have dedicated a lot of 

effort towards development of compounds that could selectively modulate activity of a 

non-receptor PTK, p60"= '"= PTK. 

p60'^'®'^PTK, the product of the first molecularly defined protooncogene, is 

thought to play a critical role in mediating cell proliferation, mitotic events and can 

aberrantly activate signaling pathways leading to neoplastic phenotype. A number of 

primary tumors and tumor cell lines from patients with colon cancer (Bolen et al., 1987), 

breast cancer (Luttrell et al., 1994), lung cancer (Mazurenko et al., 1992), bladder cancer 

(Fanning et al., 1992), melanoma (Bamekow et al., 1987), leukemia (Lynch et al., 1993) 

and neuroblastoma (Bjelfman et al., 1990) have been shown to have elevated src kinase 

activity. Therefore, an inhibitor of p60'^'®"^ activity has potential utility as a therapeutic 

agent. 

Different strategies have been employed for the development of synthetic PTK 

inhibitors (Garcia-Echeverria et al., 2000; Pacofsky et al., 1998). Selectivity is a major 

concern for any type of inhibitor as it directly correlates to toxicity of that inhibitor in 
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clinical setting. We, in our laboratory, have developed a substrate-based inhibitor 

approach, which may provide a high degree of selectivity. In the past few years, using the 

'one-bead one-compound' combinatorial library approach (Lam et al., 1991), we reported 

the development of potent and highly selective substrate-based peptide inhibitors of p60'^' 

PTK (Lou et al., 1997; Alfaro-Lopez et al., 1998). A dipeptide motif -De-Tyr- (-I-Y-) 

was determined to be critical for biological activity of the identified peptide substrates 

and inhibitors (Lou et al., 1996a). Recently, we synthesized a biased mixture based 

peptidomimetic library using the dipeptide motif -De-Tyr- (-I-Y-) as the core structure. 

The structure of the synthesized peptidomimetic library was R-I-Y-X where R represents 

an alkyl group and X represents an amino acid residue (all L and D amino acid residues 

except the L or D cysteine residue were used in the library synthesis). Screening of this 

peptidomimetic library by the 'iterative deconvolution' approach (Geysen et al., 1986; 

Houghten et al., 1991) led to the identification of certain very inefficient substrates of 

p60'^'"'^ PTK. However, the identiHed compounds were determined to be moderately 

potent inhibitors of p60'^'^"^ PTK with IC50 values in the range of 20 to 40nM. 

In this study, I have investigated the identified peptidomimetic inhibitors in an effort to 

improve the potency and cell permeability of these inhibitors. Few of the identified 

inhibitors were evaluated for their selectivity among src family PTKs. The inhibitors 

were also assessed for their effects on v-src transfected 3T3 cells and certain other cancer 

cell lines. 
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Results 

The substrate-based peptidomimetic inhibitors of PTK identified in our 

laboratory have a tetrameric structure R-I-Y-K. Certain other amino acid residues were 

also identified in place of lysine'*. However, inhibitors containing lysine at the position 4 

were shown to be more potent than inhibitors containing other residues at this position. 

The identified compounds (R-I-Y-K) were compared for their inhibitory activity at 40 

fiM concentration. Figure 33 shows comparison of inhibitory potency of five identified 

inhibitors with different R (aldehyde) groups at the amino terminus. To improve the 

inhibitory potency and cell pemieability of the identified inhibitor, I investigated the two 

most potent inhibitors GIO-I-Y-K and A6-I-Y-K by conducting a structural activity 

relationship study on these inhibitors. The structures of the two identified R (aldehyde) 

groups, GIO and A6, and the IC50 values of the inhibitors (R-I-Y-K) containing these 

groups are shown in figure 34. I synthesized a series of analogues of these inhibitors to 

evaluate contribution of certain aspects of the inhibitors to their inhibitory activity and 

cell permeability. 

The GIO structure (Figure 34) in the GIO-I-Y-K inhibitor is interesting as it has 

one free aldehyde group after amine bond formation of other aldehyde group of GIO with 

free amino group of the He* residue. We synthesized four analogues of GIO-I-Y-K by 

substituting GIO with GlO-mimetics (Figure 34). The GlO-mimetics differed from GIO 

group in the availability of free aldehyde group (after amine bond formation with the lie" 

residue) or in the location of free aldehyde group (Figure 35A). These compounds were 

compared for their inhibitory activity towards p60*^"^"^ PTK at 40 jiM concentration of the 
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Figure 33. Comparison of inhibition by five R*>I-Y-K compounds at 40 
concentration 
* R is an aldehyde group. Five aldehyde groups (GIO, H4, HID, C4 and A6) were 
identified in the initial screening of the peptidomimetic library. The structures of these R 
groups are shown in figure 27. 
The inhibition assays were carried out in a final volume of 20 ^tl containing the assay 
buffer. The concentration of the inhibitors (R-I-Y-K) was 40 (iM. The substrate used in 
the exp>eriment was YIYGSFK at 55 (iM (equal to the Km value of the substrate). The 
concentration of p60'^'^'^ PTK was 30 units/ml (900,000 units/mg). The concentration of 
[Y^-P]ATP was 10 fiM. The reactions were allowed to proceed for 10 min and were 
stopped with 20 nl of 150 mM phosphoric acid. The phosphorylation of YIYGSFK by 
p60^'^'^ PTK in the absence of any inhibitors was used as a control (100%). The data 
presented here are mean ± SD (n=2) 
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Figure 34. Structures of GIO and A6 and IC50 values of compounds G10-I>Y*K and 
A6-I-Y-K 
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inhibitor using YIYGSFK (Lam et al., 1995) as substrate. Total loss of inhibitory activity 

(Figure 35B) was observed on the removal of free aldehyde group from GIO. The 

compound containing the GlO-mimetic with the free aldehyde group located at a different 

position showed similar inhibitory activity as the compound GIO-I-Y-K. This suggested 

that the free aldehyde groups of GIO and GlOc might be involved in critical interactions 

at the enzyme active site. 

An important strategy for the development of substrate-based inhibitors for PTKs 

is to replace the tyrosine residue of the substrate with nonphosphorylatable tyrosine 

mimetics. We synthesized a series of analogues of GIO-I-Y-K by substitution of Tyr^ 

residue with tyrosine mimetics. Interestingly, the peptidomimetic containing the P-

phenylalanine group in place of Tyr^ showed improved inhibitory potency (Figure 36). 

