
UCSF
UC San Francisco Electronic Theses and Dissertations

Title
Protein inhibition by targeted small molecule libraries

Permalink
https://escholarship.org/uc/item/25g545sm

Author
Lu, Felice

Publication Date
2005
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/25g545sm
https://escholarship.org
http://www.cdlib.org/


Protein Inhibition by Targeted Small Molecule Libraries

by

Felice Lu

DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of

DOCTOR OF PHILOSOPHY

in

Chemistry and Chemical Biology

in the

GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORNIA, SAN FRANCISCO

Approved:

Committee in Charge

Deposited in the Library, University of California, San Francisco

44,1606. 4
Date



Preface

First and foremost, I would like to thank my thesis advisors Tack Kuntz and Kip Guy for

their excellent mentorship.

I would also like to thank Robert Fletterick and Kevan Shokat for serving on my thesis

committee and contributing helpful suggestions along the way.

Chapter 5 in this thesis was originally published in Chemistry and Biology, 2002. Large

portions of Chapters 1 - 4 are being submitted for publication.

iii



Abstract

The p53-MDM2 interaction serves to regulate cellular responses to DNA damage

and the over expression of MDM2 is the cause of 7% of all cancers. We report a method

of structure-based computational design that produces chemical libraries centered on a

scaffold that projects side chain functionalities with distance and angular relationships

equivalent to those seen in p53. One library of 173 compounds was synthesized using

solution phase parallel chemistry. The in vitro competitive ability of the compounds to

block p53 peptide binding to MDM2 was determined using a fluorescence polarization

competition assay. The most active compound bound with Ka = 129 M and its binding

was characterized by 'H-"N HSQC NMR.
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Chapter 1

Introduction



Complex signal transduction networks involve series of protein-protein

interactions, regulated by co-localization, co-expression, and control of the local

physiochemical environment. These dynamic association events can be misregulated,

leading to altered signaling responses often characteristic of cells in diseased states. The

ability to manipulate these interactions holds the promise of a cure for diseases stemming

from protein interactions gone awry. Antibodies, proteins, and peptides that inhibit

protein-protein complexes exist, but many of these agents are plagued with poor

bioavailability. Thus, we are faced with the challenge of identifying low-molecular

weight ligands that disrupt protein-protein complexes.

In principle, protein binding interactions could be reproduced by small molecules

in cases where small regions of a protein's binding surface account for the majority of the

binding energy'. Efforts to mimic features of short peptides in extended or 3-turn

conformations have been quite successful’. Short peptides in extended conformations are

recognized and processed by proteolytic enzymes, an important class of therapeutic

targets. Mimicry of short extended peptides has mainly involved the use of molecular

constraints to stabilize bioactive conformations. Numerous examples of these types of

compounds have been developed as protease inhibitors, typically comprising of cyclic

peptide-like macrocycles.” The strategies for the mimicry of B-turn conformations also

involve the cyclization of naturally occurring bioactive peptides." In addition, several

monocyclic and polycyclic small molecule templates have been found to mimic various

types of B-turns. Wong and coworkers provide many examples of strand and turn mimics

in their review.”



Protein binding surfaces often do not comprise short linear sequences. The O

helix is a common structural element in proteins and is a key recognition element for

receptor binding in many protein-protein interactions.” In the field of O-helix mimicry,

helix stability is an important factor to consider. Because of the entropic penalty

associated with conformational restraints of helix formation, most short peptides

corresponding to helical regions of proteins are unordered in aqueous solution.” Helices

can be stabilized by factors such as pH, ionic strength, temperature, and peptide

composition. Some amino acids are considered to be helix breakers, while others, such

as o-aminoisobutyric acid (Aib), can stabilize helical peptide conformations." Helical

turns can also be stabilized covalently by amide bonds between, for example, the i and i +

4 positions to form macrocyclic lactams.” The use of these various strategies have

yielded increasing numbers of peptide-like O-helix mimics.

There are only a handful of examples in which non-peptidic small molecules

mimic larger, discontinuous areas of protein surface such as one or more turns of an alpha

helix.” Much of the progress towards alpha helix mimicry was reported by Hamilton

and coworkers, who developed terphenyl derivatives as inhibitors of the interaction

between CaM and smMLCK, Bak and Bcl-XI, gp41 helical tertiary structures, and p53

and MDM2.” These inhibitors were developed as i, i + 3, i + 7 and i, i + 4, i + 7

mimics using a pharmacophore-based medicinal chemistry approach. Advanced

screening technology has also enabled high throughput screens for inhibitors of all types,

including those of protein-protein interactions. However, there is no general and

reproducible method for the identification of o-helix mimics. As part of our interest in

º -
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helix surface recognition, we have chosen to use this outstanding problem as a test bed

for the development of methods for scaffold and library design.

Although progress has been made in the design of enzyme inhibitors, it remains

difficult to accurately predict the binding of small compounds to non-enzyme proteins, or

to sites other than the active site of enzymes." Some of the obstacles presented by

protein-protein targets include flat nondescript binding interfaces and large bioactive

surface areas. However, the binding energy is not usually distributed evenly over the

large surface, leading to hot spots of binding composed of several residues in the protein

interface.” Hot spots are enriched in tryptophan, tyrosine, and arginine, and may be

surrounded by less important residues that likely serve to occlude solvent. Because hot

spots serve as the optimal site for small molecule inhibition, we have chosen to target the

p53-MDM2 complex, whose interface provides such a hot spot.”

The p53 gene encodes a tumor suppressor protein whose normal function is to

induce apoptosis and cell-cycle arrest in mammalian cells in response to cellular stress

such as DNA damage, hypoxia, certain cytokines, or other stimuli. * In the absence of

such stressors, the activity of p53 is normally suppressed by the oncoprotein encoded by

the mdm2 gene. MDM2 binds to the amino terminus of p53 and both inhibits the ability

of p53 to activate downstream effectors and directly targets p53 for proteolytic

degradation. Both inactivation of the p53 protein and the over-expression of MDM2

have been associated with increased tumor incidence in human patients. In particular,

MDM2 is overexpressed in 20% of soft tissue tumors, 16% of osteosarcomas, 13% of

esophageal carcinomas, and 8% of astrocytomas.” The roles of p53 and MDM2 in

cellular signaling and cancer biology will be discussed further in Chapter 4.

* *
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The development of inhibitors of the p53-MDM2 interaction was the main focus

of my thesis work. Unbeknownst to me at the time, this project began in the fall of 1999

with a short rotation in the Guy lab, in which I attempted to express and purify MDM2

without success. The overarching research theme in the lab was o-helix mimicry by

peptides and small molecules. The largest project involved the pursuit of lactam-bridge

peptides and small organic molecule inhibitors of thyroid hormone receptor. While Tim

Geistlinger worked on the peptidic inhibitors, Jim Arnold and Tom Robertson worked on

the in silico modeling and synthesis of small molecule organic inhibitors. Although I was

interested in a synthetic chemistry project, this led me to a rotation in the Kuntz lab

working with Jim Arnold on computational design.

Jim Arnold had used several modeling programs to design inhibitors of thyroid

hormone receptor. He had proposed two inhibitors that were modified for synthesis

reasons and were being synthesized in the Guy lab at that time. I used a similar approach

in designing inhibitors of MDM2, with several modifications. First, I incorporated

several filters aimed at increasing ease of synthesis. Second, I expanded the molecules

screened by using more databases and increased conformational sampling within each

database. Third, I increased the use of DOCKing to remove poorly scoring candidates

early. Finally, I changed the descriptors used for the clustering of similar hits. The

computational design of MDM2 inhibitors is reported in Chapter 2, along with an

introduction covering the p53-MDM2 structure and known MDM2 inhibitors to date.

After the computational modeling, the decision to synthesize the compounds was

relatively easy, due to my interest in synthetic chemistry. The proposed inhibitors were

modular and structurally simple, unlike the proposed inhibitors for thyroid hormone
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receptor. Although the compounds had not been previously reported in literature, we

thought the synthesis would be straightforward. Chapter 3 describes the synthesis of the

MDM2 inhibitor library. Initial proofing reactions were completed quickly, with the

exception of a pinacolboronate intermediate that was difficult to synthesize. A

reasonable amount of effort was also dedicated toward optimization of the two final and

most frequently used transformations. After optimization, library synthesis proceeded

smoothly, with the majority of the time spent on purification and quality control.

The evaluation and characterization of the library for biological activity is

detailed in Chapter 4. A competitive fluorescence anisotropy assay was first used to test

for MDM2 binding. This assay was chosen because it had been reported in the literature,

the Guy lab had expertise in this type of binding assay, and the assay could be used to test

all the compounds quickly using small amounts of MDM2 protein. The assay results

showed that about 20 compounds of the 170 tested bound to MDM2. These compounds

were then tested for cellular activity, but the results were negative. The binding of the

best inhibitor, with K, of 12 uM, was characterized by 'H-'N HSQC NMR by our

collaborators in the lab of Kyou-Hoon Han. This confirmed the interaction of the

inhibitor with MDM2 and also shows the MDM2 residues affected by inhibitor binding.

While this information can be used to infer possible modes of binding, there is no proof

that the actual binding mode is similar to the mode predicted computationally.

During my research in the Kuntz lab, I also worked on a collaborative project

between the Bogyo and Kuntz groups investigating the classification of proteins into

functionally distinct families based only on primary sequence information. Chapter 5

describes the production of a large data set of small molecule affinity fingerprints for a

º -
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º
group of closely related enzymes, the papain family of cysteine proteases. Experimental

binding data was generated for a library of inhibitors based on the ability of each sº

compound to block active site labeling of the target proteases by a covalent activity based (), ■ º

probe (ABP). Experimental data were used to guide the development of a computational º,

method that predicts small molecule inhibitors based on reported crystal structures.

Clustering algorithms were used to classify proteases into subfamilies based on their

experimental and computational small molecule affinity fingerprints.
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º Sº
Irntroduction º s

Investigations into the structural basis for p53-MDM2 binding began with the ~
º

mapping of p53 and MDM2 interaction domains, which determined that the interaction Cº.

site was located at the N-terminal of p53.' * Shortly thereafter, site-directed mutagenesis *~
º

stu m dies identified L14, F19, L22, and W23 residues as being critical for MDM2 binding,

an + L22 and W23 as being critical for transactivation.” Next, a study of the binding of

ph =ge-display library peptides to MDM2 revealed that the interaction affinity was

be tween 0.3 and 0.5 puM and defined the critical binding points of p53 as being F19, D21,
T - - -e

W =3, and L26.” Later that year, the crystal structure of MDM2 bound to a peptide from º º º º:
the transactivation domain of p53 revealed a small amphipathic alpha helix bound to a * . . º - *

_*

re I =tively deep well-defined hydrophobic pocket of MDM2.” This pocket is filled -, * se
º º

primarily by the i, i + 4, and i + 7 side chains from the p53 sequence FSDLWKLLP. The * -- :
º

º
* s

p5 – 3 protein presents a hydrophobic face containing the F, W, and L residues to a **** * * * *-** ** --
º

hy cirophobic pocket on the MDM2 surface. NMR studies show that this p53 region tends * .." -- ("...?' '

to from two B turns in solution, even though the MDM2-bound structure is an alpha - ºº º
helix." …º

.*

*** -º- a sº sº - -

p53-based peptide libraries have produced compounds which inhibit the p53- º º

MPNA2 interaction in vitro." This study found and optimized a small (12-20 residue) .
Pº Ptide that effectively competes against native p53 for binding to MDM2. Some º

- - -

inhibitors bound up to 100 times stronger than the p53-derived wild type peptide, º
illustrating the potential for high affinity binding in the MDM2 pocket. Furet and

°oworkers at Novartis continued to optimize peptide-based inhibitors.’ First, they º
*Placed residues that did not interact with MDM2 with o,o-disubstituted amino acids,

11



w Haich are known to stabilize o- and 3,0-helices in short peptide motifs.” After a 4-fold

increase in affinity, they focused on optimizing side chains. They ended up with a

pe Ptide, with a sequence of Ac-Phe"-Met-Aib-Pmp-6-CI-Trp-Glu-Acac-Leu’-NH2,

having an ICso of 5 nM. The success in optimizing peptidic inhibitors set the stage for the

snr-m all molecule inhibitors.

At the beginning of this project, three small molecule inhibitors of MDM2 had

be en reported – piperazine-4-phenyl derivatives,” chalcones," and chlorofusin." (Figure

2- II ) Piperazine-4-phenyl derivatives, with K, of 300 nM, were first discovered through

scr-eening by Luke and coworkers. Very little information has been reported, other than

their general structure and binding affinity. Chalcones were then discovered through

scr-eening but had a low binding affinity with Ki of 5 um. Lastly, fungal metabolite

ch. In orofusin, with a binding affinity of 5 um, was found in yet another screen.

R1

Fº
K■ º ºcrºc.

C -K)—a
s 3 R1 3 , COOH

4

A B

Ka = 300 nM Ka = 5 uM C

C D

Ka = 90nM Ka = 80 nM

H R2 RC’ *-KY- "Yo-o-o-
2H

E F G
Kº Unknown Ka = 32 uM Ka = 200 nM

Figure 2.1 Reported MDM2 inhibitors A) piperazine-4-phenyl derivatives, B)
chalcones, C) nutlins, D) benzodiazepinediones, E) norbornanes, F) sulfonamides,
and G) terphenyls.

- * * * *
*
-:

**-***** * * * * *
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In recent years, many chemical inhibitors of MDM2 have been reported, attesting

to the importance of the target as well as the suitability of the p53-MDM2 interface for

s Irmall molecule binding. By far the most potent and well-characterized p53-MDM2

in Hibitors are the nutlins, identified by high throughput screening.” The optimized

in Hibitors in this series bound to MDM2 with a Ka of 90 nM in vitro, and were shown to

halve anti-tumor activity in mice. X-ray crystallography and NMR structures revealed

th=at nutlins bind to the p53-binding site of MDM2, mimicking the p53 peptide to a high

de sree. Another series of potent inhibitors discovered through screening are the

be imzodiazepinediones." The activity of benzodiazepinediones is less well characterized

bum. It the compounds have potent in vitro activity, with the most potent compound binding

at -80 nM. The crystal structure indicates that the inhibitor binding mode also mimics that

of the p53 peptide.

Three of the nine classes of known inhibitors were discovered through design or

cC. Inputational screening — the norbornanes, “sulfonamides," and terphenyls." A

Sulfonamide, with IC50 of 32 uM, was discovered by Galatin and Abraham as a result of

UNITY pharmacophore searches of the NCI chemical database. Not surprisingly, the

three pharmacophores used were Phe 19, Trp23, and Leu26 of the p53 peptide. Zao and

°9'vºv Orkers also searched for the same pharmacophores using UNITY, and then docked

the resulting compounds. They synthesized a series of norbornanes and found them

*Stive in several cell lines. The most potent MDM2 inhibitors discovered through design

are the terphenyls, with a binding affinity of 200 nM. These inhibitors were originally

designed in 2001 as i, i + 3, i + 7 alpha helix mimics binding to calmodulin. Since then,
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ter-phenyl compounds have been shown to bind to several proteins that recognize and

bi mºld alpha helices: gp41," Bcl-XL,” and MDM2.

Although the best drug candidates were discovered through screening, less potent

in Hibitors conceived through computational screening and design are highly significant

be cause they embody a knowledge-based approach that has the potential to evolve into

the lead discovery strategy of the future. This chapter, representing our efforts in

aciº Vancing the field of computational design, describes a method of selecting scaffold

ca. Indidates for proteomimetic libraries and applies this method in the small molecule

fri-endly p53-MDM2 system.

R*E=sults

The structure of p53 and MDM2 revealed a deep hydrophobic binding interface in

vv Haich the three amino acids of p53 at the protein interface are presented in a linear

In=anner from the i, i + 4, and i + 7 positions of an alpha helix (Figure 2.2A). The amino

acid side chains interact with MDM2, while the p53 peptide backbone makes few

Contacts. Thus, the stable folded alpha helical structure of a protein provides a scaffold

from which side chains are delivered to the binding pockets of structure of a protein

PFSVides a scaffold from which side chains are delivered to the binding pockets of

MDN2. We approached the same problem by designing a non-peptide molecule that can

*Place the peptide backbone while projecting side chain functionalities with distance and

*ngular relationships equivalent to those seen in p53 (Figure 2.3). A semi-rigid scaffold

that can pre-orient side chains should facilitate binding by lowering the entropic penalty

of ordering the backbone into a helical structure. Since the amino acid functionalities

("..."
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Figure 2.2 (A) Backbone trace of p53 peptide shown with MDM2. Residues 19F
(blue), 23W (red), and 26L (yellow) occupy a deep hydrophobic pocket. (B) Co
CB bonds of 19F, 23W, and 26L used in the CAVEAT search for scaffolds. (C)
Library scaffold chosen for synthesis fulfills geometric requirements of CAVEAT
search. (D) Structures of 4 compounds considered for synthesis.

extend from the Co-CB bond, the relative positions and orientations of three bonds will

need to be present in the scaffold. This general scaffold search strategy can be applied to

9ther types of helices as well as other protein motifs, providing a general approach for

Proteomimetics (Figure 2.4).

