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BACKGROUND OF THE INVENTION 

Protein kinases are a large class of enzymes which catalyze the transfer of the 

10 y-phosphate from ATP to the hydroxyl group on the side chain of Ser/Thr or Tyr in 

proteins and peptides and are intimately involved in the control ofvarious important 

cell functions, perhaps most notably: signal transduction, differentiation and 

proliferation. There are estimated to be about 2,000 distinct protein kinases in the 

human body (Hunter, 1987, 1994, Hanlcs & Hunter, 1995), and although each ofthese 

15 phosphorylate particular protein/peptide substrates, they all bind the same second 

substrate ATP in a highly conserved pocket. 

Inhibitors of various known protein kinases could have a variety of therapeutic 

applications provided sufficient selectivity. and acceptable in vivo pharmacological 

properties, can be incorporated into such inhibitors (Levitzki, 1996a). Perhaps the 

20 most promising potential therapeutic use for protein kinase inhibitors is as anti-cancer 

agents. This potential application for protein tyrosine kinase ("PTK") inhibitors has 

been highlighted in many recent reviews (e.g. Lawrence & Hiu, 1998, Kolibaba & 

Druker, 1997, Showalter & Kraker, 1997. Patrick & Heim brook, 1996, Groundwater 

et al., 1996, Levitzki, 1995). The foundation for this application is based partly upon 

25 the fact that about 50% of the known oncogene products are PTKs and their kinase 

activity has been shown to lead to cell transformation (Yamamoto, 1993). 

The PTKs can be classified into two categories (Courtneidge, 1994)1 the 

membrane receptor PTKs (e.g. growth factor receptor PTKs) and the non-receptor 

PTKs (e.g. the src family ofproto-oncogene products). There are at least 9 members 

30 of the src family of non-receptor PTK's with pp6oc-src (hereafter referred to simply as 

"src") being the prototype PTK of the family wherein the ca. 300 amino acid catalytic 

domains are highly conserved (Rudd et al.. 1993, Courtneidge, 1994). The 

hyperactivation of src has been reported in and number of human cancers, including 
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those of the oolon (Mao et al., 1997, Talamonti et a}., 1993), breast (Luttrell et al., 

1994), lung. (Mazurenko et a, 1992), bladder (Fanning et al., 1992) and skin 

(Bamekow et al., 1987) as well as in gastric cancer (Tajceshimaet al., 1991), hairy 

cell leukemia (Lynch et al., l 993) and neuroblastoma (B~el:finan et al., 1990). 

5 Overstimulated cell proliferation signals from transmembrane receptors (e.g. EGFR 

and pl85HER2/Neu} to the cell intetjor also appears to pass through src (Mao et al., 

1997, Parsons & Parsons, 1997, Bjorge et al., 1996, Taylor & Shalloway, 1996). 

Consequently, it has recently been pi:oposed that src is a universal target for cancer 

therapy (Levitzki, 1996) because its' hyperactivation (without mutation) is involved in 

10 tumor initiation, progression and metastasis for many important human tumor types . 

. In view of the large, and growing, potential for inhibitors of various protein 

kinases, a variety of approaches to obtaining useful inhibitors is needed. The status of 

the discovery of PTK inhibitors (Lawrence & Niu, 1988, Showalter & Kraker, 1997, 

Patrick& Heimbrook, 1996, Groundwater et al., 1996, Budde et al., 1995, Levitzki & 

15 Gazit, 1995) has been extensively reviewed. Random screening efforts have been 

successful in identifying non-peptide protein kinase inhibitors but the vast majority of 

these bind in the higl:ily conserved ATP binding site. A notable recent example of 

such non-peptide, ATP-competitive, inhibitors are the 4-anilinoquinazolines. and 

analogs, which were shown to be effective against the epidermal growth factor 

20 receptor PTK (EGFRTK) (e.g. Rewcastle et al., 1996). Although this class of 

inhibitors was reported t~ be selective for the EGFR PTK vs. six other PTKs 

(including src, Fry etal., 1994) it is unknown what their effect is on most of the 

remaining 2,000 protein kinases that all bind ATP as well as a large number of other 

ATP, ADP, GTP, GDP, etc. utilizing proteins in the body. Therefore, potential side 

25 effects from PTK inhibitor drugs that mimic ATP, which might only be discovered 

after expensive animal toxicity studies or human clinical trials, are sti 11 a serious 

concern. Also, although this class of compounds was a nice discovery and is 

undergoing further exploration, they do not provide a rational and general solution to 

obtaining non-peptide inhibitors for any desired PTK, e.g. in this case src. The risk of 

30 insufficient specificity in vivo with ATP-competitive PTK inhibitors has also been 

noted by others, along with the inherent three order of magnitude reduction in potency 

these inhibitors display when competing with the mM levels of intracellular ATP 
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rather than the µ.M levels used in the isolated enzyme assays (e.g. see Lawrence & 

Niu, 1998, Hanke et al., 1996, Kelloff et al., 1996). 

An older, and more extensively studied, class of non-peptide PTK inhibitors is 

erbstatin and the related tyrphostins (see reviews). This class of inhibitors are active 

5 against the receptor PTKs and their mode of inhibition is complex but does not appear 

to involve binding in the peptide substrate specificity site regions of the active site 

(Hsu et al., 1992, Posner et al., 1994). Furthermore, they are inactive against the 

isolated PTK when the unnatural assay metal Mn2+ is replaced with the natural 

Mg2+ (Hsu et al., 1992), are chemically unstable (Budde et al., 1995, Ramdas et al., 

10 1995 & 1994), and are know to be cytotoxic to normal and neoplastic cells by 

crosslinking proteins (Stanwell et al., 1995 & 1996) as well as inhibit cell growth by 

disrupting mitochondria rather than PTK inhibition (Burger et al., 1995). 

An important contribution to the protein kinase field has been the x-ray 

structural work with the serine kinase cAMP-dependent protein kinase ("PKA'') 

15 bound to the 20-residue peptide derived from the heat stabJe inl:iibitor protein, PKl(5-

24), and Mg2ATP (Taylor et al., 1993). This structuraJ work is particularly valuable 

because PKA is considered to be a prototype for the entire family of protein kinases 

since they have evolved from a single ancestral protein kinase. Sequence alignments 

of PKA with other serine and tyrosine kinases have identified a conserved catalytic 

20 core of about 260 residues and 11 highly conserved residues within this core (Taylor 

et al., 1993). Two highly conserved residues of particular note for the work proposed 

herein are the general base Asp-166 which is proposed to interact with the substrate 

OH and the positively charged residue, Lys-168 for serine kinases and an Arg for 

tyrosine kinases (Knighton et al., 1993), which is proposed to interact with they-

25 phosphate of ATP to help catalyze transfer of this phosphate. Two additional 

important PKA crystal structures have been reported (Madhusudan et a1., 1994), one 

for the ternary PKA:ADP:PKI(S-24) complex wherein the PKI Ala 21 has been 

replaced with Ser (thereby becomming a substrate), and one for the binary 

PKA:PKl(S-24) complex wherein the PKI Ala 21 has been replaced with 

30 phosphoserine (an end product inhibitor). The ternary complex shows the serine OH 

donating a H-bond to Asp-166 and accepting a H-bond from the side chain ofLys 

168. The binary complex shows the phosphate group of phosphoserine forming a salt 
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bridge with the Lys-168 side chain and within H-bonQing distance of the Asp-166 

carboxyl group. These. structures support the earlier proposed roles for Asp-166 and 

Lys-168 in the catalytic mechanism.. 

The x-ray struc~es of PK.A show that the enzyme consists of two lobes 

5 wherein the smaller lobe binds ATP and the larger lobe :the peptide substrate. 

Catalysis occurs at the cleft between the lobes. The crystallographic and solution 

structural studies with ~KA have indicated that the enzy111e undergoes major 

conformational chang~s from an ·~ope~" form to the "closed" catalytically active form 

as it binds the substrates (Cox et al., 1994). These conformational changes are 
·. • .. ··: .· . : . 

10 preswned to involve '1te, closing of the cleft between the two lobes as the substrates 

bind bringing the y-piio~phate of ATP and the Ser OH in closer proximity for direct 

transfer of the phosphate. 

However, the. inhibitors ofproteinkinases still lack the specificity and potency 

desired for therapeutic use. Due to the key roles played by protein kinases in a 
~ ' I • • • 

15 nwnber of different qiseases, inclµ~ cancer, psoriasis, arthrosclerosis, and their 

role in regulating imniune system activity, inhibitors of specific protein kinases are 

needed. The present invention provi~~~ a novel· approach for designing protein kinase 

inhibitors, which are ~ore potent as well as being more specific for the targeted 

pathways. 

20 

SUMMARY OF THE INVENTION 

The present invention provides a method for identifying inhibitors of protein 

kinases. A first module having a one or more functional groups for binding to 
. . 

25 catalytic residues of the protein kinase is combined with a second module which 

provides a non-peptide scaffold. Combinations of the first and second modules which 

inhibit protein kinase activity are se~ected. 

The present inve~tion also provides a method of inhibiting a protein kinase. 

The protein kinase is contacted by a compound comprising a first module having a 

30 functionality for binding to catalytic residues of the protein kinase and a second 

module which provides a non-peptide scaffold. The combination of the first and 

second modules inhibits the protein kinase activity. 

.. 
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In a further erri.bd~iment, the inventfon provides a::-~6.h~peptide protein tyrosine 

kinase inhibitor having the formula: 

10 wherein wherein Rl is H or OH, R2 is Hor OH, R3 is OH or H, and R4 is 

15 

20 

CH3, CH2(CH3)R, or CH2(CH3)S, RS is OCH3, H, or OH, R6 is OCH3, F, H, or OH, 

and R7 is OCH3, H, OH, C02H, C02CH3, CH2C02H, or CH2C02CH3. 

The present invention also provides a non-peptide protein tyrosine kinase 

inhibitor having the formula: 

wherein RI is OH or H, R2 is OH or H, R3 is OH or H, R4 is OH or H, RS is 

OH, OMe, or H, R6 is OH, OMe, or H, R7 is OH, OMe, or H, and X is 0 or l. 

In yet another embodiment, the present invention provides a method of 

treating a condition, responsive to a protein kinase inhibitor, in a patient. A protein 

25 kinase inhibitor is administered to a patient. The protein kinase inhibitor has a first 

module having a functionality for binding to catalytic residues of the protein kinase 

and a second module which provides a non-peptide scaffold. The combination of the 

first and second modules inhibits protein kinase activity in the patient. 

30 BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 depicts the modular strategy for developing non-peptide protein 

kinase inhibitors. Step 1 utilizes one or more first modules ("M1 's") to identify 
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promising non-peptide scaffolds. Step 2 enhances the potency by adding specificity 

element$. During this step the scaffolds are validated. ·Whether the inhibitor is non­

ATP competitive can also be determined. In step 3, the potency and selectivity are 

further enhanced using combinatorial.libraries to optimize M1 and specificity 

5 elements. 

Figure 2 provides a depiction of the x-ray structure of 

(PKA):MgiATP :pseudosubstrate inhibitor. 

Figure 3 provides a general module M1 design features for binding to the 

conserved protein kinase catalytic region. 

I 0 Figure 4 shows that the boronic acid "inhibitors" 21 and 22 were shown to be 

substrates for PK.A. 

Figure 5 demonstrates the binding interactions of src substrate Ac-Ile-Tyr­

Glu-Phe-NH2 in model src active site. 

Figure 6 shows the design of naphthalene-based src inhibitor scaffolds. 

15 Figure 7 shows the design ofisoquinoline and indole-based src inhibitor 

scaffolds. 

Figure 8 provides an example of the chemistry used to prepare the naphthalene 

inhibitors, which is described in Marsilje 2000. A boronic acid functionality can be 

put put in place of a M1 hydroxyl groups in the src inhibitors from Table 5 using the 

20 Pd (0)-catalyzed cross-coupling methodology was used wherein either an aryl triflate 

(lshiyama ct al, 1997) or an aryl halide (Ishiyama, 1995) can be coupled with the 

commercially available pinacol ester of diboron. 

Figure 9 shows a synthetic scheme that can be followed, in order to attach 

hydrophobic S2 selectivity elements to the naphthalene scaffold. 

25 Figure JO shows successfulmodel reactions with naphthalene chemistry, 

which can be converted to the solid phase in preparation for synthesizing 

combinatorial libraries of this scaffold in a 96-Well plate format. The chemistry has 

been carried out on the less active naphthalene regioisomer represented by 44 because 

this compound is readily obtained from commercially available 3,5-dihydroxy-2-

30 naphthoic acid as describe in Marsilje 2000. 

Figure 11 provides a possible strategy for modifying the naphthalene scaffold 

in combinatorial libraries. 
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. .';l· ;:i\::,~'..i; 
Figure 12 shows the conversion of the triflate furictionality formed in reaction 

2 from intermediate 69 (Figure 11) to an amine (Wolfe et al, 1997) and then a series 

of amides or other amine derivatives. 

Figure 13 Following the modeling procedure described above; a the series of 

5 hydroxy-containing analogs of the boronic acid M1 group shown in Figure 13 were 

modeled in the src and IRTK (insulin receptor protein tyrosine kinase) active sites and 

found the illustrated interactions/binding modes as some of the interesting 

possibilities. 

Figure 14 shows results from testing of the non-peptide src inhibitor·43-meta 

10 (Table V) in theLA25 and NRK cell lines. 

Figure l 5A shows a comparison of taxol and doxorubicin (they were more 

effective than etoposide & cisplatin in this tumor cell culture) with the three Src 

inhibitors mentioned above utilizing ovarian tumor cells from tumor N015. Figure 

15B shows the results from tests of the src inhibitors for inhibition of normal human 

15 fibroblast cell growth. No inhibition of normal cell growth (both subconfluent and 

confluent; some enhanced growth was observed instead) was found, indicating that 

these inhibitors are not toxic to normal cells even at a 10-fold higher concentration. 

Figure 15 C provides the structures of the src inhibitors TOM 2-32, TOM 2-47, and 

KLM2-31. 

20 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides a method for identifying inhibitors of protein 

kinases. The general modular strategy for the development of non-peptide PTK 

25 inhibitors is outlined in Figure 1. Basically, a first module having a one or more 

functional groups for binding to catalytic residues of the protein kinase is combined 

with a second module which provides a non-peptide scaffold. Combinations of the 

first and second modules which inhibit protein kinase activity are then selected. Step 

1 begins with protein kinase inhibitor information which was already generated, i.e. 

30 pentapeptide scaffolds which bind in the substrate specificity sites of PKA or src have 

already been used to position various rationally designed :functional groups (i.e. 

module "M1,. or "first module") to interact with the conserved catalytic residues, 

MgA TP or MgADP. A selection of preferred functional groups have now been 
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identified in this fashion to serve as the initial M 1 module for Step 1. These M1 

functional groups have been utilized to identify promising non-peptide scaffolds for 

src inhibitors in Step 1. It was anticipated that these bare non-peptide scaffolds, with 

only an M1 appendage, would have low binding affinity and be relatively non-

5 selective among the PTKs. A lack of selectivity at the level of Step 1 is viewed as an 

advantage for the development of a general strategy which can be reapplied to 

additional PTKs. Therefore the suite of non-peptide scaffolds identified in Step 1 can 

be recycled for use against additional PTKs by rescreening them and carrying the 

better ones through Steps 2 and 3, all using the new PTK target. The potency of these 

10 bare scaffolds from Step 1 may be increased enough by the attachment of one or two 

initial specificity elements (Sn) to allow for the validation of the scaffold as non-ATP 

competitive and amenable to further potency enhancements using combinatorial 

chemistry in a rationally guided fashion. Promising sre non-peptide M1 (second 

module) scaffolds identified in Step 1 have undergone Step 2 and displayed a one to 

15 two order-of-magnitude increase in potency against src as well as non-competitive 

binding relative to ATP. 

Validation of the· scaffolds at the Jevel of Step 2 before undertaking the 

resource intensive combinatorial library synthesis and testing of Step 3 is important 

for three reasons: 1) To develop the chemistry for appending the specificity element 

20 {S11) side chains. 2) To determine that these inhibitors are not ATP-competitive. 3) 

To determine that the potency is responding to the side chain Sn properties and 

attachment points as would be expected based upon the working model for the 

src:inhibitor complex (this provides some confidence that rationally guided choices 

can be made for the ranges of individual selectivity elements S0 to include in the 

25 focused libraries of Step 3 ). 

It is in Step 3 that high potency and specificity for a particular PTK is 

anticipated because numerous combinations ofM1 functional groups (and close 

analogs M1 ') with selectivity elements (Sn) will be evaluated experimentally via 

combinatorial chemistry and high-throughput screening. Potency and selectivity may 

30 be further increased if necessary by appending additional specificity elements (see 

optional Sn's in Figure I). One of the selected src irihibitor scaffolds from Step 2 has 

already been attached to a soJid phase resin and is currently being developed into a 

combinatorial library following Step 3. 
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In each of the Steps 1-3, molecular modeling studies with the 

IRTK:peptide:AMP-PNP crystal structure, the model of the src:peptide complex and 

the models for the src complex with the individual families of inhibitc>rs based upon a 

particular scaffold will be used.as qualitative guides. These modeling studies have 

5 been remarkably helpful thus far in guiding the inhibitor design efforts as detailed 

later. Combining structure-based design and combinatorial chemistry technologies in 

this fashion provides a synergy wherein the major individual deficiencies of these 

technologies used in isolation are addressed by the strengths of the other. The major 

deficiency of structure-based ·design is the difficulty in quantitatively predicting 

10 ligand binding affinities, which is particularly challenging due to the complex effects 

of salvation and entropy (Ajay & Murcko, 1995). The major strength of structure­

based design is its' capability to predict what types of molecules are likely to be good 

ligands. Structure-based design can determine the rough boundaries (proteins have 

some flexibility which need to be taken into account) for molecular size and shape as 

15 well as indicate where hydrophobic, H-bonding and ionic interactions are likely to 

occur. On the other hand, the major deficiency of combinatorial chemistry is that 

"molecular space" for drug-sized molecules (i.e. MW ca. 500 or less) is so large that 

one could not hope to sample all of this molecular space with a high density of 

coverage in a reasonable sized combinatorial library. A recent estimate (Bohacek et 

20 al., 1996) of the number of possible compounds containing up to 30 atoms chosen 

only from carbon, nitrogen, oxygen and sulfur (in addition to H's) is 1060 compounds. 

