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ABSTRACT

Small molecules interacting with proteins to modulate cellular behavior is a model

result of drug discovery. The challenges faced when developing a new drug entity involve

understanding complex biological mechanisms and transferring this knowledge to a simple

logical flow of responses which can then be manipulated by the specific interaction of a

small molecule. An outstanding problem in drug discovery is effective manipulation of

protein protein interactions.

PDZ domains, a family of protein domains evolved to bind small sequence specific

areas of proteins, represent an interesting area of biology to manipulate. The sole function of

PDZ domains seems to be binding short sequences of proteins which suggests that

developing a small molecule to bind in the site of interaction would interrupt the PDZ

domain’s function. Because PDZ domains can bind multiple proteins with varying affinity a

PDZ domain inhibitor could result in a complex phenotype by inhibiting all function of a

PDZ domain or some level of partial inhibition by differing its affinity.

This thesis describes the development of a small molecule inhibitor of a PDZ domain.

Combining work from many labs and collaborators has led to the basic understanding of a

PDZ domain function and to the structural understanding of PDZ / peptide interactions at an

atomic level. The introduction aims to set the background for the entire research.

Advancements have been made in the identification of PDZ domains and understanding of

their function and role in a cellular context. Also, much information has been collected about

the diverse functions that the interaction between a PDZ domain and its partner protein

accomplishes.
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Chapter 1 of this thesis describes the initial experiments used to understand the

interactions of the PDZ domain. This chapter lays the groundwork for the ensuing

experiments and the results of these experiments helped to direct the research.

Chapter 2 describes experiments characterizing a scaffold and its interaction with a

PDZ domain. A small library of compounds was synthesized and assayed for its interaction

with a PDZ domain. The result of these experiments reveals the utility of this scaffold to

create inhibitors for PDZ domains.
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CHAPTER 1

Function, Architecture and Interactions of PDZ Domains



SUMMARY

Cells interact with and adapt to their environments through a process called signal

transduction. Adaptor proteins participate in the coordination and assembly of proteins in

these signaling complexes. These multi-domain adaptor proteins are often comprised of a

functional enzymatic domain and several small, modular protein interaction domains. The

most common of the protein interaction domains is the PDZ domain, which is found

ubiquitously in eukaryotic organisms.

Several crystal structures and numerous biochemical assays have yielded important

information about the binding and recognition of PDZ domain ligands. Despite this fact,

general rules for the interactions necessary for a ligand to bind specifically to a PDZ domain

have not been determined.

The MAGI subfamily of adaptor proteins utilizes PDZ domains. The MAGI proteins

are involved in specific signaling pathways and may be involved in a variety of disease states

including cancer, Alzheimer’s disease, and dementia. By understanding the specific

interactions necessary for PDZ domain function, we may be able to design a small molecule

inhibitor to prevent ligand binding. Such a small molecule would lead to a greater

understanding of the cellular function MAGI proteins, and their roles in disease states.



INTRODUCTION

In order to interact with and adapt to their environments, cells must take in and

process information. Cells receive information from their environment or other cells and

transfer this message to secondary messengers. These secondary messengers then activate

effector proteins, which elicit an appropriate cellular response. This process, called signal

transduction, involves numerous proteins which coordinate and process information for the

cell so that it may respond, adapt, and survive (Levchenko 2003).

There are several requirements common to signaling pathways. These include the

ability to act rapidly and specifically to a particular stimulus. A signaling cascade may take

only a few milliseconds to move from activation to an observed effect (Zuker 1996; Montell

1999; Huber 2001). The fidelity of an observed response caused by a particular stimulus is a

result of the lack of cross-talk between signaling cascades. Much of the specificity comes

from the exquisite selectivity of the receptors on the cell surface for their particular ligand.

This specificity is maintained despite many signaling pathways utilizing the same secondary

messengers, such as cyclic AMP and calcium (Tasken and Aandahl 2004). Another

important attribute of signaling pathways is the ability to regulate and control the signal in

the cascades. The process and the response observed can be turned on and off. More than

all or none, these pathways are sensitive; they are able to detect very low levels of stimuli

and can also adapt to respond to relative levels of stimulus (Zuker 1996; Montell 1999;

Huber 2001).

With this understanding of the signaling cascade requirements, it is difficult to

imagine that the protein components of a pathway are directed merely by diffusion, and that

the response of the cell is dependent on a random positioning and interaction of proteins and



effector molecules. The reaction of a cell to a stimulus is precise in both its temporal and

spatial components and therefore, must be reliant on a system of protein networks that it is

both temporally and spatially controlled. The networks of proteins that have arisen to

participate in the coordination and assembly of proteins involved with cell signaling include

adaptor proteins (Pawson 1995; Pawson and Scott 1997). The role of these adaptor proteins

is simply to permit the multi-component assembly of the active proteins in a signaling

pathway (Kreienkamp 2002) (Figure 1.1).

Adaptor proteins are usually multi-domain proteins that can include functional

enzymatic domains and small modular protein interaction domains. The small modular

protein interaction domains, such as the PDZ, PTP, WW, SH3 (Src homology 3 region), SH2

(Src homology 2 region) domains, are presumed to function independently of each other and

the enzymatic domains(Jelen, Oleksy et al. 2003; Nourry, Grant et al. 2003). They are

usually less than 100 amino acids in size and compact; therefore, they are easily assembled in

an adaptor protein to provide multiple sites of protein interaction. Also, these protein

domains recognize fairly simple protein sequences or motifs and may facilely interact with

several nearby proteins. Because of their many varied domains, adaptor proteins can

participate in many functions such as assembly of protein complexes (Yoo, Flagg et al.

2004), regulation (Pawson and Nash 2003), localization, and stabilization of protein

complexes (Wu, Hepner et al. 2000; Thomas, Glaunsinger et al. 2001; Thomas, Laura et al.

2002), protein trafficking of individual proteins (Standley, Roche et al. 2000; Sans,

Prybylowski et al. 2003) or preassembled protein complexes (Tsunoda, Sun et al. 2001), and

coordination of stoichiometry in a subcellular location (Bahner, Sander et al. 2000) in

addition to an enzymatic role.



PDZ domains are the most commonly found of the interaction domains to date (Fan

and Zhang 2002; van Ham and Hendriks 2003). The PDZ domains are named for the first

three proteins identified with the conserved sequence identity distinctive of PDZ domains,

(PSD-95 (post synaptic density 95kD), Disc-Large (the Drosophila melanogaster homolog of

PSD-95), and ZO-1 (zonnula occludens 1)) (Cho, Hunt et al. 1992; Bryant, Watson et al.

1993; Willott, Balda et al. 1993). PDZ domains are ubiquitous in eukaryotic organisms

(Nourry, Grant et al. 2003). While abundant in multi-cellular organisms such as worms, flies

and humans, they are found sparsely in unicellular organisms such as bacteria and yeast

(Ponting 1997). Adaptor proteins containing PDZ domains often exhibit several of these

domains sequentially. Frequently, PDZ domains are found in conjunction with other

interaction domains (Pawson and Scott 1997), but in some examples PDZ domains exist as

the sole interaction domain of an adaptor protein (Mancini, Koch et al. 2000).

The domain organization of the initial PDZ containing adaptor proteins is

representative of the MAGUK, membrane associated guanylate kinase, family of adaptor

proteins utilizing one to three PDZ domains followed by an SH3 domain and a non

enzymatic GUK domain. The adaptor proteins of the MAGUK family are often located at

the cell membrane. The PDZ domains of these adaptor proteins have been found to bind to

integral proteins, cell surface receptors, ion channels and proteins associated with membrane

structure (Kornau, Schenker et al. 1995; Niethammer, Kim et al. 1996; Sheng and Sala

2001).

PDZ domains are able to interact with a wide variety of proteins because of their

sequence diversity. The sequence similarity between the identified PDZ domains varies

between 20% and 70%. Although PDZ domain interactions have been well studied, the



specific interactions required for function are poorly understood, especially in a cellular

context. Because of the abundance of PDZ domains and their importance in the organization

of signal transduction complexes, the use of a synthetic inhibitor seems a viable approach for

the study of PDZ domain function. An accommodating scaffold could allow the design of

several inhibitors and might function as a general approach to inhibit the varied interactions

mediated by PDZ domains and result in a variety of effects. The design of such an inhibitor

requires a detailed understanding of the PDZ domain structure and its interaction with its

ligands.



| º §§§
OOOOC OOOOOOOOOOO -

-

XXXXX0OCCOOC

Figure 1.1. Adaptor proteins localize signaling proteins to create a signaling complex.

Adaptor proteins (purple) bind to a variety of proteins making a diverse yet organized

signaling complex. In this example, the proteins responsible for converting environmental

signals to a cellular chemical signal are co-localized through specific interactions between

their carboxy termini and adaptor proteins. This helps signaling pathways to react quickly

and with high fidelity.
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PDZ DOMAINSTRUCTURE

There have been many structures of PDZ domains solved by X-ray crystallography

and NMR techniques. Structures have been solved for both the unbound (Morais Cabral,

Petosa et al. 1996; Muhlhahn, Zweckstetter et al. 1998; Liao, Qian et al. 2000; Tochio, Hung

et al. 2000; Webster, Leung et al. 2001) and bound (liganded form) (Doyle, Lee et al. 1996;

Daniels, Cohen et al. 1998; Schultz, Hoffmuller et al. 1998; Hillier, Christopherson et al.

1999; Tochio, Zhang et al. 1999; Kozlov, Gehring et al. 2000; Karthikeyan, Leung et al.

2001; Karthikeyan, Leung et al. 2001; Kamikeyan Leung et al. 2002), and in some of these

cases the structure reveals two PDZ domains interacting directly with each other. These

varied structures provide a clear representation of PDZ domain structure and their

interactions with peptide ligands and partner proteins.

The classic structure of the PDZ domain has been generalized from the initial

structures of a PDZ domain crystallized with and without a peptide ligand. The third PDZ

domain from the PSD-95 adaptor protein, PSD-95 PDZ3, was crystallized in 1996 (Doyle,

Lee et al. 1996). The architecture of this structure is composed of six anti-parallel 3 strands

(BA – BF) and two o helices (a A – 0 B) (Figure 1.2). At the core of the fold are two 3 sheets

that together make a six stranded 3 sandwich. The two a helices bind at each end of the 3

sandwich. Most of the conserved amino acids between PDZ domains are hydrophobic in

character and are found in the core 3 sandwich of the protein structure ensuring the overall

structure is maintained.

The structure of the PDZ domain yields information about its role as a modular

protein-protein interaction domain. The amino and carboxy termini of the domain are found

close together on the same side of the domain and project from the structure without



contributing to the integrity of the domain. In this way the functional domain can be inserted

directly into a variety of adaptor proteins. On the side of the PDZ domain opposite the tails

is a deep groove that accommodates the ligand. Thus, the PDZ domain can bind to a ligand

without disrupting functions of other domains in a single adaptor protein. Both the structure

and function of a PDZ domain are facilitated by its modular and small compact structure.