None of the other tyrosine mimetic' analogues showed any improvement in inhibitory 

potency. Figure 37 shows comparison of the inhibition curves of certain tyrosine 

mimetic' analogues of GIO-I-Y-K. The compound GlO-I-(P-Phe)-K with the IC50 value 

of 8 ^iM contains two structural isomers of this compound. We could separate and purify 

the two isomers [G10-I-(P-Phe)-Ki and G10-I-(P-Phe)-K2] of G10-I-(p-Phe)-K by RP-

HPLC (reverse phase-high performance liquid chromatography) analysis. The fact that 

they were isomers of G10-I-(P-Phe)-K was confirmed by mass spectrometry (MS) 

analysis. These isomers when tested separately as inhibitors showed some difference in 

their IC50 values (Figure 36). The inhibitory potency of the individual isomers was 

determined to be less than the original compound containing both the isomers (Figure 

36). 
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Figure 35. Comparison of inhibition by "GlO-mimetic" analogues of GIO-I-Y-K at 
40 p.M concentration. 
(A) Stmctures of GlO-mimetics (B) IC50 values of GIO mimetics. 
The inhibition assays were carried out in a final volume of 20 )il containing the assay 
buffer. The concentration of the inhibitors was 40 pM. The substrate used in the 
experiment was YIYGSFK at 55 fiM (equal to the Km value of the substrate). The 
concentration of p60'^'^'^ PTK was 30 units/ml (900,000 units/mg). The concentration of 
[y-P]ATP was 10 pM. The reactions were allowed to proceed for 10 min and were 
stopped with 20 fil of 150 mM phosphoric acid. The phosphorylation of YIYGSFK by 
p60'^''"^ PTK in the absence of any inhibitors was used as a control (100%). The data 
presented here are mean ± SD (n=2) 
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Figure 36. ICso value comparison of *^yr^ mimetic" analogues (G10-I-X>K) of 
inhibitor GIO-I-Y-K. (Nal, Naphthylalanine; p-Phe, ^-phenylalanine) 
The inhibition assays were carried out in a final volume of 20 containing the assay 
buffer. The substrate used in the experiment was YIYGSFK at 55 ^lM (equal to the Km 
value of the substrate). The concentration of p60'^'''"^ PTK was 30 units/ml (900,000 
units/mg). The concentration of [^"PIATP was 10 fiM. The reactions were allowed to 
proceed for 10 min and were stopped with 20 ^1 of 150 mM phosphoric acid. The 
phosphorylation of YIYGSFK by PTK in the absence of any inhibitors was used 
as a control (100%). The data presented here are mean ± SD (n=2) 
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Figure 37. Comparison of inhibitory activity of four **Tyr^ mimetic" analogues 
(GIO-I-X-K) of inhibitor GIO-I-Y-K [X is - (Y), tyrosine; (nal), naphthylalanine; 
(P-Phe), P-phenylalanine; (F,) L-phenylalanine]. 
The inhibition assays were carried out in a final volume of 20 ^1 containing the assay 
buffer. The substrate used in the experiment was YTVGSFK at 55 nM (equal to the Km 
value of the substrate). The concentration of p60'^"®'^ PTK was 30 units/ml (900,000 
units/mg). The concentration of [y^'PIATP was 10 ^M. The reactions were allowed to 
proceed for 10 min and were stopped with 20 ^il of 150 mM phosphoric acid. The 
phosphorylation of YIYGSFK by p60'^'''"^ PTK in the absence of any inhibitors was used 
as a control (100%). 
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We synthesized and tested a shorter analogue of G10-I-(P-Phe)-K by deleting the 

lie" residue from this compound. The compound G10-0-Phe)-K without the De^ residue 

still retains inhibitory activity (Table XIH). This result is consistent with our previous 

results comparing the inhibitory activity of GIO-I-Y-K (IC50 = 15 ^iM) and GIO-Y-K 

(IC50 = 30 ^iM) compounds. Thus, we have identified a trimeric inhibitor of p60'^'^'^ PTK, 

G10-(P-Phe)-K with moderate inhibitory potency (IC5o= 12 jiM). 

Both the compounds GIO-I-Y-K and A6-I-Y-K contain lysine residue at position 

4. All the strong positive compounds identified in the initial screening also contained 

lysine residue at this position (Figure 33). Thus, the lysine (K'') residue in the GIO-I-Y-K 

compound seems to be important for inhibitory activity of the compound. We decided to 

investigate the contribution of the positively charged lysine (K^) residue to the inhibitory 

activity of compound GIO-I-Y-K. We synthesized a series of analogues of GIO-I-Y-K by 

deleting, adding or substituting the lysine (K"*) residue in this compound. The analogues 

were compared for their inhibitory activity at a concentration of 40 ^iM using YIYGSFK 

as substrate. Total loss of inhibitory activity was observed when the lysine (K'*) residue 

was deleted from GIO-I-Y-K (Figure 38). Increased positive charge at the carboxyl 

terminus by addition of lysine residues (compounds GIO-I-Y-KKK and GIO-Y-KKK) led 

to increased inhibitory activity (Figure 38). A cysteine residue was found to be critical for 

few of our previously identified peptide inhibitors, for example, CIYKYY (IC50 = 0.5 

HM). Therefore, we synthesized compounds by substitution of the lysine (K"*) residue 

with L and D cysteine residue. The cysteine containing compounds showed total loss of 

inhibitory activity (Figure 38). Thus, the positive charge of lysine (K"* or K^) residue 
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Figure 38. Comparison of inhibition by "lysine^ substitution" analogues of GIO-I-Y-
K at 40 |iM concentration. 
The inhibition assays were carried out in a final volume of 20 p.1 containing the assay 
buffer. The concentration of the inhibitors was 40 |iM. The substrate used in the 
experiment was YIYGSFTC at 55 ^iM (equal to the Km value of the substrate). The 
concentration of p60'^ "'^ PTK was 30 units/ml (900,000 units/mg). The concentration of 
[y-P]ATP was 10 nM. The reactions were allowed to proceed for 10 min and were 
stopped with 20 (i.1 of 150 mM phosphoric acid. The phosphorylation of YIYGSFK by 
p60'^^'^ PTK in the absence of any inhibitors was used as a control (1(X)%). The data 
presented here are mean ± SD (n=2) 
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Table xm Comparison of in-vitro and in-vivo effects of trimeric and tetrameric 
peptidomimetic inhibitors of p60''^ PTK 

Structure* in vitro IC50 nM* in vivo IC50 JiM** 

YIYGSFK cdc.2 v-src-3T3 

1 GIO-IYK 1 8 ± 2  22 ± 5.6 c 

2 GlO-IyK 1 5 ± 2  4 5  ± 6  -

3 G10-I(P-Phe)K, 22 ± 1 40 ±3.6 -

4 G10-lO-Phe)K2 1 3 ±  1 . 1  36 ±2.1 -

5 A6-IYK 1 4 ± 2  25 ± 1.5 -

6 GIO-Y-K 30 ± 1.2 25 ± 2.6 -

7 G10-(P-Phe)-K 1 2 ± 2  30±4.1 -

8 A6-(P-Phe)-Dpr 13 ±2.8 4 5  ± 7  90± 17 

9 A6-(P-Phe)-Thi >160 = ND"* 46 ± 8.4 

10 A6-(p-Phe)-thi >160^ ND"^ 25 ± 2.5 

12 A6-(p-Phe)-f >160' ND*" 33 ± 3.4 

*The values represent the mean of three independent inhibition experiments based on in vitro 
phosphorylation of a substrate. YIYGSFK and cdc.2(6-20) at a concentration of 55 }iM and 100 
HM respectively, were used as substrates. The concentration of p60'^ "^ PTK was 30 units/ml 
(900,000 units/mg). The concentration of [y^'FJATP was 10 ^M. 
** The values represent the mean of three independent experiments based on cell proliferation 
as assessed by MTT proliferation assays 
P-Phe, p-phenylalanine; (2')nal, 2-naphthylalanine; Thi, L-thiophenol; thi, D-thiophenol; Dpr, 

diaminopropionic acid 
** v-src transfected 3T3 cells 

No effect observed in MTT assays 
ND'^ Not done 
" IC50 value could not be reached at 160 concentration. Assays at higher concentrations were 
not conducted due to precipitation of the compounds at such concentrations 
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seems to be absolutely critical for the in vitro inhibitory activity of the compounds R-I-Y-