This is in the molecular weight range of typical drug molecules and still does not 

indude additional diversity provided by other atoms, e.g. halogens. Consequently, 

additional constraints need to be used to identify regions of molecular space wherein 

25 particular drug candidates are likely to be located. Structure-based design can 

drastically reduce the volume of molecu1ar space to be explored by identifying the 

types of molecules which have a higher probability of being good ligands. The 

inability to quantitatively predict which of these "focused" combinatorial library 

members will in fact be the tightest binding ligands (i.e. the quantitation problem) is 

30 then resolved by employing an efficient combinatorial synthesis and high-throughput 

testing of the library. 

Jn the earlier peptide based serine and tyrosine kinase inhibitor design efforts 

PK.A was used as a convenient qualitative model for designing the protein kinase 



W000/42213 PCT/US00/00803 

- 10-

inhibitor module M1 for interaction with the conserved.catalytic residues. There is 

much more structural and kinetic infonnation available for PK.A than any other 

protein kinase. 

The crystal structure of PKA complexed with Mg2A TP and a pseudosubstrate 

S (i.e. OH replaced with H) peptide inhibitor (PKI 5-24 amide) has been solved (Zheng 

et al., 1993) and the active site interactions near the P 0 Ala of this inhibitor are 

shown in Figure 2. 

This crystal structure shows Mg2A TP bound tp the small lobe of PK.A and a 

20-residue pseudosubstrate peptide inhibitor bound to the large lobe with the overall 

10 confonnation of the enzyme in the closed (i.e. the two lobes are touching) and 

activated state. The distances between the P 0 Ala side chain carbon and the nearby 

heavy atoms in the complex are shown in Ao in Figure 1. These distances show that 

the Ala side chain is within van der Waals contact distance of the surrounding atoms 

and indicates that there is little space for appending bulky M 1 functional groups to the 

15 Ala side chain. However, PKA is a flexible enzyme with open, closed and 

intermediate conformations (Cox et al., 1994) and these more open conformations 

would result in a retraction back of the ATP y-phosphate from the inhibitor Ala 

thereby creating a binding cavity for appended M1 functional groups. Furthermore, 

PK.A binds MgADP with the same affinity as MgATP (Whitehouse et al., 1983) and 

20 the ratio of ATP/ADP in cells is typieally 1011 (Alberts, et al. 1994). Therefore, at 

equilibrium, ca. 10% of the cellular protein kinase is in the MgADP bound state and 

this form of the enzyme can also be targeted with an inhibitor to drain all of the 

enzyme from the catalytic cycle into a PKA:MgADP:inhibitor inactive complex. 

Since the PKA catalytic residues Asp-166 and Lys-168 are completely 

25 conserved in all serine kinases, and the tyrosine kinases only differ by the substitution 

of Arg for Lys-168 (Taylor et al., 1993), this region of the active site was chosen, 

along with the adjoining MgATP or MgADP, to target a selection ofinhibitor 

functional groups which could serve as M1 and be broadly useful for developing 

inhibitors for the entire protein kinase family. By targeting M1 to the region of the 

30 active site adjacent to the nucleotide, an orientation point is provided for the non­

peptide inhibitors which can extend into the peptide binding specificity sites without 

always competing with ATP/ADP binding. 
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A selection of functional groups which could be utilized as M 1 was identified 

first because, although this region of the active site is very highly conserved, it was 

expected that each particular protein kinase will still display some differing 

preferences across this selection due to small variations in the active site 

5 conformations and adjoining residues. Furthermore, the rank order preference among 

this selection ofM1 's may change somewhat as the M 1 module is appended to 

different non-peptide scaffolds. This expectation is based upon the potential for each 

non-peptide scaffold to bind in somewhat different orientations with each individual 

protein kinase and with each particular set of selectivity element (Sn) side chains. 

10 Pentapeptide scaffolds were chosen for the initial screening of functional groups for 

M1 because the binding orientation of these larger peptide scaffolds is likely to be 

very consistent and predictable (i.e. closely resembling that observed by x-ray) 

throughout the series and could be more confidently assumed to position each tested 

M1 functionality adjacent to the conserved catalytic residues as intended. 

15 Consequently, the goal of this earlier peptide-based work was to identify a collection 

ofM1 functional groups which can be used, not only for the initial screening ofnon­

peptide scaffolds (Step 1), but also as an initial set ofM1 side chains which can be 

further expanded via close analogs and thereby optimized simultaneously with the 

other side chains in the final non-peptide combinatorial libraries (Step 3). 

20 In order to model the candidate M 1 fwictional groups in this conserved 

catalytic region of the PKA active site, they were built onto the P 0 Ala position in the 

PKA ternary structure using the SYBYL molecular modeling package (Tripos) on a 

Silicone Graphics workstation as indicated in Figure 3. 

A crystal structure of PK.A with MgATP and an inhibitor bound in a more 

25 "open" conformation was not available, so initial modeling studies were carried out 

on the MgADP bound form of PKA derived from the ternary complex illustrated in 

Figure 2 by simply deleting the ATP y-phosphate. Initial modeling studies were used 

to provide qualitative guidance for identifying interesting potential M 1 functional 

groups for the protein kinase family before synthesis and testing. The most advanced 

30 computational algorthms for quantitatively predicting the free energy of binding, such 

as Free Energy Perturbation methods, are computationalJy intensive methods which 

are not practical at this point in time for routine use by the non-specialist. Even the 

most advanced methods can be inaccurate due to difficulties in sampling, 
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inadequacies in the-molecular mechanics force fields/parameters, and an incomplete 

underst~ding of electrostatics in water (Ajay & Murcko, 1995). Less rigorous (and 

easier to use) computational methods tend to be unreliable in making quantitative 

predictions of binding affinities, especially when dealing with multiple polar and ionic 

S interactions such as those involved in M1 binding. 

In order to allow molecular mechanics calculations to be done with the 

Silicone Graphics workstation in a reasonable amount of time, two layers of residues 

were carved out from the PKA ternary structure which are surrounding the PKA 

active site, along with the peptide inhibitor and MgiADP. The M1 functional groups 

10 were then appended to the P 0 Ala side chain and the entire PKA active 

site:MgiADP:modified peptide inhibitor complex was then subjected to 300 iterations 

of molecular mechanics minimization using the Tripos force field with a distance 

dependent dielectric constant after assigning appropriate formal charges and 

calculating Gasteiger MarSili point charges using SYBYL. Setting the maximum 

15 · number of iterations at 300 was sufficient to remove any serious strain in the 

complexs and yet not allow the overall structure to "drift" significantly from the 

starting x-ray structure if convergence is not reached. These minimized complexes 

were then visually evalulated to detennine if the appended individual M 1 functional 

groups were able to engage in favorable interactions with the conserved catalytic 

20 residues and/or MgiADP. This visual evalulation involved, among other standard 

interaction evaluations, measuring atom-atom distances to detennine if hydrogen 

bonds and ionic interactions were being favorably formed. 

Favorable intermolecular interactions between an individual M1 functionality 

and the conserved catalytic residues or Mg2ADP does not necessarily mean enhance 

25 binding affinity will be observed for the new inhibitor. Unfavorable desolvation of 

both the polar M1 functionality and the polar PK.A active site residues (as well as 

complex entropy effects) are not included in this analysis and may reduce the net 

binding affinity to the point that the modified inhibitor may even be less potent that 

the corresponding P 0 Ala inhibitor, even though the appended M1 functionality is 

30 interacting with the conserved catalytic residues and/or MgADP (or MgATP) as 

intended. Even in cases where this desolvation penalty results in no net increase in 

binding affinity, these M 1 functional groups are still useful as an orienting groups for 

correctly positioning the non-peptide inhibitor analogs in the protein kinase active 
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site. Positioning these polar functional groups elsewhere within the active site 

(assuming they are tethered so as not to be able to extend into bulk solvent while the 

scaffold is favorably bound in the active site) is likely to result in a reduced binding 

affinity because they were specifically designed and selected based upon their 

5 demonstrated ability (while appropriately tethered to pentapeptide scaffolds) to be 

accepted adjacent to the conserved catalytic residues and MgADP/MgA TP. If a 

particular M1 functionality does not correctly position a non-peptide scaffold in Step 1 

then attempts to improve the potency by rationally appending initial specificity 

elements in Step 2 would likely fail. 

10 None of the literature protein kinase assay procedures contain added ADP. A 

typical PKA literature assay procedure (Glass et al., 1989) was modified by adding 

10% as much ADP as the ATP concentration used to reflect the natural 1110 ratio in 

the cell. This protein kinase assay is hereinafter referred to as the "Literature 

Mimetic" assay. It has been used for PKA as well as the src. An examination of the 

15 literature, and commercially available protein kinase assays, showed that there is poor 

consistency from lab to lab and company to company and that all of these assays use 

physical chemical conditions which differ considerably from those known to exist 

inside cells. Since inhibition of intracellular protein kinases is the ultimate goal for 

drug discovery, new protein kinase assays have been developed which come much 

20 closer to mimicking the overall cytosolic physical chemical conditions known to exist 

inside cells. The development of these "Cellular Mimetic" protein kinase assays, is 

described herein, along with a novel method for determining which form of a protein 

kinase a given inhibitor binds bestto (the STAIRe method). Data was collected 

correlating the activity of the new non-peptide src inhibitors in the Cellular Mimetic 

25 assay with that obtained in the LA25 src transformed cell line (see below). 

When these two assay conditions were applied to some of the pentapeptide­

based PKA inhibitors, which were designed as illustrated in Figure 3, the results 

shown in Table 1 were obtained. The same assay conditions were also applied to the 

analogously designed pentapeptide-based src inhibitors and obtained the results 

30 shown in Table 2. 

The standard pentapeptide sequence chosen for the majority of PK.A inhibitors 

in Table 1 was derived from the pseudosubstrate sequence of the peptide inhibitor 

which was bound to PKA, when the crystal structure illustrated in Figure 1 was 
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solved. The standar4 pentapeptide sequence used for src in Table 2, Ac-Ile-AA-Gly­

Glu-Ph~-NH2, was described in Nair, Kim et al., 1995. Some of the chemistry used 

to prepare the PKA inhibitors is described in Nair, Lee & Hangauer 1995. The 

synthetic methodology used to develope a number of the src inhibitors is described in 

5 Lai et al., 1998. 

The collective results in Tables I and 2 show that both the serine kinase PKA 

and the PTK src can accommodate a variety of large polar M1 functional groups at 

the P 0 phosphorylation position. Furthermore, using the STAIRe methodology (see 

Choi et aJ. 1996), the sulfamic acid inhibitor ~ and related inhibitors, were shown to 

10 actually bind best when MgA TP (not MgADP or no nucleotide) is also bound. This 

·was a somewhat surprising result since these inhibitors are analogs of the "end 

product inhibitors"! & 12 which must bind simultaneously with MgADP just 

following phosphate transfer in the. generally accepted reaction mechanism for protein 

· kinases. 

15 These results also demonstrate that both PKA and src ~ show a large 

difference in binding affinity for structurally very similar inhibitors. For example, the 

sulfamic acid PKA inhibitor ~ (Table I) has a Ki of 0.16 µM under Literature Mimetic 

assay conditions (L) whereas the isosteric sulfonamide 1is1,875 X less potent (Ki= 

300 µM). The.sulfamic acid inhibitor~ is also isosteric with the end product 

20 phosphate inhibitor! yet it binds much more tightly under both Literature Mimetic 

assay conditions (31 X) and Cellular Mimetic (C) assay conditions (108 X). The 

beneficial effect of an oxygen atom positioned analogously to that in the substrate Ser 

is illustrated by comparison of phosphonate 1 to phosphate 1 and also ether ~to 

phosphate!. This oxygen atom can also be positioned as a serine-like OH side chain 

25 and enhance binding (compare 1to3A and 4A) wherein the closer serine mimic 4A is 

the more active. The difference in activity of the diasteromeric inhibitors 3A or Band 

4A or B suggests a specific interaction with the active site catalytic residue Asp-166 

may in fact be occurring as intended in the M1 design (Figure 3). 
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TABLE I 
INITIAL ~SCREENING RESULTS WHILE APPENDED 

TO THE PKA PENTAPEPTDE SCAFFOLD 

M1 
J... , lle-NJ-'2 

Ac-Arg-Arg-Gly-NH"' Q 
= Allaclunent Point 0 

Ki CuMl. (Conditions*) 
• L=Literature Mimetic 

C=Cellular Mimetic 

S(L)) 108.X 

S42(C) 

Ki CuM>. (Conditions*) 
• L=Llterature Mimetic 

C=Cellular Mimetic 

0 
~l-oH 

300(L)'""'\ 
.J sx 

2400(C) 

76(L) 

NT(C) 8 M1= I 
- NH 

0.16(,) 
31 x 

S(C) 

18 (L}-Diastereomer A 
72 (L}-Diastereomer D 

NT(C) 

,/ 

2SO(L)) 
8X 

2100(C) 

HO\ /OH CR S) 4 (L)-Diastereomer A ~ 
i Mi= #P""-.ro";. 20 (L)-Diastereomer B . .J 43 X 

0 l 171 (C)-Diastereomer A 

38(L)) 
3X 

I JS (C) 

' IS I 0 (C)-Diastereomer B 

HO:!~x 

M1= · f 
/0 
' ' . 
' _SX=H 28{L)J_29X 

780(C) 

! X= C02H ~s~~c)) 15 x 

y~H 

!1 Mt= ,/NH 45 (L} 

NT(C) 

The src inhibition results (Table II) show that the end product inhibitor 12 

drops in activity upon going from Literature Mimetic assay conditions to the higher 

5 ionic strength Cellular Mimetic assay conditions analogous to the PKA end product 

inhibitor!. However, whereas all of the PKA inhibitors with polar M1 functional 

groups were less active under Cellular Mimetic assay conditions three of the src 

inhibitors 14, 15, & 17 held their activity under these higher ionic strength assay 

conditions. Also, the hydroxyphosphonate src inhibitor 13 (a mixture of the Rand S 

I 0 diastereomers) is analogous to the PKA inhib~tor 3A and both are roughly in the same 
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activity range as their corresponding end product inhibitors, 12 & ! respectively, 

under Literature Mimetic assay conditions. Shortening the side chain length in the 

phosphonate src inhibitor 13 by one carbon atom (and necessarily removing the 

attached OH at the same time) to give 14 improved the activity (analogous to the PK.A 

5 inhibitor comparison~ to~ and, more importantly, resulted in equivalent activity 

under Cellular Mimetic assay conditions. The src results with 16-19 (particularly 17, 

see later for an analogous a-tricarbonyl acid M1 analog appended to non-peptide src 

inhibitors) also suggests that similar .amides may be useful M1 functional groups to 

explore with non-peptide src inhibitors. 

10 Non-peptide src inhibitors are preferred to peptide scaffold based compounds, 

partly because some of these inhibitors have a dual effect on src. For example, 

phosphonate inhibitor 14 not only inhibits src by competitively binding in the active 

site but it also activates src by binding to the SH2 site thereby releasing the 

intramolecular autoinhibition mechanism (Xu et al., 1997). This opposing effect 

15 gives an unusual IC50 curve for 14 wherein at low inhibitor concentrations src is 

stimulated (to a maximum of70%) in a smooth dose-response fashion (due to initial 

tighter SH2 binding) followed by a typical ICso inhibition curve at higher inhibitor 

concentrations (due to lower affinity blockade of the active site). This opposing 

activation effect of the pentapeptide inhibitors makes them appear to be less potent 

20 active site inhibit<)rs than they in fact are, and makes it difficult to accurately rank M1 

groups while appended to this pentapeptide scaffold. However, the better M 1 groups 

identified with the src pentapeptide scaffold must still be accommodated in the 

catalytic region of the active site and hence are useful orienting groups for the 

ongoing non-pepitde src inhibitor studies as intended. Since PKA does not have an 

25 SH2 domain this complication is not a factor in interpreting the PKA pentapeptide 

inhibitor M 1 testing data. 
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0 % Inhibition of 2 mM RR-src 2hos2homalilln ]!)! src lnhlbitor!1 mM} LHeralure Mimetic Cellular Mimetic 

Assay CondHlons p lnhlbHor (1 mM} 
Ueralure Mimetic CeUular Mimetic 1! M1 =NH·-.; 60 8 

9 OH 
NH2 

ll. M1 = 0-P' 36 0 ,o 
OH !! M1

111 tff~ •. _/' 20 28 
0 OH 

OH .l! M1 "HC··P'" 51 0 
OH OH 0 

0 1! M1=NH··(.' o 64 5 
~ 

l\A '.OH 83 88 )--# I= p 
HO OH 

OH 

M1 = c'·0 !! /' !! 68. 59 M1 "NH··•· .o 24 0 
OH _.,. ... .,;· 

H:I( OH 

5 The results in Tables 1 and 2 also show how much effect the assay conditions can 

have on both inhibitor potencies and the rank order of activity. For example, as. 

shown in Table I, switching from the Literature Mimetic (L) assay conditions to the 

Cellular Mimetic (C) assay conditions can change the potency from as little as 3-fold: 

(inhibitor !ID to as much as 108-foJd (inhibitor 1). Also, whereas inhibitor 10 is less 

10 potent than 1 under Literature Mimetic conditions it is more potent under Cellular 

Mimetic conditions. The src inhibitor data presented in Table 2 show that many of 

the inhibitors lose their potency upon goingfrom Literature Mimetic assay conditions 

to Cellular Mimetic assay conditions. The rank order of potency against src is also 

sensitive to the assay conditions. Whereas inhibitor 18 is more potent than inhibitor 

15 17 under Literature Mimetic conditions, the opposite is true under Cellular Mimetic 

conditions. Since activity within cells is the goal, the Cellular Mimetic src assay was 

selected as the standard assay for testing potential non-peptide src inhibitors. Activity 

within the Cellular Mimetic assay is a necessary, but not sufficient, condition for 

activity within cells. As will be described later, the Cellular Mimetic src assay will be 

20 followed up with cell culture assays wherein cell penetration, metabolism and binding 

to other cellular components are also factors in the measured potency. 