To find scaffolds that fulfill the geometric properties necessary for correct side

chain placement, our design method employs CAVEAT.” CAVEAT searches through 3



_■ º
TNJ 1 Fi

Figure 2.3 Inhibitor design strategy. (1) Replace flexible p53 peptide backbone
with semi-rigid organic scaffold. (2) Evaluate diverse side chains to maximize size
and shape complementarity.

cii mensional structure databases and returns molecules containing bonds with the same

ci i =tance and angle relationships as those deemed critical in the reference structure. The

N/TIDM2-bound conformation of p53 served as the reference structure, and the Co-CB

B G nds of 19F, 23W, and 26L of p53 were used (Figure 2.2B). To allow for uncertainty in

the crystal structure side chain binding conformation, tolerances of 11 degrees were used

for bond angles and 0.24 Å were used for bond separations. A search of

Conformationally expanded versions of the ACD,” MDDR,” NCI,” CMC,” Iliad,” and

Triad" databases yielded 40,000 structures that fulfilled the geometric requirements.

Atoms extending beyond the CB equivalent positions were removed to allow side chains

° be appended later in the design process.
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molecules — ` s
sº 1.

3-D Database 1 o°-1 07 tº

CAVEAT 40,000

Scaffold DOCKing 30,000

760 --
500

40 º 1 * * *º º
--4-- º º

Figure 2.4 Overview of the multi-step approach to library design. --
***** º > º A."

* - tº
Another important consideration in the scaffold design was creating chemical - --

CC. In plementarity to MDM2. This factor was assessed using several rounds of scoring -
- º

º º º º

With DOCK 4.0.” (Figure 2.4) The computational time and design effort increased with º º .~

*ach round, so it was important to remove poor scaffolds as early as possible using º º

increasingly stringent scoring schemes. The DOCK ligand orientation function was not sº º cº

"eeded because CAVEAT had already oriented the ligand to match the corresponding ".
= y.

bonds in the p53 reference structure. In the first round, no energy minimization was 1. i.
allowed and the score was based solely on Van der Waals interactions. Scaffolds scoring º
§reater than 1000 were deemed to have an irreparable clash with MDM2 and discarded f Nº
from further consideration. The surviving structures were hierarachically clustered using s

* …
C. º.º.
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2–dimensional Daylight fingerprint descriptors, a closest linkage algorithm, and a 0.85

Tanimoto coefficient.” Because fingerprint descriptors recognize chemical diversity, all

heteroatoms were changed to carbon to effect geometric, rather than chemical clustering.

This resulted in 761 clusters.

Between the first and second rounds of DOCK scoring, several filters were used

to remove poor scaffolds. Because we preferred a conformationally rigid scaffold,

Structures with no rings or greater than 5 consecutive rotatable bonds were removed.

Because strained or complex molecules would involve difficult syntheses, molecules with

4-rrhembered rings or more than 3 fused rings were also discarded. The application of

these filters left 500 remaining clusterheads, which were minimized using DOCK 4.0

SCC red with a Van der Waals scoring function. In this step, the ligand geometry was

all Svved to move with respect to the MDM2 target. Conformational variances and

heteroatoms were restored to the molecules scoring in the top half, yielding 1369 three

diºlensional structures.

At this point, the scaffolds alone could not be further distinguished by DOCK

Pesause the most important aspect of the interaction, the side chains, was missing.

He Ince, phenylalanine, phenylalanine, and leucine side chains were added to the R1, R2,

*nci R, positions on the scaffold, corresponding to the 19F, 23W, and 26L positions of

PS3 - The structures were evaluated with a Van der Waals and electrostatics score using

DOCK 4.0. Thus, the side chains aided in scaffold evaluation. The top structures were

Yisually inspected for synthetic accessibility (Figure 2.5).
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~3-º-o-
*igure 2.5 Best-scoring scaffolds considered for synthesis.

Of the four best scaffolds (Figure 2.2D), the main advantage of the selected scaffold

(Figure 2.2C) was that it could be synthesized in a modular fashion with simple,

• *-* = ---
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seemingly straightforward chemistry. The only disadvantage was its high

hydrophobicity, which can be addressed by replacing scaffold carbons with heteroatoms

and by attaching hydrophilic functionalities to the solvent-facing side of the scaffold.

Theoretically, the selected scaffold with phenylalanine, tryptophan, and leucine

side chains should bind to MDM2 with similar or greater affinity than the p53 peptide.

There was also potential for increasing the binding affinity by optimizing side chain

contacts (Figure 2.3). Preliminary evaluations of a limited set of side chains using the

DOCK scoring function yielded very similar scores, with the exception of saturated rings,

which scored poorly. Because the project reported in Chapter 5 demonstrated the

difficulty and time required to accurately predict the binding of minor variations in side

chains, we decided to optimize side chains empirically rather than theoretically.”

Discussion

We have constructed inhibitors of the p53-MDM2 interaction using a

computational design strategy that can be applied to any protein-protein interaction for

which a co-crystal structure exists. These inhibitors have a novel structure and represent a

complementary approach to the screening methods used in the discovery of previous

inhibitors. Because the inhibitor scaffolds were designed as alpha helix mimics, the

compound libraries may have activity in other protein-protein interactions in which an i, i

+4, i + 7alpha helix plays a role. Some of these proteins include but are not limited to

Bak, NF-kB, and VP16. The success of the libraries in these other systems will speak

toward the extent of their alpha helix mimicry as will the synthesis and testing of the

remaining scaffolds.
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As the first step in the library design process, CAVEAT and its parameters played
-

a large role in determining the scaffold structure. One such parameter is the angle and

distance tolerances that describe the allowed deviation from the input structure. These

tolerances can be increased or decreased based on the quality of the crystal structure,

receptor site flexibility, and desired number of hits. Pilot studies showed a dramatic

increase in hits as the tolerance is relaxed. While 11 degrees and 0.24 angstroms is a

conservative margin, larger tolerances would have resulted in too many hits. The bonds

chosen for the CAVEAT search are also important. The multitude of options includes
* - - - -

other peptide bonds such as the CB-CY bond and a combination of bonds from a non- - º:
peptidic inhibitor. Libraries derived from Co-CB bonds of protein secondary structures ---. º -]

-º-º:

have added value because the recurrence of the secondary structures increases the
-

º º
relevance and applicability of the library in other protein-protein interactions. º º º º

Ultimately, the numerous paths for entering a binding site are equally valid until further a wººese ºs º-º-º-º-º- >
º

-- - tº .

investigation and will result in highly varied libraries and inhibitors. Of the 4 scaffolds º - - :-
-

we examined closely, only one resembled a known MDM2 inhibitor: the chalcone * º º
(Figure 2.2D). The overlap of hits resulting from a screening approach and our ºº~

- t

computational approach was a significant positive benchmark. s
* *

CAVEAT can be classified as a pharmacophore-based modelling program, but it sº º

differs from UNITY, the pharmacophore package used in discovery of the norbornane º ---

and sulfonamide classes of MDM2 inhibitors. In Galatin and Abraham's search for º, Li
MDM2 inhibitors, UNITY identifies molecules that contain three pharmacophores a

•

described by 19F, 23W, and 26W. Although both programs emphasize the same side º
chains, UNITY hits incorporate the side chains, while CAVEAT hits only contain the º

-

wº
(".." º *.
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scaffold. As a result, the CAVEAT-based inhibitors are larger, its side chains are easily

modified, and the full inhibitor may differ greatly from the original database molecule.

Most importantly, the number of hits is dramatically increased with CAVEAT.

Searching through the NCI database using a 20% tolerance, UNITY found 7 hits.

Searching through the NCI database using a much smaller tolerance, CAVEAT found

4,000 unique scaffolds.

Because pharmacophore modelling does not account for a molecule's receptor

complementarity, it should be used in conjunction with a docking method when a

receptor structure is available. Abraham and Galatin checked for receptor clashes in

UNITY, Zhao and coworkers used DOCK, and our method also uses several rounds of

DOCK scoring. While DOCK was extremely useful in removing molecules with

receptor clashes, it would not perform well as the sole tool in a search for inhibitors of a

protein-protein interaction. DOCK has successfully identified inhibitors in the past, but

these examples have generally used enzyme targets with a small and well-defined binding

site. With such a large hydrophobic MDM2 surface, many molecules scoring well in

DOCK may not fill the three binding pockets of MDM2. Using CAVEAT compensates

for this shortcoming by finding scaffolds that place side chains into the binding pocket.

After scaffold selection, the next step in inhibitor design was side chain selection.

Preliminary DOCK calculations yielded side chains that scored similarly, suggesting that

more in-depth studies were necessary. Due to the high similarity amongst the modelled

side chains, this result was expected. In Chapter 5, theoretical predictions of side chain

preferences for members of the cysteine protease family were successful only after

molecular dynamics techniques were employed. The original approach using a

-
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DOCKing strategy did not correctly predict the difference between dramatically different

side chains such as phenylalanine, isoleucine, and glutamine. Thus, we chose side chains

that were derivatives of phenylalanine because they were commercially available, easy to

handle and incorporate into the synthesis, and could reveal shape and electrostatic SAR.

Because DOCK disfavored saturated rings, cyclohexane was also included to test the

accuracy of the prediction. In the future, experimental results could be used as a training

set for developing DOCKing methods for predicting library side chains.

Experimental Methods

The structure-based design process began with the coordinates for MDM2 bound

to a short segment of p53 (PDB code 1ycr). The Co-CB atoms and bonds of p53

residues 19, 23, and 26 were used as vectors in a CAVEAT search with geometric

tolerances of 11 degrees for bond angles and 0.24A. The CAVEAT search database

containing an average of 10 low-energy conformations of molecules from the

combination of the Available Chemicals Directory (ACD), the MDL Drug Data

Repository (MDDR), the National Cancer Institute (NCI), comprehensive medicinal

chemistry (CMC), Iliad, and Triad was generated using OMEGA (OpenEye).

The 40,000 structures identified by CAVEAT were scored with the DOCK 4.0 Van der

Waals scoring function. The crystal structure was prepared for docking in a standard

manner by removing the p53 peptide and assigning charges by the method of Cornell, et

al.” A 0.15A spacing energy grid comprised of a Lennard-Jone 12-6 potential was used

to score the rigidly DOCKed molecules. Approximately 10,000 structures scored greater

than 1,000 and were discarded.
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The structures were characterized by 2-dimensional Daylight fingerprint

descriptors and hierarchically clustered with a closest linkage algorithm using a Tanimoto

coefficient of 0.85. Because fingerprint descriptors recognize chemical diversity, all

heteroatoms were changed to carbon to effect geometric, rather than chemical clustering.

Of the remaining 761 structures, those with more than 6 consecutive rotatable bonds or

zero rings were removed in a screen for conformational rigidity. Structures with 4–

membered rings or more than 4 fused rings were removed due to synthetic difficulty.

The application of these filters left 500 remaining clusterheads, which were minimized

using DOCK 4.0 scored with a Van der Waals scoring function and a narrower cutoff.

Conformational variances and heteroatoms were restored to the molecules scoring in the

top half, yielding 1369 three dimensional structures.

Phenylalanine, phenylalanine, and leucine side chains were added to the R1, R2,

and Rs positions on the scaffold, corresponding to the 19F, 23W, and 26L positions of

p53. These molecules were charged with Gasteiger charges and DOCKed using Van der

Waals (previously described) and a distance dependent dielectric of 4.” The top 250

structures contained approximately 40 unique scaffolds that were considered for library

synthesis.

Appendix 2 contains OMEGA, DOCK, and CAVEAT parameters used.
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Introduction * .

Amongst the few dozen computationally superior scaffolds, one scaffold stood Sº I
* ~ * º

out as being the most synthetically tractable. The scaffold consisted of three phenyl rings dº

connected to eachother with two atom linkers. This scaffold was found repeatedly in the * …,

top scoring DOCKed structures, although the linkers varied as combinations of amine,

azo, ether, amide, and sulfide groups. The amide linker was chosen for several reasons.

First, amide bond formations were well-studied and multiple reaction conditions had been

published. Second, the amide linker was less rigid and more stable than the azo linker,
- ---->

but more rigid than the amine, ether, and sulfide linkers. Third, the amide group could be . . . . . . * **

reduced to an amine group, yielding two libraries. - º
*

- ** -
- º

The library members were composed of six parts – three scaffold aryl rings - - - - - º º \º. . * -

connected by amide bonds, and three side chains each connected to a scaffold ring by *-------- *.
º -

- - - - - - -
* ----- **** &T *, *carbon-carbon bonds. We envisaged synthesizing the library in solution. We considered AT.

assembling the scaffold first, but thought there would be great difficulty in attaching three º * .
-

--- ("..... "

different side chains selectively. Therefore we decided to add side chains to each of the º -- º, º,
- *** - -*" º

three aryl rings, and then use amidations to connect the individual subunits (Figure 3.1). º º - “s º
*** - sº-º-º-º: 4

An advantage of this strategy was the utilization of a common chemistry for º
r º

production of diversity elements – Suzuki couplings were used to add side chains to each
-, *
* c

monomer at the diversity points. Carboxylic acid and amine groups were protected as

methyl ester, formyl, and nitro groups during the production of diversity reagents.
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3 14 9 ... ------
-- * *

Figure 3.1 Retrosynthetic analysis of proposed library. . . T. .
, - . *—a

***
After careful consideration and planning, we believed the library synthesis would . . . 4

--" -: - *

be straightforward and simple. This chapter describes the successes and failures that led **-----> & º
to a successful synthetic route and the production of 173 compounds (Figure 3.2). --" * tºº,

--
-

** =
º º

-* (). d

Results and Discussion * ---- --> º

The first objective was to synthesize 3 and 9 using benzyl side chains. These ■ :

reactions were successful during the first attempt and the production of these diversity

elements proceeded without difficulty. 2 and 8 were easily synthesized with 30-85%

yield from commercially available reagents 1 and 7, respectively, under conditions

reported by Klarner et al.' The reactions proceeded cleanly, as the purity of the crude

reaction was greater than 80% when analyzed by thin layer chromatography (TLC).

Reduction of 8 proceeded quantitatively by catalytic hydrogenation with palladium on
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| | *
-

*. 2’ -º
carbon. The oxidation of 2 was carried out using sodium chlorite as a mild oxidant and º •.

hydrogen peroxide as a scavenging agent for the hypochlorite byproduct.” sº tº

A cº

a b º
—- –P- H º

(HO)2B R Ri º,
1 2 3

H2 H2 H2N

O
| R2º

------
4 5 6 - " " . . . . *-*.
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temperature, 2 h, 56-99%; c) pinacolborane, 1,4-dioxane, Et,N, PdCl2(dppf), 80°C,
& h, 20%; d) R.Br, Pd(PPhs), THF, K,CO, 80°C, 16 h, 14–67%; e) R.Br.
Pd(PPhs), THF, K,CO, 80°C, 16 h, 44–100; f) Pd/C, H, 1 h, 80-100% (B)
Library synthesis. g) PS-TsCI, DMAP, CH,Cl2, 40°C, 48 h, 71-90%; h) NaOH,
1,4-dioxane, 72 h, 43-91%; i) PS-TsCl, DMAP, DMF, 40°C, 48 h, 9-60%

Synthesis of 6 was highly problematic. The initial strategy, based on the work of

Seaman and Johnson on the nitration of phenylboronic acid, involved the synthesis of 17

via nitration of boronic acid 15.” (Figure 3.3) These attempts yielded mostly

proteodeboronylated nitrobenzaldehydes and large amounts of starting material.

Nitration of a more activated substrate 18 yielded an inseparable mixture of nitroboronic

acid regioisomers. Because of this regioselectivity problem, we developed a new

approach starting from commercially available trisubstituted benzene 4.

A

(HO)2B (HO)2B R2

O2 O2

15 16 17

B

(HO)2B (HO)2B R2"— ºr- ºr
O2 O2

18 19 20

Figure 3.3 Initial approach toward synthesis of the R, diversity element.

Literature searches revealed that the formation of boronic acids required a

palladium catalyst, a base, a boron source, and a suitable solvent. The abundance of
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*
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reagents and reaction conditions was problematic in this case because there was no

known rationale for deducing optimal conditions. After trying several different

combinations of conditions, none were successful. Finally, the publication of the

synthesis of (2-aminophenyl)boronate guided us toward favorable reaction conditions.

The synthesis of pinacolboronate 5 was based on conditions reported by Baudoin

et al. for the synthesis of pinacol (2-aminophenyl)boronate from 2-bromoaniline."

Because their substrate was highly similar to 4, their report contained the most promising

published conditions for the synthesis of 5. Their optimal conditions employing

palladium acetate as a catalyst and a biphenylphosphine ligand worked poorly for our

substrate. I continued to test other conditions reported by Baudoin and coworkers and

found that conditions employing palladium chloride diphenylphosphinoferrocene,

suboptimal in their case, resulted in 20% yield of 5. The low yield can be partially

attributed to product loss during silica chromatography, as evidenced by a long product

tail. The subsequent Suzuki coupling to form 681} proceeded smoothly under the

conditions of Klarner, et al. To prevent the significant product loss from silica

purification of 5, the boronate synthesis and Suzuki coupling were performed

consecutively in one pot, increasing the yield for the two reactions to 35%.

The original approach for forming the amide bond linking diversity elements

involved a catch and release strategy using tetrafluorophenol resin. The carboxylic acid

substrate reacts with the resin to form an activated resin-bound ester. After the beads are

washed and the reagents removed, the amine nucleophile is added and the amide bond

formed. This approach failed because the activated resin-bound ester was never formed.

The focus then shifted toward a stronger activating reagent, oxalyl chloride. The amide
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bond was formed using oxalyl chloride, but the yield was 10% and TLC revealed 6

products. Most importantly, the use of oxalyl chloride required anhydrous conditions,

creating difficulty in adapting the reaction for library synthesis. Further experiments with

other coupling agents, such as DCC or TFFH resulted in low yields or low purity.