(-4)
variable loop

Figure 1.2. Structure of PSD-95 PDZ3 with peptide ligand, KQTSV, the carboxy terminus of

CRIPT (Doyle, 1996). The peptide binding groove is located between the OB helix and the

BB strand. The GLGF motif and R/K residue coordinate the terminal carboxylate of the (0)

residue. The serine/threonine (-2) residue is primarily coordinated by a conserved histidine.
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PDZ DOMAIN / LIGAND INTERACTION

Numerous biochemical binding assays have explored the interactions necessary for

the binding of a peptide ligand to a PDZ domain (Saras, Engstrom et al. 1997; Songyang,

Fanning et al. 1997; Staudinger, Lu et al. 1997; Schultz, Hoffmuller et al. 1998; Fuh,

Pisabarro et al. 2000; Harris, Hillier et al. 2001). The general mode of binding has been

reduced to a consensus motif found in most PDZ domain protein partners that, in its

minimalist form, is three amino acids. In the most common binding manner of PDZ domains

these three amino acids contain the carboxy terminus of the partner protein and the residues

are named accordingly, (0) the carboxy terminal residue, (-1) the penultimate residue, (-2), (-

3) correspondingly on through the sequence toward the amino terminus.

The ionized free carboxylate is the anchor of the interaction between the PDZ domain

and its ligand (Doyle, Lee et al. 1996; Karthikeyan, Leung et al. 2001). The binding groove

of the PDZ domain lies between BB strand and ob helix (Figure 1.2) (Doyle, Lee et al. 1996).

A positively charged amino acid, usually arginine or lysine, extends up from the core of the

PDZ domain into the base of the binding groove. The free carboxylate is able to coordinate

to this positive charge, stabilizing ligand binding. Alternatively some structures have shown

a highly coordinated water molecule that can help these moieties interact (Doyle, Lee et al.

1996; Karthikeyan, Leung et al. 2001). In addition, there is a well-conserved loop region on

the PDZ domain that is responsible for maintaining the flexibility needed to provide the

carboxylate group of the ligand with a sufficient number of hydrogen bond donors and keep

the carboxylate stably bound (Figure 1.3). This region of the liganded protein domain is the

most stable as indicated by the low B factors in the crystal structure and serves to anchor the

interaction (Doyle, Lee et al. 1996).

***
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The loop region GLGF motif is a strong indicator of the PDZ domain sequence

(Woods and Bryant 1991; Cho, Hunt et al. 1992; Willott, Balda et al. 1993). These glycines

are highly important in sustaining the flexibility of the loop and allowing for the binding of

the ligand to this area. As more PDZ domains have been identified the loop region sequence

has been shown to include a variety of amino acids yet still function to bind and stabilize the

free carboxylate of the ligand. For example, the first glycine has sometimes been replaced by

serine or proline, and only the second glycine seems absolutely necessary for loop flexibility

(Sheng and Sala 2001). In addition, the large hydrophobic residues have been observed to be

leucine, isoleucine, or phenylalanine.

The peptide ligand binds in the groove of the PDZ domain acting as an extension of

one of the 3 sheets (Doyle, Lee et al. 1996; Harrison 1996; Karthikeyan, Leung et al. 2001).

It binds in an anti-parallel fashion, completing many hydrogen bonds in a manner common to

anti-parallel■ sheets. Three amides of the four carboxy terminal amino acids complete

hydrogen bonds with the PDZ domain BB strand (Figure 1.3) (Doyle, Lee et al. 1996).

Because of the small number of interactions, three amino acids were determined to be all that

was necessary to fulfill the binding requirements between the PDZ domain and its ligand

(Saras, Engstrom et al. 1997). Since the hydrogen bonds originate from the backbone amides

of the proteins and not the sidechains they can account for some of the affinity of the ligand

for the PDZ domain but cannot contribute to the specificity of the interaction.

The terminal residue of the ligand is the anchor of the interaction. Mainly, this amino

acid is hydrophobic, but it can be of varying size. From co-crystal structures it has been

determined that this residue binds into a pocket of the PDZ domain near the binding groove

(Figure 1.2) (Doyle, Lee et al. 1996). This pocket where the sidechain of the residue (0)

12



Figure 1.3. Important hydrophobic contacts and hydrogen bonds between PSD-95 PDZ3 and

peptide ligand. Illustration showing the multiple hydrogen bonds able to be formed with the

ligand carboxylate through the GLGF motif and a water molecule coordinated by an acidic

residue, arginine. The sidechain of the ligand (0) residue, valine, interacts with a

hydrophobic pocket, while the (-2) threonine forms a hydrogen bond with a conserved

histidine common to class I PDZ domains.
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binds is lined with hydrophobic residues, but their character and size determine the identity

of the preferred terminating amino acid of the ligand. Therefore, the (0) position on the

ligand is most often hydrophobic but can be small like alanine and valine but some PDZ

domains can accommodate larger sidechains like those of leucine, isoleucine and

phenylalanine. It is noted, however, that there is some flexibility in this pocket because some

PDZ domains are not highly selective as to the size of the terminating residue of their ligand

(Lim, Hall et al. 2002).

Another observed contact occurs between the first residue of the OE helix of the PDZ

domain and the third amino acid of the ligand carboxy tail (residue -2) (Figure 1.3)

(Songyang, Fanning et al. 1997). This interaction is between the sidechains of the amino

acids and therefore contributes not only to the affinity of the interaction but also the

specificity. Pairs of interactions have been identified and compose the classes of known PDZ

domains (Vaccaro and Dente 2002). Class I PDZ domains have a histidine in the first

position of the GB helix, framing the binding groove that interacts with a hydrogen bond

donor at (-2), mainly a serine or threonine. Class II PDZ domains have a hydrophobic

residue in the ab helix that interacts with another hydrophobic amino acid in the ligand.

These hydrophobic amino acids are usually phenylalanine, tyrosine, or valine in the PDZ

domain and in the ligand are most often leucine, isoleucine, valine and alanine. The last

commonly referenced class of PDZ domains is characterized by an acidic residue on the

ligand that interacts with a hydrogen bond donating sidechain on the PDZ helix, such as

tyrosine. Therefore, PDZ domains and their classes are referred to by the consensus

sequence of their ligand’s carboxy terminal three amino acids: S/T, X, V; F/Y/V, X, V; or

D/E, X, V.
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So far only the sidechains at the (0) and (-2) positions have been consistently shown

to be of certain character, and the function of the penultimate (-1) residue of the peptide

ligand is poorly understood. This residue was initially thought not to have an important

contribution to the binding of a ligand to the PDZ domain. Often it was observed that PDZ

domains could accept a variety of amino acids in this position and it was seen in the early co

crystal structures that the sidechain of this amino acid was positioned toward the bulk solvent

and made no explicit interactions with the PDZ domain (Doyle, Lee et al. 1996). However,

other co-crystal structures indicate a complimentary interaction between the ligand (-1)

residue and a sidechain in the end of the BC strand forming a salt bridge. This can be seen in

the interaction of Shank PDZ with the hexapeptide of GKAP (EAQTRL) and the interaction

of NHERF/EBP50 PDZ1 with the pentapeptide of CFTR (QDTRL) (Karthikeyan, Leung et

al. 2001; Im, Lee et al. 2003).

Another twist in the ligand selectivity of PDZ domains is that although it is very

common for the ligand to be the carboxy terminus of a partner protein, PDZ domains can

bind to internal sequences of the similar consensus sequences (Figure 1.4b) (Hillier,

Christopherson et al. 1999). In this binding mode the partner protein folds the consensus

sequence into a 3 finger in order to present the (-2), (-1), and (0) residues in a similar fashion

as the terminating sequence but then quickly redirects the continuing sequence so that it

backs out of the binding groove. It is possible for the same PDZ domain to recognize both

the carboxy terminus and 3 finger presentations of ligand (Figure 1.4a, b). It is difficult to

understand how a binding pocket can accommodate both a highly charged terminating

protein sequence and a B finger of similar sequence that completely lacks the carboxylate.

15



b)

Figure 1.4. Multiple modes of PDZ-peptide interactions. a) PDZ domain binding a carboxy

terminal peptide. b) PDZ domain binding a 3 finger.
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Although structural data is explicit in denoting the possible contacts between PDZ

domains and the three terminal amino acids of ligands, biochemical data supports the theory

that PDZ domains utilize more than these few contacts in order to accommodate many

different ligands (Lim, Hall et al. 2002). Biochemical data also show how PDZ domains are

not rigid in the selection of ligands (Lim, Hall et al. 2002). This range of possible ligands

probably signifies how PDZ domains are useful in coordinating multiple proteins in an

organization that is highly complex and dynamic. The structures of PDZ domains with their

ligands give insight as to how the interaction occurs, but biochemical data is confounding

with the numerous sequences that a PDZ domain will bind.

Even with strong biochemical evidence of specificity derived by the (-1) residue, the

importance of this interaction has not been established. In many binding experiments it has

been shown that PDZ domains will tolerate a variety of amino acids in the (-1) position

(Becamel, Gavarini et al. 2004). Although the NHERF/EBP50 PDZ1- CFTR interaction

prefers an arginine in the (-1) position it will also bind peptides containing alanine,

phenylalanine, leucine and glutamic acid (Karthikeyan, Leung et al. 2001; Ladias 2003). It

has been thoroughly shown, however, that optimizing the amino acid at the (-1) residue can

establish a high affinity peptide (Fuh, Pisabarro et al. 2000; Skelton, Koehler et al. 2003).

Substituting a tryptophan for the native lysine in the PTEN ligand allows for a 10-fold gain in

affinity to the MAGI-3 PDZ2 domain (Fuh, Pisabarro et al. 2000). This same method of

designating the (-1) residue a tryptophan increased affinity of peptides for the Erbin PDZ

domain by again making interactions with the BC strand but this time with the amide

backbone and not a sidechain (Skelton, Koehler et al. 2003). It has been agreed that selection

of the (-1) residue can increase the affinity of a peptide ligand for the PDZ domain binding

17



pocket, but PDZ domains remain able to bind to a variety of the ligands without this

optimization.

The fourth position, (-3), of the ligand is also very important to binding. This

position has been seen to add a great deal of affinity to the interaction and because of its less

stringent role in binding can aid in discriminating between various ligands. The (-3) position

is able to provide specificity of the ligand for particular PDZ domains by making specific

interactions with an amino acid in the BB strand (Doyle, Lee et al. 1996). In some PDZ

domains the identity of this position is listed in the consensus sequence(Kumar and Shieh

2001), but this position is not known for all PDZ domains and does not seem to be as strictly

determined as positions (–2) and (0).

It has been shown that longer sequences bind with tighter affinity to the PDZ domain

binding groove. Typically five to seven amino acids (Fuh, Pisabarro et al. 2000; Skelton,

Koehler et al. 2003) have been used to determine the optimized affinity of a peptide for a

PDZ domain, even though nine or 13 residues (Songyang, Fanning et al. 1997) have been

shown to add affinity. Biochemical assays have shown that up to nine amino acids can play a

part in the interaction between a ligand and a PDZ domain (Songyang, Fanning et al. 1997).