The next class of M1 functionality which was explored was the boronic acid 

group. This functional group is an intriguing candidate for M1 for a number of 

reasons: 1) It can exist in a non-ionic state so that it should not prevent passive 

25 absorption of non-peptide inhibitors across cell membranes. 2) The planar, trigonal, 
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boron acids might form reversible tetrahedral covalent borate complexes (a well 

known property of boronic acids, see Loomis & Dmst,, 1992) through their vacant 2p 

orbitals with anions present in the protein kinase active site such as the catalytic Asp 

carboxyl group or the ATP/ ADP terminal phosphate oxygens. This ability to form 

5 borate complexes with active site nucleophiles has been extensively utilized to 

develop slow binding inhibitors of serine proteases (e.g. see Kettner & Shenvi, 1984), 

wherein the nucleophilic serine OH fonns a covalent bond with the vacant 2p orbital 

in the boronic acid resulting in a tetrahedral borate complex (e.g. see Skordalakes et 

al., 1997). Also, an intramolecular complex of a boronic acid with a urea NH2 was 

10 used to prepare transition state analogs inhibitors of dihydroorotase (Kinder et al., 

1990). 3) Boronic acids act as Lewis acids and are converted to tetrahedral hydrates 

in water by forming borate complexes with water or hydroxide ions. Therefore, it is 

also possible that these boronic acid hydrates may function as phosphate mimics and 

M1 modules as proposed in Figure 2. This hydration property was utilized by Baggio 

15 · et al. (1997) wherein a hydrated bQronic acid functioned as a transition state analog 

inhibitor functionality for arginase. These researchers evaluated the inhibited 

complex by x-ray and showed that the hydrated boronic acid functionality formed two 

hydrogen bonds with the active site catalytic Glu-277 carboxyl side chain and one of 

the other hydrated boronic acid OH's interacted with two catalytic Mn2"'"'s in the 

20 active site. These binding interactions are closely analogous to those proposed in 

protein kinase active sites, i.e. H-bonds to the catalytic Asp side chain carboxyl group 

and interactions with the active site Mg2T's (see Figure 2), and 4) The use of boronic 

acids for protein kinase inhibitors has not been explored previously. 

In the area of pentapeptide-based PKA inhibitors, the boronic acid 

25 functionality has been prepared and tested as a potential M 1 module utilizing the four 

inhibitors 21-24 shown in Table 3 (see Hsiao & Hangauer, 1998, for some of the 

chemistry used to prepare these compounds). 

. ' 
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TABLE ID 

PK.A ~IBITION RESULTS WITH BORONIC ACID-CONTAINING PEPTIDE 
INHIBITORS 

Ac-RRGXI- ICso µM (cond. ICso µM (cond. ICso µM (cond. ICsoµM (cond. 
NH2,X= L, 0 h L,4h C,Oh C,4 h 

preincubation) preincubation) preincubation) preincubation) 
20 Ala 278 (K; =9 µM) 417 41(Ki=25 µM) so 

OH 249 * 500 µM34% 764 * 2000 µM 19% 
I 

inh sti 
~:OH 

OH 81 * 65 * 1753 * 2000 µM 71% 
I 

sti .ll (
8
'0H 

HW"''co 

H0,
8

,0H 398 133 2000 µM 16% *2000 µM 5% 

:N~O 
inh inh 

OH 1000 µM33% 1000 µM44% 2000 µM 6% sti 1734 µM 

,e"·oo inh inh 
24 

HN CO . .. . * Very distorted IC50 curve: Suggests lnh1h1tor 1s also a substrate • 
L = Literature Mimetic Assay Conditions. Inh = Inhibition. 

Sti = Stimulation. C = Cellular Mimetic Assay Conditions. 

10 While testing these boronic acid-containing PKA inhibitors, the corresponding 

pentapeptide pseudosubstrate inhibitor 20 was included as an internal control while 

investigating time-dependent inhibition as shown in Table 3. Under Literature 

Mimetic assay conditions, and no preincubation, the initial results suggested that the 

shortest chain L-amino acid 21 was binding with the same affinity as the 

15 pseud'!substrate inhibitor 20 (i.e. Ki ca. 9 µM). As this side chain was increased in 

length (to 23 and then li) binding affinity appeared to decrease. When the 

stereochemistry of the unnatural amino acid was inverted from Lin 21toDin22, 

binding affinity appeared to increase 3-fold. This improvement in binding may occur 

as a result that the boronic acid OH in 21 is positioned at the same chain length as L-

20 homoserine whereas the natural substrate, L-serine, has a one carbon shorter side 

chain. Modeling results with the PKA ternary structure indicated that the boronic acid 

OH can be retracted back somewhat by inverting the a-carbon stereochemistry from L 

in 21 to D in 22 and then repositioning the side chain to more closely mimic the 
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positioning of the natural substrate L-serine OH adjacent to the catalytic residues 

(Asp-1 ~6 and Arg-168). The modeling results were subsequently supported by the 

finding that, upon incubation of PK.A with these inhibitors for up to 4 hours without 

adding the competing peptide sub~1rate (Kemptamide: Llffi.ASLG-NH2), both 21 and 

5 22 :function as s.ubstr!lteS with the D-diastereomer 22 being phosphorylated faster. 

The fact that these boronic acid inhibitors are also substrates, became much 

more obvious by the greatly distorted IC50 curves obtained under the Cellular Mimetic 

conditions, both with and without preincubation (both PK.A and src are more active 

. enzymes under the Cellular Mimetic conditions than under Literature Mimetic 

10. conditions). In the assay used to obtain these results, the P32 phosphorylated 

Kemptamide produc~ ~generated .from y-P32 ATP) was isolated at the end of the 

substrate incubation period by binding to phosphoceJlulose filter paper via the three 

cationic groups (two Arg's and the N-terminus) and the level ofphosphorylated 

product isolated on the paper is then measured by liquid scintillation counting 

15 (cpm's). The boronic acid inhibitors 21-24 have two Arg's in their sequence also and 

therefore will bind to the phosphocellulose paper in addition to Kemptamide 

(although not as consistently or completely due to one less positive charge). 

Consequently, when analyzed as inhibitors, the amount ofphosphorylated 

Kemptamide produced was not only counted, but also the amount of phosphorylated 

20 inhibitor simultaneously produced (e.g. see 26 below). The net result is that distorted 

ICso curves are obtained which show net "stimulation" at higher inhibitor 

concentrations in some cases. The D diastereomer 22 gives the greatest apparent 

"stimulation" (71 %) when preincubated with PKA for 4 hours under Cellular Mimetic 

conditions followed by the L diastereomer 21 (19%) and then the one carbon homolog 

25 23 (5%) indicating all three are substrates for PK.A (Table Ill). The underlying 

substrate behavior of these "inhibitors" makes an accurate measurement of their 

inhibition potency impossible with the current assay. However, it does appear from 

the data that homologating the borortic acid functionality out with only CH2 groups 

(homologations with boronic acid non-peptide src inhibitors may also be carried out) 

30 decreases the binding affinity and ability to function as a substrate. 
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The boronic acid "inhibitors". 21 and 22 were shown to be substrates for PKA 

5 by running the same assay, but without adding Kemptamide, and stopping the reaction 

at various time points as shown in Figure 4. The graphs show their respective rates 

and levels of phosphorylation with the typical loss of initial velocity kinetics with 

time (due to substrate depletion and end product inhibition), analogous to a standard 

L-Ser substrate such as Kemptamide. The comparison of21to22 shown was done in 

1 0 the same assay run, at identical boronic acid substrate concentrations, and with 

identical Cellular Mimetic assay solutions so that the cpm's could be directly 

compared. The graphs show that initial velocity conditions were lost within one hour 

for D isomer 22 whereas the linearity appears to have been lost somewhat slower with 

the L isomer 21 suggesting a slower consumption of starting material. That the 

15 boronic acid moiety would be phosphorylated by PKA was surprising, but it is even 

more surprising that the phosphonic-boronic acid mixed anhydride produced (e.g. 26) 

was stable enough to survive the pH 7 .2/3 7°C assay incubation and then be isolated 

by binding to phosphocellulose paper after acid quenching of the reaction with 10% 

TCA and washing the phosphocellulose paper with 25 mM phosphoric acid (3X). An 

20 S1N substructure search was run on mixed an hydrides of phosphoric and boronic 

acids and found only three references to experiments and theoretical calculations for 

the analogous putative (but not proven) anhydride formed from boric acid and 

phosphoric acid as a solid surface impregnated catalyst for the partial oxidation of 

ethane to acetaldehyde at 823 °K (Zhanpeisov & Otsuka, 1992, Otsuka et al., 1992, 

25 Murakami et al., 1990). However, this highly unusual anhydride has never before 

been synthesized free of a solid surface, isolated or c~racterized. Thus, this is a 

novel enzymatic reaction and chemical entity with interesting possibilities for protein 

kinase inhibitor designs. 
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The src and PKA pentapeptide scaffold tethered M1 evalulations described 

above have resulted in identifying a variety of orienting M1 groups which could be 

used for screening potential noµ-peptide scaffolds as indicated in Step 1 {Figure 1). 

The boronic acid (from ll), the phosphonate (from H), and the sulfamic acid (from 

5 fil were initially chosen from the menu of potential M 1 • s for the src non-peptide 

scaffold screening;· ~ong. these choices, the boronic acid M1 group has proven 

effective for Step 1 screening of non-peptide scaffolds. 

The mostus~ful crystal stru~ures available for the design of non-peptide src 

inhibitors, which do not compete with ATP, are the native src structure and the 

10 IRTK.:peptide:AMP,:PNP ternary structure. For all of the modeling studies discussed 

below, the SYBYLµiolecular modeling software packa~e is used on a Silicone 

Graphics Workst~tion. 

Since the src and JRT.K structures are only used as qualitative guides in 

designing the non-peptide scaffolds and combinatorial libraries, the active sites along 
. ' : . 

15 with two layers of surrounding residues were carved out from the native src and JRTK 

ternary structures, analogous to the previous PKA modeling studies. The 

· IRTK:peptide:AMP-PNP ternary structure active site region was used as the template 

·structure to guide the building of the src residue sequence 424-418 back onto the src 

structure using the comparative homology modeling technique (see Hutchins & Greer, 

20 1991). These residues were disordered in the native src crystal structure and therefore 

not visible by x~ray. They were reintroduced because they help fonn the P+ 1 to P+3 

binding sites for p~ptide substrate~ which are important for some of the modeling 

studies. The analogous residues in the IRTK ternary structure are seen by x-ray and 

directly interactwith the bound pq>tide substrate. In fact, it is probably the presence 

25 of the bound peptide substrate wJ;iich induces order in the positioning of this sequence 

so that it is visible by x-ray. TJ:ie src pentapeptide substrate Ac-lle-Tyr-Gly-Glu-Phe­

NH2 (Nair et al., 1995) was then 4ocked into the src active site again using the IRTK 

ternary structure as a template. Small adjustments were then manually made to 
: . . . : . 

partially cleanup this complex, all of the hydrogen atoms were added, appropriate 

30 formal and partial charges (calculated via the Gasteiger Marsili method) were added, 

and then the entire complex was subjected to 300 iterations of molecular mechanics 

minimization using the Tripos force field, analgous to the previous PKA modeling 

procedure. A schematic representation of this modeled complex is given in Figure 5. 
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Any inaccuracies in this:;src:peptide and tlib src:inhibitor::ltitidels are accommodated 

by exp~rimentally evaluating a range of side chains, the number and diversity of 

which is scaled roughly to the level of uncertainty for the structure of their particular 

binding region in the src model active site (see later), in a combinatorial fashion. 

S As shown in Figure S the residues 424-418 built back into the src interact with 

the P+ 1 to P+ 3 substrate residues, Gly-Glu-Phe-NH2 respectively, through beta sheet 

type hydrogen bonding interactions with the substrate main chain (analogous to the 

IRTK peptide substrate). Lys 423 engages in two important interactions: 1) the 13 and 

'Y CH2's fold over the top of the P 0 Tyr phenyl ring engaging in a hydrophobic 

IO binding interaction and then 2) the remaining CHi-CH2-NH3+ of this side chain 

extends away to form a salt bridge with the P+2 Glu side chain as indicated. The rest 

of the P 0 Tyr hydrophobic binding pocket is formed by Pro 425 under the phenyl ring 

and part of the Cys 277 side chain above the phenyl ring. Using a large combinatorial 

peptide src substrate library, Songyang et al. (1995) found that the most commonly 

15 chosen side chain for the P+ I position was Gly followed by Glu. The present model 

indicates that a P+ 1 Glu side chain may form a salt bridge with nearby Arg 469 as . 

indicated in Figure S. Previously, researchers found that only Glu was chosen for the 

P+2 position and the present model indicates that this side chain forms a salt bridge 

with the Lys 423 side chain. At the P+ 3 position Phe was very strongly preferred and 

20 the model indicates that this side chain forms a stacking interaction with the Phe 424 

side chain. At the P-1 position Songyang et al. found that Ile was the most preferred 

residue followed by Val and then Leu. The model shows a hydrophobic pocket for 

binding the P-1 side chain formed mainly by Trp 428, Ala 390 and Leu 347. One 

might expect that the P 0 Tyr side main chain will strongly interact (though hydrogen 

25 bonding) with the active site in a catalytically competent complex because enzymes 

often form more critical interactions iit this region close to where the reaction will be 

occurring. The IRTKternary complex does not show a good hydrogen bond to either 

the P 0 Tyr NH or carbonyl. The nearest candidate residue for this interaction in the 

IRTK structure is Asn 1215 wherein the side chainNH2 is 3.71 A0 from the Tyr 

30 carbonyl oxygen. When the IRTK ternary structure is overlayed onto the src native 

structure, using the four residues mentioned in the Background and Significance 

section, Asn 468 from the src structure was found to be positioned very close to the 

analogous IRTK Asn 1215. This suggests that this conserved residue is performing 
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an important role and might move a little closer (i.e. about 1 A 0). to the substrate P 0 

NH an4 carbonyl in a catalytically active complex and form the hydrogen bonding 

interactions indicated in Figure 5. Finally, the catalytic Arg 388 and Asp 386 are 

correctly positioned in the src model to catalyze the transfer of they-phosphate from 

5 ATPtotheTyrOH. 

The src:peptide substrate complex can now be used to model potential non­

peptide scaffolds and determine preferred substitution positions for the specificity 

elements, all with an appropriately attached M1 functionality, before choosing new 

scaffolds to experimentally evaluate. The IRTK:peptide:AMP-PNP ternary structure 

10 can also be used to model these potential scaffolds and preferred substitution. 

positions. These scaffolds have broad utility for the development of selective PTK 

inhibitors by further developing them with appropriate specificity elements following 

the strategy outlined in Figure 1. 

The first non":'peptide scaffold evaluated with thjs src:peptide substrate model 

15 was the naphthalene scaftbld. This is the first use of bicyclic aromatic scaffolds for 

non-peptide PTK inhibitors, which do not compete with ATP. The naphthalene 

scaffold's utility for this purpose w~ demonstrated by developing a non-peptide 

inhibitor of the IRTK and EGF receptor PTK. (Saperstein et al., 1989). The IRTK 

ternary complexes were subsequently used to adapt this scaffold for src inhibition (see 

20 Marsilje et al., 2000). The naphthalene scaffold was docked into the src active site by 

first carrying out a Jeast squares fitting of atoms a-d onto the peptide substrate as 

indicated in Figure 6. In this way the naphthalene scaffold is related to the peptide 

substrate by,the cyclization shown by the arrow in Figure 6 and an appended OH as a 

substitute for the substrate Tyr NH. This is essentially the same process used to dock 

25 this scaffold into the IRTK structure as described in Marsilje 2000. The peptide 

substrate was then deleted from the active site, various M 1 functional groups and 

specificity elements S2 & S3 were then added to the scaffold as indicated and the 

complexes were then individually minimized for 300 iterations. This same process 

was a1so used to design the isoquinoline and indole scaffolds whose binding modes 

30 are indicated in Figure 7. 

In all of these modeled complexes selectivity element S2 consists of various 

hydrophobic side chains which can bind in the same pocket as the substrate P-1 Ile 

side chain and selectivity element S3 consists of various molecular fragments which 
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can bind in the P+l to P+3 region of the peptide substrate binding sites (Figure 5). 

Since the active site region where M1 binds is highly conserved among all of the 

protein kinases, the small menu ofM1 functional groups previously identified using 

peptide scaffolds served as the initial M1 grqups for attachment to the scaffolds at the 

5 indicated positions. Of the two selectivity elements binding sites, the structure of the 

hydrophobic binding cavity for S2 is known with greater confidence in the src model 

than is the P+ 1 to P+ 3 binding region for 83• This is because the S3 binding site was 

constructed partially by comparative homology modeling whereas the 82 site is 

largely unchanged from the structure determined by x-ray for native src. In view of 

10 these varied levels of confidence in the modeled binding sites for Mi. S2 and 83, the 

combinatorial library diversity is scaled such that the greatest variety and number of 

side chains in the combinatorial libraries are at the 83 site followed by the 82 site and 

then M1. 

The src results using M1 functional groups to experimentally identify 

15 promising non-peptide scaffolds are listed in Table 4. The data in Table 4 alJows a 

number of conclusions to be drawn: 1) Low, but measurable, inhibition potency can 

be obtained with an appropriate M1 group attached to a scaffold (e.g. 27 & 38). 2) 1 

mM inhibitor concentrations for this type of screening is higher than desirable but 100 

µM is too low. Screening of scaffolds bearing an M1 group would optimally be 

20 conducted at 500 µM. 3) The boronic acid, sulfamic acid and phosphonic acid M1 

functional groups, which had been identified using the PKA pentapeptide scaffold 

~' Table 3 & I Table 1) or the src pentapeptide scaffold (li, Table 2), respectively, 

give measurable activity when placed at the 2 position of the naphthalene ring (ll, 28 

& 30, respectively), the preferred position for M1 identified in the model naphthalene 

25 inhibitor:src complex (Figure 6). Moving the boronic acid or phosphonic acid M 1 

groups to the 1 position (32 or 33) reduced activity. 4) The related M1 sulfonamide 

functionality, which was poor on the PKA pentapeptide scaffold <1. & 2.. Table 1) is 

also poor when appended to the 2 (ill or 1 ~ position of the naphthalene scaffold. 

The sulfonic acid analog at the naphthalene 2 position @ is completely inactive, 

30 even at lrnM. 5) The naphthalene scaffold can be replaced with a benzofuran Qfil or 

a benzothiophene @§.) scaffold without a noticeable reduction in activity when the 

boronic acid M1 group is positioned analogous to the 2 position on a naphthalene. 6) 

The boronic acid M1 group also provides active compounds when appended to the 
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isoquinoline ·(ll} or indole QI) sqaffolds at the positions indicated by modeling 

results (Figure 7). However, the indole scaffold is clearly favored over the 

isoquinoline scaffold suggesting that a hydrogen bond donating ability to Asn 468 

(see Figure 7) is important for higher activity (this wo~ld require the protonated 

S isoquinoline which is difavored by the adjacent electrpn withdrawing ester group). 