Amide bond formation between each of the diversity elements was easily carried

out under the conditions optimized by Soloshonok and coworkers for sterically hindered

poorly nucleophilic amines”. Treatment of the acid component with tosyl chloride

followed by addition of the aniline gave a clean reaction with good yield. Furthermore,

the reaction conditions were easily adapted for parallel synthesis in 48-well FlexChem

reaction blocks. The FlexChem’s fritted reaction well facilitated the use of resin-bound

tosyl chloride reducing the number of species in the crude product.

Proofing reactions for the synthesis of 3, 6, and 9 were carried out using side

chain 1. Purified yields were greater than 75% for all reactions except c and d. The

synthesis of chemsets 3, 6, and 9 followed with similar results. The exception was the

nitro side chain, whose presence reduced the yield in Suzuki couplings by about half.

Half gram amounts of chemsets 3, 6, and 9 were synthesized and used as needed for

library synthesis. The library synthesis reactions g-i were tested with methyl side chains.

While test reactions proceeded quantitatively, the conversion time was longer for the

actual side chains.

The size of the first production library of chemset 12 was limited to roughly 100

total members to ease handling. The side chains chosen were based on commercial

availability and structural similarity to the benzyl side chain used in the proofing
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reactions (Figure 3.4). These side chains are highly similar to the benzyl side chains but

could potentially reveal shape and electrostatic structure-activity relationships.

"o e º 'o º
c. So º 'clic
º "c or

Figure 3.4 Side chains chosen for synthesis.

Preliminary calculations with the DOCK scoring function did not clearly favor

one aromatic side chain over another, with one exception — saturated side chains such as

cyclohexane scored poorly. Thus, side chain 13 was used as a negative control for the

DOCKing predictions. The tryptophan side chain was not included because its reactivity

rendered it synthetically difficult. With three diversity elements and roughly 10 possible

side chains for each diversity element, an all-by-all by all library would contain over a

thousand compounds. Instead, 13 random combinations of chemset 10 were synthesized

and converted to chemset 11. Chemset 11 was coupled to nine R3 elements to form
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chemset 12 for a total of 117 compounds. Members of chemset 11 were also tested for

activity. Due to positive assay results (Chapter 4), I synthesized a second library focused

on chemset 11. The all by all library of chemset 11 was aimed at probing SAR and

increasing potency. I also synthesized a few members of chemset 13(7,6,2{} to test the

importance of the carboxylic acid functionality.

Library synthesis progressed smoothly after conditions were optimized. It was

important to optimize each reaction until high yield and high purity was reached. During

library synthesis, it is laborious and impractical to isolate products from unknown

mixtures, a task that is common in conventional syntheses. The key reaction in the

synthesis, which enabled the production of over 100 library members, was the amide

bond formation. Resin-bound TsCl and DMAP effected the transformation quantitatively

and did not require anhydrous conditions. As with the liquid form of tosyl chloride,

reagent deterioration occurs over a time period of weeks and it is best to use unopened

bottles. This reaction proved to be robust with the majority of missing or failed

compounds attributed to tosyl chloride deterioration, human or machine error. It would

be feasible to make a library of many hundreds of compounds using these reaction

conditions, with the rate-limiting step being the post-purification fraction sorting and

characterization.

Experimental

General Synthetic Methods: All reagents and starting materials were purchased from

commercial sources and used without further purification; solvents were HPLC grade and

degassed and dried with activated alumina. Proofing reactions were carried out in
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standard glassware, while the production of library intermediates was carried out using

Radleys 6 and 12-place reactors. Analytical reverse phase HPLC was performed using an

Xterra RPC18 column (3.5 um, 4.6x50 pum, Waters) on an Alliance 2695 HPLC.

Preparative reverse phase HPLC was performed using an YMC ODS-AQ column (20x50

mm, particle size S-5) on a Parallex Flex HPLC System. MALDI-TOF was carried out

with the Voyager-EE STR instrument from Applied Biosystems. Mass spectra were also

obtained using a Waters ZQ4000 mass spectrometer with an electrospray probe and

single quadrupole detector. 'H NMR were recorded using a Varian 400-Mhz

spectometer. Chemical shifts were measured in parts per million (6) relative to

tetramethylsilane as the internal standard. Coupling constants were measured in hertz.

General procedures for Preparation of Chemset 12.

3-Benzyl-benzaldehyde 201}: Under argon atmosphere: To a mixture of THF (12.5

mL) and aqueous K2CO, (2 M., 5 mL, 10 mmol) were added 3-formylphenylboronic acid

(0.50 g, 3.3 mmol, 1.1 eq.), benzyl bromide (0.36 mL, 3 mmol, 1 eq.), and Pd(PPh3),

(0.087 g, 0.075 mmol, 0.025 eq.). The reaction was heated to 80°C and monitored by

periodic thin layer chromatography (silica, 12:1 hexanes/ethyl acetate, R = 0.3). Full

conversion was reached after 16 h. The reaction was quenched with aqueous HCl (1 M,

50 mL) and the aqueous phase was extracted with ethyl acetate (3 x 30 mL). The

combined organic layers were dried using MgSO, and solvent was removed in vacuo

giving the crude product. The crude material was purified by flash chromatography

[silica gel, hexanes/ethyl acetate (12:1)] to give 0.5 g (80%) of the product. "H NMR
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(400 MHz, CDCl3): 6 = 9.98 (s, 1H), 6 = 7.723 (m, 1H), 6 = 7.459 (d, J = 5.6 Hz, 1H), 6

= 7.26 (m, 7H), 6 = 4.062 (s, 2H).

3-Benzyl-benzoic acid 3(1}: An aqueous solution of NaClO, (3.5 M, 4 mL, 14 mmol, 7

eq.) was added dropwise in 1 h to a stirred mixture of 3-benzyl-benzaldehyde (0.39 g, 2.0

mmol, 1 eq.), aqueous NaH2PO, (0.7M, 7 mL, 4.9 mmol, 2.5 eq.), and 35% H.O., (1 mL,

10 mmol, 5 eq.) in acetonitrile (15 mL), keeping the temperature below 10°C using an ice

bath. After the addition was complete, the ice bath was removed and the reaction was

monitored by periodic thin layer chromatography following the disappearance of starting

material (silica, 12:1 hexanes/ethyl acetate, R = 0). In two hours, the reaction had

proceeded to completion and sodium sulfite (1.8 g., 14 mmol, 7 eq.) was added to quench

the reaction. The solution was acidified with aqueous HCl to pH 3 as indicated using pH

paper. The organic phase was separated and dried in vacuo to afford 0.54 g (75%) of the

product. 'H NMR (400 MHz, CDC1,): 8 = 7.95 (m, 2H), 6 = 7.41 (m, 2H), 6 = 7.25 (m,

5H), 8 = 6.65 (bs, 1H), 6 = 4.046 (s, 2H); "C NMR (400 Mhz, d, DMSO): 1674, 141.9,

140.9, 133.5, 133.0, 131.0, 129.6, 129.3, 129.0, 128.8, 128.6, 128.5, 128.4, 127.2, 126.9,

126.0, 40.8; MS calcd for C14H2O, 212.08, found 213.40; Ana, at 316 nm.

2-Benzyl-nitrobenzene 8(1}: Under argon atmosphere: To a mixture of THF (12.5 mL)

and aqueous K2CO, (2 M., 5 mL, 10 mmol) were added 2-mitrophenylboronic acid (0.55

g, 3.3 mmol, 1.1 eq.), benzyl bromide (0.36 mL, 3 mmol, 1 eq.), and Pd(PPhs), (0.087 g,

0.075 mmol, 0.025 eq.). The reaction was heated to 80 °C and monitored by periodic

thin layer chromatography (silica, 12:1 hexanes/ethyl acetate, R = 0.4). Full conversion

was reached after 16 h. The reaction was quenched with HCl (1 M, 50 mL) and the

aqueous phase was extracted with ethyl acetate (3 x 30ml). Solvent was removed in

, , -º
4

º -

--
ºr

tº 1,

* * *

. - -

, sº sº
- - -- as

- -

- -->

-º-º:

** * *-*.

-- - - -

* - - -

* --- - - - - - ******* s
* ~ *

== *
*** -º- is a sº------ :-

º4.

* * * cº
-- *** -

--- .*
- *** *

**- ** * º,º tº
* * -------- * *

** ** = - *** º, º,
st tea. -- --->"

* *
* *

*

r º
º
*-

-*
-- "
- c

º* * *

*-
º *- A

. . . . .
• *

-*
y

sº

* *O

39



vacuo giving the crude product. The crude material was purified by flash

chromatography [silica gel, hexanes/ethyl acetate (12:1)] to give 0.22 g (33%) of the

product. 'H NMR (400 MHz, CDC1,): 6 = 7.932 (dd, J = 8,1.4 Hz, 1H), 6 = 7.512 (td, J =

7.6, 1.2 Hz, 1H), 6 = 7.375 (td, J = 7.6,1.2 Hz, 1H), 6 = 7.4 (m, 6H), 6 = 4.312 (s, 2H).

2-Benzyl-phenylamine 9{1}: Under hydrogen atmosphere: 10% palladium on carbon

(20 mg, 50% wet) was added to a solution of 2-benzyl-nitrobenzene (0.22 g, 1 mmol) in

MeOH (15 mL). The reaction was conducted using a Parr apparatus under 30 psi of H2.

Full conversion was reached after 1 h, as indicated by thin layer chromatography (silica,

12:1 hexanes/ethyl acetate, R = 0.3). The mixture was filtered and the solvent was

removed in vacuo to afford 0.16 g (87%) of the product. 'H NMR (400 MHz, CDCl3): 6

=7.4 (m, 6H), 6 = 6.768 (td, J = 7.6, 1.2 Hz, 1H), 6 = 6.678 (d, J = 8 Hz), 6 = 3.908 (s,

2H), 6 = 3.5 (bs, 2H); "C NMR (400 Mhz, d, DMSO): 146.0, 140.3, 130.1, 128.8, 128.3,

127.0, 125.9, 124.4, 116.6, 115.0, 37.0; MS calcd for CAHAN 183.10, found 184.47; Ama,

at 212 nm.

4-Amino-3-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-benzoic acid methyl ester

(5): Under argon atmosphere: To a mixture of methyl 4-amino-3-iodo-benzoate (2.3 g,

8.2 mmol, l eq.) in 1,4-dioxane (20 ml), triethylamine (4.6 ml, 33 mmol, 4 eq.) and

PdCl2(dppf) (0.30 g, 0.4 mmol, 0.005 eq.), pinacolborane (3.6 ml, 25 mmol, 3 eq.) was

added dropwise at rt. The reaction was heated to 80°C and monitored by thin layer

chromatography (silica, dichloromethane, R = 0.1 - 0.5). Full conversion was reached

after 8 h. The reaction was slowly quenched with aqueous saturated NH2Cl (30 mL) and

the aqueous phase was extracted with diethyl ether (7 x 25 mL). After drying over

MgSO4, the solution was filtered over a patch of silica. Subsequently the silica was

s
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washed with methylene chloride (1 L). Concentration of the solution in vacuo gave 0.49

g of a mixture of the product and methyl-4-aminobenzoate. "H NMR (400MHz, CDCl3):

ô = 8.310 (d, J = 2 Hz, 1H), 6 = 7.888 (d, J = 2.4 Hz, 1H), 8 = 6.551 (d, J = 8.8 Hz, 1H), 6

= 3.844 (s, 3H), 6 = 5.184 (bs, 2H), 6 = 1.346 (s, 12H); "C NMR (400 Mhz, d,-DMSO):

139.1, 133.7, 130.8, 115.3, 113.9, 113.2, 83.8, 51.2, 24.5; MS calcd for C.H.BNO,

277.15, found 278.50; Ana, at 309 mm.

Methyl 4-amino-3-benzyl-benzoate 641}: Under argon atmosphere: To a mixture of

THF (8 mL) and aqueous K.CO, (2 M, 1.6 mL, 3.2 mmol) were added crude 4-amino-3- " ----

(4,4,5,5-tetramethyl-[1,3,2|dioxaborolan-2-yl)-benzoic acid methyl ester (0.49 g, 1.8 * --
º:

mmol, 1 eq.), benzyl bromide (0.40 mL, 3.6 mmol, 2 eq.), and Pd(PPhs), (0.050 g, 0.043 . . . . º º
mmol, 0.025 eq.). The reaction was heated to 80°C and monitored by TLC (silica,

- -

º
dichloromethane, R = 0.4). The reaction was quenched with aqueous HCl (1 M, 50 mL) º º º

and the aqueous phase was extracted with ether (3 x 30 mL). Solvent was removed in
º º

vacuo from the combined organic layers. The crude material was purified by flash - - -

chromatography [silica gel, dichloromethane/hexanes (5:1)] to give 0.1 g (20%) of the sº
- * >

product. "H NMR (400 MHz, CDC1,): 6 = 7.81 (m, 2H), 6 = 7.2 (m, 5H), 8 = 6.634 (d, J º
= 8.4 Hz, 1H), 6 =3.930 (s, 2H), 6 = 3.898 (bs, 2H), 6 =3.860 (s, 3H); "C NMR (400

Mhz, d, DMSO): 149.3, 138.5, 132.9, 130.0, 128.8, 128.3, 126.7, 123.7, 119.9, 114,8,

51.6, 38.1; MS calcd for ClsHisNO, 241.11, found 242.50; Ana, at 294 nm.

Methyl 4-amino-3-benzyl-benzoate 641}: Under argon atmosphere: To a mixture of

methyl 4-amino-3-iodo-benzoate (2.27 g, 8.19 mmol, 1 eq.) in 1,4-dioxane (20 mL),

triethylamine (4.6 ml, 33 mmol, 4 eq.) and PdCl2(dppf) (0.30 g, 0.4 mmol, 0.005 eq.),

pinacolborane (3.6 ml, 25 mmol, 3 eq.) was added dropwise at ri. After 16 hours at 80°C,

*****
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benzyl bromide (0.9 mL, 8 mmol, 1 eq.), aqueous K2CO, (2 M, 6.3 mL, 13 mmol), and

Pd(PPhs), (0.22 g, 0.19 mmol, 0.02 eq.). After 24 hours, the reaction was quenched with

saturated NH2Cl and the aqueous phase was extracted with ethyl acetate. Solvent was

removed in vacuo from the combined organic layers. The crude material was purified by

flash chromatography [silica gel, dichloromethane/hexanes (5:1)] to give 0.7 g (35%) of

the product.

3-Benzyl-4-(3-benzyl-benzoylamino)-benzoic acid methyl ester 10{1,1}: Under argon

atmosphere: To a mixture of 3-benzyl-benzoic acid (0.21 g, 1 mmol, 1 eq.), DMAP (0.49

g, 4 mmol, 4 eq.), and PS-TsCl (1.0 g, 1.5 mmol, 1.5 eq.) was added methylene chloride

(15 mL) and methyl 4-amino-3-benzyl-benzoate (0.24 g, 1 mmol, l eq.). The reaction

was heated to 40°C and monitored by thin layer chromatography (silica, 10:1

hexanes/ethyl acetate, R = 0.3). The crude material was filtered and purified by flash

chromatography [silica gel, hexanes/ethyl acetate (10:1)] to give 0.39 g (90%) of the

product. 'H NMR (400 MHz, CDC1,): 8 = 8.371 (d, J = 9.2, 1H), 6 = 8.04 (m, 2H), 6 =

7.745 (s, 1H), 6 = 7.4 (m, 1H), 6 = 7.2 (m, 11H), 6 = 6.994 (d, J = 6.8, 1H), 6 = 3.954 (s,

3H), 6 = 3.948 (s, 2H), 6 = 3.843 (s, 2H); "C NMR (400 Mhz, d, DMSO): 173.2, 166.7,

166.2, 165.2, 143.0, 141.8, 141.5, 140.7, 140.2, 139.9, 138.6, 138.4, 137.7, 134.9, 134.5,

133.1, 132.7, 132.6, 130.0, 129.7, 129.5, 129.4, 129.3, 129.1, 129.0, 128.84, 128.80,

128.63, 128.59, 128.52, 128.3, 127.4, 127.3, 127.0, 126.6, 126.4, 126.3, 125.8, 124.7,

121.6, 52.2, 52.1, 41.6, 41.4, 38.9, 37.0; MS calcd for Cs, Hsi NO, 465.23, found 466.50;

Amax at 238 nm.

3-Benzyl-4-(3-benzyl-benzoylamino)-benzoic acid 11(1,1}: To 3-benzyl-4-(3-

benzyl-benzoylamino)-benzoic acid methyl ester (0.35 g, 0.8 mmol, 1 eq.), a 4:1 solution
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of THF/MeOH was added until the ester became soluble (30 - 50 mL). Aqueous NaOH

(12 mL, 50% w/v) was added to the solution and the reaction was monitored by thin layer

chromatography (silica, 20:1 dichloromethane/acetic acid, R = 0.2). Full conversion was

reached after 72 hours and the reaction was quenched with 6 M HCl to pH 3, as indicated

by pH paper. The quenched reaction was extracted with dichloromethane (3 x 30 mL)

and the solvent was removed in vacuo from the combined organic layers. The crude

material was purified by flash chromatography [silica gel, dichloromethane/acetic acid

(20:1)] to give 0.30 g (90%) of the product. 'H NMR (400 MHz, d, DMSO): 6 = 9.884 (s,

1H), 7.774 (d, J = 8.4, 1H), 6 = 7.714 (s, 1H), 6 = 7.58 (m, 4 H), 6 = 7.38 (m, 2 H), 6 =

7.2 (m, 8 H), 6 = 4.049 (s, 2H), 6 = 3.958 (s, 2H); MS calcd for Cash, NO, 421.17, found

422.48; Ana, at 275 nm.