Clearly the terminal three residues of the ligand are those that lead the interaction. It has

been shown that removal of these three amino acids from a partner protein effectively

destroys the interaction (Yap, Muto et al. 2003). It is unclear what contacts in these more

amino terminal residues are specifically needed to benefit the interaction. Specific

interactions between these more amino terminal residues and the PDZ domain have been

noted in few crystal structures, but their existence indicates that many amino acids have roles

in the interaction between ligand and PDZ domain, such as added affinity or regulation of the

18



interaction as seen in the structure of Erbin with ErbB2 peptide (Birrane, Chung et al. 2003).

Amino acids in the PDZ domain loop between the BB and 3C strands at the bottom of the

binding pocket contribute to the binding of these more amino terminal residues of the ligand

(Kozlov, Gehring et al. 2000).

Although the individual specificity of a small number of PDZ domains has been

characterized, general rules for the interactions necessary for a ligand to bind specifically to a

PDZ domain have not been determined. It is an interesting question to understand how PDZ

domains recognize and bind with reasonable affinity to their ligands because of the limited

number of contacts and the subtle points that allow for specificity of recognition and binding.

It has been hypothesized that all of the last five residues in the carboxy terminus of a peptide

ligand are contributing to specificity and affinity (Lim, Hall et al. 2002). Sidechains of (0), (-

1), (-2), (-3), have all been shown to have specific interactions with the interaction PDZ

domain and together determine the affinity and specificity of the ligand.

Studies have been employed to ascertain the sequence that is preferred by a particular

PDZ domain and its affinity (Songyang, Fanning et al. 1997). The observed affinity of

peptides for PDZ domains varies greatly depending on the assay method employed (Myszka

1999). Commonly, co-immunoprecipitation and pull down assays are used to confirm an

association between a PDZ domain and a suspect protein binding partner. Many such

binding assays have been used to find what sequences a PDZ domain will bind and to

analyze their relative affinities. Affinities observed for partner proteins of PDZ domains

have been mainly in the puM range (Songyang, Fanning et al. 1997). At this level of affinity a

variety of binding partners could compete for a particular PDZ domain. Studies investigating
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optimal binding sequences have retrieved affinities of peptides for PDZ domains in the nM

range (Fuh, Pisabarro et al. 2000).

Interestingly, binding studies have shown that PDZ domains bind several sequences

with similar affinity and also, that the native sequence of partner proteins do not necessarily

use the sequence of highest possible affinity. Thus, it has been hypothesized that the

function of PDZ domains lies not only in binding particular proteins to tether them to a

certain locality but regulating the locality and local concentration of proteins within a

complex (Kim, Niethammer et al. 1995). In this way, multiple small sequences could

compete to bind to a certain PDZ domain, although regulation of proteins in this manner has

not yet been demonstrated.

Much research has been done to discover the functions of PDZ domains (Kim,

Niethammer et al. 1995; Cao, Deacon et al. 1999; Hsueh and Sheng 1999; Chung, Xia et al.

2000; Hsueh, Wang et al. 2000). They have been suspected of playing roles in the

organization and localization of multi-protein complexes. It has been found that PDZ

domains in adaptor proteins account for localization of membrane receptors and channels and

are responsible for their clustering and therefore their activation (Imamura, Maeda et al.

2002). Also, PDZ domains have been shown to bind to enzymes and localize them to the

area in which their function is most effective (Huber, Belusic et al. 2000). In this way PDZ

domains modulate or enhance the activity of the proteins that they bind.
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THE MAGI ADAPTOR PROTEINS

A subfamily of the MAGUK protein superfamily is the MAGI (membrane associated

guanylate kinase of inverted orientation). These adaptor proteins have a similar domain

makeup as the MAGUKs and seem to function in a similar capacity having in total, six PDZ

domains, with only five of them being functional (Dobrosotskaya, Guy et al. 1997). The

MAGI proteins have a GUK domain, two WW domains followed by the five functional PDZ

domains (Dobrosotskaya, Guy et al. 1997). The inverted orientation of their domains leads

to their name. Like MAGUKs these proteins are typically found at submembranous locations

where they act to coordinate proteins in signaling pathways or maintain membrane structures.

To date, there are three known members of the MAGI family, all of which have

several splice variations (Dobrosotskaya, Guy et al. 1997; Laura, Ross et al. 2002). The

differences between the MAGI-1, 2, and 3 seem predominantly to be their location of high

expression (Dobrosotskaya, Guy et al. 1997). MAGI-1 is found generally throughout the

body specifically localized to apical regions and tight junctions, and has been present in the

tight junctions of all epithelial cells studied (Mino, Ohtsuka et al. 2000). Specifically,

MAGI-1 was identified in the apical region of cell membranes in structures such as glomeruli

(Patrie, Drescher et al. 2002). In contrast, MAGI-2 is found almost exclusively in the central

nervous system. It localizes in structures such as the PSD of neural cells, but also has been

found localized to subcellular structures located around the nucleus of cells (Yap, Muto et al.

2003). MAGI-3 is found in the central nervous system as well, but also localizes to tight

junctions and areas of cell-cell adhesion (Laura, Ross et al. 2002). MAGI-3 mRNA has been

identified by northern blot extensively in the brain as well as in the heart, lung, liver, and

sparsely in the kidney (Adamsky, Arnold et al. 2003). Like MAGI-2 it has been linked to the
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cell membrane in the nucleus, but is mostly associated with points of cell-cell adhesion

(Adamsky, Arnold et al. 2003).

The role of the MAGI adaptor proteins is not well elucidated although there are

several possible pathways in which these proteins might be able to function. Identification of

putative binding partners has implicated the MAGI proteins as adaptor proteins in several

pathways (Kreienkamp 2002). It is possible that the role of the MAGI proteins, like other

adaptor proteins, might include multiple partner proteins and their regulation and

localization.

MAGI-1 and MAGI-3 have been found in epithelial cells and have been hypothesized

to play a role in the development and maintenance of cell polarity (Dobrosotskaya and James

2000; Mino, Ohtsuka et al. 2000). Association of MAGI-3 with receptor protein tyrosine

phosphatase■ has suggested that its role might include regulation of this enzyme, which

mediates cell-cell and cell-matrix interactions (Adamsky, Arnold et al. 2003). Also it has

been hypothesized that the MAGI proteins may participate in the transmission of regulatory

signals from the cell surface to the nucleus because in some splice variants there are nuclear

localization signals (Dobrosotskaya, Guy et al. 1997).

MAGI-2 and MAGI-3 have been found areas of the neuron cell membrane. They

generally are associated with other MAGUKs and can sometimes fulfill the same function as

a similar MAGUK protein. It has been shown that the PDZ domains of MAGI-2 can bind to

the 2B component of the NMDA receptor, PSD-95 and the 62 glutamate receptor and

therefore might have a role in assembling and anchoring proteins associated with PSD

function and structure (Yap, Muto et al. 2003). Because of their association with the PSD, a

structure known to be involved with long term learning and cognitive function, and their

º

º --
-•

sºns"
...

22



similarity to other MAGUK adaptor proteins in the PSD, MAGI-2 and 3 could be

instrumental in understanding conditions such as dementia, schizophrenia and Alzheimer’s

disease (Wakabayashi, Narisawa-Saito et al. 1999; Dracheva, Marras et al. 2001).

MAGI-2 and MAGI-3 have been noted to be involved with the binding and

interaction of proteins known to regulate cell survival and proliferation. PTEN, a

phosphatase that is mutated in multiple human tumors, has been shown to bind PDZ domains

of MAGI-2 and 3. It is thought that this interaction might regulate PTEN function (Wu,

Hepner et al. 2000; Wu, Dowbenko et al. 2000). Also, it has been shown that interaction

with oncogenic protein HPV (human papillomavirus) E6 specifically to PDZ1 of all MAGI

proteins stimulates their degradation (Thomas, Laura et al. 2002).

Our lab has chosen the MAGI protein family for our initial investigation of PDZ

domain and ligand interaction. These domains are a particularly good starting point for

understanding the interaction between PDZ domains and their ligands because as a family

they are quite similar in primary structure. The members of the MAGI family are very

similar sharing 47% to 60% sequence identity between the corresponding PDZ domains.

Also, the MAGI proteins each have five functional PDZ domains, and it is known that some

of the PDZ domains between proteins and on the same protein can share ligands (Wu,

Hepner et al. 2000; Wu, Dowbenko et al. 2000). This creates an ideal situation when

investigating the components responsible for ligand interaction and discrimination. Our

strategy for probing this system included using peptides and peptidomimetics to probe the

necessary protein-peptide interactions (Chapter 2) and the rational design of a small molecule

inhibitor (Chapter 3).
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CHAPTER 2

Investigating the Role of Specific Interactions of the

MAGI-3 PDZ2 Domain with Peptides

Parts of this chapter are reproduced with permission from “Novak, K. A. P. Fujii, N. and
Guy, R. K. Investigation of the PDZ domain ligand binding site using chemically modified
peptides. Bioorganic & Medicinal Chemistry Letters (Sept 2002) 12:7:2471-2474”
Copyright 2002 Elsevier B. V.
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SUMMARY

MAGI-3 PDZ2 binds to PTEN (Wu, Hepner et al. 2000; Wu, Dowbenko et al. 2000),

a proliferative protein and lipid phosphatase that has been identified in many tumor and

cancer cells (Eng 2003). Because of this biologically important interaction, our research

focused on the investigation of the interactions necessary to bind an inhibitor to this PDZ

domain. We set out to define the necessary interactions for a peptide ligand to bind to the

binding site of the MAGI-3 PDZ2 domain, and to identify areas within the ligand binding site

that may be useful in selecting for variable sidechains and moieties that peptides and

peptidomimetics can incorporate.

The culmination of this groundwork, becoming familiar with molecular biology and

assay development, resulted in the testing of several peptides and a better understanding of

the binding groove of the MAGI-3 PDZ2 domain. This work established the conditions that

were used in our lab for determining the affinity of peptides and small compounds to the

MAGI-3 PDZ2 domain and obtaining Kds or IC50s. Several chemically modified analogues

to a tightly binding peptide for the second PDZ domain of MAGI-3 were synthesized and

evaluated for their ability to compete with native peptide ligands. N-methyl scanning of the

ligand backbone amides revealed the energetically important hydrogen bonds between the

ligand backbone and the PDZ domain. Analogues to the conserved serine/threonine (-2)

residue of the ligand, involved in a sidechain to sidechain hydrogen bond with a conserved

histidine in the PDZ domain, revealed that the interaction is highly sensitive to the steric

structure around the hydroxyl group of this residue. Analogues of the ligand carboxy

terminus revealed that the full hydrogen bond network of the GLGF loop is important in

ligand binding.
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INTRODUCTION

The overall goal of this project is to create a specific inhibitor for the binding of a

putative endogenous ligand to an individual class I PDZ domain. A specific inhibitor would

be an excellent model to study PDZ domain physiologic and functional roles because it

would inhibit the function of a single PDZ domain without manipulating the overall structure

or deleting any peripheral interactions or functions found in that domain. Additionally, a

specific inhibitor could be introduced to the system at varied time points of development and

in varied concentrations to perturb the system without allowing compensation and with

minimal toxicity. To accomplish this goal we investigated the contributions to ligand

binding caused by the consensus sequence sidechains (T, X, V), those made by backbone

atoms, and the non-consensus sidechain moieties that might account for specificity.