This conclusion is al.so supported by considering that a peptide substrate may position 

a hydrogen bond do~ating peptide bond N1:I at a similar position (Figure 6) and by 

finding that an equivalently positioned phenolic OH (Figure 6) improves potency 

(phenolic OH's are II1uch better H-bond donors than acceptors) 8) When directly 

10 compared to other M1 groups the boronic acid group is superior (e.g. 27 vs. 28-31, 38 

vs. w. 9) A biphenyl scaffold modeled into the src and IRTK active sites and found 

promising binding DJ.odes for this scaffold, Combinatorial libraries were developed 

with the biphenyl scaffold (see Pavia et al., 1996), and the modeling results were 

encouraging. Ther~fore, the para ~) and meta ( 41) jsomers were evaluated with the 

15 . boronic acid M 1 group. Both bi phenyl compounds showed potency equivalent to the 

best naphthalene· b()mnic acid @ and therefore provide another scaffold geometry 

(the two phenyl rings are not planar) for further ·evaluation and development. 

Since the bare scaffolds, with only an M.1 group appended, often have low 

binding affinity, the ICso's and l<i's for the 2-naphthalene boronic acid and sulfamic 

20 acid inhibitors were detennined to ensure that a typical dose/response ICso curve is 

obtained. This analysis provided the typical shape dose/response curves seen with 

more potent inh~bitors. The IC5o's and Ki's of these simple inhibitors also confirmed 

that the boronic acid inhibitor 27 is the more potent than the sulfamic acid analog 28 

and has a Ki of about 554 µM. 

25 The nex~ issue addressed with these simple inhibitors before proceeding to 

elaborate them further was their mode of inhibition, specifically whether they are 

ATP-competitive inhibitors. In the case of the naphthalene inhibitors 27 & 28, their 

ICso's were monitored as the ATP concentration was increased in three steps up to 1 

mM. As a comparison, the ICso of the pentapeptide phosphonic acid src inhibitor 14 

30 (Table II) was also monitored. If any of these inhibitors were competing with ATP, 

then their ICso's should have increased proportionally with the ATP concentration 

(i.e. the dashed line). As shown, the ICso's for all three inhibitors remained 

essentially constap.t as the ATP concentration was increased demonstrating that they 
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are not ATP-competiti~iinhibitors. A veJ similar, but J~6h less costly (commercial 

src is expensive). analysis was conducted with the indole boronic acid inhibitor 38. In 

this case, the o/o inhibition was monitored with 38 at a constant 500 µM inhibitor 

concentration but with increasing ATP concentrations of 200, 500 and 1,000 µM. 

5 Once again the inhibitor potency was not reduced by the increasing ATP 

concentration demonstrating that 38 is also non-ATP competitive. 

The initial results obtained in Step I suggests that it is possible to identify 

promising scaffolds for further elaboFation with this procedure. The biggest 

uncertainty with Step 1 is that some of the scaffolds identified in this way might not 

10 be binding in the fashion suggested by the prior modeling evaluations. This is 

essentially a ''false positive" problem. These "false positives" will likely fail in Step 

2 • when they are evaluated for improved binding using the modeled complexes as a 

guide. Some false positive results can be accepted in Step 1 because the bare · 

scaffolds with only the M1 group attached are easily obtained. For further inhibitor 

15 development, one may return to Step I each time new scaffolds are needed to carry 

through Steps 2 & 3. The best M1 generated can be used each time Step I is repeated. 

Currently, the boronic acid M1 group is preferred since it has a proven ability to give 

measurable activity with bare scaffolds. Also the boronic acid M1 group offers 

multiple interesting possibilities for covalent and non-covalent interactions with the 

20 conserved catalytic residues since it can: 1) hydrate, 2) form borate complexes with 

electron rich active site atoms, and/or 3) be phosphorylated and then react with active 

site nucleophiles or engage in additional non-covalent interactions. From the data in 

Table 4, the naphthalene and indole scaffolds were chosen as M1 for the first efforts in 

Step 2 (the biphenyl scaffold is also a preferred scaffold). It is also worth mentioning 

25 that naphthylalanine and analogs can be successfully substituted for the P 0 tyrosine 

in src peptide substrates (e.g. see Alfaro-Lopez et al., 1998) further supporting the 

notion that naphthalene and related scaffolds can bind at the P 0 site. 
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TABUIV 

INITIAL STEP J RISUL TS 
% SRC l:\'HIBITION IN CELl,.Ul..AR MIMETIC ASSAY 

% Inhibition of2mM RR-sn: % Inhibition of2 mM RR-src 
at Inhibitor ConCelltration 12 ~ at Inhibitor Concentmion U 

OH 
I • -- = AtlllChing bond. 

~~ 
59(1 mM) ~ X=O IO(IOOpM) 
l3(I0011M) NON-ATP 
ICSo=95011M COMPETITIVE li X=S 12(100µM) 
Ki=554j.IM 

31 (I mM) YH 
ICso=.1.6mM NON-ATP 

/·~ Ki~.µM COMPETITIVE ~ HO IJ(S0011M) 
,& . 

O(lmM) 
. N OMe 

M! 0 

14(1 mM) . ·~oMe 
M1 

0 

oH 
NON-ATP 

~ I 62 (SOOµM) 
• O(IOOµM} Ho""'.'

8
"" ... COMPETITIVE 

OH 
I II (SOOpM) 

~ HO-P. " .. 
0 

OH 
I 

0 (IOOµM) 
~ Cs ll(JOOµM) 

I (I rnM) 

;.~ .!!. 14(100µM) 
.HO . 

O(IOOµM) 

5 In comparing the naphthalene vs. indolc scaffold results with a boronic acid 

M1 group (i.e. 27 vs. 38, Table 4) the indole hydrogen bond donating NH and/or the 

· adjacent ester group appeared to be the reason for the enhanced potency. 

Consequently.for Step 2 one of the first attempts was to add a hydroxyl group and an 

amide (with S2) to the naphthalene scaffold at the adjacent positions suggested by the 

10 modeling results (Figure 6). For the indole scaffold one priority was to prepare some 

amide analogs to see if potency can be increased with the S2 specificity element 
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(Figure 7). In order to facilitate the synthesis of these initial analogs, an OH was 

tempor~ly substituted for the boronic acid M 1 group. The OH group is also known 

to interact with the catalytic residues, as required for an M 1 group, because it is the 

natural substrate Mt whose phosphorylation rate is accelerated by interactions with 

5 the catalytic residues. The results obtained for some of the initial analogs are given in 

Table 5 along with a side by side comparison, in the Cellular Mimetic src assay, to 

two literature src inhibitors 50 & 51 which are reported be non-ATP competitive. 

Some of these results and additional.analogs are described in Marsilje 2000. 

Inhibitor 50, and analogs (Huang et al., 1995), were of particular interest 

10 because the iminochromene scaffold is closely related to the naphthalene scaffold and 

it's binding mode would be expected to be very similar based upon the model (Figure 

6). Partly because of this close analogy, the amides of hydroxyanilines with the 

naphthalene and indole scaffolds were examined as shown in Table 5. Also, the 

modeling studies with these hydroxyaniline amides derivatives in the src active site 

15 indicated that the hydroxyl group may be able to engage in a hydrogen bonding 

interactions with the src Phe 424-Ala 422 backbone peptide bonds analogous to 

peptide substrates (see Figure 5). These modeling studies also indicated that the 

homologous hydroxybenzylamides should be active and, more importantly, provide a 

substitution position (i.e. the benzylic carbon) for appending side chains to bind in the 

20 P-1 side chain pocket (e.g. to Arg 469, Figure 5). 

The data in Table 5 allow the following conclusions to be drawn: I) Adding an 

amide extension onto both the naphthalene and indole scaffolds can increase potency 

as predicted by the models for these scaffolds bound in the src active site (ca. 5-fold 

in the cases of 42 vs. 43-meta & 47 vs 48). 2) Adding a hydroxyl group to the 

25 naphthalene scaffold adjacent to the amide increases potency (about 5-fold, 43-meta 

vs. 44) as predicted by the src model, and also suggests Asn 468 does hydrogen bond 

with this OH. 3) Moving the M1 OH group from the position predicted to be best in 

the src model to the adjacent position reduces potency by one order of magnitude ( 43-

meta to~. 4) The indole scaffold is less responsive than the naphthalene scaffold to 

30 regiochemistry of the hydroxyaniline extension (48 vs. m. 5) The naphthalene and 

the indole scaffolds accept the one carbon homologation provide by using 

hydroxybenzylamides ~vs. 43 & 49 vs. ~- 6) The two M 1 hydroxy regioisomers 

of the naphthalene scaffold are both non-ATP competitive (see Marsilje 2000). 7) All 
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of the methyl hydroxyaniline and hydroxybenzylamide inhibitors were found to be 

Jess active suggesting that the hydroxyl group in the amide extension is functioning as 

a hydrogen bond donor. In this regard it is worth mentioning that in another src 

peptide substrate combinatorial library study Ser and Thr were identified as two of the 

5 most preferred residues at the P+2 position (Alfaro-Lopez et al., 1998} suggesting th.at 

there are other binding opportunities for an amide extension OH other than to the 

Phe424-Ala 422 peptide bonds suggested by the modeling studies. 8) The most 

potent non-ATP competitive, non-peptide, src inhibitor previously disc1ose.d in the 

literature GQ.) is not nearly as potent as reported when tested under the Cellular 

10 Mimetic assay conditions (ICso=ll8.nM reported by Huang et al., 1995 vs only 30% 

inhibition at 100 µM) and is less potent than a number of the current inhibitors 

(especially !J,-meta) including the most analogous inhibitor (2.Q vs. 45). The 

structure-activity-relationship (SAR) reported for hydroxy regioisomers of 50 in their 

assay (Huang et al., 1995) also does not correspond with the SAR which was obtained 

15 · for the related naphthalene. inhibitors. For example; their iminochromene analog of 

the most potent naphthalene inhibitor 43-meta is 230-fold less potent than SO. in their 

src assay. An important advantage of the naphthalene scaffold over the 

iminochromene scaffold is that it allows a highly desirable 82 specificity element to 

be added for accessing the P-1 hydrophobic site (see Figure 6) whereas the analogous 

20 position can not be substituted on the iminochromene scaffold because it is occupied 

by the ring oxygen atom. 
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TABLEV 

INITIAL STEP 2 RESULTS 
% SRC INHIBITION IN CELLULAR ~llMETJC ASSAY 

% Inhibition of2 mM RR-src 
at lnhibilOr Concentration {) 

47(100µM) 

HO~ H 

WN'G-OH 
OH 0 

Onho: 39 (I 00 µJ\.1) 

NON-ATP Meta: 89 (100 µM) 
COMPETITll'E IC)o0 l8 µM, K;=IO 11M 

Para: 23 ( l 00 µM) 

"(M1) 

HO~ 

~" OH 

o v 45 (100 µM) 

(M1~ 
HO yY" OH 

OH 0 v 
NON-ATP SI (100 µM) 
COMPETITil"E 1Cso=l70 pM 

<Mil 
HO 

~uJ)-a. 
OH 0 

Onho: 42 (I 00 µM) 

Meta: In pmgre.o;s 

Para: 42 (I 00 µM) 

(M1) 

% Inhibition of 2 mM RR-src 
at Inhibitor Concentration () 

40(500 µM) 

HO/-\-. H 

"='~YN'Q-oH 
Onho: 43 (I DO µM) 

Meta: 30(100µM) 

(M1) Para: 45 (100 JIM) 

~cc~· 
H o Ortho: 24 (JOO µM) 

Meta: In progress 

Para: 54 (100 µM) 

(M1'l~I"" 
HO I H 

O N'O"OH 

NH 0 
Huan11 ct al 30 (I OG JIM) 

~ Lil.ICso= 118 nM 

(M~~~s-0 

)

0 I NH2 
NC 

ST638 0 

(M~~~OH 
I 

I OH 
Piceatannol I 

OH 

37(100µM) 
Li1. ICso=l8 µM 

41 (IOOµM) 

Li1. IC50 • 66 11M 
for p56kk 

The inhibitor potencies in the src Cellular Mimetic assay can be further 

calibrated against other literature non-ATP, non-peptide src inhibitors. Two additional 

examples are 51(ST638, Shiraishi et al., 1989) which is a member of the 

"tyrphostin" family of erbstatin analogs (see Lawrence & Niu, 1998) and the natural 

product PTK inhibitor piceatannol 52 (Thakkar et al., 1993 ). In the Cellular Mimetic 
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assay all of these known inhibitors are less potent than had been reported suggesting 

that the assay is particularly demanding in terms of achieving high potency. The 

initial testing of src inhibitors is carried out using a single concentration (in triplicate) 

because commercial src is too expensive to do full ICso curves on every inhibitor. It 

5 should be mentione~ however, that an ICso dose response curve is not linear and the 

difference between ca. 50% inhibition at 100 µMand a ca. 90% inhibition at 100 µM 

is actually a factor of 10 and not a factor of 2 (e.g. 45 vs. 43-meta). Consequently, the 

literature src inhibitors 50-52 are greater than an order-of-magnitude less active than 

the currently most potent inhibitor 43-meta. 

10 The discrepancies found within the literature reporting the potency of these 

inhibitors, the sensitivity to assay coµditions described earlier with the PK.A 

inhibitors, and the lack of consistency among numerous labs and commercial protein 

kinase assay kits highlights this overlooked, but crucial, problem in the field. 

Although the inhibitors produced by the present invention may be more potent under 

15 other assay conditions, the Cellular Mimetic assay should be used, which mimics the 

intracellular physical chemical Gonditions as closely as possible, as the primary 

potency and rank order guide for evaluating the inhibitors before choosing 

compounds to proce~d to whole cell or tissue assays. As will be discussed in more 

detail later, the most potent naphthalene-based inhibitor thus far from the Cellular 

20 Mimetic assay (i.e. 43-meta, 1Cso=l8 µM & Ki= 10 µM) is also effective in 

specifically blocking pp60v-src stimulated cell proliferation with a similar ICso of ca. 

25 µM. This suggests that not only is the Cellular Mimetic src assay predictive, but 

also that this class of naphthalene-based inhibitors can readily pass through cell 

membranes and inhibit intracellular src. 

25 Analogs of a number of the :naphthalene and indole inhibitors above can be 

prepared with the boronic acid M1 group in place of the M1 OH and/or with a 82 

hydrophobic specificity element attached for binding in the src P-1 site as illustrated 

in Figures6 & 7. TQ.e naphthalene and indole scaffolds canthen be taken through to 

Step 3 as described below. Each time Step 2 is repeated with new scaffolds from Step 

30 I, the best selectivity elements 82 and/or S3 which have discovered with previous 

scaffolds will be used in the combinatorial libraries of Step 3. Even though the 

optimal combination ofM1, S2 an S3 is likely to be different for each scaffold, those 



W000/42213 _-:,:. ·:r. PCT/US00/00803 

-33-

... :· : ,; .,.;;.···:·;: :··: 

found optimal with the previous related scaffold (e.g. going from the naphthalene to 

the indc;>le scaffold) should be suitable for utilization as better initial specificity 

elements in Step 2 with the new scaffold. The same process will be repeated each 

time there is a need to try another scaffold until sufficient potency, selectivity and 

5 suitable phannaceutical properties are achieved for the src inhibitors or, subsequently, 

for inhibitors of additional therapeutically important PTK's. 

Some of the chemistry used to prepare the naphthalene inhibitors is described 

in Marsilje 2000. For attaching a boronic acid functionality in place of a M1 hydroxyl 

groups in the src inhibitors from Table 5, the Pd (0)-catalyzed cross-coupling 

10 methodology was used wherein either an aryl triflate (Jshiyama et al., 1997) or an aryl 

halide (Ishiyama, 1995) can be coupled with the commercially available pinacol ester 

of diboron. An illustrative example was have recently co~pleted is given in Figure 8. 

The example shown in Figure 8 demonstrates that it is possible to selectively 

triflate the less hindered OH at the M1 position and have proven this by its removal to 

15 56 with subsquent 1H NMR verification of the substitution pattern. The monotriflate 

53 was then taken on to the desired boronic acid SS as indicated. The same reaction 

sequence also works well for the regioisomer of 42 which corresponds to inhibitor 45 

from Table 5. The synthetic scheme shown in Figure 9 can be followed, in order to 

attach hydrophobic S2 selectivity elements to the naphthalene scaffold. 

20 The naphthalene chemistry can be converted to the solid phase in preparation 

for synthesizing combinatorial libraries of this scaffold in a 96-well plate format. 

Thus far model chemistry has been carried out on the less active naphthalene 

regioisomer represented by 44 because this compound is readily obtained from 

commercially available 3,5-dihydroxy-2-naphth.oic acid as describe in Marsilje 2000. 

25 The successful model reactions to date are shown in Figure 10. 

These model reactions demonstrate that it is possible couple the naphthalene 

scaffold to the Wang resin~) and then carry out chemistry on the triflate [in this 

case the Pd (0)-catalyzed cross-coupling to the boronic ester 64] followed by cleavage 

under mild conditions (65). The ester in 63 can also be saponified for subsequent 

30 coupling reactions to form amides containing the S3 selectivity elements. 

The naphthalene scaffold currently provides three diversity sites to be 

explored in the combinatorial libraries, Mi, 82 & S3• Solid phase combinatorial 

chemistry with 96-well plate reactors similar to that used in previous studies (Pavia et 
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al., 1996). The greatest number and diversity of side chains will be used for S3 

followed by S2 and then M1 for the reasons discussed earlier. One possi91e overall 

synthetic strategy, based upon the synthetic model studies above, for preparing these 

libraries is shown in Figure 11. 

5 Of course if problems arise with this route there are many other possibilities. 

For example, if the Mitsunobu coupling to give 67 proceeds in too low a yield (due to 

the increased steric congestion of the added adjacent allyl group-but perhaps not a 

problem given the 92% loading obtained in Figure 10) then the scaffold could be 

tethered to a resin through·the carboxyl group, rather than the OH, using the 

10 acylsulfonamide "safety catch" linker (Backes et al., 1996) and form the amides last 

(the excess amines can be removed after cleavage by filtering through an acidic resin). 