12(1,1,1}: These reactions were carried out in parallel in polypropylene fritted

FlexChem 48-well reaction blocks rotating at 700rpm. To a mixture of 3-benzyl-4-(3-

benzyl-benzoylamino)-benzoic acid (17 mg, 0.04 mmol, 1 eq.), DMAP (20 mg, 0.16

mmol, 4 eq.), and PS-TsCl (40 mg, 0.06 mmol, 1.5 eq.) was added DMF (2 mL) and 2

benzyl-phenylamine (7.3 mg, 0.04 mmol, 1 eq.). After 72 hours at 40°C the reaction was

filtered and purified by reverse phase HPLC (see purification procedure below) to give

14 mg (60%) of the product. 'H NMR (400 MHz, d, DMSO): 6 = 9.927 (s, 1H), 6 =

9.858 (s, 1H), 6 = 7.750 (m, 2H), 6 = 7.689 (s, 1H), 6 = 7.658 (d, J = 6.8, 1H), 6 = 7.559

(d, J = 8.0, 1H), 6 = 7.3 (m, 21H), 6 = 4,099 (s, 1H), 6 = 4.011 (s, 2H);”C NMR (400

Mhz, d, DMSO): 165.6, 141.6, 140.9, 140.2, 139.7, 139.1, 136.8, 136.1, 136.0, 134.6,

132.0, 131.9, 130.2, 130.0, 128.73, 128.70, 128.6, 128.5, 128.33, 128.27, 128.0, 127.1,
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126.6, 126.2, 126.1, 126.07, 125.9, 125.3, 40.9, 37.1, 37.2; HRMS calcd for C, H, N,0,

586.2620, found 587.2708; Nº, at 277 nm.

General Procedure for Purification of Chemset 12.

The crude compounds in a solution of DMF were purified with a preparative YMC ODS

AQ column (20 x 50 mm, particle size S-5) running a 5 - 95% gradient of

acetonitrile/0.05% trifluoracetic acid with a 20 mL/min flow rate on a Parallex Flex

HPLC System. Chromatographs were monitored with a dual wavelength UV detector at

220 and 254 nm. Fraction collection was automatically triggered by UV absorption

above 0.05 AU at either wavelength. All fractions eluted with 50% acetonitrile or greater

were analyzed with an Xterra RPC18 column (3.5 um, 4.6 × 50 pum, Waters) running a 0–

100% gradient of acetonitrile/0.05% trifluoroacetic acid with a 1 mL/min flow rate on a

Alliance 2695 HPLC (Waters). Peaks were integrated at 254 nm using Millenium

software (Waters). Samples with 95% purity or greater were further characterized by

MALDI-TOF (Voyager-EE STR, Applied Biosystems). Fractions containing the correct

product of 95% purity or greater were pooled. Pooled fractions were dried down using a

GeneVac Mega 980 solvent evaporator.

General Procedures for Preparation and Purification of Chemsets 11 and 13.

3-Benzyl-4-(3-benzyl-benzoylamino)-benzoic acid methyl ester 10(1,1}: These

reactions were carried out in parallel in polypropylene fritted FlexChem 48-well reaction

blocks rotating at 700 rpm. To a mixture of 3-benzyl-benzoic acid (0.02 g, 0.1 mmol, 1

eq.), DMAP (50 mg, 0.4 mmol, 4 eq.), and PS-TsCl (100 mg, 0.15 mmol, 1.5 eq.) was

* * * * * -***** -- -

_* **** - - ºg -º,
-

• * *-*********
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added DMF (2 mL) and methyl 4-amino-3-benzyl-benzoate (0.02 g, 0.1 mmol, 1 eq.).

After 48 hours at 40°C, the crude reaction was filtered and purified on a Parallex Flex

HPLC System as described above. All fractions eluted with 30% acetonitrile or greater

were characterized by LC/MS using an Alliance 2695 HPLC and Waters ZQ4000 mass

spectrometer with an electrospray probe and single quadrupole detector operating in

positive ion mode. Fractions containing the correct product of 30% purity or greater

were pooled and dried down using a GeneVac Mega 980 solvent evaporator.

3-Benzyl-4-(3-benzyl-benzoylamino)-benzoic acid 11(1,1}: These reactions were

carried out in parallel in glass test tubes rested in FlexChem 48-well reaction blocks

rotating at 300 rpm. To the pooled fractions from the previous reaction, 2 mL of 15:1

solution of dioxane/50% NaOH was added. Full conversion was reached after 72 hours

and the reaction was quenched with HCl (6 M, 2 mL, 12 mmol). The quenched reaction

was extracted with dichloromethane (2 x 2 mL). The crude material was purified on a

Parallex Flex HPLC System as described above. All fractions eluted with 50%

acetonitrile or less were characterized by LC/MS using an Alliance 2695 HPLC and

Waters ZQ4000 mass spectrometer with an electrospray probe and single quadrupole

detector operating in positive ion mode. Fractions containing the correct product of 95%

purity or greater were pooled and dried using a GeneVac Mega 980 solvent evaporator.

Appendix 1 contains tables of yield and purity data for all compounds, 'H-NMR, HPLC,

and MS for 20 library members.
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Introduction

p53 is a tumor suppressor protein at the center of a complex network that

regulates responses to genotoxic stress. The signaling pathway downstream of p53

involves many gene products which lead to apoptosis or G1/S cell cycle arrest. The route

to apoptosis proceeds through p53 binding of Bcl-2, Bcl-XL, Bax, and Bak as well as p53

transcriptional activation of genes such as Bax, Puma, Noxa, Fas, PERP, and DR4/5

(Figure 4.1)." The primary p53 target in cell cycle arrest is p21, which inhibits

transcription of E2F-regulated genes that are required for DNA replication.”

Investigation of p53 and its downstream targets is ongoing, as components of the p53

pathway are yet unidentified or uncharacterized.

PI3-kinase
Akt/PKB
cyclin G

C-Abl
p19ARF
ATM

`s,/~ º)
*~
_*

Genotoxic
Stress p53

BAX
Cell Cycle -s— p21 Puma —- Apoptosis
Arrest Noxa

Fas
Perp

Figure 4.1 A simplified model of the p53 pathway.
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The first negative regulator of p53 to be discovered was MDM2.” p53 and

MDM2 are involved in a regulatory feedback loop which involves p53’s transcriptional

activation of MDM2 and MDM2's inhibition of p53 activity, resulting in decreased

MDM2. MDM2 also acts as an E3 ubiquitin ligase that binds and ubiquitinates p53

promoting its degradation. In addition to self-regulation through self-ubiquitination,

MDM2 is also regulated by many other proteins.” p19ARF interacts with MDM2 and

prevents MDM2 shuttling of p53 between the nucleus and the cytoplasm, required for

efficient degradation.” PI3-kinase and Akt phosphorylate MDM2, allowing MDM2

shuttling of p53.” ATM kinase and c-Abl phosphorylate MDM2 and impairs

degradation and nuclear export of p53, while cyclin G dephosphorylates and thus

activates MDM2.***

Many mouse knockouts have been generated to investigate the role of p53 and

MDM2, emphasizing the importance of the inhibition of p53 by MDM2. p53-null mice

are viable but highly susceptible to tumors,” MDM2-null mice are early embryonic

lethal, and the MDM2-null/p53-null mice appear normal.” These experiments suggest

that embryo lethality was due to active p53 and that MDM2 is a critical inhibitor of p53

activity in vivo. Mice expressing 30% of wild type MDM2 levels are small with low

numbers of haematopoietic cells, a p53-dependent phenotype suggesting that MDM2

may have other growth-promoting functions.” Hence, a chemical genetics approach to

disabling MDM2 later in life when cell differentiation and growth requirements have

subsided is important for understanding MDM2's other functions.

In conjunction with the mouse models, in vitro experiments have investigated the

roles of p53 and MDM2 in tumorigenesis. The addition of p53 cDNA to tumor cell lines
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has reduced its tumorigenic potential.” In addition, antisense inhibition of MDM2 in

tumor cells is associated with decreased p53-MDM2 complex formation, nuclear p53

accumulation, and apoptosis.” These two experiments show that decreasing p53 or

increasing MDM2 levels promote tumors. A chemical inhibitor of p53-MDM2 complex

formation has the potential to allow normal activation of p53 in tumors and thus promote

the death and clearance of cancerous cells. In recent years, this has been considered an

important therapeutic strategy and MDM2 has become a target at many pharmaceutical

companies.

Our interest in MDM2 inhibitors stemmed from the attractiveness of its binding

site for the structure-based design of alpha helical protein mimics. After the design and

synthesis of compounds libraries described in Chapters 2 and 3, this chapter details the

evaluation and characterization of MDM2 binding.

Results

Biochemical Assay

The library was initially tested using a biochemical model for the interaction of

p53 and MDM2 based on fluorescence polarization, previously reported by Kay and

coworkers.” This was implemented as a competition experiment using a fluorescently

labeled p53 peptide of 19 amino acids in length and a recombinant (His)6-tagged MDM2

protein expressed in E. coli. Protein expression proceeded under standard conditions and

the purification was moderately problematic, due to large amounts of insoluble MDM2 as

well as several impurities requiring purification by anion exchange chromatography.

Both factors reduced the protein yield to 0.1 mg/L, which was not problematic for testing
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one or two hundred compounds, but create a large obstacle in high-throughput screens. º

Samples of MDM2 that were not purified by anion exchange chromatography were

unsuccessful in tests of direct binding to p53 peptide. The p53 peptide was synthesized

on a peptide synthesizer using standard Fmoc chemistry. The peptide was labeled using

fluorescein isothiocyanate (Molecular Probes) using low pH conditions provided by the

vendor. The low pH conditions prevented the labeling of lysine and allowed selective

labeling of the N-terminal amine.

Initial studies were carried out to optimize assay conditions. I first noticed that a *:: ----

small amount of detergent was necessary to form a consistent meniscus in the 384-well - .
ºº º

plate. Second, the most consistent readings resulted from adding the smallest volume - * -- .. º -

- - - yº º
component first, and the largest volume component last. The addition of assay º º

--- -

components produces turbulence in the assay wells, a built-in mechanism for mixing. … . . . ~ ~

* --------- *-*. *

Addition of the largest volume component last results in the best mixing. Finally, I tested
- - ---

º - -
* . . .

two different pH conditions: 7.5 and 8.0. Because these conditions gave similar results, I - º --
used pH 8.0 because it was the most convenient.

-
- º º º

Binding studies of the fluorescently labeled peptide with purified his-MDM2 (1- ºº~
* . . ;

222) showed saturable binding with a Ka of 1.6 puM, which is in agreement with literature r
~

values (Figure 4.2).” The validity of the assay was established with several controls: a sº t

positive control consisting of nutlin-3, and a negative control consisting of a peptide º
similar to the p53 probe containing alanine substitutions at 19F, 23W, and 26L. The º

->

difference in anisotropy between the negative controls and nutlin-3 was 25-30 units. I ".

Samples incubated less than an hour showed a smaller difference in anisotropy. Using º
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80 i I i
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MDM2 Concentration (puM)

Figure 4.2 Direct binding of p53-FITC to MDM2 (1-222) gives Ka of 1.6 puM and
Hill coefficient of 1.12.

this assay, the entire library was screened at a fixed concentration of 30 uM. Compounds

showing an inhibitory ability were then subjected to dose response analysis. The binding

curves for compounds with a binding constant of 30 uM or less are shown in Figure 4.3.

Because three of the thirteen compounds in chemset 11 were active, we synthesized a

second library focused on chemset 11, as well as a few members of chemset 13(7,6,X}.

This second library yielded a plethora of weakly binding compounds with Ka greater than

30 puM (Table 4.1).

52



;
T T m º

0.01 0.1 1 10 100 1000

Inhibitor Concentration (uNT)

Figure 4.3 Competition of p53-FITC by nutlin-3 (V, Ki = 1.1 um), 11(7,6} (O, Ka
= 12 u.NM), 11(8,9} (O, Ka = 24 uM), 11(5,9} (V, KG = 27 uM).

Cellular Assay

With positive biochemical results, the next logical step was to test the compounds

in cellular assays for activation of the p53 pathway. These experiments were conducted

in the laboratory of Gerard Evan with the help of two postdoctoral fellows, Andrew Finch

and Abigail Hunt. Finch and Hunt developed a cell line in which MRC-5 human

embryonic primary lung fibroblasts immortalized by expression of hi■ ERT were

engineered to express MycER”, generating MRC-5/Myc/TERT (MMT) cells

(manuscript in preparation). While robust apoptosis could be induced in control MMT

cells, MMT cells overexpressing either MDM2 or the dominant negative C-terminal

fragment of p53 (DN-p53) failed to arrest or upregulate p21”.” These 3 cell lines were
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well-suited for my studies because the p53 pathway was inhibited by MDM2 and the º
- A.

cells were shown to undergo apoptosis via the p53 pathway. cº

Compound K■ (uM) º
11(7,6} 12 º º,
11(8,9} 24

-

11(5,9} 27
11(4,4} >30
11(6,9} >30
11(6,6} >30
11(1,6} >30

13{7,6,7} >30
11(4,9} >30 *** ------>

11(8,8} >30 -
11(5,11} >30 . . . .
11(1,11} >30 . . . . . .
13{7,6,8} >30 … Tº
13{7,6,5} >30 - - - - - yº
13{7,6,2} >30 --> º
11(5,6} >30 … sº
11(5,7} >30 -º º
11(1,9} >30 --~~~~ * ...
11(5,8} >30 ** 2- . . "

11(1,8} >30 . .” --- * --

11(7,4} >30 " . . . .

s
- * º •.

Table 4.1 Active compounds tested by competitive fluorescence polarization. --- ***. * ,

* * --"

■ º
Initial experiments were conducted with nutlin-3 to determine assay conditions. Y >

MMT, MMT/MDM2, and MMT/DN-p53 cells were treated with DMSO, 2 uM nutlin-3, sº

or 10 um nutlin-3. One hour after treatment, cells were treated with ionizing radiation or º
“

doxorubicin while a control set of cells were left undisturbed. All cells were incubated * ,
* ,

for 4 hours and then harvested, lysed, and probed for p53 and p21 by Western blot. The º
tº º

results showed that the neither the radiation nor the concentration of nutlin-3 affected p53 …'

or p21 levels. Both the MMT and MMT/MDM2 cells treated with nutlin-3 showed - s
&T

* *
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increased p53 and p21, while the MMT/DN-p53 cells treated with nutlin-3 did not. We

concluded that a compound screen would be conducted with MMT control cells that

would not be irradiated. Any active compounds would then be tested in all three cell

lines at various concentrations with and without ionizing radiation.

In the compound screen, MMT cells were treated with each of the compounds

from Table 4.1 (50puM) as well as 10(7,6} and incubated for 5 hours. After harvest, cell

lysates were probed for p53 and p21. The results showed that none of the compounds

increased p53 or p21 levels, with the exception of positive control nutlin-3. Compounds

10{7,6}, 11(7,6}, and 11(8,9} were further studied using 10 hour and 24 hour treatment

times. However, the p53 and p21 levels remained low and cell morphology did not

change. In contrast, immediate cell death was observed under the microscope after the

addition of 50 puM nutlin-3. Finally, various lipofectamine reagents were used due to the

possibility that the compounds were unable to cross the cellular membrane. These

studies also failed to produce increased p53 and p21 levels.

Characterization of Binding by NMR

In order to characterize the binding of 11(7,6} on mdm2, we performed NMR

titration study on "N-labeled mdn2 (3-109) with the compound. Figure 4.4 shows the

chemical shift perturbation in mdm2 residues upon binding of 11(7,6} and the location of

the significantly perturbed residues on mdm2 surface. The most significantly perturbed

mdm2 residues are Glu25, Phes5, His 73, and Val%3 (Figure 4.4A). All of these residues

are located within the p53 helix-binding pocket of mdm2, indicating that 11(7,6} binds to

the p53-binding pocket in mdm2 (Figure 4.4B). Therefore, 11(7,6} is expected to

competitively block p53 binding to mdm2. Interestingly, binding of 11(7,6} and the p53
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*2" ( -

» -

helix differentially influences the mdm2 residues within the same binding pocket. The sº

11(7,6} affects amide proton resonances in the following order, His 73 > Phe■ 5 > Glu25 cº

= Val23, whereas in the p53 helix, His?3 > Val23 > Tyr100-Ser22. Therefore, the exact º,
binding modes of the compound and the p53 helix might be slightly different from each º
other, although both bind to the same helix-binding pocket.