K and R -Y-K. However, the positively charged lysine (K'* or K^) residue might adversely 

affect the cell permeability of these compounds. Additionally, as lysine is a natural amino 

acid, presence of this residue at the carboxyl terminus makes the compounds R-I-Y-K or 

R-Y-K susceptible to intracellular carboxyl peptidases. We decided to explore the 

possibility of replacing the lysine (K^) residue with either positively charged but 

unnatural amino acids or with certain natural and unnatural tyrosine mimetic groups. We 

synthesized a series of lysine^ substitution' analogues of compound A6-(P-Phe)-K. These 

analogues were compared for their inhibitory activity toward p60'^'"^ PTK at a 

concentration of 20 jiM (Figure 39). Most of the analogues containing positively charged 

residues in place of lysine^ showed inhibitory activity indicating importance of a 

positively charged residue at this position. However, some of the inhibitors identified 

from this series contain positively charged unnatural amino acids in place of lysine^, such 

as compound A6-(3-Phe)-Dpr (Dpr, diamine propionic acid) (IC50 = 15 ^iM) or the D-

lysine containing compound A6-(P-Phe)-k (Table XIII). The presence of an unnatural 

amino acid residue at the carboxyl terminus would make these inhibitors resistant to 

carboxyl terminus peptidases improving bioavailability of these inhibitors in vivo. 

Selectivity is an important advantage of the substrate-based PTK inhibitors, 

because they interact at the peptide-substrate-binding pocket rather than the highly 

conserved ATP binding site. Lck and Lyn PTKs were selected as representatives of Src 

family PTKs for the selectivity studies. The cdc2(6-20) peptide KVEKIGEGTYGVVYK 

(Km = 100 |iM) derived from p34'^'''^~, has been reported to be a specific and efficient 
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Figure 39. Comparison of inhibition by 'iysine^ substitution" analogues of A6-(P-
phe)-K at 20 concentration. 
The inhibition assays were carried out in a final volume of 20 (il containing the assay 
buffer. The concentration of the inhibitors was 20 ^M. The substrate used in the 
experiment was YIYGSFK at 55 ^iM (equal to the Km value of the substrate). The 
concentration of p60'^'^'^ PTK was 30 units/ml (900,000 units/mg). The concentration of 
[y-p]ATP was 10 (iM. The reactions were allowed to proceed for 10 min and were 
stopped with 20 p.! of 150 mM phosphoric acid. The phosphorylation of YIYGSFK by 

PTK in the absence of any inhibitors was used as a control (1(X)%). The data 
presented here are mean ± SD (n=2) 
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peptide for the Src family PTKs (Cheng et al., 1993). In this study, I decided to use this 

peptide as a substrate to evaluate the selectivity of our inhibitors among Src family PTXs. 

It is because the Lck and Lyn kinase preparations contain some contaminating Ser 

kinases, which preclude the use of YIYGSFK as a substrate. Selectivity studies showed 

high Lck/Src selectivity ratios for some of the identified compounds (Table XIV). 

Most of the previously identified peptide inhibitors did not show any significant 

effect on intact v-src transfected 3T3 cells (Lxju et al., 1997). This, probably, was due to 

the inability of the peptide inhibitors to penetrate the cell membrane. The peptidomimetic 

inhibitors identified in this study, however, showed significant effects on v-src 

transformed 3T3 cells and certain other cancer cell lines (Table XIV and XV). The 

refractile, spindle shaped morphology of v-src transformed 3T3 cells is characteristic of 

its oncogenic transformation. Reversion of this cancerous morphology of v-src 

transformed 3T3 cells was observed when these cells were exposed to the tetrameric R-I-

(Tyr or P-Phe)-K compounds. After 2-3 days of culture with these inhibitors, loss of 

focus formation and restoration of contact inhibition of growth was also observed. While 

the tetrameric inhibitors showed the above mentioned effects on cells at 40 to 80 pM 

concentration of the inhibitor (Table XIV), the trimeric inhibitors [A6-(p-Phe)-X] 

showed such effects even at lower (10 to 20 ^M) concentrations. Higher concentrations 

(20 to 40 |jM) of the trimeric inhibitors led to cell killing of v-src transfected 3T3 cells 

(Table XV). IC50 values for cell killing were determined by the MTT cell proliferation 

assays and were found to be in the range of 25 to 90 nM (Table XV). Similar effects were 

observed when these inhibitors were tested with a number of cancer cell lines (bladder 
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Table XTV Selectivity study and Cell effect assessment of tetrameric (R-IXK) 
peptidomimetic inhibitors of PTK 

Structure" IC50 ̂ iM* Effects on v-src-3T3 ceils 

p60c-src Lck Lyn Cell effects'' Cell killing'^ 

1 GIO-IYK 22 ±5.6 + 

2 GlO-IyK 45 ±6 + 

3 G10-lO-Phe)K, 40 ±3.6 >160" + 

4 G10-I(p-Phe)K2 36 ±2.1 >160 + 

5 A6-IYK 25 ±1.5 >160 + 

* The values represent the mean of three independent experiments. The substrate used 
in these experiments was cdc.2(6-20) at a concentration of 100 |iM. 
^ p-Phe, ^-phenylalanine 

Indicates change in cell morphology and restoration of contact inhibition as described in the 
text. 

Represents cell killing assessed by MTT cell proliferation assays as described in the text 
IC50 value could not be reached at 160 (iM concentration. Assays at higher concentrations 

were not conducted due to precipitation of the compounds at such concentrations 
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Table XV Selectivity study and Cell effect assessment of trimeric (R-X-Y) 
peptidomlmetic inhibitors of PTK 

Structure'' IC50 nM* Effects on v-src-3T3 cells 

p60c-src Lck Lyn Cell effects'' Cell killing'^ 

1 GIO-Y-K 15 ±2.6 

2 G10-(p-Phe)-K 30 ±4.1 

3 A6-(p-Phe)-Dpr 45 ± 7 

>160" + 

>160 + 

>160 + + 

* The values represent the mean of three independent experiments. The substrate used 
in these experiments was cdc.2(6-20) at a concentration of 100 ^M. 
^ P-Phe, |3-phenylalanine; (2')nal, 2-naphthylaianine 

Indicates change in cell morphology and restoration of contact inhibition as described in the 
text. 

Represents cell killing assessed by MTT cell proliferation assays as described in the text 
ICso value could not be reached at 160 |iM concentration. Assays at higher concentrations 

were not conducted due to precipitation of the compounds at such concentrations 
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cancer, prostate cancer). Some cancer cell lines seem to be significantly affected by these 

inhibitors, while others seem to be very resistant. A significant effect was also observed 

on the normal (3T3) fibroblasts (Figure 42) and normal bladder cell line (Figure 43) at 

high inhibitor concentrations (>80 |iM). However, at lower concentrations no effect on 

the normal cells was observed. Thus, these inhibitors seem to selectively kill transformed 

cells versus normal cells at least at lower concentrations (20-40 ^iM). Examples of 

inhibitors comparing their effects on v-src transfected 3T3 cells versus normal 3T3 cells 

and on bladder carcinoma cells (Sca-bcr) versus normal bladder (Bd-EC) cells, assessed 

by MTT proliferation assays, are shown in figures 40 and 41 respectively. Few other 

trimeric inhibitors showed killing of both transformed and normal cells at similar 

concentrations. Figures 42 to 44 summarize the effect of five trimeric inhibitors on 

various normal and cancer cell lines including a prostate cancer cell line (PC3) as 

assessed by MTT cell proliferation assays. 