Likewise, other linkers and/or resins can be used if the reduction of the alkene in the 

presence ofbenzylic ethers 00 to ~is desired but problematic .. The first use of the 

chemistry proposed in Figure.11 will be to simply prepare a library of 96 amides, 

15 containing the boronic acid M1 group, without having the allyl side chain in place so 

that these two poten~ial complications will not be a problem initially and the most 

promising S3 elements can be quickly identified .. 

At least .14 82 hydrophobic side chains (includes linear, branched and cyclic) 

are identified for further study (28 if the corresponding alkenes are also explored) 

20 based upon the mQdeling of candidate side chains into the P-1 site of the src model 

(Figure 6) and on the commercial availability of the needed halides to prepare the 

corresponding Wittig reagents. At least 96 commercially available amines are 

available which will provide potential S3 specificity elements including: 1) 

hydrocarbons (4), 2) alkyl groups containing hydrogen bond acceptors (4), 3) alkyl 

25 groups containing both hydrogen bond acceptors and donors (19), 4) alkyVaryl groups 

containing hydrog~n bond acceptors and donors (25), 5) aryl hydrogen bond acceptors 

and donors ( 10), 6) heterocyclic hydrogen bond acceptors and donors (20). 7) side 

chains containing cationic groups (4), 8).side chains containing anionic groups (9), 

and the 3-amino phenol side chain from inhibitor 43-meta as an internal control for 

30 src activity. A broad range of amines were included for S3, in order not to overly bias 

the library here due to the higher level of uncertainty for this binding site in the src 

model. 
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The indole scaffold can be developed into a combinatorial library in much the 

same fashion. In this case, the indole NH would be used as the tether point for 

attachement to the Wang (or other) resin since the analogous Minsunobu reaction is 

known (Bhagwat &·Gude, 1994). A large amount of synthetic methodology has been 

5 developed for the synthesis of subsituted indoles and have designed a route to include 

the S2 hydrophobic side chain (sec Figure 7) (Ezquerra et al., 1996). 

The triflate functionality formed in reaction 2 from intermediate 69 (Figure 

11) can be converted to an amine (Wolfe et al., 1997) and then a series of amides or 

other amine derivatives following the reaction sequence shown in Figure 12. In fact, 

10 ·the triflate is a versatile synthetic handle and could be converted into other functional 

groups as well. 

When the amine 72 is available, the known M1 's (e.g. the sulfamic acid from 

src inhibitor 28 Table 5 and amide-acid 17 Table 3) can be evaluated with this more 

developed scaffold and evalulate some new amine derivatives as potential Mi's. For 

15 example the hydrated tricarbonyl amide M1 group shown in structure 73 (and it's non­

hydrated precursor) is accessible via the syntheti~ methodology (see Lai ·et al., 1996) 

and could form a variety of interesting interactions with the conserved catalytic 

residues. 

Following the modeling procedure described above, a the series of hydroxy-

20 containing analogs of the boronic acid M1 group shown in Figure 13 were modeled in 

the src and IRTK. active sites and found the illustrated interactions/binding modes as 

some of the interesting possibilities. By phosphorylating the boronic acid additional 

interesting possibilities are available (e.g. suicide type inhibition via reaction of the 

resulting mixed anhydride with an active site nucleophile). The presence of 

25 additional hydroxyl groups on the Tyr-mimetic phenyl ring is necessary and common 

among many PTK. inhibitors (e.g. Piceatannol 52, Table 5) and was shown to be 

benefical on the side chain with the PKA phosphonate inhibitors (e.g. ~vs. ~ and ~' 

Table I). Consequently, adding one or more OH's to the boronic acid inhibitor M1 

design as illustrated in Figure 13 may considerably enhance potency. These OH 

30 groups would also extend the boronic acid side chain past the catalytic Asp and Arg 

residues without suffering a penalty for covering them with hydrocarbon as was 

probably the case with the PKA boronic acid homologs (23 & 24, Table 3). One 

possible route to the hydroxyboronic acids 76 & 77 utilizes the chiral boronic ester 
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homologation methodology of Matteson (e.g. see Matteson et al., 1987, 1988 & 

1990). 

In a preferred embodiment of the invention, the first module is produced by 

attaching the first module to a peptide scaffold. One or more functional groups are 

5 identified which preferentially bind to catalytic residues of the protein kinase. 

Further, the first module is combined with the second module so that the second 

module substitutes for the peptide scaffold. 

Preferred first modules have a functional group such as boronic acid, a 

. hydroxyl group, phosphonic·acid, sulfamic acid, a guanidino group, carboxylic acid, 

10 an aldehyde, an amide, and hydroxymethylphosphonic acid. The compounds of the 

present invention may have two or more functional groups within the first module. 

More preferred modules are boronic acid groups, a hydroxyl group, or an amide 

group. An even more preferred amide group is a vicinal tricarbonyl amide. 

Preferred second modules include indole, naphthalene, biphenyl, isoquinoline, 

15 benzofuran, and benzothiophene. More preferred second modules are an indole or 

naphthalene. In some embodiments of the invention more than one first module may 

be bound to the second module. In addition, the first module may have a linear chain 

comprising between one and three carbon atoms which links the first module to the 

second module. In alternative embodiments, one of the carbon atoms in the linear 

20 chain is substituted with a nitrogen, oxygen or sulfur atom. 

The methods and compounds of the invention are broadly applicable to any 

protein kinase. Preferred protein kinases are protein tyrosine kinases and protein 

serine kinases. Preferred protein tyrosine kinases are pp60c-src, p561ck, ZAP kinase, 

platelet derived growth factor receptor tyrosine kinase, Bcr"Abl, VEGF (vascular 

25 endothelial growth factor) receptor tyrosine kinase, and epidermal growth factor 

receptor tyrosine kinase, and epidermal growth factor receptor-like tyrosine kinases. 

A more preferred protein tyrosine kinase is pp6oc·src. !>referred serine protein 

kinases include MAP (mitogen activated protein) kinase, protein kinase C, and CDK 

( cyclin dependent protein kinase). 

30 The method of the present invention may further consist of adding one or 

more specificity side chain elements to the combination of the first and second 

modules. Specificity side chains can increase potency and specificity of the inhibitor. 



·.· ... ~.,. 
W000/42213 PCT/US00/00803 

- 37-

Once a promising: second module i·~·identified it il:fl:c){ necessary to repeat all 

the steps of the method. Rather, the first module, specificity side chains, ora 

combination the two may be modified to improve the original inhibitor, i.e an 

inhibitor which has an increased ability to inhibit protein kinase activity when 

5 compared to the unmodified first inhibitor. 

The present method is designed to preferentially provide protein kinase 

inhibitors which do not act by inhibiting ATP binding t the protein kinase. Inhibitors 

of protein kinases may be potent but often lack specificity and are therefore often not 

good drug candidates. Therefore, protein kinase inhibitors which inhibit protein 

10 kinase activity but does not inhibit or only weakly inhibit ATP binding to the protein 

kinase are preferred. 

The present invention also provides a method for testing compounds for an 

ability to inhibit protein kinase activity. Compounds are produced according to claim 

1. The activity of the protein kinase is measured in the presence of the inhibitor at the 

15 same temperature, pH, ionic strength, osmolarity, and free magnesium concentration 

as found in a cell which expresses the protein kinase. The level of protein kinase 

activity is compared to the level of activity from the protein kinase without the 

presence of the inhibitor. Such an assay system which mimics physiological 

conditions provides the most relevant inhibition data. The assay may be conducted in 

20 an automated assay system. Furthermore, the assay may be combined with a 

combinatorial chemistry method to rapidly screen numerous candidates. 

The Pierce 96-well plate non-radioactive ELISA PTK assay method may be 

adapted to the CelJular Mimetic assay conditions for initial src screening of the 96-

well plate combinatorial libraries. This high throughput assay utilizes the same RR-

25 SRC peptide substrate, except that it is biotinylated so that it can be attached to the 

NeutrAvidin-coated wells in their commercial 96-well plates. This high throughput 

inhibition assay can be run by incubating src with the RR-SRC substrate prebound to 

the wells followed by adding their anti-phosphotyrosine antibody (PY20)-horseradish 

peroxidase (HRP) conjugate and their HRP substrate to quantitate the level of 

30 phospho-RR-SRC produced via measuring the level ofHRP product with a 96-well 

plate UV reader. Standard low throughput P32-ATP radioactive assays have been 

used, but a 96-well plate format is preferred, especially with a non-radioactive assay if 

possible. As very potent src inhibitors are developed, a panel of protein kinase assays 
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could be set up with up to ca. 6 commercially available protein kin:ases (mostly 

PTKs ), _using the Cellular Mim~tic Prote~~ kinase assay conditions, and test these 

inhibitors across the panel to obtain~ il'litial assessement of specificity. A more 

complete specificity assessment, involving the full ca. 2,000 protein kinases, will need 

5 to be conducted in cell culture and in vivo through additional collaborations at the 

appropriate time. 

Active src inhibitors Call be studied in a set of side-by-side cell-based assays 

using normal rat k~dney (NRK) cells.and a temperature'.'~ensitive pp6ov-src tranformant 

of this cell ·line (LA45). The LA25 transformant engages in anchorage- and serum-

10 independent growth at the "permissive" temperature of 33°C due to activation of 

pp6ov-src but not at the "non-permissive" temperature of 40°C at which pp6ov-src is not 

activated (Li et al., 1996) .. Th~ use of this pair of closely related cell lines for testing 

the src inhibitors at both the permissive and non-permissive temperatures allows one 

to determine if a given src inhibitoris blocking cell growth due to specific blockade 

15 of the src signalling pathway, by a different mechanism or by a general cytotoxic 

effect. Results frominitial testing of the non-peptide src inhibitor 43-meta (Table V) 

in this pair of cell lines are shownin Figure 14. . . . . 

As shown io this graph the growth of the LA25 cells at the permissive 

temperature of 33~C is inhibited by ca. 50% at a 25 µM concentration of 43-meta 

20 relative to the LA25 cell growth at the non-pennissive 40°C as a control. The lack of 

cell toxicity of ~J~meta is evidenced by the fact that as its concentration is increased 

up to 400 µM, the basel growth of the NRK. non-transformed cells, the LA25 cells at 

the non-permissive40°C and the LA20 cells at the permissive temperature of33°C 

(but with pp60v-src fully inhibited by 43-meta) not only does not decrease but actually 

25 increases somewhat (presumably due to a non-src related activity of this compound). 

Since the 43-meta solutions were prepared with a low concentration of DMSO for 

solubilization a DMSO control was also run at the same concentration. A more 

complete dose/response curve centered around 25 µM will be run. 

In another embodiment, the present invention provides a method of inhibiting 

30 a protein kinase. The protein kinase is contacted with a compound having a first 

module which has a functionality for binding to catalytic residues of the protein 
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kinase and a second m()dqle which provide~.a non-peptide ~affold. The combination 
... '. .. . . ~,,~:; ;" '. 

of the first and second modules inhibits the protein kinase activity. 

A preferred non-peptide protein tyrosine kinase inhibitor provided by the 

present invention bas the following formula: 

wherein Rl is Hor OH, R2 is H or OH, R3 is OH or H, and R4 is CH3, CH2(CH3)R, 

or CH2(CH3)S, R5 is OCH3, H, or OH, R6 is OCH3, F, H, or OH, and R7 is OCH3, H, 

. OH, COaH, COiCH3, CH2C02H, or CH2C02CH3. In a more preferred embodiment, 

the non-peptide protein tyrosine kinase inhibitor inhibits the activity of pp60c-src 

tyrosine kinase. 

Another preferred non-peptide protein tyrosine kinase inhibitor has ~e 

following formula: 

where Rl is OH or H, R2 is OH or H, R3 is OH or H, R4 is OH or H, RS is OH, OMe, 

or H, R6 is OH, OMe, or H, R 7 is OH, OMe, or H, and Xis 0 or 1. In a more 

preferred embodiment, the non-peptide protein tyrosine kinase inhibitor has the above 

25 structure and Rl is OH, R2 is OH, RJ is H, R4 is H, R5 is OMe, R6 is H, R7 is H, and 

Xis 1. 

Yet another preferred non-peptide protein tyrosine kinase has the formula: 

30 
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The present invention further provides a method of treating a condition, 

responsive to a protein kinase inhibitor, in a patient. An effective dose of a protein 

kinase inhibitor is administered to a patient. The protein kinase inhibitor has a first 

module having a functionality for binding to catalytic residues of the protein kinase 

S and a second module which provides a non-peptide scaffold, where the combination 

of the first and second modules inhibits protein kinase activity. 

10 

15 

Finally, promising src inhibitors can be screened in primary human tumor 

tissue assays, particularly to look for synergy with other known anti-cancer drugs. 

EXAMPLES 

Example 1 - Design, Synthesis and Activity of Non-Atp Competitive 
Hydroxynaphthalene Derivative Inhibitors of pp60c-S"" Tyrosine 
Kina..~e 

The crystal structure of the autoinhibited human IRTK catalytic domain 

(Hubbard et al .. , 1994) was used to carry out qualitative molecular modeling studies 

·(SYBYL™, 6.4, Tripos Inc., St. Louis) wherein a naphthalene ring was superimposed 

upon the IRTK Tyr 1,162. TheIRTKregion containing Tyr 1,162 folds back into the 

20 active site, with.Tyr 1,162 positioned analogous to a phosphorylatable Tyr in a 

peptide substrate, thereby autoinhibiting the tyrosine kinase. This superimpoS.ition 

indicated that an amide carbonyl should be placed at the 2-position (Scheme 1) of the 

Schemel .I" IRTK Tyr 1,162 
~)=o . 

. H-~---NOH 
o~ 
\'N'H 

25 naphthalene ring to mimic the Tyr 1,162 carbonyl and a hydroxyl group should be 

positioned at the 6-position to mimic the Tyr 1,162 hydroxyl group. These modeling 

studies also indicated that a hydroxyl group at the 3-position could mimic the Tyr 

1,162NH. 
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In order to test these design concepts experimentally, the 2-position carbonyl 

group ~s appended as either a methyl ester or as a series of amides (Table 6). The 

hydroxy N-phenyl (X=O) and N-benzyl (X=l) amides were chosen based upon the 

increase in pp60c-src inhibitor potency observed with iminochromene analogs 

5 containing appended hydroxy N-phenyl aiµide side-chains (Huang et al., 1995). 

Analogs wherein the 6-hydroxyl group was either deleted or moved were also 

prepared to determine if a drop in potency occurs as predicted from the modeling 

studies. 

The series of2-carbonyl-3,5-dihydroxy naphthalene inhibitors (la, 2a-2d, 2i-

J 0 21, 2o-2p) and 2-carbonyl-3, 7-clihydroxy naphthalene inhibitors (1 c, 2t-2u) were 

synthesized from commercially available (Aldrich) 3,5-dihydroxy-2-naphthoic acid 

and 3,7-dihydroxy-2-naphthoic acid, respectively. The methyl esters la and le were 

obtained by refluxing the respective acid starting materials for 48h in methanol pre­

saturated with HCl gas. The amides (2a-2d, 2i-21, 2o-2p, 2t-2u) were synthesized by 

15 coupling the respective carboxylic acid with commercially available (Aldrich or 

Lancaster) amines using one of two methods. The first method utilized the NBS/P:Ph3 

methodology as described by Froyen (Froyen, 1997). The second method utilize!i 

IIDQ (Aldrich) as the coupling reagent. The carboxylic acid was first reacted with 1.0 

eq. IIDQ in anhydrous DMF at room temperature for 24h. The respective amine (2.0 

20 eq.) was then added neat and the reaction was heated to 80°C for 2-6 hours. After 

aqueous workup, purification was achieved by silica gel chromatography and 

precipitation from CH2Clzlhexane, followed by preparative C-18 RP-HPLC 

(CH3CN/H20), if necessary. The benzyl amines were commercially available only as 

their corresponding hydroxyl protected methyl ethers. Consequently, after amide 

25 formation, the hydroxyl groups were deprotected by treatment with 6 eq. BBr3 in 

DCM for 1 minute at -78°C followed by 1 hour at room temperature. 
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Table 6: pp60c-src inh~bitory activity of hydroxynaphthalene derivatives and select 

·published inhibitors.a.b,c 

Compd Rl R2 R3 R4 R5 R6 R7 X 

la OH OH H H NIA NIA NIA NIA 

lb OH H OH H NIA NIA NIA NIA 

le OH H H OH NIA NIA NIA NIA 
Id 

la 
lb 

le 
ld 
2e 

2f 

lg 
lb 
2i 

2j 

lk 
21 

lm 
2n 

lo 
lp 
lq 
lr 

NH1 H H H 

OH OH H H 
OH OHH H 

OH OH H H 

OH OH H · H 

OH.· H OH H 
OH H OH H 

OH H OH H 
OH H OH H 

OH OH H H 

OH OH H ·H 

OH OH H H 

OH OH H H 

OH H OH H 

OH H OHH 

OH OH H H 

OH OH H H 

OH H 

OH H 

OH H 

OH H 

NIA NIA NIA NIA 
OH H H 0 
H OH H 0 

H H OH 0 

OH H OH 0 

OH H H 0 

H OH H 0 

H H OH 0 

OH H OH 0 
H OMe H 0 

H H OMe 0 

OMe H H 

H H OMe 

OMe H H 
H H OMel 

OH H H 

H H OH 

OH H H 

H OH H 

ls OH H 

lt OH H 

lu OH H 

lv H H 

OH H H 

H OH H 

H OH H 
OH H H 

H 

OH 
OH 
OH 

OH 

H 

H 

H 

0 

I 

0 

Jminochromene 9TA 

Piceatannol 

ST-638 

Emodind 

Tyropbostin A47 

% Inhibition at 

JOO µM (std. 
dev.) 

5 (+l-2) 

47 (+l-3) 

19 (+/-6) 

inactive 

12 (+/-4) 
51 (+/-1) 

60 (+l-7) 

14 (+/-2) 

39 (+l-5) 

89 (+/-1) 

23 (+/-5) 

56 (+/-1) 

33 (+l-5) 

35 (+/-8) 

13 (+l-3) 

14 (+l-2} 

inactive 

4 (+/-7) 

41 (+l-2) 

49 (+/-4) 

42 (+/-2) 

55 (+/-3) 

42 (+/-3) 

68 (+/-5) 

40 (+/-3) 

45 (+l-5) 

30 (+/-15) 

41 (+l-2) 

37 (+/-5) 

22 (+l-3) 

43 (+/-3) 

IC50(µM} 

n.t. 
n.t. 
n.t. 
n.t. 
n.t. 
150 

n.t. 
n.t. 
n.t. 