A
0.5

0.4 + His?3

--- ---
a 03: -------
Cl -

S. --------
§ 0.24 --- ---

-----

0.1 - ---
- - ----

- -

0.0 -
-

º
0 10 20 30 40 50 60 70 80 90 100 110 ------- ~

Residue number ------- ~ *

rtur dm *-Figure 4.4 (A) Chemical shift perturbation in mdm2 upon binding to 11 (7,6}. The
- - - 0.0

Aö.('H, *N) value was calculated as described earlier” when the molar ratio of -- º

mdm2 to p53 is 1:0.6. (B) Color-coded structures of mdm2 (3-109) showing the rº º
sites of major chemical shift perturbation. The residues showing the major º ---, 'o.
chemical shift perturbation are colored on the surface of mdm2 from the crystal --- - º,
structure of mdm2 bound with the p53 peptide”. Color-coding is based upon the º lº
degree of chemical shift perturbation: gray, Aöe 0.04 ppm; yellow, 0.04 ppm *

-

º
Aöc < 0.15 ppm; red, Aöc > 0.15 ppm. Y

-

º
sº

* - I
Discussion º

2, L.
This project culminates in assays for binding, cellular activity, and º

+-, *

characterization of binding. The first test, involving the ability of inhibitors to complete '.º
with p53 peptide in MDM2 binding, was successful. Active compounds were members º

s
of chemsets 11 and 13, suggesting that the carboxylic acid functionality serves in an º

Nº. 1

cº
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important interaction. To further support this hypothesis, the methyl ester analogue,

10{7,6}, did not have detectable activity. Previous studies have suggested that acidic

groups can disturb the salt bridge between Lyss 1 and Glu25 of MDM2.” The chemical

shift perturbation of Glu25 from the NMR studies indicates that the carboxylic acid group

is affecting this salt bridge.

The data also suggests that electron-withdrawing groups are preferred at the para

position of the R2 benzyl ring. Since the R2 binding pocket is large enough to

accommodate a tryptophan group, a meta/para disubstituted benzyl ring in this position

may improve binding. The data is insufficient to draw other conclusions regarding the

SAR.

The second test, involving the ability of the inhibitors to upregulate the p53

pathway in cells, was unsuccessful. While there are multiple causes that could explain

their inactivity, the most probable cause is low cellular uptake. The addition of a 50 um

dose of a foreign chemical, such as nutlin-3 or other inhibitor, often causes cytotoxicity.

The additon of nutlin-3 at this concentration resulted in visibly obvious cell death within

several minutes, while no major changes occurred after the addition of any of the

inhibitors studied. This suggests that the cell is unaffected by the inhibitors and with a

logP of approximately 10, there is little chance the inhibitor crossed the cellular

membrane.

A high logP was a major drawback of the inhibitor library, whose hydrophobicity

posed some solubility problems in addition to the cell permeability issues discussed

previously. In the conditions used for the cellular assay, 50 uM with 1% DMSO,

crystals of 1087,6} were found under the microscope. The high concentrations used in
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the competitive inhibition assays (Figure 4.3) is another example where the assay was

limited by inhibitor solubility. The solubility of 11 (7,6} was determined to be 89 uM in

1% DMSO and 499 um in 5% DMSO while the solubility of 1087,6} was found to be

greater than 68 puM in 1%. Two possibilities exist for reducing hydrophobicity and

increasing aqueous solubility: the addition of polar side chains to the solvent-exposed

face of the inhibitor, and the substitution of scaffold carbons with heteroatoms. Because

cellular permeability is crucial for further biological studies of the inhibitor, increasing

hydrophilicity would be my first priority in any future work on this project.

Another important goal is to fully characterize the binding of 11(7,6} with

MDM2. NMR studies indicate that 11(7,6} binds to MDM2 in the same pocket in which

the p53 helix binds, a result that is consistent with the results of the competitive

fluorescence polarization experiments. The most significantly shifted MDM2 residues

are Glu25, Phes5, His 73, and Val%3. These four residues have also shifted during the

binding of p53 to MDM2.” More specifically, the p53 peptide's Phe 19 interacts with

His?3 of MDM2, and Trp23 of p53 interacts with Val23 of MDM2. Phe■ 5 is a solvent

exposed residue engaging in aromatic interactions with chalcones, and most likely with

11(7,6} as well.” These results suggest that 11(7,6} binds to MDM2 in the Phe 19 and

Trp23 binding pockets, as the inhibitor design process intended. However, we did not

anticipate that a carboxylic acid would play a role in binding, or that the leucine pocket

was less important for binding. While these structural studies reveal important

information, further structural studies are necessary to compare the predicted vs actual

binding modes.
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Experimental

Recombinant MDM2: Plasmid encoding His-hDM2 (1-222) was kindly donated by R.

Tjian.* Protein was expressed in BL21(DE3) RAI cells (Stratagene) grown at 37°C to

ODoo = 0.6 and induced for 3 hours under 1 mM fl-D-thiogalactopyranoside. The cells

were harvested, sonicated, and centrifuged at 35,000 x g for 15 min. A large fraction of

the MDM2 protein was insoluble and in the pellet. The supernatant was loaded onto Ni

NTA resin and eluted with 250 mM imidazole. The yield was 2 mg/L. An SDS-PAGE

gel showed a large band near 35 kD, even though the expected molecular weight was * - ... --->

-* - - - ---

27.5 kD. Coomassie stain and western blot analysis revealed several bands of 2-5 kD - -

lower molecular weight, though to be products of proteolytic degradation. These bands

remained despite the use of protease inhibitors aprotinin, leupeptin, pepstatin, and
* - - -"

Pefabloc (Roche). When tested by direct binding of the fluorescein-labeled p53 peptide, - sº º º
the Ka was greater than 10 puM. The protein was further purified by ion exchange ... * - *

chromatography using a Source 15Q column (20 mM Tris-HCl, pH 8.0,1 mM DTT, 110 º - --
mM NaCl). The use of a smaller 1 mL anion exchange column caused the protein to º >

elute at 1M NaCl. Fractions were characterized by SDS-PAGE and MALDI-TOF mass
*-

. -->
spectrometry (Voyager-EE STR, Applied Biosystems). The dominant band near 35 kD

was identified as His-MDM2 (1-222). The pure protein was concentrated and quantified

by Coomassie protein assay. The yield was 0.1 mg/L.

Peptides: The following peptides were synthesized on an Applied Biosystems Model

433A peptide synthesizer using Fmoc chemistry: GSGSSQETFSDLWKLLPEN,

FSFSSQETASDLAKLAPEN. TFA cleavage was performed using Reagent K, as
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described by Method 3-18, “General TFA Cleavage”, in the 2004/5 Novabiochem

catalog. The peptides were isolated according to Method 3-29, “Post-Cleavage Work

up”, in the 2004/5 Novabiochem catalog. Peptides were purified using the Parallex Flex

HPLC System as described in Chapter 3.

p53-FITC: To aqueous NaHCO, (0.2 M, 0.5 mL, 0.1 mmol, pH 7.0), p53 peptide (2 mg,

1 umol, 1 eq.) and FITC (Molecular Probes) (50 mM in DMF, 100 ul, 5 umol, 5 eq.)

were added. These reaction conditions are also described in “Amine-Reactive Probes”, ----

product information distributed by Molecular Probes. The reaction was monitored on an
-

:
Alliance 2695 HPLC (Waters) running a 0–100% gradient of acetonitrile/0.05% . º -

trifluoroacetic acid with a 1 mL/min flow rate. Because the p53 peptide contains lysine,
* -

º
the low pH and reaction time were important to ensure labeling at a single site. Full . ... • º

conversion was achieved after 4 hours and the crude material was purified using the ... • * -

Parallex Flex HPLC System as described in Chapter 4. …” … º -
º *- º

Fluorescence Polarization Assays: Measurements were made with an LJL Biosystems

Analyst AD plate reader using a 485 nM excitation filter and a 535 nM emission filter.

Assays were performed in Corning 384-well black plates. Pilot experiments demonstrated

that the binding of p53-FITC was saturable and our observed Ka agreed well with the

reported value of 2 um. Nutlin-3 (Cayman Chemicals) was used as a positive control,

while both DMSO and p53 peptide with alanine substitutions at 19F, 23W, and 26L were

used as negative controls. Assays were performed in duplicate and repeated at least twice

on separate days with different batches of protein. Competition experiments were carried
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out in a total volume of 20 pull 40 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM DTT, 5%

DMSO and 0.05% Tween 20. Probe peptide was present at a final concentration of 10

nM and MDM2 was present at a final concentration of 2 uM. Plates were allowed to

incubate at room temperature for 1 hour prior to measurement. Data was analyzed with

SigmaPlot.

Cell Culture and Immunoblotting: MMT, MMT/MDM2, and MMT/DN-p53 were

generously donated by the Evan lab (REF). Cells were grown in DMEM with 10% fetal

bovine serum and split when they reached 95% confluence. Twenty-four hours prior to

treatment, cells were plated at a density of 7.5 x 10" cells/mL. Compounds were diluted

to 50% DMSO and 50% growth medium and added at afinal concentration of 50 uM.

After incubation for 5, 10, or 24 hours, media was removed and the cells were frozen.

Cells were defrosted on ice and lysed in RIPA buffer (20 mM HEPES pH 7.4, 0.5 mM

EDTA, 0.5 mM EGTA, 0.2 M NaCL, 1% IGEPAL, 0.5% sodium deoxycholate, 0.1%

SDS) containing 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl chloride, 10 ug/mL

aprotinin, and 10 um E64. Lysates were clarified by centrifugation prior to fractionation

by SDS-polyacrylamide gel electrophoresis, electroblot transfer to PVDF membrane

(Millipore) and probing with antibodies. Primary antibodies were purchased from Santa

Cruz Biotech (p21) and Oncogene (p53). Horseradish peroxidase-conjugated secondary

antibodies were purchased from Amersham. Lipofectamine, Oligofectamine, Superfect,

DMRIE-C, Lipofectamine with Plus Reagent, and Lipofectamine 2000 were used

according to manufacturer's instructions.
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NMR Spectroscopy: NMR spectra were acquired using a Varian Unity INOVA 600

spectrometer equipped with a cold probe. NMR sample contained 0.1 mM "N-labeled

MDM2 (amino acid residues 3-109) in 90% H2O/10% *H2O, 25 mM TrishCl (pH 7.5),

150 mM NaCl, 2 mM DTT, 0.1 mM PMSF, 0.1 mM EDTA, 0.1 mM benzamidine, and

0.02% NaN3. Aliquots of 11 (7,6} were added in a stepwise fashion to the *N-labeled

mdm2 (3-109) during titration. The "N-H HSQC spectra were collected for the unbound

mdm2 (3-109) alone or with 11 (7,6} at 25 °C. The final molar ratio of MDM2 to 11 (7,6}

was 1:1. The backbone assignment of the MDM2 (3-109) was previously obtained

(accession number 2410, BioMagResBank)”.
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Introduction

The recent genomics revolution has provided us with the first low-resolution

roadmap of the human genome. However, the true challenge lies in using this raw

sequence information to create a better understanding of the role of specific gene

products in both normal and disease processes. Functional genomics efforts have begun

to address this challenge using sequence-alignment algorithms and transcriptional

profiling as a way to link biological functions to specific genes and gene products [1].

Indeed, this process has lead to the annotation of a substantial number of enzyme and

protein families. In many cases, these families will serve as a starting point in the process

of target selection for the development of preclinical drug candidates. However, many

protein families are populated with dozens of closely related members. For example, the

protease family alone comprises 1%–2% of the human genome and represents over 500

enzymes grouped within only a few distinct subfamilies. Therefore, potential drug targets

such as these must be viewed not as single entities but as members of closely related

protein networks. Therapeutic design must focus not only on issues of potency toward a

single target but also, and often more importantly, on selectivity within the context of a

target's nearest functional relatives.

Traditionally, the problem of specificity has been addressed using medicinal

chemistry to generate compounds that have been optimized for a single protein target.

Correlation of structural elements of small molecule leads with their inhibition potencies

is used to generate structure activity relationships (SARs). These data can be used to rank

individual compounds and ultimately to sort out the best candidates for further

development. To aid in this process, several groups have developed complementary in

--- ***.
º

* * * * *
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silico methods to define molecular similarity among a class of protein targets [2 and 3].

Additionally, computational methods have been developed that allow small molecule

binding to be addressed by virtual docking to a protein active site [4, 5 and 6]. From these

computational SAR studies, a set of physicochemical descriptors can be generated that

define the binding properties of many related small molecule inhibitors. Ultimately, such

computational approaches allow a large number of theoretical compounds to be virtually

assayed prior to embarking on costly and time consuming medicinal chemistry efforts.

In addition to providing a starting point for lead optimization, SAR data also

provide information that can be used to generally define the topology of the small

molecule binding pocket of a target protein. Furthermore, compilation of SAR data

obtained from chemical library screening against a set of proteins provides affinity

fingerprints for each target. As an increasing number of diverse compounds are assayed

against these targets, the fingerprints that are generated become more refined. If these

fingerprints become sufficiently unique, they can be used to establish subtle differences

among members of a large protein family with a high degree of sequence homology.

Several methods for protein classification based on affinity fingerprints have been

proposed. One such method relies upon a training set of inhibitors that is screened against

a panel of disparate proteins to predict affinity fingerprints for other nonrelated proteins.

Ultimately, this method could be used to allow chemists to quickly predict

pharmacophores within a chemical library that will serve as lead compounds for further

development [7 and 8). Yet another classification method has introduced structure

activity relationship homologies (SARAH) as a means to cluster proteins within a family.

The kinase family of enzymes was used to highlight the utility of inhibitor fingerprinting
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as a rapid classification method for members of this large family of highly related

proteins [9]. Once a functional classification is established based on SARAH, it becomes

possible to group newly sequenced kinases into chemical subgroups to optimize the drug

screening process. Furthermore, this method of classification provides critical

information concerning the "nearest neighbors" in the family that are likely to be of

concern when trying to design a selective small molecule drug.

Here, we outline a combined chemical- and computational-based approach to

generate and analyze affinity fingerprints for the papain family of cysteine proteases. An

affinity labeling methodology has been employed to assess the inhibitory characteristics

of a set of small molecule libraries toward this panel of closely related protease targets.

This resulting inhibition data set is a compilation of affinity fingerprints for the set of

purified targets and was used as a method to classify individual family members. In

addition, the identity of proteases from crude cellular lysates could be determined by

clustering affinity fingerprints of "unknown" targets with the data set of purified targets.

A computational protocol was then developed and used to generate predictions for

cysteine proteases based on experimentally determined crystal structures. Ultimately, this

method could aid the process of development of small molecule inhibitors for families of

related targets when only limited structural and functional information is available.

Results and Discussion

We have previously described a set of positional scanning libraries (PSLs) based

on the epoxide electrophile scaffold found in the natural product E-64 [10 and 11]. This

scaffold can be used to generate compounds that are mechanism-based irreversible
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inhibitors of the papain family of cysteine proteases [12]. The compounds in these

libraries are made up of a primary tripeptide backbone linked to a reactive epoxide

electrophile. The amino acids found adjacent to the epoxide moiety are expected to

occupy the S2—S4 binding pockets of the protease targets (termed the P2, P3, and P4

amino acids; Figure 5.1). The S2 pocket has been shown to be the primary site of

substrate discrimination for this family of proteases [13].

S3
2

H O P3 H O

Substrate: ******# H # H
P4 O P2

*-w- -— Site of ——
S4 S2 Hydrolysis S1’

Inhibitor:

Site of inhibition

Figure 5.1 Comparison of binding mode of peptidyl epoxide inhibitors and peptide
substrates. Peptidyl epoxides bind to cysteine protease active sites in a manner
analogous to a peptide substrate. The three amino acid side chains adjacent to the
epoxide, termed the P2, P3, and P4 residues, align in the active site such that they
occupy the S2, S3, and S4 binding pockets. Note that no side chain fills the S1
pocket due to the structure of the epoxide building block.

Initially, three sets of PSLs were synthesized by fixing each of the P2, P3, and P4

positions with each of the 20 possible natural amino acids (minus cysteine and

methionine, plus norleucine as a mimetic of methionine). A mixture of the same natural

amino acids was used in the remaining two amino acid positions, resulting in 19 P2, P3,

and P4 sublibraries, with each made up of a mixture of 361 compounds.
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The three sets of PSLs were assayed against purified protease targets by

competition with the radiolabeled active-site-directed probe '*I-DCG-04. Samples were

analyzed by SDS-PAGE followed by phosphorimaging to determine the intensity of

labeled bands using a commercial software package (Figure 5.2). Competition (i.e., loss

of labeling) was indicative of inhibition by the unlabeled library member. Competition

assays are performed by preincubation of protease targets with inhibitor libraries

followed by labeling with the general probe. Since the extent of inhibition by the

inhibitor libraries is a function of preincubation and labeling times, these parameters had

to be carefully controlled, and assays were performed in triplicate to confirm the run-to

run reproducibility of the assay. Furthermore, for this method to provide a valid readout,

final concentration of inhibitors (10–50 um) must be held in excess over concentrations

of the target protease (100–300 nM) throughout the assay. Using this method it was

possible to determine a percent competition for each fixed position library by determining

the ratio of intensity of labeled bands in the treated samples to the intensity of the

untreated control. These data were subsequently used to generate affinity fingerprints.