Discussion 

Phosphotyrosine accounts for about 0.5% of the total phosphoamino acid content 

of the cell (Hunter et al., 1980; Cooper et al., 1981) and yet there is a wealth of evidence 

that tyrosine phosphorylation plays a crucial role in many cell regulatory processes such 

as cell cycle, growth, and differentiation (Moodie et al., 1993; Davis, 1993; Wu et al., 

1993; Gille et al., 1992; Eck et al., 1993; Zhou et al., 1993). A potential role for certain 

protein tyrosine kinases (PTKs) in tumorigenesis is evident from their ability to transform 
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Figure 40. Comparison of effects of inhibitor A6-(P-phe)-thi on proliferation of v-
src-3T3 (v-src transformed 3T3 cells) and 3T3 (Normal mouse fibroblasts) cells 
(as assessed by MTT proliferation assays). 
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Figure 41. Comparison of effects of inhibitor A6-(P-phe)-Dpr on proliferation of 
bladder carcinoma (Sca-bcr) and normal bladder epithelium {fid-EC) 
(as assessed by MTT proliferation assays). 
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Figure 42. Comparison of effects of inhibitors A6-(P-phe)-X on proliferation of v-
src-3T3 (v-src transformed 3T3 cells) and 3T3 (Normal mouse fibroblasts) cells 
(as assessed by MTT proliferation assays). 
X- Dpr, diaminopropionic acid; Thi, L-thiophenoi; thi, D-thiophenoi; f, D-phenylalanine 
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Figure 43. Comparison of effects of inhibitors A6>(P-phe)-X on proliferation of 
bladder carcinoma (Sca-bcr) and normal bladder epithelium {Bd-EO 
(as assessed by MTT proliferation assays). 
X- Dpr, diaminopropionic acid; Thi, L-thiophenol; thi, D-thiophenol; f, D-phenylalanine 
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Figure 44. Comparison of effects of inhibitor A6-(P-phe)-X on proliferation of 
prostate carcinoma (PC3) cells 
(as assessed by MTT proliferation assays). 
X- Dpr, diaminopropionic acid; Thi, L-thiophenol; thi, D-thiophenol; f, D-phenylalanine 
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normal cells to a neoplastic phenotype when expressed in a mutated unregulated form or 

to an abnormally high level (Ottenhoff-Kalf et al., 1992). 

Src family PTKs due to their association with cell transformation and 

carcinogenesis are pursued as targets for anti-cancer drug discovery. p60'^''"^PTK 

inhibitors selectively targeting this PTK could potentially be of great therapeutic value. 

Such inhibitors may also be useful in studying the biological role and mechanism of 

action ofp60'="'^ PTK. 

We, in the past few years, have successfully identified highly potent and selective 

peptide inhibitors of p60'^'®"^ PTK (Lou et al., 1997; Alfaro-Lopez et al., 1998). Despite 

their high potency in in vitro assays, the peptide inhibitors did not show any significant 

effect on intact v-src transfected 3T3 cells. This was probably due to their inability to 

cross the cell membranes. 

Peptide inhibitors do not make good drug candidates for intracellular targets due 

to their impermeability to the cell membrane. However, they do provide excellent leads 

for the development of cell permeable peptidomimetic or small molecule inhibitors. 

Peptidomimetics or small molecules unlike peptides may contain lipophilic, aromatic or 

heterocyclic structures that allow them to cross the cell membranes. Additionally, unlike 

peptides, peptidomimetics are resistant to peptidases, making them ideal candidates for 

drug development for intracellular targets. Recently, based on a previously recognized 

dipeptide motif -De-Tyr- (-I-Y-) (Lou et al., 1996a; Lou et al., 1996b), I identified 

moderately potent peptidomimetic inhibitors of p60"^"'"^ PTK. In the present study, I 
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explored two of the identified inhibitors, GIO-I-Y-K and A6-I-Y-K (Figure 34), in an 

effort to improve their potency and cell permeability. 

The GIO structure has two aldehyde groups (Figure 34). In the inhibitor GIO-I-Y-

K, one of the two aldehyde groups of GIO is involved in the formation of an amine bond 

with the amino group of De* residue, while the other aldehyde group is free. Total loss of 

inhibitory activity was observed when GIO in the inhibitor GIO-I-Y-K was replaced by 

GlO-mimetics without a free aldehyde group (Figure 35). However, when a GIO-

mimetic, GlOc, having a free aldehyde group but at a different location than GIO, 

replaced GIO in GIO-I-Y-K, no difference in inhibitory activity was observed (Figure 

35). This strongly suggests that the free aldehyde group of GIO is critical for inhibitory 

activity of GIO-I-Y-K and might be involved in important interactions at the active site of 

the enzyme p60'^''"^. 

I also established importance of positively charged lysine residue at the carboxyl 

terminus of the inhibitor GIO-I-Y-K (Figure 38). Addition of positively charged lysine 

residues to the carboxyl terminus of inhibitor GIO-I-Y-K improved the inhibitory 

potency, while deletion of lysine from the carboxyl terminus led to total loss of inhibitory 

activity. Importance of lysine residue for inhibitory activity of GIO-I-Y-K is consistent 

with our previous data. All the other strongly positive peptidomimetics identified in the 

initial peptidomimetic library screening have lysine residue at position 4 (Figure 33) and 

the only tetrameric peptide inhibitor of p60''"^ PTK identified in our laboratory, C-I-Y-K 

(IC50 = 15 (iM) also has a lysine residue at the carboxyl terminus. 
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Most of the 'tyrosine mimetic' analogue of GIO-I-Y-K, generated by substitution 

of Tyr^ by Tyr mimetics did not show any improvement in inhibitory potency (Figure 

36). However, G10-I-(P-Phe)-K, did show improved inhibitory activity (Figure 36 and 

37). RP-HPLC analysis of G10-I-(P-Phe)-K showed two isomeric forms. This may be 

due to the fact that ^-phenylalanine residue exists in two isomeric forms. We purified the 

two isomers of G10-I-(P-Phe)-K by HPLC analysis and confirmed that they are in fact 

isomers by mass spectrometry analysis. Slight difference in potency was observed when 

these two isomers were tested as inhibitors of p60'^ ''"^ PTK (Figure 36). Interestingly, the 

original inhibitor, G10-I-(P-Phe)-K, containing both the isomers seems to be more potent 

than the individual isomeric forms of this compound (Figure 36). The lie" deletion 

analogue of inhibitor G10-I-(P-Phe)-K, the compound G10-(p-Phe)-K, retained good 

inhibitory activity(Table XIII), thus , leading to identification of a trimeric and 

moderately potent inhibitor of p60'^"^"^ PTK. This inhibitor structure, R-(P-Phe)-K served 

as an important foundation for further development of more fiotent and cell permeable 

peptidomimetic inhibitors of p60'^"^'^ PTK. 