16 

n.t. 
n.t. 
n.t. 

n.t. 

n.t 
n.t. 

n.t. 

n.t. 
n.t. 

n.t. 
n.t. 
n.t. 

n.t. 
n.t. 
n.t. 

n.t. 
Lit1

: 0.118 

Lit13
: 66 (lck) 

Lit14
: 18 

Lit's: 38 
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Table 6 Footnotes: 

a The previously described assay procedure (Lai et al., 1998) was used with the 
5 following assay components, final concentrations and conditions: 50.0 mM MOPS, 

4.02 mM MgCl2, 6.00 mM K3citrate (used as a Mg2
+ buffer to stabilize the.free Mg2+ 

at 0.5 mM), 99.0 mM KCl, 10.0 mM 2-mercaptoethanol, 198 µM ATP, 19.8 µM 
ADP, 10 U full length human purified recombinant pp6oc-src (Upstate Biotechnology 
Inc.), 2.00 mM RR-SRC, 4.0 % DMSO, pH 7.2, 37°C. These overall assay conditions 

10 have been shown (Choi, 1999) to· reproduce the intracellular conditions of pH, temp., 
free Mg2

+ (0.5 mM), ionic strength, osmolality, ATP/ADP and reduction potential. 
b All new compounds were characterized by proton NMR, EI or F AB(+) MS and are 
pure by TLC. 
cN/A =Not applicable, n.t. =Not tested. 

15 d A TP-compctitive. 

The series of 2-carbonyl, 3,6-dihydroxy naphthalene inhibitors (lb, 2e-2h, 

2m-2n, 2q-2s) were synthesized from 3,6-dihydroxy-2-naphthoic acid 6 using the 

methods described above. The synthesis of intermediate 6 that was developed is 

20 shown in Scheme 2 beginning with commercially available 2,7-dihydroxynaphthalene 

3 (Aldrich). 

HO~OH 

~ 
3 

~
3 ~ ~6QH 

0 I A .& 
2 

OH 6 
37% 

1) NaH (1.1 eq), -I0°C, 30 min 
2) MOM-Cl ( l. I eq), ·I 0°C to rt. overnight 

Anh.DMF 

I) 1-BuLi (I 3 eq), Cfc, 90 min 
2) Cl·C(O)-OMe ( 1.5 eq), 0°C to rt, 60 min 

1:1 Anh. Ether/Anh. Hex 

3) pH=2 overnight 
4) pH=l2 overnight 

McOH, H20, rt 

MOM-O~OH 

~ 
4 

32% 

TBDMS-Cl (I. I cq) l DMAP (S mnl%) 
DlFA (I.I eq) Anh. DMF 

Cl°C to rt, 4h 

MOM-O~OTBDMS 

~ 
s 
93% 

Compound ld was synthesized from 3-amino-2-naphthoic acid (Aldrich) by 

reaction with TMS-diazomethane in DCM at room temperature. Compound 2v was 

25 synthesized from 6-hydroxy-2-naphthoic acid (Aldrich) using the amidation method 

described by Froyen (Froyen, 1997). 
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Kinase assay conditions have been shown to influence.the measured inhibitory 

activity (Lawrence et al., 1998). Consequently, in order to accurately determine the 

relative potency of the newly designe~ class of pp60c-src inhibitors, the inhibitory 

activity of four previously published, non-ATP competitive PTK inhibitors, was also 

5 tested. Piceatannol, ST-63 8, and Tyrphostin A4 7 were chosen because they are 

commercially availah,Ie (Sigma or Calbiochem), and are representative ofthe 

spectrum of known non-ATP competitive PTK inhibitors. Emodin (Calbiochem) is 

ATP-competitive when analyzed with the tyrosine kinaSe p561
ck. Previously, 

iminochromene 9T A was the most potent non-ATP competitive pp60c-src inhibitor 

10 reported (Huang et al., 1995). Since iminochromene 9TA was not commercially 

available, it was synthesized using a novel route by converting 3-Aminophenol to the 

corresponding TBDMS ether (1.1 eq. TBDMS-Cl, 1.1 eq. DIEA, 5 mol% DMAP, 

DMF, 24 h, rt, 71 %). The resulting aniline was coupled using 2.0 eq. of cyanoacetic 

acid (1.1 eq. EDCI, 1.1 eq. TEA, DMF, 18 h, 75°C, 70%). Condensation of the 

15 resulting amide with 1.2 eq. of 2,3-dihydroxybenzaldehyde (cat. piperidine, abs .. 

EtOH, 2 h, 60°C) followed by deprotection (1.1 eq. TBAF, THF, 15 m, 43% overall) 

gave iminochromene 9TA with satisfactory elemental, F AB(+)MS and 1H NMR 

analysis after purification by fla5h chromatography (10: 1, DCM:McOH). 

The inhibitory activities shown in Table 6 for compounds la-d and 2a~2v 

20 were detennined using purified, full length, human recombinant pp60c-src. Due to the 

number of compounds tested, and the associated cost, their rank order potencies were 

first determined at a constant inhibitor concentration (100 µM). As predicted by the 

modeling studies, based upon analogy to the IRTK Tyr 1,162 hydroxyl group, a 

preference for positioning the naphthalene hydroxyl group on carbon 6 vs. 5 or 7 was 

25 observed in both the ester (lb, 47% vs. la, 5% & le, 19%) and amide (e.g. 2f, 89% 

vs. 2b, 51% & 2t, 68%) series. The prediction that attaching a hydroxyl group at 

naphthalene carbon 3 (mimicking the Tyr 1,162 NH) would improve potency was also 

confirmed (2f, 89% vs. 2v, 45%). Finally, the prediction that extending the inhibitor 

as an amide at the 2 position (mimicking the peptide bond) could further improve 

30 potency was confirmed as well (e.g. 2f, 89% vs. lb, 47%). 
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The data provid~d in Table 6 demonstrate that mo~ih~ the hydroxyl group 

from the optimal 6 position to the adjacent naphthalene carbon 5 results in a different 

structure activity profile with regard to the optimal concurrent positioning of the 

hydroxyl group(s) in the amide side chain (e.g. 2f/2g vs. :2b/2e). Also of note is the 

5 replacement of the amide side chain hydroxyl group with a corresponding methoxy 

group in compounds 2i-2n. In the case of the N-phenyl amides (2i-2j), their activity, 

relative to the corresponding hydroxy amides (2b-2c), was not reduced as 

significantly as in the case of the N-benzyl amides (2k-2n vs. lo-2q, 2s). This 

suggests that in the benzyl derivatives_, the amide side chain hydroxyl groups either 

10 interact with the enzyme as hydrogen bond donors, or the methoxy groups are too 

large to fit in the binding site. 

A more quantitative analysis of the selectivity for positioning a hydroxyl 

group on carbon 6 vs. 5 is provided by comparing the IC50's of2f (16 µM) vs. 2b 

(150 µM), respectively. These results also confirm that a drop in% inhibition from 

15 ca. 90% to ca. 50% represents an order of magnitude difference in potency, as 

expected. Similarly, a drop in% inhibition from ca. 50% to 10% would represent 

another order of magnitude difference in potency. 

A direct comparison of the most potent inhibitor from this series, compound 

2f, with the five previously reported PTK inhibitors shown in Table 6 demonstrates 

20 that, under these assay conditions, 2f is more potent by one to two orders of 

magnitude. Interestingly, iminochromene 9T A was previously reported (Huang et al., 

1995) to have an IC50 of118 nM against pp60c-src, and was the most potent known 

non-ATP competitive pp6oc-src inhibitor, but under the current assay conditions only a 

30% inhibition at 100 µM was observed. These results re-emphasize (Lawrence et 

25 al., 1998) the importance of comparing protein kinase inhibitors under identical assay 

conditions. 

A goal of these studies was to obtain non-peptide pp60c-sn:inhibitors which do 

not compete with ATP. Consequently the % inhibition of pp60c-sre by 2f and lb at 

constant inhibitor concentrations wa.~ monitored as a function of increasing [ATP] up 

30 to a cellular mimetic 1 mM level. Since the [ATP] had little effect on the% 
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inhibition, both 2f and 2b are non-competitive inhibitors with respect to ATP. The % 

inhibition was measured using ATP concentrations of200, 500 & 1,000 µM w}iile 

holding the inhibitor concentration constant. If the inhibitor is directly competing with 

ATP, then this 5-fol4 overall increase in [ATP] is equivalent to decreasing the 

5 inhibitor concentration 5-fold in terms of the effect on %.inhibition. Consequently the 

% inhibition should decrease to the value observed in the IC50 dose-response curve 

(obtained with 200 µM ATP) for 1/5 of the set inhibitor concentration used in this 

experiment if direct competition with ATP is occurring. For inhibitor 2f (set at 25 

µM) a 62% {+/-5), 54% (+/-3) and 50% (+/-1) inhibition at 200 µM, 500 µMand 

IO 1,000 µ.M ATP, respectively, was obtained whereas the level ofinhibition should 

have dropped to ca. 20% at 1,000 µM ATP if direct competition with ATP were 

occurring. SimiJarly, for inhibitor 2b (set at 300 µM) an 84% (+/-1 ), 81 % (+/-1) and . 

77% (+/-2) inhibi1ion at 200 µM, 500 µMand 1,000 µM ATP, respectively, was 

obtained. The high cost of many kinases ha8 stimulated other researchers to monitor 
. . 

15 inhibitor potency as a function ofincreasing [ATP] for the same purpose (Saperstein 

~ · et al., 1989; Burke ~t aL, 1993; Davi"s et al., 1989; Davis et al., 1992; Faltynek et al., 

1995; and Sawutz et al., 1996). 

In summary, structure-based design has produced a series of 

hydroxynaphthalene pp60c-src non-peptide inhibitors that do not compete with ATP. 

20 Results with compounds from this series in cell-based assays, as well as detailed 

kinetic studies under various assay conditions, will be reported in due course~ An 

extension of these design concepts from the naphthalene scaffold to an indole scaffold 

is reported in the following paper. 

25 Example 2 - Design, Synthesis and Activity of Non-ATP Competitive 
Hydroxyindole Derivative Inhibitors of pp60N>rc Tyrosine Kinase 

In the preceding example, the structure-based design of a series of pp6oc-src 

inhibitors utilizing a naphthalene scaffold is described. These compounds were 

30 designed to bind in the peptide substrate site because of the potential for greater 

selectivity arid efficacy in a cellular environment relative to the alternative ATP 
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Scheme 1 .,.r{' IRTK Tyr l, 162 

~OH 
\-'N'H 

substrate site. This example presents an extension of these design concepts to a series 

5 ofpp60c-src inhibitors based upon an indole scaffold. Once again the crystal structure 

of the autoinhibited insulin receptor PTK (IRTK) was used to carry out qualitative 

molecular modeling studies, except in this case an indole ring was superimposed upon 

the IRTK Tyr 1,162. This superimposition indicated that the indole NH can mimic. 

the Tyr 1, 162 NH, that a carbonyl should be placed at the 2-position, and a hydroxyl 

10 group at the S position to mimic the Tyr 1,162 carbonyl and OH, respectively 

(Scheme 1). The conceptual cyclization ofTyr 1,162 to the smaller 5-membered ring 

of an indole illustrated in Scheme 1, relative to a 6-membered ring in the case of the 

naphthalene scaffold (Kami et al., 1999), results in a movement of the optimal 

positioning of the OH from carbon 6 in the naphthalene scaffold to carbon 5 in the 

1 S indole scaffold. 

The indole amide derivatives containing hydroxy phenyl/bcnzyl side chains 

2d-f, 2j-I (Table 7), respectively, were selected based upon the increase in pp60c-src 

inhibitor potency observed for the analogous naphthalene-based hydroxy phenyl 

amides reported in the previous example. The corresponding methyl ethers 2a-c,g-i,v 

20 are precursors in the synthesis. The additional analogs shown in Table 7 were 

prepared to begin expanding the range of side chains beyond the hydroxy/methoxy 

groups that have now been extensively probed with both the indole and naphthalene 

scaffolds. 

The indole amides containing only hydroxy or methoxy side chains were 

25 synthesized as illustrated: 
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CH30~ >. H}i~ 
HO - ~ ~ °'~-zv(OII.OCHi>m 
If} o. t-()-coH>m --------- · ccH~-N·~i ~ n 
'L{ ~ DB~, anh. DCM ~ 

(Cffz),j-N · .-78 Crort,2h 
'H 

The 2-indolecarboxylic acid derivative, the methoxyphenyl amine (1.1 eq, 

Aldrich, Lancaster or Fluka), and the coupling reagent Py BOP (benzotriazol-1-

5 yloxy)tripyrrolidino-phosphonium-hexafluorophosphate) (1 eq, Fluka) were dissolved 

in anhydrous DMF. The solution was cooled to 0°C under argon and then 

diisopropylethylamine (DIEA, 3 eq) was added. The reaction was stirred at 0°C for 

lm followed by 1 hour at room temperature. After workup the residue was purified 

by Silica gel chromatography. 

10 The methyl ethers were cleaved with boron tribromide (1 M in DCM, Aldrich) 

when desired. The indole amide methyl ether was suspended in dry DCM and cooled 

to -78°C under argon. One equivalent ofBBr3 was added for each heteroatom in the 

starting material plus one excess equivalent. The resulting dark red solution was 

stirred at -78° for 30m and then at room temperature for 1-2 hours. The reaction was 

15 quenched with water (10 minutes) before workup. 
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Table 7: pp60c-src inhibitory activity ofhydroxyindole derivatives.a,b,c 

R1 

~-Q 
H 

R2 Ri 
Rs Ri.-N, 

la-lb H 
la-lz 

Com pd RI R2 R3 R4 R5 R6 R7 % Inhibition at 
100 µM (std. dev.) 

la H OH H CH3 NIA NIA NIA 40 (+l-5) 
[at500 µM) 

lb H OH OH CH2CH1 NIA NIA NIA 28 (+l-3) 
la H OH H OCH3 H H 3 (+I-I) 
lb H OH H H OCH3 H 21 (+/-2) 

2c H OH H H H OCH3 39 (+1~9) 
ld H OH H OH H H 43(+/-I) 
le H OH H H OH H 30 (+/-6) 
lf H OH H H H OH 45 (+/-3) 
lg H OH H CH2 OCH3 H H 21 (+/-5) 
2h H OH H CH2 H OCH3 H 7 (+/-6) 
2i H OH H CH2 H H OCH3 18(+/-4) 
2j H OH H CH2 OH H H 24(+1-3) 
lk H OH H CH2 H OH H 74(+/-2) 

[ICso = 38 µM) 
21 H OH H CH2 H H OH 54(+/-2) 
2m H OH H CH2CH2 H H OH 21(+/-7) 
2n H OH H CH2 H H C02H not active 
lo H OH H CH2 H H C02CH3 11(+/-4) 
2p I-I OH H H H CH2C02H 7(+/-6) 
2q H OH H H H CH2C02CH3 32(+/-7) 
2r H OH H H F H 21(+/-7) 
ls H OH H CH2 H F H 57(+/-6) 
2t H OH OH CH2 H OH H 26(+1-2) 
lu H H OH CH2 H OH H 56(+1-6) 
2v H H H CH2 H H OCH3 4(+/-4) 
lw H H 11 CH2 H H OH 36(+/-4) 
lx OH H H CH2 H OH H 60 (+/-3) 
2y H OH H CH(CH3)R H OH H 15(+/-3) 
2z H OH H CH(CH3) S H OH H 13(+/-7) 

a All compounds were tested as described in the preceding paper.3 

5 b All compounds were characterized by proton NMR, F AB(+) MS and are 
pure by TLC. 

c N/A =Not applicable. 

Using this synthetic route, the series of 5-hydroxyindole amide inhibitors 2a-

10 m,y,z were prepared from 5-hydroxy-2-indolecarboxylic acid. The 4- and 6-

hydroxyindole amides (2x,u, respectively) were synthesized from methyl 4-mcthoxy-
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2-indolecarboxylate ~d methyl 6-ip.($oxy-2-indolecarboxylate, respectively. The 

5,6-dihydroxyindole amide 2t was prepared from ethyl 5,6-dimethoxyindole-2-

carboxylate. Sonication of the esters in 1 N NaOH for lh provided the corresponding 

carboxylic acids for coupling. The des-hydroxy indole amides 2v ,w were synthesized 

5 from indole-2-carboxylic acid. All of the indole starting materials were commercia11y 

available (Aldrich or Lancaster). 

The fluoro inhibitors 2r,s were likewise prepared from the corresponding 

fluorophenyl amines (Aldrich). The :inhibitors containing esters or carboxylic acids 

on the amide side ch~n, 2n-q, were prepared from the conesponding amino 

10 carboxylic acids (Alprich). The side chain carboxylic acid was first protected as a 

methyl ester (anh. MeOH pre-saturated with HCI, reflux, ld), followed by PyBOP 

coupling (as above): ~en saponification back to the carboxylic acid when desired. 

The methyl ester la was prepared by refluxing a solution of the carboxylic 

acid overnight in anhydrous methanol pre-saturated with HCI gas. The ethyl ester lb 

15 was prepared by BBr3 deprotection of ethyl 5,6-climethoxyindole-2-carboxylate as 
. . :' 

above. All of the inhibitors listed in Table 7 were purified by silica geJ 

. chromatography. 

As in Marsilje 2000, the rank order activity of this series of pp60c-src inhibitors 

was first detennined at a constant inhibitor concentration (Table 7). The same 

20 inhibitor concentration ( l 00 µM) was used for the current indole series of inhibitors, 

the previous naphth!ilene series of inhibitors, and five non-ATP competitive literature 

PTK inhibitors (see preceding paper). This allowed an efficient rank order 

comparison of 59 compounds in total under identical assay conditions. 

The modeling studies predicted that a hydroxy group at carbon 5 of the indole 

25 scaffold would be optimal. Comparison of the 5-hydroxy indole inhibitor lk (74%) 

with the analogous 6-hydroxy indole inhibitor 2u (56%) and 4-hydroxy indole 

inhibitor 2x (60%) confirms this prediction, although the preference is not strong. 