A specific small molecule inhibitor is ideal for the investigation of PDZ domains

because of the prevalence of PDZ domains in cells. PDZ domains occur as repeated domains

of protein interaction within an individual adaptor protein (Nourry, Grant et al. 2003). In

addition, families of adaptor proteins each presenting several PDZ domains are often found

in close proximity and sometimes can compete for the same ligands (Leonoudakis, Conti et

al. 2004). For example, PSD-95 belongs to a family of MAGUKs that is found in the post

synaptic density of excitatory neurons in humans. It is believed to act as an adaptor protein

in the post synaptic density and binds to the carboxy terminus of ion channel subunits such as

NMDA receptors and Shaker type potassium channels (Kornau, Schenker et al. 1995). But

several isoforms of this protein also exist and are expressed in the post synaptic density as

well as other adaptor proteins, CIPP (Channel interacting PDZ domain protein) (Kurschner,

Mermelstein et al. 1998), GRIP (Glutamate receptor interacting protein) (Dong, O'Brien et al.
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1997), PICK1 (Protein interacting with C kinase) (Staudinger, Lu et al. 1997), and MAGI

(membrane associated guanylate kinase with inverted orientation) (Dobrosotskaya, Guy et al.

1997), which include PDZ domains that may exhibit the same binding capability as PSD-95.

In this environment, investigation of a particular PDZ domain function is nearly impossible

due to the redundancy of binding capability between PDZ domains and adaptor proteins.

For a small molecule to be useful in the investigation of PDZ domains there are

several characteristics necessary. The ligand must have a high affinity for a particular PDZ

domain, and specificity for that PDZ domain is required to maintain the fidelity of the signal

represented by the inhibitor. In addition to these features, the ligand should satisfy the

recommendations for an ideal drug candidate including low molecular weight, good

solubility and cell permeability, and resistance to metabolism (Lipinski, Lombardo et al.

1997).

The PDZ domain that this project centers on is the MAGI-3 PDZ2. This PDZ domain

binds to the carboxy terminus of PTEN in cells. PTEN has been shown to be mutated in

several human tumors and MAGI-3 has been shown to interact with the carboxy terminus of

PTEN through its PDZ2 domain (Eng 2003). Prior to this research, the interaction of PTEN

with the MAGI-3 PDZ2 was poorly understood, and the effect of this interaction on the

function of PTEN was not known.

Initially, we set out to explore the ligand binding pocket of the PDZ domain of

MAGI-3 PDZ2. We wanted to compare the flexibility of this ligand binding pocket to those

that have been reported in other proteins. The carboxylate binding pocket is a difficult area

to assess a priori. In some PDZ domains, the carboxylate binding loop is able to tolerate a 3

finger as well as a terminal carboxylate anion (Figure 1.4b) (Hillier, Christopherson et al.
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1999). In this way it is thought that the carboxylate binding loop is flexible and can

hydrogen bond with available water atoms that have been seen in some, but not all, crystal

StructureS.

Information about the sequence preferences of MAGI-3 PDZ2 was known from

phage display assays (Fuh, Pisabarro et al. 2000). The results of these experiments showed

that the class I PDZ domain MAGI-3 PDZ2 preferred to bind to peptide ligands with the

consensus sequence of T, X, V. It was also shown that the -1 and -3 residues could provide

optimal affinity for the domain. A model of the highest affinity peptide indicates that the -1

residue could add affinity by folding over on the PDZ domain and creating a large

hydrophobic interaction (Fuh, Pisabarro et al. 2000). With the sequence of the highest

affinity peptide for the MAGI-3 PDZ2 domain, we began to design an assay that would be

able to distinguish between ligand affinity of peptides and the PDZ domain.
º

:
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PROTEIN EXPRESSION AND ASSAY DEVELOPMENT

We transfected the plasmid containing the fusion GST MAGI-3 PDZ2 domain into

competent E. coli cells and extracted the plasmid in order to transfect BL21 E. coli cells for

protein overexpression. Our construct of the MAGI-3 PDZ2 domain was a GST construct

generously provided by the Lasky group at Genentech. The expression of the GST MAGI-3

PDZ2 domain peaked at three and a half hours of shaking at 37°C, 225 rpm in 2L shaker

flasks. The GST affinity tag helped in purification as the process included only binding,

washing and eluting from a glutathione matrix. A typical expression yielded purified protein

ranging from 6 – 11 mg per liter of cells.

We developed a fluorescence polarization assay that would determine the affinity of

peptides for the GST MAGI-3 PDZ2 domain. Initially, we investigated the assay to find the

best conditions for visualizing the binding of the highest affinity peptide. This investigation

gave us insight into how ionic concentration affected the binding of peptides to the PDZ

domain. Few studies have been published which examine the effects of salt, buffer, and

detergent on the binding of PDZ domains. Salt dependence has been tested with the

syntrophin PDZ domain and shown to linearly weaken the binding affinity of both carboxy

terminal and cyclic peptides with increasing concentration (Harris, Lau et al. 2003).

Although electrostatic interactions between a PDZ domain and its carboxy terminus ligand

may not account for the interaction affinity, the significant hydrogen bond network at the

terminus of the ligand and throughout the ■ finger may provide the sensitivity required to

specifically select a ligand/PDZ domain interaction.

Under our assay conditions, pH changes seemed to have an effect on the Kd of

binding for the peptide PFDEDQHTQITWV (Figure 2.1a). Under conditions of low pH (pH
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of 6) no binding was detected, while more basic solutions, tested up to a pH of 10, tended to

push the Kd higher and prevented the binding curve from saturating in our assay. High salt

concentrations affected the Kd in a similar manner (Figure 2.1b). These results are consistent

with the observations in experiments with the syntrophin PDZ domain (Harris, Lau et al.

2003). We found that the binding of the peptide to the PDZ domain was best observed in the

presence of small concentrations of detergent although the character of the detergent did not

make a significant difference (data not shown). We determined the best conditions for

observing peptide binding to the MAGI-3 PDZ2 domain to be a buffer of 35mm HEPES at

pH 7.4 containing 10% glycerol with 0.01% Triton X-100.

We examined the binding of the highest affinity peptide to the MAGI-3 PDZ2

domain and also a peptide of the native sequence of PTEN. For each system, we observed a

1:1 binding stoichiometry of peptide to PDZ domain as indicated by the Hill plot (Figure

2.2c). For these peptides, we determined a binding affinity similar to the IC50 the Genentech

group found using an ELISA competition assay. For the native peptide sequence,

PFDEDQHTQITKV, we observed a Kd of 3 puM and for the tight binding peptide sequence,

PFDEDQHTQITWV, a Ka of 100 nM (Figure 2.2d).

The competition assay was performed in the same buffer conditions as the direct

binding experiments. Controls for the competition experiment are shown in Figure 2.3.

Under these conditions the chosen probe peptide was a terminal amino labeled

OregonCreen" peptide of the native sequence, OG-PFDEDQHTQITKV. This probe peptide

was chosen for its slightly lowered affinity for the MAGI-3 PDZ2 domain binding pocket in

comparison to optimal peptide, allowing the use of lower concentrations of competing

peptides in the assays.
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Figure 2.1. Effects of salt, pH, and buffer conditions on direct binding of peptide ligands to

the MAGI-3 PDZ2 domain. a) pH effects on the binding of OregonGreen"-

PFDEDQHTQITWV to the MAGI-3 PDZ2 domain. b) Salt effects on the binding of

OregonGreen"-PFDEDQHTQITWV to the MAGI-3 PDZ2 domain.
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the native peptide and the high affinity peptide.
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Figure 2.3. Fluorescence competition assay controls. The competition assay was performed

in 20% glycerol, 35mm HEPES, pH 7.4, 10mM KCl, 0.01% Triton X-100. The competition

shows that the (-2) residue contributes much to affinity, but that in the context of 13 amino

acids a peptide can still show much affinity for the PDZ domain.
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EXPERIMENTAL DESIGN

Wanting to mimic the interactions between a peptide ligand and the MAGI-3 PDZ2

domain in a small molecule, our investigation targeted regions of presumed obligation for

affinity. Our experiments, aimed at specifically blocking the function of individual PDZ

domains, led us to carefully evaluate the role of the individual elements a peptide ligand

presents to the MAGI-3 PDZ2 domain. Structural (Doyle, Lee et al. 1996; Morais Cabral,

Petosa et al. 1996; Daniels, Cohen et al. 1998; Hillier, Christopherson et al. 1999; Kozlov,

Gehring et al. 2000; Tochio, Hung et al. 2000; Karthikeyan, Leung et al. 2001; Karthikeyan,

Leung et al. 2001) and biochemical (Songyang, Fanning et al. 1997; Niethammer,

Valtschanoff et al. 1998; Schultz, Hoffmuller et al. 1998; Harris, Hillier et al. 2001) studies

of PDZ domains agree with the rudimentary requirements for interactions between PDZ

domains and their ligands recognized by substrate comparison. The three major classes of

PDZ domains give testimony to the major contributors of affinity and perhaps specificity of

the interaction between PDZ domains and their short linear carboxy terminal peptide

substrates of their protein partners (Sheng and Sala 2001). The requirement of the last three

residues demonstrate their power in directing and controlling the interaction between a PDZ

domain and its substrate, be it either short peptide or intact protein. In addition to affinity,

we wanted to evaluate the ligand for elements that provided specificity of binding to the

MAGI-3 PDZ2 domain.

The most commonly observed contacts for class I PDZ domains (Figure 2.4), such as

MAGI-3 PDZ2, are: (1) a hydrogen bond network between the ligand carboxylate anion and

both the network of amide protons from the backbone of the PDZ domain's GLGF motif and

the sidechain of a conserved basic residue on the PDZ domain, specific hydrogen bonds
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between the backbone amides of the PDZ domain and the ligand, (3) hydrophobic

interactions between the terminal valine (0) sidechain of the ligand and a PDZ domain pocket

lined with hydrophobic sidechains, and (4) a hydrogen bond between the ligand

serine/threonine (-2) sidechain and a histidine in helix 2 of the PDZ domain. The design of

our biochemical assay addressed each of these types of contacts.

In addition, other points of interaction that might allow for discrimination between

related ligands by the PDZ domain include (1) specific interactions between the (-1) residue

sidechain of the ligand and those of 3 strand C of the PDZ domain, (2) the (-3) residue of the

ligand interacting with the BB strand, and (3) ligand residues past (-3) interacting with a

variable loop region between 3 strands B and C. We investigated the tolerance of the MAGI

3 PDZ2 domain to bind residue sidechains of added bulk and prescribed length.

To test the flexibility of the PDZ domain, we considered the usefulness of non-natural

sidechain moieties or peptide terminating moieties in supplying affinity or specificity without

precluding binding. Individually, we assayed peptidomimetics with altered valine (0)

character and variant character in the terminating carboxylate for the ability to inhibit the

binding of the native sequence peptide, PFDEDQHTQITKV. The sidechain mediated

contact by the class specific (-2) residue was investigated to ascertain if non-natural moieties

could take advantage of possible contacts made by added hydrophobic bulk.