Covalent irreversible inhibitors such as the peptide epoxides function

mechanistically through a two-step process involving an initial reversible binding event

(measured as an equilibrium constant, K.) followed by an irreversible alkylation step

(measured as rate constant kinact). Potency values for this class of inhibitors are

expressed as a ratio of the K/kme. Detailed kinetic studies of the peptide epoxides have

shown that the rates of inactivation (knº) remain relatively constant across structurally

diverse inhibitor scaffolds [14]. As a result, competition data obtained for libraries of

peptide epoxides provide mainly information that relates to the relative K values of an

- * *
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inhibitor for a given target. Furthermore, any small molecule that binds in the active site

of a target will block the reversible binding step of the probe and will lead to loss of

labeling (competition). Therefore, this method is suitable for screening of both reversible

and irreversible inhibitors. In fact, similar screens with libraries of reversible cysteine

protease inhibitors have been carried out for the parasitic protease target cruzain. These

competition results were found to closely correlate with kinetic inhibition values obtained

by standard substrate-based methods (D.C.G., M.B., and J. Ellman, unpublished results).
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Figure 5.2 Methods for generating affinity fingerprints. Example of an affinity
fingerprint generated by screening of a P2 diverse peptide epoxide library. Purified
cathepsin K was pretreated with individual constant P2 sublibraries (X position on
competitor) followed by labeling with *I-DCG-04 (label). Samples were separated
on a 12.5% SDS-PAGE gel and visualized by Phospholmaging (Molecular
Dynamics). Labeling intensity of each target relative to the control untreated
sample was used to generate percent competition values. This method was used to
generate competition values for multiple enzymes and for libraries with diversity at
the P2, P3, and P4 positions on the inhibitor scaffold.

While substrate-based kinetic assays provide for high-throughput screening of

targets, the competition-based method can be multiplexed to accommodate multiple

targets in a single gel-based assay. Additionally, this screening method allows for rapid
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analysis of multiple related targets without the need to optimize substrate and kinetic

conditions for each enzyme. Finally, the competition screen allows separation of the

target from the substrates and small molecules in the screen, thereby eliminating

problems of insoluble and intrinsically fluorescent compounds that can hinder an

absorbance-based detection method. To increase the assay throughput, we have also

designed a dot-blot-based readout for competition. In the case where a single protein

target is screened, filtering of samples through a PVDF membrane provides a method to

isolate and measure the amount of labeled target protein. This assay method circumvents

the need for SDS-PAGE gels and allows the assay to be performed in a 96-well plate

format (data not shown).

This affinity-probe-based method of screening of PSLs has been validated by our

laboratories in a representative crude proteome [11] and for a specific protease target

[15]. These studies show that it is possible to use this screening method to rapidly

identify selective inhibitors of protease targets. It was therefore of interest to apply the

same set of PSLs to profiling the specificity of an expanded set of papain family

enzymes. While this family of proteolytic enzymes has been extensively studied, most

inhibitor SAR studies have been focused on a limited number of compounds screened

against a small set of family members. It was therefore of interest to determine if a large

data set could be used to classify this set of proteases into distinct subfamilies based on

substrate/inhibitor binding.

PSLs were screened against a set of purified and recombinant papain family

cysteine proteases that were obtained from commercial and public sources. To aid in the

analysis of the data, numerical competition values were visualized by conversion to a
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color format using software developed by Eisen and coworkers designed for data

generated from microarray analysis [16]. This software assigns colors based on the

numerical competition values in the range from 0%–100%. Compounds that were potent

inhibitors (i.e., 100% competition) were assigned a red (hot) color, while compounds that

were weak inhibitors, showing little or no competition, were assigned a blue (cold) color.

Compounds with intermediate activities were assigned lighter shades of red and blue,

with white assigned to compounds with 50% inhibition. Furthermore, hierarchical

clustering software was used to group the data based on similarities among profiles of

enzymes (y axis) or small molecules (x axis).

Cluster analysis of inhibition data from each of the P2, P3, and P4 library sets

against 12 papain family proteases revealed patterns of specificity for each of the three

primary substrate binding pockets (Figure 5.3). The resulting specificity data agreed with

previously reported findings identifying the P2 position as the primary site for enzyme

substrate interactions [13]. Furthermore, the S2 pocket of the papain family enzymes

preferred many of the hydrophobic and aromatic amino acids, suggesting the need for a

more diverse set of hydrophobic P2 residues in order to obtain distinct binding profiles

for this class of enzymes.
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Figure 5.3 Cluster analysis of affinity fingerprints for a set of papain family
proteases: subsite specificities within the active sites. Inhibition data from
screening of P2, P3, and P4 diverse inhibitor libraries (scaffold structures indicated
on right of data panels). Sublibraries were composed of a single constant amino
acid position that was varied through all natural amino acids (C-19) and two
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variable positions composed of a mixture of all 19 amino acids (mix). Competition
data were obtained as describe in Figure 5.2 and were clustered and visualized
using programs designed for analysis of microarray data (see Experimental
Procedures). Colors indicate the potency of a sublibrary with the indicated fixed
amino acid for a designated target protease. Potent (hot) inhibitors are assigned a
red color, and weak or ineffective (cold) inhibitors are assigned a blue color. Target
enzymes are arrayed along the y axis, and each of the constant amino acids is
arrayed along the x axis. The tree structures at the left of the diagrams were
obtained by hierarchical clustering and indicate the degree of similarity of enzymes
as a function of the height of the lines connecting profiles. The color key is shown
at the bottom. Amino acids are indicated by their single-letter code, with n used for
norleucine.
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A set of 41 hydrophobic nonnatural amino acids was selected and used to

generate a nonnatural P2 library. For this extended P2 library, each of the 41 nonnatural

amino acids was held constant in the P2 position, while the P3 and P4 positions were

composed of a mix of all possible natural amino acids. The mixture method was chosen

rather than using general favorable binding P2 and P3 amino acids because this resulted

in sublibraries that had greater overall utility for screening. These libraries were not

biased in the P3 and P4 positions and therefore could be used to assay the contribution of

the P2 element for virtually any cysteine protease target. In order to further increase the - -
diversity of compounds for affinity fingerprinting, a second set of libraries was -- *

synthesized using the complete set of natural amino acid building blocks in the P2 º
position attached to the enantiomeric form of the epoxide electrophile (2R, 3R, versus 2S, º

3S; Figure 5.4). Previous work has shown that this change in stereochemistry is likely to a sis º
favor binding of the inhibitors in the prime side of the active site, thus increasing the -- -

potential for finding binding pockets unique to each papain family protease [17]. ~ º
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Figure 5.4 Cluster analysis of an extended P2 diversity library. A large set of P2
amino acids including the 19 natural amino acids and 41 nonnatural hydrophobic
amino acids was selected and used to generate an extended P2 inhibitor library. In
addition to the set of 60 natural and nonnatural amino acids coupled to the epoxide
moiety containing the (S,S) stereochemistry, the natural 19 amino acids were
coupled to the enantiomeric form of the epoxide (R,R isomer; see structures at left).
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The resulting 79 sublibraries were assayed against the reference set of 12 papain
family protease as described in Figure 5.2 and Figure 5.3. Single-letter codes were
used for natural amino acids, with n being assigned to norleucine. The 41
nonnatural amino acids were assigned arbitrary numbers (1–41) and listed with the
NN prefix. Libraries containing the R,R enantiomer of the epoxide are listed with
"R,R" following the single-letter amino acid code. Regions of weak binding,
nonselective strong binding, and selective binding are labeled at the left.

The clustering of the extended P2 library data revealed underlying patterns of

inhibition by grouping compounds with overall poor binding, promiscuous binding, or

selective binding together (see annotation at left of clustergram in Figure 5.4). Grouping

the data in this manner immediately identified P2 amino acids in the central region of the

clustergram that conferred specificity for individual protease targets. Interestingly, the

bulk of the amino acids found in this "specificity region" were nonnatural amino acids

and natural amino acids linked to the (R,R) enantiomer of the epoxide. These results

suggest that changing the stereochemistry of the epoxide provided access to different

binding sites in the protease active-site cleft. These differences are likely due to

interactions of the R,R compounds with the prime-side binding pockets of the papain

family proteases. This hypothesis will be confirmed through structural studies of inhibitor

binding and will be the focus of future work.

This clustering methodology therefore shows that affinity fingerprinting data can

be used to reveal information about the topology of each of these protease binding

pockets. Ultimately a screen of a larger, more structurally diverse small molecule library

is likely to provide a higher-resolution image of these inhibitor/enzyme interactions.

Another powerful application of this affinity-fingerprinting methodology is its

ability to classify an unknown protease activity from a crude cell or tissue lysate by

clustering its affinity fingerprint within a database of standard protease fingerprints. We
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have previously demonstrated the utility of activity-based probes as a means to profile

cysteine protease activities within intact cells or crude cell lysates. This technology

therefore allowed the extended P2 inhibitor library to be screened against several cysteine

proteases in a crude cell extract [11].

The rat liver proteome was chosen for initial studies due to its high content of

proteolytic enzymes and because the major protease activities in this sample were

previously identified by purification and sequencing [11]. Total protein extracts were

probed for cysteine protease activity using *I-DCG-04 (Figure 5A). Four major protease

activities were observed by affinity labeling and SDS-PAGE analysis (Figure 5B). This

profile exactly matched the results reported by our laboratory in an earlier publication

[11], indicating that the labeling method is highly reproducible.

Affinity fingerprints were generated for each protease activity by pretreatment of

extracts with inhibitor PSL sublibraries followed by affinity labeling. The resulting data

sets were clustered with the database of extended P2 cysteine protease inhibition

fingerprints (Figure 5.5C, black boxes). Protease band 2 clustered into a small subgroup

of cathepsin proteases, with the greatest similarity to cathepsin B. The identity of this

band was confirmed to be cathepsin B by isolation and sequencing by mass spectrometry

[11]. Protease bands 3 and 4 had identical fingerprints and clustered together in the

cluster tree as a distinct branch, which included cathepsin H. Again, this cluster-based

assignment of bands 3 and 4 was confirmed by purification, sequencing, and

identification of these two bands as differentially processed forms of cathepsin H [11].

Protease band 1, unlike the other proteases, clustered into its own branch and had no

direct counterpart in the database. This protease activity was identified as cathepsin Z

- -
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[11], an enzyme that was not fingerprinted and therefore had no reference points in the

database. Thus, the clustering method was able to predict the identity of enzyme activities

within a crude tissue lysate by virtue of their unique affinity fingerprints.
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Figure 5.5 Identifying unknown proteases' targets using fingerprint clustering. (A) -"
Structure of the activity based probe,”I-DCG-04. (B) Profile of active papain
family cysteine proteases in crude rat liver homogenates. "Unknown" proteases are
labeled 1–4 (liver #1-liver #4 at left). The true identity of each protease was
determined by mass-spectromety-based sequencing and is listed for reference at
right. (C) Competition data obtained by treatment of crude homogenates with the
extended P2 sublibraries described in Figure 5.4 followed by labeling with the
probe. Competition data for each unknown (see black boxes) were added to the
reference protease data, and the complete data set was clustered as described in
Figure 5.3 and Figure 5.4. Identity of the unknown proteases could be inferred by
inspection of the closest neighbors in the vertical dendrogram shown on the left.

81



The results from this experiment highlight several strengths of combined inhibitor

screening and clustering technology. First, the inhibitor libraries allow screening against

cysteine proteases present in a crude cell and tissue proteome. The ability to use crude

protein extracts, rather than recombinant or purified protein, greatly reduces the effort

required to screen large inhibitor libraries and allows rapid lead identification for

endogenously expressed enzymes. Second, the tight clustering of endogenous cathepsins

with their recombinant counterparts suggests that this methodology could be used for

rapid, crude characterization of unknown enzymes from complex protein samples without

absolute knowledge of their identity.

In addition to being useful for optimization of small molecule inhibitors,

clustergrams of affinity fingerprints also yield functional information about the topology

of the active site of the protein. The dendrogram that results from clustering of the library

data using the programs Cluster and TreeView [16] pictorially describes the relationships

amongst individual proteases. This dendrogram is analogous to homology trees that are

generated through sequence alignments. However, it provides inhibitor-generated

functional alignments, in contrast to traditional sequence alignments based on linear

amino acid relationships.

For comparison, a dendrogram of proteases was generated using the sequence

alignment program Clustal W and compared against the affinity-fingerprint alignment.

The two dendrograms have overall similarities but upon closer inspection reveal

significant differences (Figure 5.6). For example, cathepsin B and cathepsin C cluster

together based on primary sequence alignments. Although these are both exoproteases,

cathepsin B is a carboxypeptidase while cathepsin H is an aminopeptidase, and their true
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functions are highly divergent. The fingerprint clustering yields a more satisfying picture

of the large functional difference between cathepsin B and C (Figure 5.6, red labels). On

the other hand, sequence alignment of cathepsin K clusters it within a subfamily with

cathepsins S, V, and L. However, affinity-fingerprint clustering identified cathepsin F as

its closest neighbor and, therefore, the major concern for efforts to design cathepsin K

selective inhibitors (Figure 5.6, green labels). Furthermore, the fingerprint clustering

identified cathepsins K, F, and H as the best candidates in this family of proteases for

design of selective inhibitors due to the uniqueness of their specificity profiles (i.e.,

distinct branches in the clustering tree). Such information may also help to prioritize ... : *

targets in large protein families based on the chances for successful development of -

Selective inhibitors.

Sequence Alignment Fingerprint Clustering - sº º
– Papain,

• Cat V
Cat L|

-
..at K.Cat S

Cat H
[- Falcipain 2

Tl tº - Cruzain
– t , it {

{ };Cat E!

Figure 5.6 Comparison of fingerprint clustering and sequence alignment-based
clustering. Hierarchical clustering of affinity fingerprints for the 12 reference
cysteine proteases produced dendrogram trees that indicate the degree of functional
similarity between enzymes as a function of the height of the lines connecting
profiles. A dendrogram tree generated using affinity fingerprints was compared to a
tree generated by primary sequence alignment using Clustal W, as described in the
Experimental Procedures section. Examples of enzymes with divergent clustering
based on sequence alignment but with similarities in affinity fingerprints are shown
in green, while enzymes that show similar sequence alignment but dramatic
differences in classification based on affinity fingerprinting are shown in red.
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The affinity fingerprints generated for a control set of cysteine proteases was also

used to tailor the design of a computational protocol for generating in silico fingerprints

based on structural data. A molecular docking scheme [18], which had proven successful

for the design of both peptidic and nonpeptidic inhibitors in a series of serine proteases,

was unable to distinguish specificity in the lysosomal cysteine proteases. We found that

the covalent linkage between the inhibitor and the enzyme necessitated a complete

molecular mechanical forcefield for proper inhibitor placement. The DOCK program,

however, employs only the intermolecular van der Waals and coulombic terms as an

energy scoring function. We therefore combined docking with molecular dynamics (MD)

to develop a new strategy in the spirit of the MMPBSA (molecular mechanics Poisson

Bolzmann surface area) approach [19]. Relative binding free energies can be derived

from MD trajectories using the theories of statistical thermodynamics. In this case,

however, a simulation of each inhibitor for each enzyme would require over a hundred

individual MD runs. In order to make the problem computationally tractable, we

performed MD just once for each enzyme, using only the common portion of each

inhibitor. Benzyl groups served as "dummy" side chains at the P2-P4 scaffold positions

during these simulations and acted as placeholders in the enzyme pockets. Following the

dynamics runs, full side chains at the P2 position were added in an incremental fashion

and rank ordered according to the DOCK energy score [20]. The top 20 conformations of

each side chain were then minimized in AMBER [21] and rescored using a PBSA

solvation model [19]. Since the scaffold and enzyme conformational degrees of freedom

were sampled during the dynamics runs, the resulting coordinates were preserved in

subsequent steps. The side chain degrees of freedom were sampled using the less

->
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expensive incremental growth and energy minimization routines. Because we did not

carry forth the thermodynamic ensemble of structures derived from the MD simulation,

the results cannot be considered as time averaged free energies of binding. Although

there is no physically rigorous way to isolate individual members of an MD ensemble for

docking, we chose the member closest to a corresponding X-ray structure [22, 23, 24, 25,

26 and 27], which itself is part of a larger, physical ensemble.

The predictions derived from the six enzymes considered are in good qualitative

agreement with the experimental data (Figure 5.7). Overall, the computational results

accurately predict the general nature of favorable S2 sidechains for each enzyme. The

computational results also agree with some of the fine discrimination seen between

enzymes experimentally. Tryptophan, for example, is predicted to be a poor P2 sidechain

for cathepsin K, and arginine is predicted to be poor for both cathepsin K and cathepsin

S. These results demonstrate that qualitatively accurate results can be derived by

DOCKing sidechains onto one member of an MD ensemble. It is reasonable to expect

that individual predictions would improve as we averaged the docking results of more

members of the scaffold-enzyme MD ensemble.

--->
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Figure 5.7 Comparison of in silico affinity fingerprints with experimental -
fingerprints. The affinity-fingerprint inhibition data generated using a subset of the -----a
PSL P2 data were compared to data generated using a combination of molecular º
dynamics and DOCKing algorithms (see text). Computationally derived values for -
relative free energies were converted to color format similarly to experimentally

- º
obtained competition data. Cluster analysis highlights similarities between the two *****
sets of data. -
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The largest differences between the in silico predictions and the experimental
-

º
-**

results are seen with the lysine, glutamine, and arginine residues (Figure 5.7). There are -->
----

several differences between the conditions of the experiment and the assumptions of the

models that could account for this. First, the experiment represents a measurement of

relative residual enzymatic activity following treatment with each inhibitor sublibrary

rather than a K. The calculations attempt to rank order the relative binding affinities of

each P2 side chain. Second, the modeled inhibitors were constructed with alanine at the

P3 and P4 sites, while the positional scanning libraries have equimolar mixtures of all

amino acids at these sites. Third, the protonation states of the modeled acidic and basic

residues were estimated based upon the experimental pH; the actual protonation states
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depend upon the local environments of each amino acid. Fourth, the inhibitor could adopt

secondary structure in solution, thereby affecting its binding surface in a manner not

considered during the simulations. Given these factors, it is reasonable that the theoretical

predictions do not agree perfectly with the experimental results.