The prediction that a hydroxy group at carbon 5 will improve the activity (relative to 

no hydroxy group) is confirmed by comparing the 5-hydroxy indole inhibitor 21 

30 (54%) with the corresponding des-hydroxy inhlbitor 2w (36%). 
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Extending the irid.ote inhibitors as aryl amides at caflion 2 improved potency, 

as expec~d based upon the previous naphthalene inhibitors. For example, the meta­

hydroxybenzyl amide indole .2kgives 74% inhibition at 100 µM whereas the 

analogous methyl ester la gives only 40% inhibition at 500 µM. Interestingly, 

5 comparing the 5,6-dihydroxy ethyl ester lb (28%) to the corresponding aryl amide 2t 

(26%) shows that the simultaneous presence of the second hydroxy at carbon 6 

prevents the potency enhancement normally provided by the otherwise preferred 

meta-hydroxybenzyl amide side chain: This amide side chain was the best of the 

current series when the 5-hydroxyl group is present alone (lk, 74%) and still gave 

10 good inhibition when a 6-hydroxy group was present alone (2u, 56%). Also, the 

simultaneous presence of two hydroxy groups at carbons 5 & 6 seems well tolerated 

in the absence of an amide side chain (lb vs. la & le). This data suggests that a 

change in the binding orientation of the indole scaffold may have occurred due to the 

presence of the second hydroxy group and that a different amide side chain may now 

15 be preferred. The optimal combination of side chains at carbons 4-7 (including 

functional group replacements for hydroxy groups (Lai et al., 1999)) and amide side 

chains is currently under investigation. 

In general, the indole scaffold structure-activity-relationships (" SARs"} 

revealed by the data in Table 7 parallels that reported in the preceding paper for the 

20 naphthalene scaffold. In both cases positioning a hydroxy group on the scaffold 

analogous to the Tyr 1,162 OH, as identified by modeling studies, provided the 

highest potency. Moving this hydroxy group to one of the adjacent carbons reduced 

the potency. but not dramatically, in both cases. Extending both scaffolds with ary 1 

amides at the position identified by the modeling studies to mimic the Tyr 1,162 

25 peptide bond improved the potency. With both scaffolds, substitution of a methoxy 

group for the hydroxy groups on the amide side chain usually reduced potency, and 

did so to a greater extent with the longer benzylamide side chain (e.g. 2k, 74% vs. 2h, 

7% compared to 2e, 30% vs. 2b, 21 %). The major difference in the SARs for these 

two scaffolds is that the 5-hydroxyindole scaffold prefers the longer m-hydroxybenzyl 

30 amide side chain {2k, 74% vs. le, 30%) whereas the analogous 3,6-

dihydroxynaphthalene scaffold prefers the shorter amide side chain derived from m-
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hydroxyaniline. The s .. hydroxyindole scaffold showed essentially no preference for 

the position of the hydroxyl group on the shorter amide side chain (2d-t) whereas with 

the longer hydroxybenzyl amide side chain a significant preference for the meta 

position was observed (2j-1). In the case of the 3,6-dihydroxynaphthalene scaffold the 

5 opposite was observed. 

Additional molecular modeling studies were C3fried out to further probe the 

preference for a longer amide side chain with the indole scaffold. The most active 
. , 

naphthalene inhibitpr ~ from the previ:o~s report was used as a template upon which 

the analogous indole inhibitor le and the homologated irldole inhibitor 2k were 

10 superimposed. The tJrree most important side chain functional groups in naphthalene 

inhibitor 3 are considered to be the 6-hydroxy group (H-bond donor and acceptor), the 

Schemel 

• H 

a 
H 

N . 

cf" lk 

O• . 
1{ 

hydrogen from the 3-hydroxy group (H-bond donor), and the side chain hydroxy 

15 group (H-bond acceptor) based upon the rational design and SAR for both series of 

inhibitors. This three point pharmacophore model is identified in both series by 
asterisks in Scheme ~. 

The "multifit", energy minimization and "fit atoms" facilities within 

SYBYL™ (6.4, Tr~pos, St. Louis) were used in sequence to superimpose le and 2k 

20 onto 3. This oveni.11 fitting process was carried out with spring constants (multifit) 

and weights (fit atoms) chosen such that the highest emphasis was on optimally 

superimposing the scaffold pharmacophore O's and H's (100), followed by the side 

chain O's (10) and then the intervening amide bond (1). The "multifit'' process 

adjusted the conformations for maximum pharmacophore fit, the subsequent 

25 minimization produced the nearest local minimum energy conformations and finally 

the "fit atoms" process produced the best pharmacophore superimposition of these 
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minimized conformatioilii. As expected, the scaffold phatfu~cophore O's and H's of 

both 2e 1µ1d 2k superimposed closely and similarly upon the corresponding atoms in 3 

(all within ca. 0.50 A0
). However, the side chain pharmacophore O's of2e and 2k 

differed significantly in theirsuperimposition on the corresponding 0 of3, with 

5 displacements of 1.8 A0 vs. only 0.08 A0 respectively. This close fit of the three key 

pharmacophore sites between 2k and 3 provides a rationalization for their potency 

differing by only a factor of2.4 (IC50's 38 µM vs. 16 µM, respectively). 

Extending the amide side chain by another carbon atom reduced the activity 

(2m, 21%vs.21, 54%). Adding a methyl group to the benzylic carbon of 2k, in either 

10 stereochemistry, greatly reduced the activity (2y, 15% & 2z, 13% vs. 2k, 74%). 

Replacing the side chain hydroxy group (in the para position) with a carboxylale 

anion (2n, 0% vs. 21, 54% and 2p, 7% vs. 2f, 45%) reduced the activity whereas the 

corresponding methyl esters (lo, 11 % & 2q, 32%, respectively) showed a smaller loss 

of potency. Importantly, replacing the side chain hydroxy group with a fluori11e 

15 maintained much of the potency (2s, 57% vs. 2k, 74% and 2r, 21 % vs. 2e, 30%). 

Consequently, the fluoro analog ls has only one hydroxy group left for potential 

Phase II metabolism (e.g. glucuronide formation), and this remaining hydroxy group 

is a current target for replacement (Lai et al., 1998). 

Using the same method as in the preceding example (Marsilje2000), the most 

20 potent inhibitor from the current indole series (2k) was analyzed for ATP competition 

by monitoring the% inhibition at increasing [ATP] while holding the inhibitor 

concentration constant. Since the [ATP] had little effect on the% inhibition (The% 

inhibition was46% and 41%with2kat45 µMand [ATP] at200µMor1,000 µM, 

respectively.), 2k is non-competitive with respect to ATP under these assay 

25 conditions. 

In summary, an indole scaffold has been designed, and an initial SAR carried 

out, for the development of non-ATP competitive pp60c-src inhibitors. The potency of 

the best indole-based inhibitor from the current series was found to be close to that of 

the best naphthalene-based inhibitor. The% inhibition was 46% and 41%with2k at 

30 45 µMand [ATP] at 200 µMor 1,000 µM, respectively. 
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Example 3 - Synth~siit oflndole Derivative Protein Ki,.aase Inhibitors 

The following results show the synthesis and testing of indole derived protein 

kinase inhibitors. Four reaction schemes are provided and separately followed by 

5 experimental details for the preparation· of the final product of each of these reaction 

schemes. These final products are examples ofindole-base tyrosine kinase inhibitors 

wherein the synthesis with preferred R groups is illustrated (boronic acid, Scheme 1; 

OH, Scheme 2; an aliphatic amide extension,· Scheme 3; and a phosphonic acid 

Scheme4). 

10 

H01XHO I ~ 
0 N OH 

H ·.· 

2 

diethanolamine 

Scheme 1 

MeOH-HCI HO~o I ~ 
reflux 0 .~ . OCH3 

;to_ ,o~ B-B , ' 0 0 

PdCl2(dppf), dppf 
KOAc,DMF 

1 

1 NHCI 

n-phenyl triflimide 

TEA, DCM 

3 

4 
Inhibition of pp60o-src: 
62%@100µM 
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Methyl S-hydroxy-2-indolecarboxylate (1) 

Dissolved 3.50 g 5-hydroxy-2-indolecarboxylic acid in anh. MeOI-1 presaturated with 

HCl gas. Refluxed for 48 hours. Concentrated in vacuo and triturated with AcCN x3 

5 to remove residual acid. Filtered through silica plug with EtOAc to remove baseline 

contamination. Recovered 4.32 g (quant. yield) TLC Rr= .78 (EtOAc) lH NMR 

(DMSO-~): 3.82 {s, 3H), 6.78 {d, J=8.8 Hz, lH), 6.88 {s, lH), 6.93 {s, lH), 7.23 (d, 

J=8.8 Hz, IH), 8.90 {s, lH) 11.62 {s, lH) FAB(+) MS rn/e 191.9 (M+l) 

10 Methyl 5-((triOuoromethyl)sulfonyloxy]indole-2-carboxylate (2) 

Added 150 ml anh. DCM to 3.24 g (17 mmol) methyl 5-hydroxy-2-indolecarboxylate 

(1) and 6.67 g (18.7 mm) n-phenyl trifluoromethane sulfonamide at 0°C. Added 2.6 

ml triethylamine dropwise at which point clear yellow solution formed. Stirred at 0°C 

for 1 hour. Wanned to room temperature and stirred for 2 hours. Concentrated in 

15 vacuo and purified through silica gel column (1/1 EtOAc/hexanes). Recovered 4.69 g 

(86%). TLC Rr= .63 (1/1 EtOAc/hexanes). HPLC Rr= 20.879 lH NMR (DMSO~d6): 

3.87 (s, 3H), 7.25 (s, lH), 7.31 (d, J=9.2 Hz, lH), 7.55 (d, J=9.2 Hz, lH), 7.80 {s, lH), 

12.34 s, lH) FAB(+) MS m/e 323.1 (M+l). 

20 Methyl S-methylindole-2-carboxylate, 4,4,5,5-tetramethyl-1,3,2-

dioxaborolanemethyl (3) 

500 mg 1.55 mmol methyl 5-[(trifluoromethyl)sulfonyloxy]indole-2-carboxylate (2), 

37.9 mg (.05 mmol) PdCh (dppf), 432 mg (1.7 mmol) bispinacolatodiboron, 454.8 mg 

( 4.65 mmol) potassium acetate, and 25.7 mg (.05 mmol) dppfwere added to a flask 

25 and vacuum dried at 40°C for 2 hours. Added 20 ml anh dioxane and heated to 80°C 

overnight. Reaction turned black as Pd black precipitated out. Filtered off catalyst 

and ran silica plug to remove baseline impurities. TLC Rr=.51 (1/4 EtOAc/Hexane) 

Crude product was taken through to next reaction. 

30 Methyl 5-boronyl indole-2-carboxylate (4) 

391.2 mg (1.3 mmol) methyl 5-methylindole-2-carboxylate, 4,4,5,5-tetramethyl-l,3,2-

dioxaborolanemethyl (3) was dissolved in EtOAc. 0.25ml (2.6 mmol) diethanolamin:e 
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was added, and the reaction was stirred at room temperature overnight. The white ppt 

which formed was :filtered and sonicated in 1 N HCI. The resulting white ppt was 

filtered, dissolved in M:eOH, and concentrated in vacuo. Recovered 36.6 mg (13 %). 