Resistance to peptidases and good cell permeability are important criteria for an 

inhibitor to be effective under physiological conditions as these properties directly affect 

the bioavailability of the inhibitor drug in vivo. The presence of lysine (K^) residue at the 

carboxyl terminus of inhibitor A6-(P-Phe)-K not only decreased the cell permeability of 

this inhibitor due to the positive charge of lysine but also left the inhibitor susceptible to 

carboxyl terminus peptidases as L-lysine (K) is a natural amino acid residue. 
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I attempted to replace the lysine (K^) residue in inhibitor A6-(p-Phe)-K by 

unnatural and/or hydrophobic amino acid residues. We were successful in our attempts to 

replace lysine by positively charged unnatural amino acid residues (Figure 39). The 

compound A6-(P-Phe)-Dpr (Dpr-diaminopropionic acid) showed good inhibitory activity 

(IC50 = 15 mM). However, the compounds containing hydrophobic residues in place of 

lysine were determined to be very poor inhibitors (Figure 39). Interestingly, a few of 

these compounds containing "tyrosine mimetic' groups at the lysine^ position [For 

example compounds A6-(P-Phe)-f, A6-(P-Phe)-thi] showed some biological activity in 

vivo (Table XIII). This may be due to better cell permeability of these inhibitors due to 

the presence of the hydrophobic "tyrosine mimetic' groups in place of the lysine^ residue 

or it may be due to a totally different and unidentified mechanism in vivo. Investigations 

are currently underway in our laboratory to detect the precise mechanism of cell killing 

by these inhibitors 

Selectivity is another important criterion for a successful inhibitor as it directly 

correlates to toxicity of the inhibitor in vivo. Our selectivity studies on the identified 

inhibitors once again proved that high selectivity may be a major advantage of the 

substrate-based inhibitor approach (Table XIV and XV). 

The tetrameric inhibitors, R-I-(Tyr or P-Phe)-K, did show certain effects on 

oncogenic morphology and growth characteristics of v-src transformed 3T3 cells as 

described in results section (Table XIV). The trimeric inhibitors, R-(P-Phe)-X, on the 

other hand, seem to have a significant effect on v-src transformed 3T3 cells and other 

cancer cell lines (Table Xin and XV). A wide spectrum of cellular activity is observed 
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for the trimeric inhibitors when tested against different cancer cell lines and normal cell 

lines including normal Hbroblasts (Figures 42 to 44). This variability is possibly the result 

of a number of combined factors including potency, selectivity, variable cell 

permeability, binding to media, solubility in media, and other unidentified factors or 

mechanisms. At least two of these inhibitors (Figure 40) seem to selectively kill 

transformed cells versus normal cells at least at lower concentrations (20-40 pM). 

Conclusions 

I have successfully identified moderately potent and highly selective 

peptidomimetic inhibitors of p60"^"^'^PTK. These identified inhibitors showed significant 

effects on v-src transformed 3T3 cells and certain other cancer cell lines. A lot of work 

still needs to be done to optimize the identified peptidomimetic inhibitors in terms of 

their potency, selectivity, structure and cell permeability. However, trends for the 

successful substrate-based inhibitors of p60'^"®'^FTK are becoming apparent. Also the 

precise mechanism of cell killing and that of morphological reversion of v-src 

transformed 3T3 cells needs to be investigated to determine the signal transduction 

pathways inhibited by these agents. However, the accomplished work proves the 

feasibility of the pseudosubstrate peptide-based approach for the development of 

peptidomimetic inhibitors as anti-cancer therapeutic agents. 



180 

XL REFERENCES 

Akiyama, T., Ishida, J., Nakagawa, S., Ogawara, H., Watanable,. S., Itoh, N., Shibuya, 
M., and Fukami, Y. (1987) J. Biol. Chem. 262, 5592-5595. 

Alfaro-Lopez, J., Wei, Y., Phan, B., Kamath, J., Lou, Q., Lam, K. S., and Hruby, V. J. 
(1998) y. Med. Chem. 41:2252-2260. 

Al-Obeidi, F. A., Wu, J. J., Lam, K. S. (1998) Biopolymers 47, 197-223. 

Alonso, G., Koegl, M., Mazurenko, N., Courtneidge, S.A. (1995) J. Biol. Chem. 270: 
9840 

Atherton, E, & R.C. Sheppard. (1989) Solid phase peptide synthesis: A practical 
approach. Oxford: IRL Press. 

Azizeh, B. Y., Shenderovich, M. D., Trivedi, D., Li, G., Sturm, N. S., Hruby, V. J. (1996) 
J. Med. Chem. 39, 2449-2455. 

Bamekow, A., Paul, E., Schartl, M. (1987) Cancer Res. 47, 235-240. 

Barvian, M. R., Panek, R. L., Lu, G. H., Kraker, A. J., Amar, A., Hartl, B., Hamby, J. M., 
Showalter, H. D. H. (1997) Bioorg. Med. Chem. Lett. 7, 2903-2908. 

Barone, M.V., Coutneidge, S.A. (1995) Nature 378:509. 

Bjelfman, C., Hedborg, P., Johansson, L, Nordenskjold, M., Pehlman, S. (1990) Cancer 
Res. 50, 6908-6914. 

Blondelle, S. E., Perez-Paya, E., Dooley, C.T., Pinilla, C., Houghten, R. (1995) Trends 
Anal. Chem. 14:83-92. 

Bolen, J. B., Veillette, A., Schwartz, A. M., Deseau, V., Rosen, N. (1987) Oncogene Res. 
I, 149-168. 

Bolen, J. B., Rowlay, R. B., Spana, C. and Tsygankov, A. Y. (1992) FASEB J. 6, 3403-
3409. 



181 

Bolen, J.B., Penhallow, R.C., Burkhard, A.L. (1997) In Encyclopedia of Cancer, Bertino, 
J., Ed. Academic Press, San Diego, CA. 1657-1668 

Boyce, B.F., Yoneda, T., Lowe, C., Soriano, P., Mundy, G.R. (1997) Genes Dev. 
11:2835. 

Brickell, P.M. (1992) Crit. Rev. Oncogenesis 3, 401-446. 

Brown, M.T. and Cooper, J.A. (1996) Biochemica et Biophysica Acta 1287:121-149 

Chang, C. J., Geahlen, R. L., (1992)7. Nat. Prod. 55, 1529-1560. 

Cheng, H. C., Matsura, L., Wang, J. H. (1993) Mol. Cell. Biochem. 127, 103-113. 

Cooper, J. A., and Howell, B. The when and how of src regulation. (1993) Cell 73, 1051-
1054. 

Cooper, J. A., Gould, K. L., Cartwright, C. A., Hunter, T. (1986) Science 231, 1431-
1434. 

Cooper, J. A. and Hunter, T. (1981) Mol. Cell. Biol. 1:165. 

Cwirla, S.E., E.A. Peters, R.W. Barrett, & W.J. Dower. (1990) Proc Natl Acad Sci USA 
87:6578-6582. 

David-Pfeuty, T., Bagrodia, S., and Shalloway, D. (1993) J. Cell. Sci. 105, 613-628. 

Davis, R.J. (1993)7. Biol. Chem. 268:14553-14556 

Deprez, B., X. Williard, L. Bourel, H. Coste, F. Hyafil, & A. Tartar. (1995) J Am Chem 
Sac. 117:5405-5406. 