Ultimately, the computational protocol generated affinity fingerprints that can be

used to predict most of the critical elements that control substrate specificity. Therefore,

this method has the potential to be used to predict small molecule binding properties for

other papain family proteases. Furthermore, the computational strategy allows for the

screening of a virtual library of inhibitors to assist in the design of selective compounds

for targets within a family of highly related enzymes.

Experimental Procedures

Ethyl (2S,3S)-Oxirane-2,3-Dicarboxylate and Ethyl (2R,3R)-Oxirane-2,3-

Dicarboxylate and DCG-04: The synthesis of (2R,3R)-oxirane-2,3-dicarboxylate is

identical to that reported for the (2S,3S) isomer [28]. The synthesis of DCG-04 is

reported elsewhere [10].

Synthesis of Positional Scanning Libraries: Synthesis of the PSL libraries was

reported elsewhere [11].

Gel Electrophoresis: One-dimensional SDS-PAGE and two-dimensional IEF was

performed as described [29].
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Competition Labeling and Analysis of Data: Rat liver lysates (100 ug total protein in

100 ul buffer A: 50 mM Tris (pH 5.5], 5 mM MgCl2, 2 mM DTT) or purified cathepsins

(1 ug protein in 100 ul buffer A) were preincubated with 10 uM of each library member

(diluted from 10 mM DMSO stocks) for 30 min at room temperature. Samples were then

labeled by addition of "I-DCG-04 to each sample followed by further incubation at

room temperature for 1 hr. Samples were quenched by the addition of 4× sample buffer,

resolved by SDS-PAGE, and analyzed by Phosporimaging (Molecular Dynamics). Bands

corresponding to each labeled protease were quantified. Intensities of inhibitor-treated

samples were divided by the intensity of an untreated control sample to obtain a percent

competition value. Numerical values for percent competition were analyzed as described

previously [11 and 15] using the programs Tree View and Cluster written by Eisen and

coworkers [16]. These programs can be obtained from www.microarrays.org.

Cluster Analysis Based on Sequence Alignment: Amino acid sequences for all

proteins were obtained from GenBank. All sequences used were human with the

exception of falcipain 2 and cruzain. Sequence alignments were performed according to

their primary structure similarity using the default settings for CLUSTALW, version 1.5

(EMBL-EBI; www.ebi.ac.uk/clustalw/).

Computational Strategy: Initial geometries for the ligand-receptor structures were

constructed by analogy to the E64-cathepsin K complex (Protein Data Bank ID code

1atk) [22 and 30]. The structures of cathepsin L, V, B, K, S, and Cruzain were each

aligned to the latk structure by matching the C atoms of four residues in the active site:
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Q19, C25, Yô7, and W184 (papain numbering) [22, 23, 24, 25, 26, 27 and 30]. A

minimal scaffold was then built into each receptor structure by analogy to the atomic

coordinates of E-64. The resulting complexes were energy minimized for 500 steps using

the AMBER program suite [21]. A 28 A cap of TIP3P water [31] centered at the scaffold

center-of-mass was added to each complex, and a subset of atoms 15 Å from the ligand

as well as all water atoms were selected to be mobile during subsequent molecular

dynamics simulations. Each complex was equilibrated to 300 K over 80 ps, and

"snapshots" were then acquired every 4 ps over a 400 ps production MD run. From the

resulting 100 scaffold-receptor poses, one was selected based upon minimum root-mean

Square deviations from the original crystal structure and a minimum Co., affold-Corea

distance.

For each scaffold-receptor pose selected from the MD runs, side chains were

incrementally grown away from the P2 scaffold position according to a previously

reported methodology [18]. The resulting conformations of each side chain were then

rank ordered by DOCK score [20], and the top twenty conformations of each added side

chain on each scaffold-receptor pose were energy minimized using the AMBER program

suite [21]. Cartesian restraints were applied to the scaffold and receptor atoms during the

minimization. A 1 kcal/mol restraint was imposed upon the backbone atoms of the P2

residue, while a 500 kcal/mol restraint was imposed upon all other scaffold atoms and all

receptor atoms. Only the P2 side chain atoms were allowed to move freely during 500

steps of minimization. Following minimization, each of the twenty conformations of each

P2 side chain in each pose was rescored using a previously reported Poison-Bolzmann

continuum solvation scheme [19]. Here, the free energy of binding is approximated by
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decomposition into molecular mechanical, solvation, and conformational entropy

(ignored in this work) contributions.
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Chapter 6

Future Directions
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We have constructed a library of p53-MDM2 inhibitors through structure-based

design. One of the most pressing opportunities for future experiments is the optimization

of binding, structural characterization of binding mode, and enhancement of drug-like

properties. The optimization of binding may require the synthesis and testing of a new

set of side chains. Side chains can be chosen empirically from structure-activity

relationships seen in the current data or computationally through modeling of the binding

interaction. More detailed structural information, which may improve side chain

selection, will require further NMR or x-ray crystallography experiments. The

incorporation of heteroatoms and hydrophilic groups will bring the inhibitors one step

closer to obeying Lipinski’s Rule of 5.

Another promising research experiment lies in the synthesis of libraries based on

other scaffolds. The synthetic route for the libraries of the three scaffolds not discussed

here has been proposed (Figure 2.2D). The synthesis and evaluation of these remaining

libraries may shed some light on the success of the library design method. Comparing

and contrasting the characteristics of successful and unsuccessful scaffolds will help

guide the development of this relatively new and untested design method.

These inhibitors have a high potential for activity in other protein-protein

interactions involving an alpha helix. One potential direction for future research includes

testing the library in other biological systems associated with an i, i + 4, i + 7 alpha helix.

If the central scaffold is successful in mimicking the helical backbone, the addition of

side chains tailored for each protein could give multiple potent inhibitors of protein

protein interactions. The common scaffold used will ease synthesis and give insight into
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other ADMET and pharmacokinetic properties once one representative inhibitor has been

characterized.

This library represents one of several libraries of compounds targeting an i, i + 4, i

+ 7 alpha helical system, and the method used for in silico design can be applied to other

helical motifs as well as other classes of protein substructures. After creating libraries

populating each substructure class, one could screen new protein-protein targets whose

binding features have been classified. Thus, recurring protein motifs provide an added

advantage by facilitating lead discovery.

We have also generated an affinity fingerprinting method to functionally

characterize a family of cysteine proteases both chemically and computationally. This

method allows for the rapid visual analysis of inhibitor specificity and enzyme active site

topology. Enzymes can then be subclassified based on functional relationships rather than

simply by linear amino acid sequences. Furthermore, this method provides a direct

readout of the overall inhibitory characteristics of compounds under a variety of assay

conditions. This method will ultimately aid in the process of target selection,

prioritization, and inhibitor design.
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Appendix 1

Yield, Purity, and Spectral Data
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Table A.1 Yields and purities of chemset 12 precursors.

Entry Product % Yield (% purity)
1 2(1} 84 (95)
2 2{2} 81 (95)

3 2{3} 22 (60)
4 2{4} 74 (95)
5 2{5} 74 (95)
6 2(6) 80 (95)
7 2(7) 68 (95)

8 2(8) 71 (95)

9 2(9) 52 (95)

10 2{10} 36 (75)

11 2(11} 62 (95)
12 2(12} 31 (95)

13 2{13} 28 (90)

14 3{1} 75 (95)
15 3{2} 98 (95)
16 3{3} 56 (95)

17 3{4} 93 (95)
18 3{5} 96 (95)
19 3{6} 92 (95)
20 3{7} 95 (95)

21 3{8} 92 (95)

22 3{9} 85 (95)

23 3{10} 75 (95)

24 3{11} 60 (95)

25 3{12} 99 (95)

26 3{13} 56 (95)

27 6{1} 35 (95)
28 6{2} 58 (95)
29 6{3} 14 (95)
30 6{4} 24 (95)

31 6{5} 28 (95)
32 6{6} 64 (95)

33 6{7} 67 (95)
34 6{8} 36 (95)
35 6{9} 47 (95)

36 6{11} 20 (60)

37 8{1} 100 (95)

38 8(2} 87 (95)

39 8{4} 74 (95)

40 8(5} 79 (95)

41 8{6} 64 (95)
42 8(7) 65 (95)
43 8(8} 88 (95)

44 8(9} 44 (95)

45 8{14} 70 (95)
46 9{1} 87 (95)
47 10(1,1} 90 (95)

48 10{1,7} 87 (95)

49 10(2,4} 77 (95)

50 10(4,2} 83 (95)
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51 10{5, 9} 88 (95)
52 10{6,11} 84 (95)
53 10{7,6} 71 (95)
54 10{8,9} 86 (95)
55 10{9,8} 84 (95)

56 10(11,6} 80 (95)
57 10{13, 1} 82 (95)
58 10{3,4} Failed

59 10{1.3} Failed

60 11(1,1} 90 (95)

61 11(1,7} 72 (95)
62 11 (2.4} 43 (95)
63 11(4,2} 87 (95)
64 11(5,9} 84 (95)
65 11 (6.11} 43 (95)
66 11 (7,6} 69 (95)

67 11 (8.9} 72 (95)
68 11 (9.8} 70 (95)
69 11(11,6} 91 (95)
70 11 (13.1} 81 (95)

71 12(1,1,1} 60 (95)

72 12(1,7,1} 33 (95)
73 12(2,4, 1} 22 (95)
74 12(4,2,1} 37 (95)
75 12(5, 9, 1} 27 (95)
76 12(6,11,1} 16 (95)
77 12(7,6,1} 9 (95)
78 12(8.9.1} 40 (95)

79 12(9.8.1} 15 (95)
80 12(13,1,1} 37 (95)
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Table A.2 Representative analytical data of chemset 12.

Entry Compound

12(13,1,1}

12(2.4.1}

12(1,7,1}

12(9.8.1}

12(8,9,1}

12(7,6,1}

12(6,11,1}

12(5,9,1}

12(2,4,1}

1H-NMR (400 MHz, DMSO-d6)

6 = 9.883 (s, 1H), 6 = 9.861 (s, 1H), 6 = 7.760 (m. 2H), 6 = 7.610 (d, J =
7.6, 1H), 6 = 7.552 (d. J = 7.6, 1H), 6 = 7.516 (s, 1H), 6 = 7.3 (m, 3H), 6 =

7.2 (m, 13H), 6 = 4.120 (s. 2H), 6 = 4.015 (s. 2H), b = 2.5 (m, overlap
w/solvent), 6 = 1.17 (m, 4H), 6 = 0.94 (m. 2H)

8 = 10.048 (s, 1H), 6 = 9.863 (s, 1H), 6 = 7.74 (m, 3H), 6 = 7.667 (s, 1H), 6
= 7.520 (d, J = 6, 1H), 6 = 7.44 (m. 2H), 6 = 7.361 (d, J = 6, 1H), 6 = 7.1 (m,

13H), 6 = 7.83 (m. 2H), 8 = 6.778 (dd, J = 8.2, J = 1.2, 1H), 6 = 4.108 (s.
2H), S = 3.996 (s. 2H), 6 = 3.982 (s. 2H), 6 = 3.724 (s, 3H)

6 = 10.112 (s, 1H), 6 = 9.872 (s, 1H), 6 = 7.800 (dd, J = 8, J = 1.6, 1H), 6 =
7.752 (d. J = 8, 1H), 6 = 7.67 (m. 2H), 6 = 7.615 (s, 1H), 6 = 7.552 (d, J = 8,
2H), 6 = 7.40 (m. 2H), 6 = 7.359 (d. J = 8, 2H), 6 = 7.300 (d. J = 8, 2H), 6 =

7.2 (m. 12H), 6 = 4,327 (s, 2H), 6 = 4.001 (s. 2H), 6 = 3.990 (s, 2H)

8 = 10.033 (s, 1H), 6 = 9.881 (s, 1H), 6 = 7.78 (m, 3H), 6 = 7.739 (s, 1H), 6
= 7.68 (m, 2H), 6 = 7.616 (d, J = 6.8, 1H), 6 = 7.518 (s, 1H), 6 = 7.4 (m,
9H), 6 = 7.20 (m, 3H), 6 = 7.12 (m, 4H), 6 = 4.145 (s. 2H), 6 = 4.124 (s,

2H), 6 = 4.017 (s. 2H)

8 = 10,021 (s, 1H), 6 = 9.883 (s, 1H), 6 = 7.778 (m. 2H), 6 = 7.731 (s, 1H),
6 = 7.67 (m, 6H), 6 = 7.5 (m, 4H), 6 = 7.372 (d, J = 8, 1H), 6 = 7.2 (m, 7H),

6 = 7.1 (m, 3H), 6 = 4.186 (s. 2H), 6 = 4,090 (s. 2H), 6 = 4.01.1 (s, 2H)

6 = 9.995 (s, 1H), 6 = 9.863 (s, 1H), 6 = 7.848 (d, J = 7.6, 1H), 6 = 7.747 (d,
J = 8, 1H), 6 = 7.70 (m, 5H), 6 = 7.513 (t, J = 8.4, 2H), 6 = 7.459 (m, 3H), 8
= 7.369 (d, J = 8, 1H), 6 = 7.19 (m, 4H), 6 = 7.11 (m, 5H), 6 = 7.02 (m, 2H),

6 = 4.261 (s. 2H), 6 = 4.066 (s. 2H), 6 = 4.007 (s, 2H)

8 = 10,023 (s, 1H), 6 = 9.894 (s, 1H), 6 = 8.004 (d, J = 8, 1H), 6 = 7.962 (s,
1H), 6 = 7.78 (m. 2H), 6 = 7.639 (m. 2H), 6 = 7.532 (d, J = 8, 1H), 6 =

7.510 (s, IH), 6 = 7.486 (t, J = 7.6, 1H), 6 = 7.40 (m, 3H), 6 = 7.27 (m, 3H),
6 = 7.20 (m, 4H), 6 = 7.12 (m, 5H), 6 = 4.244 (s, 2H), 6 = 4.015 (s. 2H), 6 =

3.991 (s. 2H)

8 = 10.018 (s, 1H), 6 = 9.882 (s, 1H), 6 = 7.778 (d, J = 8, 1H), 6 = 7.732 (s,
1H), 6 = 7.66 (m, 3H), 6 = 7.518 (d, J = 8, 1H), 6 = 7.464 (s, 1H), 6 = 7.440
(d, J = 7.2, 1H), 6 = 7.36 (m. 2H), 6 = 7.28 (m, 3H), 6 = 7.18 (m, 3H), 6 =

7.143 (d, J = 7.2, 1H), 6 = 7.1 (m, 6H), 6 = 7.03 (m, 1H), 6 = 4.187 (s, 2H),
6 = 4.038 (s, 2H), 6 = 4.01.1 (s, 2H)

6 = 9.951 (s, 1H), 6 = 9.862 (s, 1H), 6 = 7.75 (m. 2H), 6 = 7.70 (m. 2H), 8 =
7.547 (d. J = 8.8, 1H), 6 = 7.42 (m. 2H), 6 = 7.2 (m, 14H), 8 = 6.70 (m, 3H),

6 = 4.060 (s, 2H), 6 = 4,051 (s, 2H), 6 = 4.010 (s. 2H), S = 3.585 (s.3H)

HRMS
Calc.

592.3090

634,2632

611.2573

636.2525

636.2525

629.2479

649.2377

629.2479

634.2632

HRMS
Found

593.3.175

635.2708

612.2635

637.2602

637.2592

630.2559

650.2465

630.2565

635.2712
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Table A.3 Representative analytical data of chemset 11.