HPLC Rr= 13.912, lf:l NMR (DMS0-<4): 3.85 (s, 3H), 7.15 s, (lH), 7.36 (d, J=S.4 

5 Hz, lH), 7.67 (d, J= 8.4 Hz, lH), 7.87 (s, lH), 8.14 (s, lH), 11.91 (s, IH). 

10 

HO~o I ~. 
0 N OH 

H 

Scheme2 

3 methoxybenzylamine 

PyBOP, DIEA, DMF 
HO~o n-phenyl triflimide 

~~~Nh ·rEA,DCM 

C)--0CH3 
5 

ocM (Ho~o 
· . . . . I 0 . ; . HNb (' Re~l~cewithF then 

Replace with B(OH)2 then · f ~ · ln~1b1tlon of pp60c-src: 
Inhibition of pp60c-src: _ OH 57 Yo at 100 µM 
56% at 100 µM 

6 

Inhibition of pp60o-src: 
74%at100 µM 
IC50=3B µM 
(Included in Manuscript) 

(5-hydroxyindol-2-yJ)-N-((3-methoxyphenyl)methyl)carboxyamide (5) 

Dissolved 2.QOg (11.3 mmol) 5-hydroxy-2-indolecarboxylic acid, 1.6 ml (12.4 

mmo1) 3 methoxybenzylamine, and 5.87 g (11.3 mmol) PyBOP in 10 ml anh. DMF. 

Cooled to 0°C and added 5.9 ml (33.9 mmol) DIEA. Stirred for 5 min at 0°C and 

15 al1owed to wann to room temperature for 1 hour. Recovered 2.83 g (85% yield) TLC 

Rr=.34 (111 EtOAc /hexanes) lH NMR (DMSO-d6): 3.70 (s, 3H), 4.43 (d, J= 

4.4Hz, 2H) 6.69 (d, J= 8.8 Hz, lH), 6.78 (d, J= 7.7 Hz, lH), 6.83 (s, IH), 6.86 (s, IH), 

6.94 (s, IH), 7.20 (m, 3H), 8.92 (t, J=4 .. 4 Hz, lH), 11.36 (s, lH) FAB(+) MS m/e 

297.3 (M+l) 

20 
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cs-hydroxyindo1-2-y1)-N-t (3-hydroxyph;ny1)naetby11 cai6oxyamide (6) 

Added 20 ml anh. DCM to 200 mg (0.67 mmol) (S-hydroxyindol-2-yl)-N-[(3-

methoxyphenyl)methyl]carboxyamide(S) and cooled to -78°C under argon. Added 

4.0 mJ (4.0 mmol, 6 eq) BBr3. Held at -78°C for 5 min and warmed to rt. After 90 

S min at rt, quenched with H20 and stirred for 10 min. Diluted rxn mix with EtOAc 

and washed with NaHC03 and brine. Dried organic layer over MgS04 and 

concentrated in vacuo. Ran through silica plug to remove baseline contamination. 

Recovered X mg. (80% yield.) TLC Rr =0.21 (1/1 EtOAc/hexanes). 1H NMR 

(DMSO-d6): 4.38 (d, J= 4.8 Hz, 2H), 6.59 (d, J=8.8 Hz, lH), 6.71 (m, 3H) 6.83 (d, 

10 J=l.8 Hz, lH), 6.94 (s, lH), 7.08 (dd, J= 7.7Hz, lH), 7.19 (d, J=8.8 Hz, lH), 8.84 (t, 

J=5.9Hz), 11.28, (s, lH). FAB(+) MS m/e 283.2 (M+l) · 

·HO~o I ~ 
.o N OH 

H 

Scheme3 

L-isoleucinamide 

PyBOP, DIEA, DMF 

7 

Inhibition of pp60c-src: 
39% at 100 µM 

15 N-{1-carbamoyl-2-methylbutyl)(S-hydroxyindol-2-yl)carboxyamide (7) 

100 mg (0.56 mmol) 5-hydroxy-2-indolecarboxylic acid, 103.4 mg (0.62 

mmol, 1.1 eq) L-isoleucinamide, and 291 mg (0.56 mmol, 1 eq) PyBOP were all 

dissolved in 1 ml anh DMF. The solution was cooled to 0° C and 0.3 ml (1.68 mmoJ, 

3 eq) DIEA was added. The reaction mixture was stirred for 1 min at 0° C and at 

20 room temperature for 1 hour. The reaction was then diluted with EtOAc and washed 

with 1 N HCl x3 and sat'd NaHC03 x 3. The organic ]ayer was dried over MgS04, 

and concentrated in vacuo to give 166.7 mg (91 % yield.) TLC Rr=0.08 (111 

EtOAc/hexanes). 1H NMR (DMSO-~): 0.83 (m, 6H), 1.15 (m, 2H), 1.68 (m, lH), 

1.83 (m, lH), 4.29 {t, J=8.8 Hz, lH), 6.69 (d, J=8.5 Hz, lH), 6.83 (s, lH), 7.01, (s, 
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lH), 7.06 (s;, lH), 7.19 (d, J=8.4 Hz, lH). 7.48, (s, lH)~ 8.00 (d, 9.2 H~ lH), 8.76 (s, 

lH), 11.3,(s, lH). FAB(+)MSm/e290.1 (M+l) 

HO'cr:Ho . I ~ . 
. 6 N OH . H . 

2 

Pd-C, H2 

MeOH 

Scheme4. 

HO'cr:HQ I ~ 
6 N OCH3 

H 

MeOH-HCI 

reflux 

1 

0 

n-phenyl triflimide 

TEA, DCM 

dibenzylphosphlte 

DIEA, Pd(PPhs)4 , AcCN 

11,...0Bn 
BnO'P~o 

6 ~ OCHa 

9 

Inhibition of pp60o-src: 
11% at500 µM 

8 

Methyl 5-dibenzylphosphorylindole-2-carboxylate (8) 

200 mg (0.62 mmol) methyl 5-[(trifluoromethyl)sulfonyloxy]indole-2-

carboxylate (2), 195.8 mg (.74 mmol,1.2 eq) dibenzylphosphite, 0.14 ml (0.81 mmol, 

10 1.3 eq) DIEA, and 35.7 mg (0.03 mmol, 5 mol %) Pd(PPh3)4 were all dissolved in anh 

AcCN under argon. The reaction mix was heated to 80°C overnight. The solvent was 

removed under reduced pressure, and the title compound was isolated by silica gel 

chromatography. 130 mg (50% yield). 11.C Rr=0.28 (1/1 EtOAc/hexanes) 1H NMR 
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(DMSO-d6): 3.85 (s, 3H), 4.98-5.01(m,4H), 7.28-7.32 (m, 1 lH), 7.53-7.55 (m, 2H), 

8.17 (d, J~l4.6 Hz, IH) 31P NMR (DMSO-d6): 23.89. 

Methyl 5-phosphonolindole-2-carboxylate 

5 Methyl 5-dibenzylphosphorylindole-2-carboxylate (8) (125 mg) was dissolved 

in 10 ml MeOH. 20 mg Pd-C was added and the mixture was hydrogenated in a Parr 
apparatus overnight. Filtered off catalyst and removed solvent under reduced 

pressure. Obtained 72.5 mg (73% yield). TLC Rr= baseline in EtOAc. 1H NMR 

(DMSO-d6): 3.84 (s, 3H), 7.24 (s, IH), 7.44-7.49 (m, 2H), 8.01 (d, J=14.3 Hz, lH) 

10 12.11 (s, IH) 31P NMR (DMSO-d6): 17.22. 

15 

The ester compounds in this example could be increased in potency by 

converting the ester to an amide and/or adding additional specificity elements. 

Example 4-Synthesis of Further lndole Derivative Protein Kinase Inhibitors 

The synthesis of some further elaborated indole inhibitors is illustrated in 

below. These syntheses should result in compounds with greater potency against 

20 pp60c-src and other tyrosine kinases. The methyl ester group can be subsequently 

converted into various amide derivatives to increase potency. 
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Scheme2: 
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Example 5-Toxicity of Src inhibitors 

There is considerable recent literature support for targeting pp60c-src (Src) as a 

broadly useful approa~h to cancer therapy without resulting in serious toxicity. For 

5 example, tumors that display enhanced EGF receptor PTK signaling, or overexpress 

the related Her-2/neu r.eceptor, have constitutively activated Src and enhanced tumor 

invasiveness. Inhibition of Src in these cells induces growth arrest, triggers apoptosis, 

and reverses the tran~formed phenoty.pe (Kami et al., 1999). It is known that ., 

abnormally eleva~d Src activity allows transformed cells to grow in an anchorage-

10 independent fashion.· This is apparently caused by the fact that extraceUular matrix 

signaling elevates Src activity in the F AK/Src pathway, in a coordinated fashion with 

mitogenic signalin~. and thereby blocks an apoptotic mechanism which would 

normally have been activated. Consequently F AK/Src inhibition in tumor cells may 

induce apoptosis because the apoptotic mechanism which would have normally 

15 become activated upon breaking free from the extracellular matrix would be induced 

(Hisano et al., 1997): Additionally, reduced VEGF mRNA expressfon was noted 

upon Src inhibition and twnors derived from these Src-inhibited cell lines showed 

reduced angiogenic development (Ellis et al., 1998). 

The issue of potential toxicity of Src inhibition has been addressed with very 

20 promising results. For example, a knock-out of the Src gene in mice led to onJy one 

defect, namely osteoclasts that fail to fonn ruffled borders and consequently do not 

resorb bone. However, the osteoclast bone resorb fimction was rescued in these mice 

by inserting a kinase defective Src gene (Schwartzberg et al., 1997). This suggested 

that Src kinase activity can be inhibited in vivo without triggering the only known 

25 toxicity because the presence of the Src protein is apparently sufficient to recruit and 

activate other PTK.s (which are essential for maintaining osteoclast function) in an 

osteoclast essential signaling complex. 

Src has been proposed to be a "universal" target for cancer therapy since it has 

been found to be overactivated in a growing number of human tumors, in addition 

30 · those noted above (Levitzki, 1996). The potential benefits of Src inhibition for cancer 

therapy appear to be four-fold based upon the cited, and additional, literature. They 

are: 1) Inhibition of uncontrolled cell growth caused by autocrine growth factor loop 

effects, etc. 2) Inhibition of metastasis due to triggering apoptosis upon breaking free 
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from the cell matrlx. 3) ~ftliiibition of tumor.iangiogenesis {ij~:~f~duced VEGF levels. 

4) Low toxicity. 

The initial non-peptide Src inhibitors have also shown very encouraging 

results in four different series of cell culture· assays. l) In the NIH 60-twnor cell 

5 panel assay, broad activity (as one would expect for a Src inhibitor) was seen against 

the tumor cell lines, including the prostate lines. For example, three of the inhibitors 

gave the following growth inhibition IC50's again~ the NIH prostate cancer cell lines: 

TOM 2-32(PC-3,15 µM; DU-145, 38 µM), TOM 2-47 (PC-3, 19 µM}, KLM 2-31 

(PC-3, 39 µM; DU-145, > 100 µM). 2) In the v-Src transfonned normal rat kidney 

10 cell line (LA25) TOM 2-47 & TOM 2-32 specifically blocked the v-Src induced cell 

growth without inhibiting the normal growth of the parent non-transfonned cells. 

This result showed that the inhibitors do not affect normal cells but are effective in 

blocking Src induced cell transformation. 3) The Src inhibitors to the cancer drugs 

etoposide, taxol, doxorubicin and cisplatin in ovarian tumors from three different 

15 patients and an abdominal carcinoma from another patient. In all cases, the Src 

inhibitors were at least as effective, and typically more effective, than the known 

cancer drugs, with full efficacy seen at the lowest dose tested (3 µM). As a 

representative example, a comparison oftaxol and doxorubicin (they were more 

effective than etoposide & cisplatin in this particular tumor cell culture) with the three 

20 Src inhibitors mentioned above utilizing ovarian tumor cells from tumor NO 15 is 

shown in Figure 1 SA. 4) The Src inhibitors were also tested for inhibition of normal 

hwnan fibroblast cell growth and found no inhibition of normal cell growth (both 

subconfluent and confluent; some enhanced growth was observed instead), indicating 

that these inhibitors are not toxic to normal cells even at a 10-fold higher 

25 concentration. An example of his data is given in Figure ISB. 

Overall, the cell data obtained thus far shows what one might expect for Src 

inhibitors, i.e. broad activity against many cancer cell lines with little or no normal 

cell toxicity. 

The preliminary Src inhibitors are lead structures from which it is possible to 

30 design more potent and selective inhibitors. In addition to utilizing the tyrosine 

kinase crystal structures, molecular modeling studies can be carried out with the 

natural product tyrosine kinase inhibitor damnacanthal (Faltynek et al., 1995) to 
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· investigate its peptide-competitive binding mode. These additional modeling studies 

are enabl~ one to design further analogs of Src inhibitors wherein the key 

pharmacophore elements of damnacanthal are incorporated into the new inhibitors. 

Their syntheses will be undertaken and the isolated Src testing done as reported 

5 (Marsi]je 2000). 

. Although prefep-ed embodiments have been dep~cted and described in detail 

herein, it will be apparent to those skilled in the relevant art that various 

modifications, additio~, substitutions,. and the like can be made without departing 

from the spirit of the invention and these are therefore considered to be within the 

10 scope of the invention as defined in the claims which follow. 
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What is claimed: 

1. A method for identifying inhibitors of protein kinases comprising: 

providing a first module having a one or more functional groups for binding to 

5 catalytic residues of the protein kinase; 

10 

combining the first module with a second module which provides a non­

peptide scaffold; and 

selecting combinations of the first and second modules which inhibit protein 

kinase activity. 

2. The method according to claim 1, wherein said providing a first 

module comprises: 

attaching the first module to a peptide scaffold; 

identifying one or more functional groups which preferentially bind to 

15 catalytic residues of the protein kinase; and wherein said combining the first module 

with the second module comprises: 

substituting the second module for the peptide scaffold. 

3. The method according to claim 1, wherein the first module comprises a 

20 functional group selected from the group consisting ofboronic acid, a hydroxyl group, 

phosphonic acid, sulfamic acid, a guanidino group, carboxylic acid, an aldehyde, an 

amide, and hydroxymethylphosphonic acid. 

4. The method according to claim 3, wherein the first module comprises 

25 two or more functional groups. 

5. The method according to claim 3, wherein the first module comprises a 

boronic acid group. 

30 6. The method according to claim 3, wherein the first module comprises a 

hydroxyl group. 
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7. The method according to claim 3, wherein the first module comprises a 

amide group. 

8. The method according to claim 7, wherein the amide group is a vicinal 

5 tricarbonyl amide. 

10 

9. The method according to claim ·1, wherein the second module 

comprises a group se~ected from the group consisting of indole, naphthalene, 

biphenyl, isoquinolin~, benzofuran, and benzothiophene. 

10. The method according to claim 9, wherein the second module 

comprises an indole. ' 

11. The m~thod according to claim 9, wherein the second module 

15 comprises naphthalene. 

20 

12. The method according to claim 1, wherein more than one first module 

is bound to the second module. 

13. The method according to claim 1, wherein the first module further 

comprises a linear chain comprising between one and three carbon atoms which links 

the first module to the second module. 

14. The method according to claim 13, wherein one of the carbon atoms in 

25 the linear chain is substituted with a nitrogen, oxygen or sulfur atom. 

30 

15. The method according to claim 1, wherein the protein kinase is a 

protein tyrosine kinase. 

16. The inethod according to claim 15, wherein the protein tyrosine kinase 

is selected from the group consisting of pp6oc·sn:, p561ck, ZAP kinase, platelet derived 

growth factor receptor tyrosine kinase, Bcr-Ab1, VEGF receptor tyrosine kinase, and 
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epidermal growth factot receptor tyrosine kinase, and epidl!!rlhal growth factor 

receptor~like tyrosine kinases. 

17. The method according to claim 16, wherein the protein tyrosine kinase 
5 is pp60<:-sre. 

18. The method according to claim 1, wherein the protein kinase is a 

protein serine kinase. 

10 19. The method according to claim 15, wherein the protein serine kinase is 

selected from the group consisting of MAP kinase, protein kinase C, and CDK kinase. 

20. The method according to claim 1, further comprising: 

adding one or more specificity side chain elements to the combination of the 

15 first and second modules. 

21. A method for identifying improved protein kinase inhibitors, 

comprising: 

providing a first inhibitor produced according to the method of claim l, 

20 modifying the first module, specificity side chains, or a combination thereof of 

25 

the first inhibitor; and 

identifying modified inhibitors which have an increased ability to inhibit 

protein kinase ac.1.ivity when compared to the unmodified first inhibitor. 

22. The method according to claim 1, wherein the protein kinase inhibitor 

inhibits protein kinase activity but does not inhibit ATP binding to the protein kinase. 

23. A method for testing compounds for an ability to inhibit protein kinase 

activity comprising: 

30 providing a protein kinase inhibitor according to the method of claim 1, 

measuring the activity of the protein kinase in the presence of the inhibitor at 

the same temperature, pH, ionic strength, osmolarity, and free magnesium 

concentration as found in a cell which expresses the protein kinase; and 
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comparing the level of protein kinase activity to the level of activity from the 

protein kinase without the i>resence of the inhibitor. 

24. A method of inhibiting a protein kinase comprising: 

5 contacting the protein kinase with a compound comprising a first module 

10 

15 

20 

25 

30 

having a functionality for binding to ca~alytic residues of the protein kinase and a 

second module which provides a non-peptide scaffold, wherein the combination of the 

first and second modules inhibits the protein kinase's activity. 

25. The method according to claim 24, wherein the first module comprises 

a functional group selected from the group consisting ofboronic acid, hydroxy, 

phosphonic acid, sulfamic acid, a guanidino group, carboxylic acid, an aldehyde, an 

amide, and hydroxymethylphosphonic acid. 

26. The method according to claim 25, wherein the first module comprises 

a boronic acid group. 

27. The method according to claim 25, wherein the first module comprises 

a hydroxyl group 

28. The method according to claim 24, wherein the second module 

comprises a group selected from the group consisting of indole, naphthalene, 

biphenyl, isoquinoline, benzofuran, and benzothiophene . 

29. The method according to claim 28, wherein the second module 

comprises an indole. 

30. The method according to claim 28, wherein the second module 

comprises naphthalene. 

31. The method according to claim 24, wherein more than one first module . 

is bound to the second module. 
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32. The method aeoording to claim 24, wherein a linear chain comprising 

between one and three carbon atoms linkS the first module to the second module. 

33. The method according to claim 32, wherein one of the carbon atoms in 

5 the linear chain is substituted with a nitrogen, oxyge11 or su1fur_atom. 

10 

15 

34. The method according to claim 24, wherein the protein kinase is a 

protein tyrosine kinase. 

35. The method according to claim 34, wherein the protein tyrosine kinase 

is selected from the group consisting ofpp60c-src. p561ck; ZAP kinase, platelet derived 

growth factor receptor tyrosine kinase, Bcr-Abl, VEGF receptor tyrosine kinase, and 

epidermal growth factor receptor tyrosine kinase and epidermal growth factor 

receptor-like tyrosine kinases. 

36. The method according to claim 34, wherein the protein tyrosine kinase 

is pp60c-src. 

37. The method according to claim 34, wherein the compound has the 

20 following formula: 

25 

wherein Rl is H or. OH, R2 is H or OH, R3 is OH or H, and R4 is CH3, 

CH2(CH3)R, or CH2(CH3)S, RS is OCH3, H, or OH~ R6 is OCH3, F, H, or OH, and R7 

is OCH3, H, OH, C02H, C02CH3, CH2C02H, or CH2C02CH3. 

30 38. The method according to claim 34, wherein the compowid has the 

following formula: 
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5 wherein Rl is OH or H, R2 is OH or H, R3 .is OH or H, R4 is OH or H, RS is 

OH, OMe, or H, R~ i~·OH, OMe, or H, R7 is OH, OMe, pr H, and Xis 0 or 1. 

·-. ! 

39. The tn~thod according to claim 34, wherein the compound has a 

specificity group which is an aliphatic amide. 

10 

40. The'.method according to claim 39, wherei11 the compound has the 

following structure: · : • 

15 

41. The method according to claim 24, wherein the protein kinase is a 

protein serine kinase. 

20 42. The method according to claim 41, wherein the protein serine kinase is 

selected from the group consisting of MAP kinase, protein kinase C, and CDK kinase. 

43. The method according to claim 24, wherein the compound further 

comprises one or more specificity side chain elements attached to the combination of 

25 the first and second modules. 

44. 

30 

A non-peptide protein tyrosine kinase iilhibitor having the fonnula: 

R.7 

R,i=f 0 

Rs &..-N, 
H 
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wherein Rl is H or OH, R2 is H or OH, R3 is OH df H,; and R4 is CH3, 

CH2(CH3)R, or CHz(CH3)S, RS is OCH3, H, or OH, R6 is OCH3, F, H, or OH, and R7 

is OCH3,'H, OH, CQiH, C02CH3, CH2C02H, or CH2C02CH3. 

45. The non-peptide protein tyrosine kinase inhibitor according to cl8im 

44, wherein ~he non-peptide protein tyrosine kinase inhibitor inhibits the activity of 

pp60c-src tyrosine kinase. 

46. A non-peptide protein tyrosine kinase inhibitor having the formula: 

wherein RI is OH or H, R2 is OH or H, R3 is OH or H, R4 is OH or H, RS is 

OH, OMe, or H, R6 is OH, OMe, or H, R7 is OH, OMe, or H, and Xis 0 or I. 

20 4 7. The non-peptide protein tyrosine kinase inhibitor according to claim 

46, wherein RI is OH, R2 is OH, R3 is H, R4 is H, RS is OMe, R6 is H, R7 is H, and 

Xis I. 

48. The non-peptide protein tyrosine kinase inhibitor according to claim 

25 46, wherein the non-peptide protein tyrosine kinase inhibitor inhibits the activity of 

pp60c-src tyrosine kinase. 

49. A non-peptide protein tyrosine kinase inhibitor having the formula: 

.HO~bO~ 
~N~N 

H NH2 
0 

30 

50. A method of treating a condition, responsive to a protein kinase 

inhibitor, in a patient comprising: 
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administering an effective do~e of a protein kinase inhibitor to a patient 

wherein ~e protein kinase inhibitor comprises a first module having a functionality 

for binding to catalytic residues of the protein kinase and a second module which 

provides a non-peptide scaffold, wherein the combination of the first and second 

modules inhibits protein kinase activity. 

51. The method according to claim 50; wherein the condition is selected 

from the group consisting of cancer, psoriasis, arthrosclerosis, or immune system 

activity. 

52. The method according to claim 50, wherein the first module comprises 

a functional group selected from the group consisting ofboronic acid. hydroxy, 

phosphonic acid, sulfamic acid, a guanidino group, carboxylic acid, an aldehyde, an 

amide, and hydroxymethylphosphonic acid. 

53. The method according to claim 52, wherein the first module comprises 

a boronic acid group. 

54. The method according to claim 52, wherein the first module comprises 

20 a hydroxyl group 

25 

55. The method according to claim 50, wherein the second module 

comprises a group selected from the group consisting of indole, naphthalene, 

biphenyl, isoquinoline, benzofuran, and benzothiophene . 

56. The method according to claim 55, wherein the second module 

comprises indole. 

57. The method according to claim 55, wherein the second module 

30 comprises naphthalene. 

58. The method according to claim 50, wherein more than one first module 

is bound to the second module. 
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59. The method according to claim 50. wherein a linear chain comprising 

between one and three carbon atoms links the first module to the second module. 

5 60. The method according to claim 59. wherein one of the carbon atoms in 

10 

the linear chain is substituted with a nitrogen, oxygen or sulfur atom. 

61. The method according to claim 50, wherein the protein kinase is a 

protein tyrosine kinase. 

62. The method according to claim 61, wherein the protein tyrosine kinase 

is selected from the group consisting ofpp60c-src. p561ck,.zAP kinase, platelet derived 

growth factor receptor tyrosine kinase, Ber-Ahl, VEGF receptor tyrosine kinase, and 

epidermal growth factor receptor tyrosine kinase, and epidermal growth factor 

15 receptor-like tyrosine kinases. 

20 

25 

63. The method according to claim 62, wherein the protein tyrosine kinase 

is pp60c-src. 

64. The method according to claim 63, wherein the compound has the 

following formula: 

wherein Rl is H or OH, R2 is H or OH, R3 is OH or H, and R4 is CH3, 

CH2(CH3)R, or CH2(CH3)S, R5 is OCH3. H, or OH, R6 is OCH3, F, H, or OH, and R7 

30 is OCH3, H, OH, C02H, C02CH3. CH2C02H, or CH2C02CH3. 
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65. The method accorcUng to· claim 63, wherein the compound has the 

following formula: 

s 

wherein RI is OH or H, R2 is OH or H, R3 is OH or H, R4 is OH or H, RS is 

10 OH, OMe, or H, R6 is OH, OMe, or H, R7 is OH, OMe, or H, and Xis 0or1. 

66. The metjiod according to claim 63, wherein the compound has the 

following formula: 

15 HO~O~ 
~N' ~ 
· H NH2 

0 

67. The method according to claim 50, wherein the protein kinase is a 

20 protein serine kinase. 

25 

68. The method according to claim 67, wherein the protein serine kinase is 

selected from the group consisting of MAP kinase, protein kinase C, and CDK kinase. 

69. The method according to claim 50, whereh1 the compound further 

comprises one or more specificity side chain elements attached to the combination of 

the first and second modules. 