Devlin, J.J., L.C. Panganiban, & P.E. Devlin. (1990) Science 249:404-406. 

DeWitt, S. H., Kiely, J. S., Stankovic, C. J., Shroeder, M. C., Reynolds Cody, D. M., and 
Pavia, M. R. (1993) Proc. Natl. Acad. Sci. USA 89, 6909-6913. 

Dooley, C.T., & R.A. Houghten. (1993) Life Sci. 56:1509-1517. 

Dow, R. L., Chow, T. T., Bechle, B. M., Larson, E. R. (1994) J. Med. Chem. 31, 2221-
2231 

Eck, M. J., Shoelson, S. E., and Harrison, S. C. (1993) Nature 362, 87-91. 



182 

Elder, J. E., Fisher, G. J., Lindquist, P. B., Voorthees, J. J., Coffey, R. J., Jr. (1989) 
Science 243, 811-814. 

Erb, E., K.D. Janda, & S. Brenner. (1994) Proc Natl Acad Sci USA 91: 11422- 11426. 

Erpel, T., and Courtneidge, S. (1997) Curr. Opin. Cell. Biol. 9, 187-192. 

Erpel, T., Superti-Furga, G. and Courtneidge, S. A. (1995) EMBO J. 14, 963-975 

Fanning, P., Bulovas, K., Saini, K. S., Libertino, J. A., Joyce, A. D., Summerhayes, I. C. 
(1992) Cancer Res. 52, 1457-1462. 

FantI, W.J., Johnson, D. E., Williams, L. T. (1993) Ann. Rev. Biochem. 62,453-481. 

Fodor, S. P., Read, J. L., Pirrung, M. C., Stryer, L., Lu, A. T., Solas, D. (1991) Science 
251: 767-773. 

Frank, R. (1992) Tetrahedron 48:9217 

Fry, W. D. Recent advances in tyrosine kinase inhibitors. (1996) Annu. Rep. Med. Chem. 
31, 151-160 

Fukazawa, H., Mizuno, S., Uehara, Y. (1990) Biochem. Biophys. Res. Commun. 
173(l):276-82. 

Fumagalli, S., Totty, N. F., Hsuan, J. J. and Courtneidge, S. A. (1994) Nature 368:867-
871. 

Furka, A., F. Sebestyen, M. Asgedom, & G. Dibo (1991) Int J Peptide Protein Res. 
37:487-493. 

Gallivan, J. P. and Dougherty D. A. (1999) Proc. Natl. Acad. Sci. USA 96: 9459-9464. 

Gallop, M. A., Barett, R. W., Dower. W. J., , Fodor, S. P. A., Gordon, E. M. (1994) J. 
Med. Chem. 37, 1233-1251. 

Garcia-Echeverria, C., Traxler, P, Evans, D. B. (2000) Med. Res. Rev. 20(l):28-57. 

Geysen, H,M, S.J. Rodda, & Mason TJ. (1986) Molec Immunol 23:709-715. 

Geysen, H. M., Rodda, H. M., Mason, T. J. (1984) In Synthetic Peptides as Antigens. 
Ciba Foundations Symposium 119. Porter, R., Wheelan, J., Eds. Wiley: New York, 131-
149. 



183 

Gille, H., Sharrocks, A. D., and Shaw, P. E. (1992) Nature 358, 414-417. 

Golden, A., Brugge, J. S. The src oncogene, in Reddy EP, Skalka AM, Curran T (eds); 
(1988) The Oncogene Handbook. New York, NY, Elsevier, p 149. 

Gordon, E. M., Barett, R. W., Dower, W. J., Fodor, S. P. A., and Gallop, M. A. (1994) J. 
Med. Chem. 37, 1385-1401. 

Hagiwara, M., Inoue, S., Tanaka, T., Nunoki, Ko, Ito, M., Hidaka, H. (1988) Biochem. 
Pharmacol. 37, 2987-2992 

Hanks, S. K., Quinn, A. M., Hunter, T. (1988) Science 241:42. 

Hardie, G., and Hanks, S. (1996) The protein kinase: protein tyrosine kinases facts book. 
Vol I, San Diego, CA: Academic press. 7-47 

Hardie, G., and Hanks, S. (1995) The protein kinase: protein tyrosine kinases facts book. 
Vol II, San Diego, CA: Academic press. 

Houghten, R. A., Pinilla, C., Appel, J. R., Blondelie, S. E., Dooley C. T., Eichler, J., 
Nefzi, A. and Ostrech, J. M. (1999) J. Med. Chem. 42: 3764-3778. 

Houghten, R. A., Dooley, C. T. (1993) Biomed. Chem. Lett. 3, 405-412. 

Houghten, R. A., Pinilla, C., Blondelie, S. E., Appel, J. R., Dooley, C. T., and Cuervo, J. 
H. {\99\) Nature 354:84-86. 

House, C., Baldwin, G. S., and Kemp, B. E. (1984) Eur. J. Biochem. 140:363-369. 

Hruby, V. J., Li, G., Haskell-Luevano, C., Shenderovich, M. (1997) Biopolymers 43, 
219-266. 

Huang, C. K., Wu, Y. (1995) Bioorg. Med. Chem. Utt. 5, 2423-2428. 

Hunter, T. (1997) Cell 88, 333-346 

Hunter. T. (1989) Curr. Opin. Cell. Biol. 1, 1168-81. 

Hunter, T. (1987) Cell 49, 1-4. 

Hunter, T. (1982) J. Biol. Chem. 257, 4843-4848. 

Hunter, T., Sefton, B. M. (1980) Proc. Natl. Acad. Sci. USA 77:1311. 



184 

Kamps, M. P., Taylor, S. S., and Sefton, B. M. (1984) Nature 310, 589-592. 

Kawasaki, K. (1991) PCT international patent application WO 91105058. 

Kay, B. K. (1994) Perspectives in Drug Discovery and Design 2, 251-268. 

Kemp, B. E., Pearson, R. B. (1991) Methods Enzymol. 200, 121-134. 

Kemp, B. E., and Pearson, R. F. (1990) Trends Biochem. Sci. 15, 342-346. 

Khmelnitsky, Y. L., Michels, P. C., Dordick, J. S., Clark D. S. (1996) Molecular diversity 
and Combinatorial chemistry 145, American Chemical Society, Washington, DC. 

Khosla, C., and Zawada, R. J. X. (1996) Trends in Biochemistry 14:335. 

Klinghoffer, R. A., Sachsenmaier, C., Cooper, J. A. and Soriano, P. (1999) EMBO J. 18, 
2459-2471 

Klutchko. S. R., Hamby, J. M., Boschelli, D. H., Wu, Z., Kraker, A. J., Amar, M., Hartl, 
B. G., Shen, C., Klohs, W. D., Steinkampf, R. W., Driscoll, D. L., Nelson, J. M., Elliot, 
W. L., Roberts, B. J., Stoner, C. L., Vincent, P. W., Dykes, D. J., Panek, R. L., Lu, G. H., 
Major, T. C., Dahring, T. K., Hallak, H., Bradford, L. A., Showwalter, H. D. H., Doherty, 
A. M. (1998) J. Med. Chem. 41, 3276-3292. 