We also aimed to quantify the contribution of the individual amide hydrogen bonds of

the peptide ligand in its affinity for the PDZ domain. These hydrogen bonds are structurally

indicated as possible, but no precise interruption to find their individual significance toward

the overall binding has been performed. Our competition assay allows us to directly compare
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IC50s of peptides with singly altered backbone amide nitrogens and ascertain their

contribution to the overall affinity toward the MAGI-3 PDZ2 domain.

We prepared a library of peptides and peptidomimetics (Figure 2.5) designed from

the homology model of PDZ2 of MAGI-3 bound to a peptide ligand representing the carboxy

terminus of tumor suppressor PTEN (Fuh, Pisabarro et al. 2000). We produced

OregonGreen"-tagged fluorescent peptides 1a (the native sequence of PTEN, a tumor

suppressor that binds to MAGI-2/3 PDZ2 domain) and 1b (a high affinity peptide for the

MAGI-3 PDZ2 domain) by standard Fmoc peptide synthesis protocols. Consistent with prior

ELISA results our direct binding fluorescence polarization assay showed peptide 1b binding

with almost a 10-fold tighter affinity for MAGI-2/3 PDZ2 than 1a. Anticipating relatively

weak binding from our library of modified peptides, we chose the natural sequence 1a, with a

Kd of 3 HM, as our probe for the competition assay. We synthesized several modified

versions of 1b in order to test hypotheses about the role of various moieties in ligand binding.

36



res) H 169) : . .” G

H ■ o H O I H , H O.
) HN basic

* N _* N º N “ N N º O.
- º

tº:
- ; N - ", N - " O

H O H O ~...H O ... --H2ONHo Nº. 3”" . "
H(-6) N . . " hydrophobic

Q(-4) N pocketHN '
| H

~

Figure 2.4. Atomic interaction diagram of the PDZ/peptide interaction. Recognized features

of the PDZ domain/ligand interaction and proposed areas under investigation (Doyle, et al.

1996). The peptide sequence shown is that of the native PTEN carboxy terminus. See text

for details.

:

37



1a: OG-PFDEDQHTQITKV 2a: PFDEDQHTQIAKV
1b: OG-PFDEDQHTQITWV 2b: PFDEDQHTQITWV

A. Serial Deletion B. N-Methyl Scanning
3a. ACITWV-OH 4a: AcTQITW(MeV)-OH”
3b: ACQITWV-OH 4b. AcTQIT(MeW)V-OH
3C: ACTQITWV-OH 4c: AcTQI(MeT)WV-OH
3d: ACHTQITWV-OH

- - - -
4d: AcTQ(Mel)TWV-OH

C. Modifications 4e: AcT(MeO)ITWV-OH
Me
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Figure 2.5. Chemically modified peptides. Designed peptides from the carboxy terminus

sequence of PTEN. Unless otherwise specified, peptides were synthesized from

commercially available amino acids using standard Fmoc protocols. All were purified to

homogeneity by RP-HPLC. Structures were confirmed by HRMS. “Conditions for generating

4a: (a) HCl·H-V-OMe (1 equiv), 2-(O2N)PhSO2Cl (1.1 equiv), DIPEA (3 equiv), DMF, rt, 3

days: then added 4-(O2N)PhSO3Me (2.6 equiv), MTBD (6 equiv), rt, 4 h, 97% overall; (b)

MeOH, NaOH aq (10%), 50 °C, 4 h; (c) PMB-Cl (1.2 equiv), K2CO3 (2.2 equiv), DMF, rt,
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12 h; (d) HOCH2CH2SH (5.0 equiv), DBU (2.5 equiv), DMF, rt, 10 min, 3 steps 85% overall

yield; (e) Fmoc-W(Boc)-OH (1 equiv), HATU (1.3 equiv), DIPEA (3 equiv), DMF, rt, 1 h;

(f) 96% TFA, 2% TIS, 2% H2O, rt; (g) 2-chlorotrityl chloride resin, DIPEA, CH2Cl2, rt, 3

days; (h) repeat the following protocols: Frnoc amino acid (2.5 equiv), HBTU (2.4 equiv),

DIPEA (5 equiv), DMF, rt, 0.5 h then 20% piperidine in DMF, rt, 10 min, three times; (i)

Ac2O (4 equiv), DIPEA (5 equiv), DMF, rt, 0.5 h; (j) 96% TFA, 2% TIS, 2% H2O, rt;

"Preparation of 5a: (a) H2NOTHP (10 equiv), AcT(tBu)O(Tr)IT(tBu)W(Boc)V-OH (1

equiv), HATU (9 equiv), DIPEA (20 equiv), DMF, 50 °C, 12 h; (b) 96% TFA, 2% TIS, 2%

H2O, rt. ‘Preparation of 5b: (a) l-valinol (3 equiv), AcT(tEu)O-(Tr)IT(tBu)W-(Boc)-OH (1

equiv), HBTU (2.4 equiv), DIPEA (8 equiv), DMF, 50 °C, 1 h; (b) 96% TFA, 2% TIS, 2%

H2O, rt. "Preparation of 6: (a) H-W-OH (1 equiv), PhCH2Br (3.2 equiv), K2CO3 (4 equiv),

DMF, 50 °C, 12 h; (b) Mel (large excess), NaH (large excess), DMF, rt, 0.5 h, two steps

quantitative; (c) HCO2NH4 (10 equiv), 10% Pd/C, MeOH, THF, H2O, reflux, 12 h; (d) Fmoc

OSu (2.2 equiv), THF, H2O, pH 9, rt, 12 h, two steps 57% overall; (e) H-V-OWang resin,

HBTU (2.4 equiv), DIPEA (5 equiv), CH2Cl2, rt, 1 h then 20% piperidine in DMF, rt, 10

min, three times; (f) repeat the following protocols: Frnoc amino acid (2.5 equiv), HBTU (2.4

equiv), DIPEA (5 equiv), DMF, rt, 0.5 h then 20% piperidine in DMF, rt, 10 min, 3 times; (g)

Ac2O (4 equiv), DIPEA (5 equiv),DMF, rt, 0.5 h; (h) 96% TFA, 2% TIS, 2% H2O, rt.

39



RESULTS

Few reports have addressed the significance of residues further amino terminal than

serine/threonine (-2) in the ligand consensus motif. To investigate the contribution of other

residues in the extended motif we truncated the AcHTQITWV-OH peptide (3d) sequentially

by one amino acid (Figure 2.5, Panel A). All of the truncated peptides, 3a–3d, showed

weaker affinity for the PDZ domain than the longer peptide, 2b. Presumably, the

contribution by residues more amino terminal than the histidine (-6) imparts tighter affinity

as seen with 2b. This is also evident in the weak binding shown by the negative control

peptide 2a, which has an incomplete pharmacophore. However, peptides 3b, 3c and 3d of

five, six, and seven amino acids, respectively, showed similar affinity, while 3a, a peptide of

only four amino acids, showed even weaker binding. This shows that while four amino acids

represent minimal binding ability much of the affinity by extensive contacts is lost. While

these data are consistent with reported observations that five residues confer PDZ domain

recognition, they do indicate a role for the more extended amino acids as has been previously

proposed.

Based on these results, we chose to modify the hydrogen bonding character of the 3

finger peptide presented to the PDZ ligand binding surface by serial substitution of peptide

bond amide hydrogens with methyl groups (N-methyl scanning) to identify important

hydrogen bond donors (Figure 2.5, Panel B). We carried out N-methyl scanning of 3c at the

five amide nitrogens in the peptide backbone by a reported methodology. The steric effects

of the valine isopropyl group precluded 4a from being synthesized through this solid phase

method. A liquid-phase version of the solid-phase method was applied to synthesize N

methyl valine derivatives. The incorporation of a methyl group on the amide backbone of the
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peptide in the ligand binding surface would add bulk and remove a potential hydrogen bond

donor. The bulk could perturb the binding of the ligand in the pocket or could change the

chirality of N-methylated amide stereocenter of the peptide ligand. By comparing affinities

of the modified peptides we may ascertain the importance of the individual amide affinity

toward the ligand’s overall affinity to the PDZ domain.

All of the methylated peptides, 4a-4e, showed weaker binding than 3c. N

methylation may change amide bond geometry from E-form to Z-form thus inducing the

overall reduction in binding ability. Disparity in the affinity of these peptides may reveal the

importance of the amide hydrogens or may reflect a greater propensity for ■ branched

residues to allow a conformational change. The order of affinity of the peptides: 4e/4b >4d

>4c >4a may indicate that amide hydrogens on valine (0) and threonine (-2) are important

and the isoleucine (-3) amide hydrogen is also contributing to efficient binding. Meanwhile,

amide hydrogens on tryptophan (-1) and glutamine (-5) contribute significantly less. These

results are consistent with the hydrogen bond networks inferred from the co-crystal structure

of KQTSV peptide binding to the PSD-95 PDZ3 domain.

The terminus of the peptide ligand was investigated by considering the terminating

functionality of the peptide and the hydrophobic group adjacent. The replacement of the

carboxy terminus with other functionalities (Figure 2.5, Panel C) could alter the electrostatic

capabilities of the ligand and modify the size the terminating moiety. Alterations in the

terminal moiety could change the position of the sidechain hydrophobic group and disrupt

the packing of this contact in the nearby pocket.
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Table 2.1

Direct binding
Ligand K." (uM)+standard error"
1a 1.0+0.05
1b 0.02+0.0005

Competition binding ligand IC50 (uM)+standard error"
2a 14.4+0.6"
2b 0.74+0.2
3a 14.8+1.5°
3b 4.5+0.1%
3c 5.2+0.2%
3d 4.1+0.6°
4a Not detected"
4b 10.6+0.2"
4c 29.0+1.8
4d 20.4+2.1
4e 9.8+0.7"
5a 42.1+7.9
5b Not detected
6 34.0+0.6
7a 5.1+0.6%
7b Not detected
7C Not detected
7d Not detected
7e Not detected

"Dissociation constants determined by plotting data toy-bottom4 (top-bottom) x/(Krºx).

* Values are means of three experiments.

* Competitor concentration that inhibits probe binding by 50% as determined by fitting data

to one site competition equation y=bottom +(top-bottom)/(1+x/IC50).

“Results are not statistically different (p<0.05) by Mann–Whitney test.

* Indicates IC50-50 puM and unable to be determined by our assay.
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We modified the carboxylate terminal residue to investigate the flexibility and

character of the PDZ binding pocket. The carboxy terminus was substituted with other

functional groups such as an alcohol and amide. A neutral alcohol 5b almost completely

abolished the peptide's binding, while a weakly acidic hydroxamide 5a retains weak binding

ability. These results suggest that the electrostatic interaction of the ligand carboxylate and a

conserved cationic lysine in the MAGI-3 PDZ2 domain, which has been suggested to

mediate ligand binding, are more important than preserving size. Terminating the peptide as

an amide, a modification that increases bulk and decreases electrostatic potential, has *

previously been reported to significantly decrease affinity of the ligand.

Modification of the hydrophobic regions of the serine/threonine (-2) sidechains

(Figure 2.5, Panel C) investigated the contribution of the (-2) residue within the class IPDZ

domain. We compared the binding affinity of these modified ligands toward MAGI-3 PDZ2.