Entry Compound 1H-NMR (400 MHz, DMSO-d6)

6 = 9.986 (s, 1H), 6 = 8.151 (m. 1H), 6 = 8.089 (d. J = 7.2, 1H), 6 = 7.831

1 11(11,6} (dd, J = 8.8, J = 2, 1H), 6 = 7.75 (m, 3H), 6 = 7.704 (d. J = 7.6, 1H), 6 =
- 7.620 (t, J = 8, 1H), 6 = 7.577 (d, J = 8.4, 1H), 6 = 7.523 (d, J = 7.6, 1H), 6

= 7.469 (d, J = 8.0, 1H), 6 = 4.196 (s, 2H), 6 = 4.081 (s. 2H)

(CDC1,) b = 8.152 (d. J = 8, 1H), 6 = 8.02 (m. 2H), 6 = 7.479 (m. 2H), 6 =
7.368 (m. 2H), 6 = 7.331 (s, 1H), 6 = 7.221 (m, 2H), 6 = 7.07 (m. 2H), 6 =

6.75 (m, 3H), 8 = 4,090 (s, 2H), 6 = 3.977 (s. 2H), 8 = 3.773 (s.3H)
2 11(2,4}

6 = 9.847 (s, 1H), 6 = 7.844 (d. J = 8, 1H), 6 = 7.791 (s, 1H), 6 = 7.645 (d. J

3 11(13,1} = 8, 2H), 6 = 7.546 (s. 1H), 6 = 7.36 (m. 2H), 6 = 7.235 (d, J = 6.4, 2H), 6 =
- 7.180 (d, J = 6.4, 1H), 6 = 7. 135 (d, J = 7.6, 2H), 6 = 4.127 (s. 2H), 8 = 2.5

(m, overlap w/solvent), 6 = 1.63 (m, 5H), 6 = 1.17 (m, 4H), 6 = 0.94 (m,
2H)

6 = 10.148 (s, 1H), 6 = 7.888 (dd, J = 8, J = 1.6, 1H), 6 = 7.780 (d, J = 8,
1H), 6 = 7.785 (m, 3H), S = 7.58 (m, 2H), 6 = 7.42 (m, 3H), 6 = 7.30 (m,

5H), 6 = 4.339 (s. 2H), 6 = 4.013 (s. 2H)
4 11(1,7}

8 = 10,021 (s, 1H), 6 = 9.883 (s, 1H), 6 = 7.778 (m. 2H), 6 = 7.731 (s, 1H),
6 = 7.67 (m, 6H), 6 = 7.5 (m, 4H), 6 = 7.372 (d, J = 8, 1H), 6 = 7.2 (m, 7H),

6 = 7.1 (m, 3H), 6 = 4.186 (s. 2H), 6 = 4.090 (s. 2H), 6 = 4.01 l (s. 2H)
5 11 (9,8}

8 =10.045 (s, 1H), 6 = 7.873 (d. J = 8, 1H), 6 = 7.815 (s, 1H), 6 = 7.779 (s.
1H), 6 = 7.68 (m, 6H), 6 = 7.558 (m. 2H), 6 = 7.465 (m, 2H), 6 = 7.290 (d, J

= 8, 2H), 6 = 4.211 (s. 2H), 6 = 4,094 (s. 2H)
6 11 (8,9}

8 = 10.045 (s, IH), 6 = 7.878 (d, J = 8, 1H), 6 = 7.825 (s, 1H), 6 = 7.67 (m,

7 11(5.9} 4H), 6 = 7.578 (d, J = 8, 1H), 6 = 7.46 (m, 2H), 6 = 7.35 (m, 1H), 6 = 7.293
(d, J = 8, 2H), 6 = 7.112 (d. J = 8, 2H), 6 = 7.041 (m. 1H), 6 = 4.219 (s. 2H),

ô = 4.043 (s. 2H)

6 = 9.980 (s, 1H), 6 = 7.851 (d, J = 8, IH), 6 = 7.809 (s, 1H), 6 = 7.720 (m,

8 11(4,2} 2H), 6 = 7.615 (d, J = 8, 1H), 6 = 7.433 (m. 2H), 6 = 7.321 (m. 2H), 6 = 7.17
(m, 3H), 6 = 6.714 (m, 3H), 6 = 4.085 (s. 2H), 6 = 4.058 (s, 2H), 6 = 3.612

(s, 3H)

6 = 9.995 (s, 1H), 6 = 7.8l (m, 2H), 6 = 7.69 (m, 4H), 6 = 7.48 (m, 5H), 6 =
9 11 (7,6} (s, 1H) (m. 2H) (m, 4H) (m, 5H)7.12 (m. 2H), 6 = 7.02 (m, 2H), 6 = 4.243 (s, 2H), 6 = 4.061 (s, 2H)

"HRMS

LCMS
Calc

[M+1]

485.1435'

470.17

428.21

447.50

472. 16

472. 16

465.15

470.17

465.15

LCMS
Found
|M+1]

485.1508"

470.54

428.60

447.50

472.58

472.51

465.51

470.54

465.51
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Table A.4 Compounds tested showing no activity.

11(5,4} 10{1,1} 11(12,11} 12(4,11,1} 12(7,6,1} 12(9,8,9}
11(5,5} 10{1,7} 11(12,2} 12(4,11,14} 12(7,6,14} 12(11,6,1}
11(6,1} 10(11,6} 11(12,3} 12(4,11,2} 12(7,6,2} 12(11,6,14}
11 (6.2} 10(2,4} 11(12,4} 12(4,1 1,4} 12(7,6,4} 12(11,6,2}
11(6,4} 10(3,5} 11(12,5} 12(4,11,5} 12(7,6,5} 12(11,6,4}
11(6.5} 10(4,11} 11(13,1} 12(4,11,6} 12(7,6,6} 12(11,6,5}
11(6,7} 10{5,1} 12(1,1,1} 12(4,11,7} 12(7,6,7} 12(11,6,6}
11(6,8} 10{5,9} 12(1,1,5} 12(4,11,8} 12(7,6,8} 12(11,6,7}
11 (7,5} 10(7,6} 12(1,7,1} 12(4,11,9} 12(7,6,9} 12(11,6,8}
11(7.7) 10(8.7} 12(1,7,14} 12(4,2,1} 12(8,9,1} 12(11,6,9}
11 (7,8} 10{8,9} 12(1,7,2} 12(4,2, 14} 12(8,9,14} 12(13,1,1}
11(8,1} 11(1,1} 12(1,7,4} 12(4,2,2} 12(8,9,2} 12(13,1,14}
11(8,2} 11(1,4} 12(1,7,5} 12(4,2,4} 12(8,9.4} 12(13,1,2}
11(8,4} 11(1,5} 12(1,7,6} 12(4,2,5} 12(8.9,5} 12(13,1,4}
11 (8.5} 11(1,7} 12(1,7,7} 12(4,2,6} 12(8,9,6} 12(13,1,5}
11(9,1} 11(2,1} 12(1,7,8} 12(4,2,7} 12(8,9,7} 12(13,1,6}
11 (9.8} 11(2,2} 12(1,7,9} 12(4,2,8} 12(8,9,8} 12(13,1,7}
11(10,1} 11(2,4} 12(2,4, 1} 12(4,2,9} 12(8,9,9} 12(13,1,7}
11(11,1} 11(4,1} 12(2,4,14} 12(5,9,1} 12(9,8,1} 12(13,1,8}
11(11,1} 11(4,11} 12(2,4,2} 12(5,9.2} 12(9,8,14} 12(13,1,9}
11(11,11} 11(4,2} 12(2,4,4} 12(5.9,4} 12(9,8,2} 13{7,6,4}
11(11,2} 11(4,5} 12(2,4,5} 12(5.9,5} 12(9,8.4} 13{7,6,6}
11(11.5} 11(4,6} 12(2,4,6} 12(5.9,6} 12(9,8,5}
11(11,6} 11(4,7} 12(2,4,7} 12(5.9,7} 12(9,8,6}
11(11,7} 11(4,8} 12(2,4,8} 12(5,9,8} 12(9,8,7}
ll (12,1} 11(5,2} 12(2,4,9} 12(5.9,9} 12(9,8,8}
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Figure A.2 HPLC and HRMS spectra for 12(13,1,1}
Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 200.0 mDa / DBE; min = -1.5, max = 50.0
Isotope cluster parameters. Separation = 1.0 Abundance = 1.0%
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122 formula(e) evaluated with 69 results within limits (up to 50 closest results for each mass)
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Figure A.3 'HNMR spectra for 12(2,4,1}
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Figure A.4 HPLC and HRMS spectra for 12(2,4,1}
Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 200.0 mDa / DBE; min = -1.5, max = 50.0
Isotope cluster parameters: Separation = 1.0 Abundance = 1.0%
Monoisotopic Mass, Odd and Even Electron lons
250 formula(e) evaluated with 134 results within limits (up to 50 closest results for each mass)
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Figure A.6 HPLC and HRMS spectra for 12(1,7,1}
Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 200.0 mDa / DBE; min = -1.5, max = 50.0
Isotope cluster parameters. Separation = 1.0 Abundance = 1.0%
Monoisotopic Mass, Odd and Even Electron lons
210 formula(e) evaluated with 119 results within limits (up to 50 closest results for each mass)
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Figure A.7 'HNMR spectra for 12(9,8,1}
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Figure A.8 HPLC and HRMS spectra for 12(9,8,1}

Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 200.0 mDa / DBE; min = -1.5, max = 50.0
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Figure A.9 'HNMR spectra for 12(8,9,1}
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Figure A.10 HPLC and HRMS spectra for 12(8,9,1}

Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 200.0 mDa / DBE; min = -1.5, max = 50.0
Isotope cluster parameters: Separation = 1.0 Abundance = 1.0%

Monoisotopic Mass, Odd and Even Electron lons
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Figure A.11 'HNMR spectra for 12(7,6,1}
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Figure A.12 HPLC and HRMS spectra for 12(7,6,1}
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Single Mass Analysis
Tolerance = 200.0 mDa / DBE; min = -1.5, max = 50.0
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Figure A.14 HPLC and HRMS spectra for 12(6,11,1}

Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 200.0 mDa / DBE; min = -1.5, max = 50.0
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Figure A.15 "HNMR spectra for 12(5,9,1}
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Figure A.16 HPLC and HRMS spectra for 12(5,9,1}
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Figure A.18 HPLC and HRMS spectra for 12(2,4,1}
Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 200.0 mDa / DBE; min = -1.5, max = 50.0
Isotope cluster parameters: Separation = 1.0 Abundance = 1.0%
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Figure A.19 'HNMR spectra for 12(1,1,1}
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Figure A.20 HPLC and HRMS spectra for 12(1,1,1}

Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 200.0 mDa / DBE; min = -1.5, max = 50.0
Isotope cluster parameters: Separation = 1.0 Abundance = 1.0%
Monoisotopic Mass, Odd and Even Electron lons
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Felice Lu, FLA11
oto■ _3441 35 (2.510) AM (Cen.3, 80.00, Ar.175000.71646,0.70,LS 10). Sm (SG, 2x300); Cm (32:38) 1: TOF MS ES4.

100 587.2708 4.38e3

% 588.2750

1.22O1 589.2789secrags”?”
-

$902836 591.29865922197 593.31%,0 - -

581.0 582.0 583.0 584.0 585.0 586.0 587.0 588.0 589.0 590.0 591.0 592.0 593.0

0.90 i
- - - - -

0.80 f
0.70%

|
0.60

•
2

0.10

: | §
0.00 º

-

º -- ºr ------------ |
t +-I- r–F– + T r

2.00 4.00 6.00 8.00 10.00 1200 1400
Minutes

RT Area % Area Height
6.826 19495 0.20 3021

2 || 7,838 |9931954 99.80 863211

1

!

123



|––
''.

--r-----r-----------------------

STANDARD
1H
OBSERVEPulseSequence:

S2pull

Solvent:DMSO

Temp.25.0C/
2.98.1
K

INOVA-400"var400"

O.N
Relax.delay2.000secHN

Pulse24.3degrees
O OH

Acq
.

time3.744sec
Width6000.
6Hz

8

repetitions11(11,6)

OBSERVEH1,399.6053003MHz

DATAPROCESSING

linebroaden
i
ng0.5Hz

fT
size65536

Totaltime
1min,32sec

10987

6

-->--
~~

§



Figure A.22 HPLC and HRMS spectra for 11(11,6}
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Figure A.24 LCMS spectra for 11(2,4}
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Figure A.26 LCMS spectra for 11(13,1}
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Figure A.28 LCMS spectra for 11(1,7}
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Figure A.30 LCMS spectra for 11(9,8}
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Figure A.31 'HNMR spectra for 1148,9}
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Figure A.32 LCMS spectra for 11(8,9}
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Figure A.34 LCMS spectra for 11(5,9}
Sample Report:
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1 4.08 4et.005 100.00 2 3e-006

Peak ID Compound Time Mass Found
1 4.08

combine (403:413- (318: 323+592:597) ) 1 : Ms es+
465.51 1.2et.007

100

* 466.46

- - - - - - -
. . . . .

- - - - - - --
m/z

200. OO 400.00 600. 00 800 - 00 1000. OO
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Figure A.36 LCMS spectra for 11(4,2}
Sample Report:

Sample 8 Vial 1:3,B ID File fl-b3 Date 06-Jun-2005 Time 15:53:00 Description

2: Diode Array: 254 (1)

100 4.57

*

O
- - - - - - -- --r -

0.00 1.00 2.00 3.00 4.00 5. OO

Peak Number Compound Time Area.Abs Area". Total Width Height
1 4-57 7e-005 100.00 1 3e-006

Peak ID Compound Time
1 4.57

Mass Found

Combine (45.1 : 461 - (369 : 374+554 :559) )

100 240.49

* 241.44
213. 36 | 470. 54 497.53O

- -----
200.00 400.00 600.00

----
6.00 7.00

Mass Found

800.00

3.4e-006 mau

-- Time

1 : Ms es
6. Oe-007

m/z
1000.00
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Figure A.38 LCMS spectra for 11(7,6}
Sample 4 Vial 1:4,A ID File fl-a+ Date 06-Jun-2005 Time 15:18:21 Description

2: Diode Array: 254 (2) 8.5e-005 m.au

100 4.08

*

(1)
3. 62

o . -- - - - -
- - --- ... -- - - ... ". . T - ºr---- Time

0.00 1. Oo 2.00 3.00 4.00 5.00 6.00 7.00 8.00
Peak Number Compound Time Area.Abs Area º■ otal Width Height Mass Found

1 3.62 6e−003 4.82 0 4e-004
2 4.08 1e4-005 95.18 1 8e-005

Peak ID Compound Time Mass Found

Combine (356:366-(291 : 296+431:436) ) 1 : Mºs Esq.

100 649. 68 2. 7e-005454.57 486. 45
* | 699.51 743. 57

157.89 307.52 339. 61 379.31 l 495. 63 | l 797. 48 943.510 -------------——l- - *—---M.--------------
- -

— m/z
200. OO 400 . OO 600 . Oo 800.00 1000.00

Peak ID Compound Time Mass Found
2 4.08

Combine (403:413- (326: 3314.484 : 489) ) 1 : Mºs Es-r

100 465. 51 1.4e-007228 - 39
* 220. 30 229.47 447.50 466.53

- - - ~ 876.47
-

| , .
- - --

76. — m/z
200. OO 400.00 600.00 800. OO 1000. OO

■
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Figure A.40 LCMS spectra for 11(1,1}
Sample 13 Vial 2:2,C ID File 593B2 Date 27-Jun-2005 Time 15:59:20 Description

2: Diode Array: 254 (1) 9.5e-005 mAu

100 4. 55

* -

!

o T ––– –-r ===--
-

Time
0.00 1.00 2.00 3.00 4.00 5. Oo 6.00 7. oo 8.00

Peak Number Compound Time Area.Abs Area º■ otal Width Height Mass Found
1 4.55 1.e4.005 100.00 1 9e-4-005

Peak ID Compound Time Mass Found
1 4.55

Combine (450: 460- (360: 365+548:553) ) 1 : Ms. Es-4

100 422 is 1. 3e-008

* 423.57210. 37

211.39 408.54 | *44-51
0—1–1— -*— - -

— m/z
200. OO 400.00 600.00 800. 00 1000. OO

->
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Figure A41 'H NMR spectra for 2(1}
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Figure A43 °C NMR spectra for 3(1)
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Appendix 2

Computational Parameters
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OMEGA Parameters

GP_RMS_CUTOFF 0.8
GP_ENERGY_WINDOW 3.0
GP_NUM_OUTPUT_CONFS 50
GP_MAX_ROTORS 17
GP_MAX_TRIES 500000
MAX_POOL_SIZE 20000
GP_FIX_FROM FILE false
GP OUTPUT_RIGID false
GP_SELECT_RANDOM false
GP_INCLUDE_INPUT true

OUTPUT_TO_SINGLE_FILE true

NUKE_HYDROGENS true

FIX_LARGEST_CYCLIC true

MIN_RIGID_FRAGMENT 6
VERBOSE true

UPDATE_INTERVAL 100
COPY_COM_FILE false

CAVEAT Input File

Vector_: cvectors: 3 nvectors: 3
Vector: id: "vec 1" base: "18" tip: "21" angle: 0.20 distance: 0.24
Vector: id: "vec2" base: "51" tip: "54" angle: 0.20 distance: 0.24
Vector: id: "vec3" base: "82" tip: "85" angle: 0.20 distance: 0.24
Pair : cpairs: 1 npairs: 1
Pair: id: "pairl"
vector_: nvectors: 3
vector: "vec 1" vector: "vec2" vector: "vec3"
angle: 0.00
vector_: nvectors: 3
vector: "vec 1" vector: "vec2" vector: "vec3"
angle: 0.00
distance: 0.24

mode: CV_MANUALPAIR basedist: -1.00 disttol: -1.00 angletol: -1.00 tolfactor: 1.00
Class: id: ""
Core: id: "" mode: CV_NTIPC
Score: id: "" mode: CV_ERRS cmode: CV_NOCSCORE
Filter_; cfilters: 0 nfilters: 0
Comp; id: "" mode: CV_SCOMP
Clus: id: "" mode: CV_SKIPCL crit: CV_GRAPHCL
Uniq: id: "" mode:CV_SCOMP

AT

- ºn 1(7. • * * ~ *
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DOCK 4.0 Parameters, Scaffold Docking

flexible_ligand
orient_ligand
score ligand
minimize ligand
multiple ligands
parallel jobs
intermolecular score
gridded score
grid_version
COntact SCOre
chemical_score
energy_Score
atom_model
vdw_Scale
electrostatic_scale
energy maximum
ligands_maximum
initial_skip
interval skip
heavy atoms minimum
heavy atoms maximum
rank_ligands

no

no

yes
no

yes
no

yes
yes
4
no

no

yes
a

1
0
1000
50000
0
()
3
<infinity>
no

DOCK 4.0 Parameters, Full Molecule Scoring

flexible_ligand
orient_ligand
Score ligand
minimize ligand
multiple ligands
parallel jobs
random Seed
intermolecular score
gridded score
grid_version
COntact SCOre
chemical_score
energy Score
atom_model
vdw_Scale
electrostatic_scale
energy maximum
energy_minimize
initial_translation
initial_rotation
maximum iterations
energy_convergence
maximum cycles
ligands_maximum
initial_skip
interval skip
heavy atoms minimum
heavy atoms maximum
rank_ligands

no

no

yes
yes
yes
no

yes
yes

yes
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