Kmiecik, T. E., and Shalloway, D. (1987) Cell 49, 65-73 

Knighton, D. R., Theng, J., Ten Eyck, L. F., Ashford, V. A., Xuong, N. H., Taylor S. S., 
Sowadski, J. M. (1991) Science 253,407-413. 

Konopka, J. B., Watanabe, S., Witte O. N. (1984) Cell 37, 1035-1042. 

Kubo, K., Shimizu, T., Ohyama, S., Murooka, H., Nishitoba, T., Kato, S., Kobayashi, Y., 
Yagi, M., Isoe, T., Nakamura, K., Osawa, T., Izawa, T. (1997) Bioorg. Med. Chem. Lett. 
7, 2935-2940. 

Lam, K.S. (1997) Anti-cancer Drug Design 12:145-167. 

Lam, K.S., S.E. Salmon, E.M. Hersh, V.J. Hruby, W.M. Kazmierski, & R.J. Knapp. 
(1991) Nature 354:82-84. 

Lam, K.S. and Lebl, M. (1994) Methods: A companion to methods in Enzymology 6:372-
380 



185 

Lam, K. S. and Wu, J. (1994a) Methods: A companion to methods in Enzymology 6:401-
403. 

Lam, K. S., Hruby, V. J., Lebi, M., KazmiersJd, W. M., Hersh, E. M., and Salmon, S. E. 
(1993) Bioorg. And Med. Chem. Lett. 3:419-424. 

Lam, K.S., & Lebl, M. (1992) Immunol Methods 1:11- 15. 

Lam, K.S., J.S. Wu, & Q. Lou. (1995) Int lJ  Protein Peptide Res 45:587-592. 

Lam, K.S., Q. Lou, Z.G. Zhao, M.L. Chen, J. Smith, E. Pleshko, & S.E. Salmon. (1995a) 
Biomedical Peptides, Proteins and Nucleic Acids 1:205-210. 

Lee, T. R., Niu, J., Lawrence, D. S. (1995) J. Biol. Chem. 270, 5375-5380. 

Levitzki, A. (1996) Anti-Cancer Drug Design 11 (3): 175-182 

Levitzki, A. and Gazit, A. (1995) Science 267: 1782-1788. 

Libby, P., Schwartz, D., Brogi, E., Tanaka, H., Clinton, S. K. A. (1992) Circulation 86, 
47-52. 

Lindberg, R. A., Quinn, A. M., and Hunter, T. (1992) Trends in Biochemical Sciences 17, 
114-119. 

Lou Q, Leftwich M, McKay RT, Salmon, S. E., Rychetsky, L., Lam, K. S. (1997) Cancer 
Research 51:1877-1888. 

Lou Q, Leftwich M. E„ Lam K. S. (1996a) Bioorganic & Medicinal Chem 4:677-682 

Lou, Q., Wu, J., Lam, K. S. (1996b) Analytical Biochemistry 235:107-109. 

Lou, Q., Wu, J., Salmon, S. E., Lam, K. S. (1995) Letters in Peptide Science 296-298. 

Lowe, C., Yoneda, T., Boyce, B. P., Chen, H., Mundy, G. R., Soriano, P. (1993) Proc. 
Natl. Acad. Sci. USA 90:4485. 

Lutrell, D. K., Lee, A., Lansing, T. J., Crosby, R. M., Jung, K. D., Willard, D., Luther, 
M., Rodriguez, M. (1994) Proc. Natl. Acad. Sci. U.S.A. 91, 83-87. 

Lynch, S. A., Bfrugge, J. S., Fromowitz, F., Glantz, L., Viola, M. V. (1993) Leukemia 7, 
1416-1422. 



186 

Maa, M. C., Leu, T. H., McCarley, D. J., Schatzman, R. C., Parsons, S. J. (1992) Proc. 
Natl Acad. Sci. USA. 6981-6985. 

Mazurenko, N. N., Kogen, E. A., Zborovskaya, I. B., Kisseljov, F. L. (1992) Eur. J. 
Cancer 28, 372-377. 

Merrifield, R. B. (1963) J. Am. Chem. Soc. 85, 2149-2154. 

Moodie, S. A., Willumsen, B. M., Weber, M. J., Wolfman, A. (1993) Science 260, 1658-
1661. 

Nair, S. A., Kim, M. H., Warren, S. D., Choi, S., Songyang, Z., Cantley, L. C. (1995) J. 
Med. Chem. 38, 4276-4283. 

Niu, J., Lawrence, D. S. (1997) J Am. Chem. Soc. 57, 1877-1881. 

O'Brien, M. C., Fukui, Y., and Hanafusa, H. (1990) Mol. Cell. Biol. 10, 2855-2862. 

Onoda, T., Linuma, H., Sasaki, Y., Hamada, M., Isshiki, K., Naganawa, H., and 
Takeuchi,T. (1989)7. Nat. Prod. 52, 1252-1257. 

Ottenhoff-Kalf, A. E., Rijksen, G., Van Beurden, E. A., Staal. G. E. (1992) Cancer Res. 
52, 4773-4778. 

Pacofsky, G. J., Lackey, K., Alligood, K. J., Berman, J., Charifson, P. S., Crosby, R. S., 
Dorsey, G. F., Jr., Feldman, P. L., Gilmer, T. M., Hummel, C. W., Jordan, S. R., Mohr, 
C., Shewchuk, L. M., Stembach, D. D., Rodriguez, M. 7. (1998) 7. Med. Chem. 41, 1894-
1908. 

Parsons, J. T., and Parsons, S. J. (1997) Curr. Opin. Cell Biol. 9:187-192. 

Parsons, J. T. and Weber, M. J. (1989) Curr. Topics Microbiol. Immunol. 147, 79-127. 

Pawson, T., Gish, G. D. (1992) Cell 71:359-362 

Pennington, M.E., Lam, K.S., & Cress, A.E. (1996) Molecular Diversity 2:19-28. 

Penuel E. and Martin G. S. (1999) Mol. Biol. Cell 10, 1693-1703. 

Powis, G., Workman, P. (1994) Anti-Cancer Drug Design 9, 263. 

Pritchard, M. L., Rieman, D., Field, J., Kruse, C., Rosenberg, M., Poste, G., Greig, R. G., 
and Ferguson, B. Q. (1989) Biochem. J. 257, 321-329. 



187 

Qian, X., Kover, K. E., Shenderovich, M. D., Hruby, V. J. (1996) J. Am. Chem. Soc. 118, 
7282-7290. 

Raines, E. W., Ross, R. (1996) Bioessays 18:271-282. 

Ramdas, L., Obeyesekere, N. U., McMurray, J. S., Budde, R. J. A. (1996) Arch. Biochem. 
Biophys. 326, 73-78. 

Ren, R., Mayer, B. J., Cicchetti, P., Baltimore, D. (1993) Science 259, 1157-1161. 

Reynolds, A. B., Roesel, D. J., Kanner, S. B., Parsons, J. T. (1989) Mol. Cell. Biol. 9, 
629-638. 

Roche, S., Koegl, M., Barone, M. V., Roussel, M. F., Courtneidge, S. A. (1995) Mol. 
Cell. Biol. 15: 1102-1109. 

Roche, S., Fumagalli, S., and Courtneidge, S. A. (1995a) Science 269:1567-1569,. 

Ruzza, P., Calderan, A., Fillipi, B. (1993) Int. J. Peptide Protein Res. 41, 291-299. 