Although these findings would be directly applicable to the MAGI-3 PDZ2 domain the

information of the (-2) residue might be generalizable to other class I PDZ domains which º

seem to depend heavily on the presence of the hydroxyl containing serine or threonine in the -º-

(-2) position. º

We modified the T(-2) sidechain region by changing the methyl group to other small

hydrophobic moieties such as adding bulk with a dimethyl or ethane. As expected, serine

substituted peptide 7a binds with similar extent to 3c. Otherwise, all other modifications

including an inversion of chirality of the threonine hydroxyl group (7b), dimethyl

substitution (7c), ethyl substitution (7d), and elongation (7e) nearly abolished binding.

Therefore, interaction between the serine/threonine (-2) hydroxyl group and histidine
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sidechain in the O. helix 2 in class I PDZ domain is strictly regulated by the approximate size

of the binding pocket.

There are several reports about the lack of firm preferences for a particular sidechain

at the X(-1) position. To investigate this residue, the tryptophan (-1) of the peptide ligand

was minimally modified by methylation on its indole-1 position. Unexpectedly, 6

demonstrated reduced affinity compared with 3c suggesting that there is a possibility to

design selective ligands for PDZ domains by modification of the X(-1) region.

Our results indicate that the ligand binding pocket of the MAGI-3 PDZ2 domain is

highly sensitive to alterations in the carboxylate terminus and the individual residue

sidechains. In particular, the serine/threonine (-2) residue, which has been shown to interact

with a well-conserved histidine in class I binding PDZ domains, could not be substituted with

electrostatically similar but more bulky alcohol sidechains. Additionally, the carboxylate

binding pocket cannot accommodate large changes in electrostatic potential or added bulk.

Therefore, it is essential for affinity to a class I PDZ domain that these interactions be

fulfilled. Any successful competitor must satisfy these requirements and incorporate features

that will discriminate between PDZ domains. The study of the modified (-1) sidechain

shows that alterations in this position can greatly affect binding affinity. Making use of this

region in concert with more extended interactions with 3 strand C and the variable loop

between 3 strands B and C may be important to gain specificity. The information obtained

by this work is useful for the design of novel inhibitors of the PDZ domain/ligand interaction,

especially between MAGI-3 PDZ2 domain and PTEN.
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CHAPTER 3

Investigating Small Molecules Designed from an Indole Scaffold

as Ligands for a PDZ Domain

Parts of this chapter are reproduced with permission from “Fujii N, Haresco JJ, Novak KA,
Stokoe D, Kuntz ID, Guy RK. Journal of American Chemical Society (Oct 2003)
8:125(40): 12074-5.” Copyright 2003 American Chemical Society
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SUMMARY

With the knowledge gained from the probing of the MAGI-3 PDZ2 binding groove

with peptides, the next step was to characterize a small molecule designed to bind to the

pocket. This work was accomplished with the helpful collaboration of multiple labs

including the Kuntz lab and the Stokoe lab. Jose Haresco performed the design and

modeling work in the Kuntz lab. Assays to determine the in vivo response of cells to the

small molecule inhibitors were performed by the Stokoe lab.

Initial studies with two compounds synthesized based on a simple indole scaffold

showed that this design would be useful for inhibiting ligand binding to the PDZ domain.

The compounds differed by an ionizable group, which allows compound 2 to be an

irreversible inhibitor while compound 3 binds reversibly. Library design with this scaffold is

practical in that the scaffold can extend R groups to mimic the sidechain functionalities of the

four carboxy terminating amino acids of a peptide ligand. Based on these results, it may be

possible to design inhibitors for several PDZ domains using this scaffold.

The studies of the inhibitors presented here clearly demonstrate the ability for

reversible and irreversible binding to the ligand binding pocket of the MAGI-3 PDZ2

domain. Also, cellular assays show their ability to disrupt the interaction of full PTEN

protein with the MAGI-3 PDZ2 protein and result in the predicted phenotype of enhanced

PTEN function.
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INTRODUCTION

The MAGIs are a small family of adaptors that are widely expressed in the human

body and function to maintain signaling that regulates tissue organization and differentiation.

MAGI-3 PDZ2 binds to the tumor suppressor PTEN, a lipid/protein phosphatase (Wu,

Hepner et al. 2000; Wu, Dowbenko et al. 2000), and co-localizes PTEN with the oncoprotein

Akt/PKB, a protein kinase (Mayo and Donner 2002). In this context, PTEN prevents

activation of PKB and suppresses PKB signaling, whereas release of PTEN from MAGI-3

increases Akt/PKB signaling. Normally, Akt/PKB signaling ensures cell survival during

response to cellular insults by suppressing apoptosis (Brazil and Hemmings 2001). However,

PTEN mutants that cause constitutive Akt/PKB signaling have been associated with human

cancers (Maehama and Dixon 1999). The exact role of the interaction of PTEN and MAGI

in oncogenesis has been controversial. Chemical disruption of this interaction would be a

unique and temporally controlled way to investigate the role of Akt/PKB signaling in

transformation and cancer.

The ability to modulate the functions of PDZ domains would greatly enhance our

knowledge of mechanisms of cellular signaling that depend on their action. We chose

MAGI-3 PDZ2 domain as our primary target because it has been implicated in oncogenesis

and we expected that the cellular effect of the inhibition could be evaluated by a PKB

activation assay. The reported structures of PDZ domains with or without bound ligand are

highly homologous. Therefore, we undertook the design of novel ligands to the MAGI-3

PDZ2 domain based on the crystal structure of PSD-95 PDZ3 domain bound to KQTSV

(Doyle, Lee et al. 1996). We used a combination of manual scaffold design and DOCKing.

DOCK has been successfully used to screen large 3-dimensional databases for small

lººsa
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molecule inhibitors of protein and enzyme systems (Hopkins, Vale et al. 2000; Aronov,

Munagala et al. 2001) and to design or optimize specific chemical scaffolds. A similar

approach has been used for the rational design of inhibitors of antigen presentation by HLA

DR class II MHC molecules (Bolin, Swain et al. 2000) and the design of high-affinity

antagonist of the Grb2-SH2 domain (Furet, Garcia-Echeverria et al. 1999). We report here

the structure-based design, organic synthesis, and evaluation of compounds based on an

indole scaffold designed to bind MAGI-3 PDZ2 domain - the first specifically targeted

inhibitors of a PDZ - protein interaction.

Proteins in the MAGI family contain six PDZ protein interaction domains only five of

which have been determined to be functional. MAGI-3 binds to PTEN using its second PDZ

domain (MAGI-3 PDZ2). Class I PDZ domains, such as MAGI-3 PDZ2, recognize the

carboxy terminus of their binding partner (ligand) through the consensus sequence X, S/T, X,

V and include a conserved histidine in the PDZ domain that interacts with the ligand's (-2)

residue. The (-1) and (-3) residues of the ligand help determine specificity for individual

PDZ domains within the class. The high structural homology between PDZ domains, with or

without bound ligand, suggested the feasibility of designing compounds targeted to MAGI-3

PDZ2 domain based on the crystal structure of liganded PSD-95 PDZ3 using a combination

of visual inspection and DOCK.
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EXPERIMENTAL DESIGN

The model of the MAGI-3 PDZ2 domain with high affinity peptide, HQITWV,

bound, based on the available crystal structure of PSD-95 PDZ3 with bound ligand,

YKQTSV, was used to generate initial scaffolds (Fuh, Pisabarro et al. 2000). Jose Haresco’s

computational work permitted the consideration of several scaffolds as starting points for

developing ligands that bind the MAGI-3 PDZ2 binding site. In order to preserve the crucial

carboxylate interaction, the orientations of the carboxylate and the valine (0) sidechain were

matched to simple rigid cores. Figure 3.1, Panel A shows the native peptide ligand in its 3

strand conformation and the initial scaffold (compound 1) observed to mimic the orientation

and position of the ligand carboxylate and the valine (0) sidechain in the PDZ ligand binding

pocket. The results of Jose's work, comparing the angles and distances of the amide

backbone of the bound peptide ligand to possible scaffold core structures, allowed us to feel

reasonably comfortable with the ability of a novel ligand scaffold to bind in a similar manner

within the MAGI-3 PDZ2 domain ligand binding site. Several rigid cores, including various

forms of indoles, naphthalenes, and indenes were evaluated. Consideration of the feasibility

and speed of synthesis of potential scaffolds provided further constraints toward the

identification of the novel scaffold. In addition to the ease of total synthesis the scaffold was

chosen by the availability of attachment sites to affix functional groups projecting in the

direction of peptide ligand sidechain moieties to possibly mimic their roles (Figure 3.1, Panel

B).

Jose's DOCKing work also resulted in a library of potential functional groups to

consider for properly mimicking crucial sidechains of peptide ligands. Potential scaffolds

were used to generate a virtual library with diversity positions designed to mimic the crucial
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Figure 3.1. The rational design of inhibitor scaffold, 1. a) Overlay of the peptide ligand for

PSD-95 PDZ3 (gray) and the designed molecule inhibitor of ligand binding 1 (green). b) An

illustration the scaffold, 1, and the rationalization of the placement of the ionizable hydroxyl

group to capture the conserved histidine in the binding site.
---
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sidechains, and the overall predicted fit of these virtual compounds to the PDZ domain was

evaluated using DOCK. Jose's work showed that an indole scaffold could indeed place

critical functional groups in proximity to the orientation of the ■ strand conformation of

bound ligand in the crystal structure.

PTEN has a PDZ domain recognition sequence on its carboxy terminus, HTQITKV,

which has been determined to bind MAGI-3 PDZ2 domain through biochemical experiments

(Wu, Dowbenko et al. 2000). This peptide sequence and that of the high affinity peptide

were the starting point of our development of a small molecule with affinity for the MAGI-3

PDZ2 domain, and the character of the R group extensions was based on the sidechain

functionalities seen in these peptides.

A group at the R1 position would be analogous to the valine (0) sidechain that fills

the hydrophobic pocket in the PDZ domain ligand binding groove. Jose computationally

evaluated a methyl, ethyl, and isopropyl group at this position. The methyl and ethyl groups

performed similarly in their contribution to binding energy, solvation, and contact scores as

determined by molecular docking. Despite having a similar score, the isopropyl group

proved to be too large for the hydrophobic pocket, causing inversion of the scaffold.

Because of the similar DOCK scores and commercial availability of the starting material, we

chose a methyl group for R1 for most synthesized compounds that were biochemically

assayed. The first series of synthesized compounds evaluated for binding to the MAGI-3

PDZ2 domain included a single compound with an ethyl extension in the R1 position to

evaluate the effect of this functionality, which scored higher in the DOCKing experiments.

The R2 position of the indole scaffold has an optimal orientation for presenting the

group to mimic the (-1) sidechain or other functional groups to optimize affinity. PSD-95

ºr-º-

** **
º -

**s.
ºr *
arºes

51



PDZ3, whose structure was used for these DOCKing experiments, does not make tight

contacts with the Ser (-1) sidechain in the KQTSV ligand. Basing our analysis on this

structure indicated similarly that the hydroxyalkyl groups evaluated at R2 position did not

make contacts with the PDZ domain. Because a tryptophan residue at (-1) has been

previously shown to increase affinity for MAGI-3 PDZ2, we included a mimic of this

sidechain. The crucial part of the tryptophan residue for the hydrophobic interaction seems

to be its benzene ring. As we have previously shown that the targeted PDZ domain is

intolerant of steric modifications to this sidechain, no modifications to this area of the

molecule were explored. With this viewpoint, a 2-phenylethyl group was chosen as a

simplified tryptophan (-1) mimic.

The R3 position is analogous to residues (–2) and (-3). The threonine (-2) hydroxyl

group of 1 forms a strong hydrogen bond with the imidazole nitrogen of H372 of PSD-95

PDZ3 domain. We preserve this interaction to fulfill the interactions deemed necessary for

ligand binding to a class I PDZ domain. Jose's results indicated that peptide like R3 tails

would make close contacts with the PDZ receptor and enhance the ligand’s affinity.

Extensions lacking peptide character directly result in the loss of certain electrostatic

interactions and yield lower DOCK scores. Residues that have been proposed to make

contacts with the residue (-3) are distinct in character between PSD-95 PDZ3 (N326, I328,

S338, F339) and MAGI-3 PDZ2 (A617, A619, K628, M629). PSD-95 PDZ3 prefers

hydrophilic side chains for the (-3) position, which has been seen to hydrogen bond with

N326 and S338 from the crystal structure. Meanwhile, an n-butyl extension seemed to be an

appropriate fit for targeting MAGI-3 PDZ2 which shows a preference for hydrophobic side

chains at this position (I, V, W, C) (Fuh, Pisabarro et al. 2000). The n-butyl group in both 2
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(Figure 3.2) and 3 (Figure 3.3) was considered a suitable alternative for hydrophobic

isoleucine (-3) sidechain of the high affinity ITWV peptide.

Initial studies indicated that positioning an ionizable group near the conserved

histidine in the PDZ domain might produce an irreversible inhibitor. DOCKing experiments

with 3-hydroxymethylindole, 2, indicated that it could both place critical functional groups

for binding in proximity to their orientation in the bound ligand and properly orient the

hydroxymethyl group to trap the histidine (Figure 3.1, Panel B). This ionization should be

facilitated by the scaffold binding to the PDZ domain and correct positioning of the resulting

cation adjacent to the conserved histidine. Therefore, we expected that 2 would be a class I

PDZ domain-specific irreversible inhibitor while 3 would be reversible.

Theoretically, compounds 2 and 3 can successfully make all the necessary contacts to

mimic the 3 strand (Figure 3.4): 1) a carboxylic acid at the R1 position mimics the peptide

ligand C-terminus, 2) a methyl group at the R2 position fills the hydrophobic pocket that the

valine (0) sidechain normally occupies, and 3) a nonpeptide extension at the R3/R4 position

places a hydroxyl group within hydrogen bonding distance to histidine 372 and mimics the

sidechain of isoleucine (-3).

The synthesis of 2 proceeded smoothly (Figure 3.2). Sequential esterification of 2

methyl-5-nitrobenzoic acid, reduction of the nitro group, and ortho iodination gave methyl 5

amino-4-iodo-2-methylbenzoate. Cross-coupling with 1-heptyne gave alkynylaniline 7,

which afforded indole 8 after heating with palladium. Formylation of 8 gave 9. Alkylation

of 9 with phenylethyl bromide gave 10. Sequential reduction of the aldehyde and hydrolysis

of the ester then produced 2. While compound 2 is unstable under acidic conditions, it is

stable in a neutral environment. Treatment of 2 with a large excess of imidazole (pH 7, PBS)
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afforded an imidazole adduct, as expected. In addition biotin conjugated 2 was synthesized

for use in pull down assays.

The route to 2 was designed carefully with regard to future utility in making libraries

of compounds. The scaffold seemed able to fulfill the stipulation that it position R groups

similarly to the natural peptide ligand sidechains. With this in mind, a library approach

would enable us to generate multiple inhibitors with activity directed toward different PDZ

domains. The R groups should be added late in the synthesis allowing for ease of making

compounds that mimic quadrapeptides as they bind in the PDZ ligand binding pocket.

We envisioned a route to 3 allowing full variation of the highlighted variable groups

by a library approach (Figure 3.3). A key target was the generation of synthetic intermediate

14 presenting essential functionality for PDZ domain binding and attachment points for

generation of a diverse library (Figure 3.4). The carboxyl group of 2-methyl-5-nitrobenzoic

acid 6 was protected as an oxazoline and the nitro group was then reduced to give aniline 11.

Iodination of 11 with iodine monochloride gave a mixture of 12a and 12b. The undesired

product 12b was easily separated by chromatography and recycled by catalytic reduction to

11 in the presence of triethylamine. Iodoaniline 8a coupled with ethyl pyruvate in the

presence of palladium acetate (Chen Cy, Lieberman et al. 1997) to give ethyl indole-2-

carboxylate 13. Ester 13 was easily converted to aldehyde 14, which is the foundation for

our library development because it is useful for the syntheses of indoles having diverse

substituents on its 1- (R2 mimic) and 2- (R3 mimic) positions by sequential electrophilic and

nucleophilic alkylation. The 2-phenylethyl group was attached to the indole-1-position of 14

to give 15. Reaction of 15 with n-butyl magnesium bromide gave 16. Finally, the

deprotection of the oxazoline (Ladd, Weinstock et al. 1986) in 16 gave the designed
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reversible ITWV mimetic 3. Variations of 3 on its R1 and R4 extension correspond to that of

the valine (0) terminal carboxylate and the threonine (-2) hydroxyl group respectively in

ITWV peptide. If 3 binds to PDZ domains as an ITWV mimic, chemical modifications

analogous to mutations that block peptide ligand binding should destroy its binding activity.

From this viewpoint, 4 and 5 were designed as mimetics of inactive mutant peptides for

evaluation of the hypothesis of 3 binding as an ITWV mimic.
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Figure 3.2. Synthesis of inhibitor 2. (a) Mel (2 equiv), K2CO3 (3 equiv), DMF, 40 °C, 1 h.

(b) H2, 10% Pd(C), MeOH, room temperature, 2 h, two steps quant. (c) ICl (1.6 equiv),

CaCO3 (3 equiv), MeOH, H2O, room temperature, 1 h, 34%. (d) 1-heptyne (5 equiv),

PdCl2(PPh3)2 (0.15 equiv), Cui (0.3 equiv), Et2NH (large excess), DMF, room temperature, 2

h. (e) PdCl2(PhCN)2 (0.2 equiv), DMF, 80 °C, 40 min, two steps overall 87%. (f) POCl3 (1.3

equiv), DMF, 5 °C, quant. (g) BrCH2CH2Ph (10 equiv), Cs2CO3 (5 equiv), DMF, room

temperature, 19 h, 44%. (h) NaBH4 (excess), MeOH, 5 °C. (i) NaOH, H2O, MeOH, 65 °C, 12

h.
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Figure 3.3. Synthesis of inhibitors 3, 4 and 5. (a) HOCH2C(CH3)2NH2 (3 eq), HBTU (1.2

eq), DIPEA (2 eq), DMF, 40 °C, 14 hr. (b) SOCl2 (5 eq), CH2Cl2, rt, 0.5 hr. (c) Fe (7.8 eq), * --

NH4Cl (aq), EtOH, reflux, 3 hr, 92% over 3 steps. (d) ICl (1.6 eq), CaCO3 (3 eq), MeOH, reº

H2O, rt, 1 hr. 8a; 36%, 8b; 47%. (e) H2, Pd-C, MeOH, Etna, rt, 1 hr, quant. (f) Ethyl - 3.
rºº

-*** -

pyruvate (5 eq), Pd(OAc)3 (0.2 eq), DABCO (5 eq), DMF, 105 °C, 50 min, 44%. (g) LiAlH4 **

(10 mol), THF, reflux, 2.5 hr, 75%. (h) MnO2 (1.8 eq), CH2Cl2, rt, 12 hr, 76%. (i)

BrCH2CH2Ph (5 eq), K2CO3 (10 eq), DMF, 40 °C, 22 hr., 93%. (j) n-BuMgBr (5 eq), 0 °C,

0.5 hr, 87%. (k) i. MeI (large excess), K2CO3 (3 eq), acetone, rt, 2.5 d, ii. NaOH, H2O,

MeOH, reflux, 7 hr, 2 steps overall 89%. (1) Mel (large excess), K2CO3 (large excess),

acetone, rt, 1.5 r, 69%. (m) H2, 10% Pd-C, HCl (20 eq), MeOH, rt, 1 hr, 25%.
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Figure 3.4. Proposed small molecule binding in the PDZ domain. Illustrations of compound

2 and compound 3 demonstrating the molecular contacts that can be fulfilled in the PDZ

domain binding pocket. The indole scaffold is shown mimicking the extended peptide ligand

with targeted variations; R1 indicates variable replacement for the (0) ligand residue

sidechain, R2 indicates variable replacement for the (-1) ligand sidechain, R3/R4 indicates

variable replacement for the (-2/-3) ligand residue sidechain. The R groups are In a)

compound 3 is positioned to ionize and make a covalent bond with the adjacent histidine in

class I PDZ domains.
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AN INADVERTENT INTERACTION AND NEW EXPERIMENTAL DESIGN

Initial experiments (Figure 3.5) were very encouraging as to the ability of the small

molecule designed in silico and synthesized from a fairly simple core structure to bind to a

PDZ domain binding pocket. The small molecule designed to bind to the MAGI-3 PDZ2

domain bound with similar affinity as the native PTEN carboxy tail peptide. Control

experiments indicated that the fluorescence polarization competition assay that was used to

determine the IC50s of the compound failed when employed with the small molecule scaffold.

There was an unexplained interaction with the small molecule scaffold and the fluorescently ---

labeled probe peptide that was causing a decrease in polarization and effectively reducing the -

observed IC50 of the small molecule/PDZ domain interaction.

The inadvertent interaction of the small molecule with the probe peptide was seen

only in a peptide with a lysine in the (-1) position. With this is mind, a library of peptides
-

º

designed to bind to the MAGI-3 PDZ2 domain was synthesized (Table 3.1). It was expected

that a suitable peptide with a comparable affinity to the previous probe peptide and lacking ...

any interaction with the small molecule would be found. This experiment also gave another --
---library of peptides to compare the role of the (-1) residue and its contribution to the affinity

of a peptide ligand.

All of the peptides evaluated for their affinity for the MAGI-3 PDZ2 domain showed

Some affinity and were able to compete the native sequence peptide from the ligand binding

site (Table 3.1). The peptides could be divided into two groups of affinity ranges. The very

weak competitors showed IC50s in the 100 HM range and contained a serine at the (-2)

position. It has been thought that a class I PDZ domain exclusively binds to peptides with a

hydroxyl group at the (-2) position although a preference for either serine or threonine was

59



T-TTTTTT 1-H+m■ —rm■ —-rrm■ -Hºrm

à
E
tº:
.9
R}
E.
■ o
o

Cl —e – 2 \ \
-----3 \? Y.

70 - E-4 ~".
---→6---5 \ \,

—e—PFDEDQHTQITW \a
60 N.Y

• S.