Schaller, M. D., Bouton, A. H., Flynn, D. C., and Parsons, J. T. (1993) Progress in 
Nucleic Acid Res. And Mol. Biol. 44, 205-27. 

Schatz P. (1993) Biotechnology 11:1138-1143. 

Schlessinger, J. (1994) Curr. Opin. Genet. Dev. 4, 25-30. 

Schmitz, R., Baumann, G., and Gram, H. (1996) J. Mol. Biol. 260, 664-677. 

Schwartzberg, P. L., Xing, L., Hoffman, O., Lowell, C. A., Garrett, L., Boyce, B. F. and 
Varmus, H. E. (1997) Genes Dev. 11: 2835-2844. 

Scott J.K., & G.P. Smith. (1990) Science 249:386-390. 

Shawyer, L. K., Schwartz, D. P., Mann, E., Chen,H., Tsai, J., Chu, L., Taylorson, L., 
Longhi, M., Meredith, S., Germain, L., Jacobs, J. S., Tang, C., Ullrich, A., Bemes, M., 
Hersh, E., McMohan, G., Hirth, K. P., Powell, T. J. (1997) Clin. Cancer Res. 3, 11167-
11177. 

Sigal, C. T., Zhou, W., Buser, C. A., Mclaughlin, S., Resh, M. D. (1994) Proc. Natl. 
Acad. Sci. USA 91:12253. 

Simon, R. J., Kaina, R. S., Zuckermann, R. N., Huebner, V. D., Jewell, D. A., Banville, 
S., Ng, S., Wang, L., Rosenberg, S., Marlowe, C. K., Spellmeyer, D. C., Tan, R., Frankel, 



188 

A. D., Santi, D. V., Cohen, F. E., Barlett, P. A. (1992) Proc. Natl. Acad. Sci. USA. 89, 
9367-9371. 

Slamon, D. J., Clark, G. M., Wong, S. G., Levin, W. J., Ullrich, A., McGuire, W. L. 
(1987) Science 235, 177-182. 

Smith, M.H., K.S. Lam, E.M. Hersh, & Grimes W. (1994) Molec Immunol 31:1431-
1437. 

Songyang, Z., K.L. Carraway HI, M.J. Eck, S.C. Harrison, R.A. Feldman, M. 
Mohammodi, J. Schlessinger, S. Hubbard, B.J. Mayer, & L.C. Cantley. (1995) Nature 
373:536-539. 

Songyang, Z., Shoeison, S. E., Chaudhuri, M., Gish, G., Pawson, T., Haser, W. G., King, 
P., Roberts, T., Ratnofsky, S., Lechleider, R. J., Neel, B. G., Birge, R. B., Fajardo, J. E., 
Chou, M. M., Hanafasa, H., Schaffhausen, B., Cantley, L. C. (1993) Cell 72: 767. 

Soriano, P., Montgomery, C., Geske, R., and Bradley, A. (1991) Cell 64:693-702. 

Stadtmauer, L. A., Rosen, O. M. (1983) J. Biol. Chem. 258, 6682-6685. 

Stehelin, D., Varmus, H. E., and Bishop, M. J. (1976) Nature 260, 170-174. 

Stewart JM, Young JD. (1984) Solid phase peptide synthesis, 2"'' Edition, Pierce 
Chemical Co., Rockford, IL. 

Studolet, M., Greulich, H., Newman, L., Sarkar, A., Sukegawa, J., Yamamoto, T. (1993) 
Oncogene 8, 823-831. 

Takeshima, E., Hamaguchi, M., Watanbe, T., Akiyama, S., Kataoka, M., Ohnishi, Y., 
Xiao, H., Hagai, Y., Taka, H. (1991) Jpn,. J. Cancer Res. 82, 1428-1435. 

Taylor, S. J., and Shalloway, P. (1993) Curr. Opin. Genet. Dev. 3, 26-34 

Thomas, S. M. and Brugge, J. S. (1997) Annu. Rev. Cell. Dev. Biol. 13, 513-609. 

Traut, T. W. Intracellular concentration of ATP can be as high as 5 ^iM. (1994) Mol. Cell 
Biochem. 140, 1-22. 

Traxler, P. M., Furet, P., Mett, H., Buchdunger, E., Meyer, T., Lydon, N. (1996) J. Med. 
Chem. 39, 2285-2292. 

Trumpp-Kallmeyer, S., Rubin, J. R., Humblet, C., Hamby, J. M., Showalter, H. D. H. 
(1998)7. Med. Chem. 41, 1752-1763. 



189 

Twamley-Stein, G. M., Pepperkok, R., Ansorge, W., Courtneidge, S. A. (1993) Proc. 
Natl. Acad. Sci. USA 90:7696. 

Uehara, Y., Murakami, Y., Sugimoto, Y., Mizuno, S. (1989) Cancer Res. 49: 780-785. 

Uehara, Y., Murakami Y., Mizuno, S., and Kawai, S. (1988) Virology 164,294-298 

Ullrich, A., Schlessinger, J. (1990) Cell 61, 203-212. 

Van Der Geer, P., Hunter, T., Lindberg, R. A. (1994) Annu. Rev Cell. Biol. 10, 251-337. 

White, M. F., and Kahn, C. R. (1994) J. Biol. Chem. 269, 1-4. 

Whitesell, L., Mimnaugh, E. G., De Costa, B., Myers, C. E., Neckers, L. M. (1994) Proc. 
Natl. Acad. Sci. USA 91, 8324-8328. 

Wilkis, A. F.. (1993) Adv. Cancer Res. 60, 43-73. 

Williams, L. T. (1989) Science 243, 1564-1567. 

Wong, T. W., and Goldberg, A. R. (1983) J. Biol. Chem. 258, 1022-1025. 

Wu, J., Phan, H., Salmon, S. E., Lam, K. S. (1996) Letters in Peptide Science 3:309-316. 

Wu J, MaQN, LamKS. (1994) Biochemistry 33:14825-14833. 

Wu, J., Dent, P., Jelinek, T., Wolfman, A., Weber, M. J., and Sturgill, T. W. (1993) 
Science 262, 1065-1068. 

Xu, W., Harrison, S. C., Eck M. J. (1997) Nature 385, 595-601. 

Young, S. W., Poole, R. C., Hudson, A. T., Halestrap, A. P., Denton, R. M., Tavare, J. M. 
(1993) FEES Lett. 316,278-282. 

Yuan, W., Hruby, V. J. (1997) Tetrahedron Utt. 38, 5853-5856. 

Zhou, S.,ShoeIson, S. E., Chaudhuri, M., Gish, G., Pawson, T., Haser, W. G., King, F., 
Roberts, T., Ratnofsky, S., Leckleider, R. J., Neel, B. G., Birge, R. B., Fajardo, J. E., 
Chou, M. M., Hanafusa, H., Schaffhausen, B., and Cantley, L. C. (1993) Cell 72, 767-
778. 

Zimmerman, J., Buchdunger, E., Mett, H., Meyer, T., Lydon, N. B. (1996) Bioorg. Med. 
Chem. Lett. 7, 187-192. 



190 

Zuckermann, R. N., Kerr, J. M., Kent, S. B. H., Moos, W. H. (1992) J. Amer. Chem. Soc. 
114, 10646-10647. 