50 1 . . .” L i Li Lil 1–1–1 LL 1–1–Li Lill Li Li Lul 1–1–1–1–1111

0.001 0.01 0.1 1 10 100 1000

b)

|
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(competitor] (uM)

—e—PFDEDQHTQITKV
—e — PFDEDQHTQITWV

----H--- HTQITW

0.01 1

(competitor] (uM)

****

* *-
*

* -º

a *-
fºss

***

60



Table 3.1. Affinity of probe peptide library

Peptide sequence Synthesis IC50 (HM)
% yield

PFDEDQHTQITWV 3.2 2.7
PFDEDQHTQITAV 16.5 13.9
PFDEDQHTQITSV 17.3 48.0
PFDEDQHTQITTV 14.6 21.4
PFDEDQHTQITFV 2.5 11.0
PFDEDQHTQITQV 10.5 79.1
PFDEDQHTQITRV 8.3 3.1
PFDEDQHTQITNV 12 75.6
PFDEDQHTQCTAV 6.6 11.0
PFDEDQHTQISKV 14.5 220.3
PFDEDQHTQISAV 13.6 386.0 - *

PFDEDQHTQISSV 13.3 419.6 .*

PFDEDQHTQISTV 21 284.7 -
PFDEDQHTQISFV 5.2 Not assayed
PFDEDQHTQISQV 10 364.7 ~
PFDEDQHTQISRV 20.6 391.7 - - ,

PFDEDQHTQISNV 11.1 51.4 -
PFDEDQHTQCSAV 5.7 26.1
PFDEDQHTQISWV 2.9 11.2

***
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not explicit. In our previously work with this PDZ domain, we observed a distinct contrast

with the prevalent idea that class I PDZ domains bind the consensus sequence of S/T, X, V.

Our results indicated that the bulk and stereo-conformation of the (-2) sidechain can greatly

influence the ability of a ligand to bind to the MAGI-3 PDZ2 domain and the results of the

library of competing peptides enforces this stipulation again for this PDZ domain. The

MAGI-3 PDZ2 domain appears to prefer a threonine specifically at the (-2) position and all

deviations result in a loss of affinity although the domain will tolerate a serine.

The peptides of moderate affinity for the MAGI-3 PDZ2 domain included many of

the peptides with a threonine in the (-2) position. It has been shown that this sequence is

essential to binding the MAGI-3 PDZ2 domain. Also of interest was the varying character of

the (-1) residue that the MAGI-3 PDZ2 domain was able to tolerate. This position had been

shown to contribute to affinity in designing a high affinity peptide, but also it seems that the

exact role that this residue plays may be variable. This was deduced from the diverse

character that the (-1) residue could assume without much change in the peptide’s ability to

compete the native sequence peptide from the ligand binding site of the MAGI-3 PDZ2

domain. The (-1) residues that were evaluated included both charged and*
sidechains of varying length resulting in a puzzling role of the (-1) sidechain toward the

affinity of a peptide ligand for this PDZ domain. The role of this residue remains ambiguous

because: (1) in the context of a optimal binding peptide selection of the (-1) residue can

provide a ten fold difference in affinity and (2) in the suboptimal context of an imperfect

consensus sequence the (-1) residue does not have any predictive value of the affinity of the

peptide.
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To perform the competition assay and evaluate the synthesized small molecule

compounds a peptide probe was chosen that had similar affinity as the native sequence

peptide for the MAGI-3 PDZ2 domain. Also, this peptide was assessed for its inability to

interfere with the polarization assay. We chose the peptide, PFDEDQHTQITTV, labeled

with OregonGreen" at the amino terminus, which had a similar Kd for the MAGI-3 PDZ2

domain as the native 13-mer sequence of PTEN, about 100 puM.
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RESULTS

Compounds 2 and 3 demonstrated affinity for the MAGI-3 PDZ2 domain by

displacing this peptide probe OregonGreen"-PFDEDQHTQITTV in a concentration

dependent manner (Figure 3.6A). The binding of ligand was significantly inhibited by 2

while 3 showed only small effect (Figure 3.6A). This result suggests that 2 much more

effectively inhibits the PDZ domain interaction. The competition was observed with

concentrations of 2 and 3 in the range of >100 puM. Meanwhile, negative controls 4 and 5, in

which moieties required for the PDZ ligand interaction were disrupted, did not show any

competition with the PTEN peptide ligand.

To confirm the efficiency of the inhibition by 2 and 3, we assayed their effects toward

the interaction between the MAGI-3 PDZ2 domain and the peptide probe by pre-incubation

(Figure 3.6, Panel B). Compound 3 reversibly blocks ligand binding to the MAGI-3 PDZ2

domain. Pre-treatment of MAGI-3 PDZ2 with 2 blocked ligand binding in a dose-dependent

manner (Figure 3.6, Panel B). While efficacy of peptide ligand binding dropped with

increasing concentrations of 2, ligand affinity did not change as shown by a constant Kd,

consistent with an irreversible inhibitor.

Additionally, treatment of MAGI-3 PDZ2 with a biotin conjugate of 2 afforded a

covalent adduct, whose formation was disrupted by pretreatment of MAGI-3 PDZ2 with 2

(Figure 3.7). Pre-incubation of the MAGI-3 PDZ2 domain with biotin conjugated 2 blocks

peptide ligand binding and the compound 2 forms a 1:1 stoichiometric irreversible adduct

with the PDZ domain whose form is dependent upon the presence of the class I specific

histidine (Sheng and Sala 2001). This result is consistent with covalent modification of a

specific site on the protein by 2. Mass spectrometry of MAGI-3 PDZ2 treated with biotin
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Figure 3.6. Inhibition effects of compounds 2 and 3. Compound 2 acts as an irreversible

inhibitor while compound 3 should reversibly bind the MAGI-3 PDZ2 domain. Panel a)

shows that while both compounds are designed to bind to the same ligand binding site on the

MAGI-3 PDZ2, compound 2 shows much more competition for a fluorescently labeled

peptide. Pre-treating a GST MAGI-3 PDZ2 fusion protein with increasing concentrations of

2 and 3 prior to binding of a fluorescently labeled PTEN carboxy terminal peptide lowers the

amount of peptide ligand binding as monitored by fluorescence polarization shown in panels

d) and c) respectively.
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conjugated 2 revealed a single modified species with a mass consistent with the addition of a

single equivalent of 2. As is consistent with the weak ionization potential of the indole

alcohol, complete reaction between MAGI-3 PDZ2 and 2 required either high excess of 2 or

extended reaction times.

We have shown with a PDZ construct with a histidine to alanine mutation (the

histidine analogous to histidine 372 in PSD-95) that the binding of the biotin conjugated 2 to

the PDZ domain does not occur (Figure 3.7). Mutation of the targeted conserved histidine in

the PDZ domain to alanine gave a stable protein that was unreactive with reagent 2,

indicating that the single site of modification is most probably the targeted histidine.

In collaboration, we carried out a cell-based assay to determine the cellular response

towards the PDZ domain interaction inhibition (Figure 3.8). We expected that the PDZ

domain inhibitors would disrupt the interaction between PTEN and MAGI-3 and activate

PKB by increasing the levels of 3'-phosphoinositides through PTEN phosphatase inhibition.

We assayed endogenous PKB activity in an HCT116 cell line that expresses wild type PTEN

(Figure 3.8). The endogenous PKB in the cellular lysate was immunoprecipitated, and kinase

activity in the precipitate was assayed using the synthetic peptide Crosstide and [y-*PIATP

as substrates. Both compounds increased the kinase activity approximately 2-3 times relative

to the background. In the presence of 2 or 3 at a range of dilutions, phospho-PKB was

detected by immunoblot of the cellular lysate using anti-phospho-Ser473 antibody. Since the

phosphorylation on Ser473 usually correlates with activity (Stokoe, Stephens et al. 1997),

this result clearly shows that both compounds activate the PKB in the cell by the normal

mechanism. At the concentrations
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Figure 3.7. Biotin tagged 2 binding to mutant MAGI-3 PDZ2. Effects of mutagenesis of the

critical histidine residue to alanine within the PDZ domain binding pocket. Reactivity of

compound 2 is obviously muted indicating that the histidine is required for the reaction

between the irreversible compound 2 and the class I PDZ domain. Panel b) shows a

MALDI-MS of untreated (blue) and treated (black) GST MAGI-3 PDZ2 domain with

Compound 2 consistent with the 1:1 stoichiometry of ligand binding.
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that induce these effects, there were no observable effects upon cell viability or morphology

not associated with PKB activity.

The PKB activation in the HCT116 cells by 2 and 3 are similar (Figure 3.8), thus the

reflection of binding inhibition to cellular PKB inhibition is not linear. Both inhibitors have

very similar chemical structures, thus their cell permeability should be almost the same. We

consider a couple of possible differences between 2 and 3 on the behavior in the cells. First,

there may be other proteins that react weakly with 2 on their histidine residues. We observed

that 2 reacts with imidazole very slowly. Therefore, it is possible that the actual

concentration of 2 in the cells will diminished before it inhibits the PTEN binding to the

MAGI-3 PDZ2 domain. Second, membrane transporter pumps that excrete toxic drugs may

recognize 2 as their substrate. The pumps recognize broad hydrophobic substrates, which

cause toxic effects to the cell as alkylation agents, and are a molecular basis of drug

resistance of tumors as multi drug resistance (MDR) transporter family. It is possible that

HCT116 cells have such excretion pumps that recognize 2 as toxic agent and inhibit its

penetration. Third, there may be another cellular signaling that activates PKB. Platelet

derived growth factor receptor (PDGF-R) is a binding protein to a PDZ domain in

NHERF/EBP50 (Maudsley, Zamah et al. 2000). Recently, it was reported that PKB

signaling is up-regulated 2-3 times to the background level by expressing truncation mutant

of PDGF-R on its carboxyl terminus which anchors the PDGF-R to NHERF/EBP50 PDZ

domain (Demoulin, Seo et al. 2003). We screened 2 and 3 in cell-based assay systems

relevant to NHERF/EBP50, and observed only 3 is active (Gage, et al. unpublished results).

Therefore, the PKB activation effect of 3 would be the sum of PTEN and PDGF-R signaling

while that of 2 is based on only PTEN.
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Based on the preliminary binding data and the results of the cellular experiments, the

indole structure provides a useful scaffold to mimic characteristic interactions for ligand

binding in a PDZ domain and present diverse functional moieties capable of lending

selectivity for binding PDZ domains. A tentative structure activity relationship can be

assigned to scaffold 1 from the results of the competition experiments. The importance of the

free carboxylate functionality is emphasized by the competition of the negative control, 5 in

which modification of this group to a methyl ester abolishes any competition. This also

suggests that the compound is binding in the orientation depicted by the DOCK evaluations.

The contribution from residue (-1) to the stabilization of a peptide ligand binding to

PDZ domain is unclear, and evaluation of this site on the indole scaffold has not been

logically attempted. The modification of the tryptophan (-1) in HTQITWV peptide

drastically reduced binding (Novak, Fujii et al. 2002), therefore, it can be anticipated that

replacement of the R2 group with varying hydrophobic moieties such as the 2-phenylethyl

group in 2 and 3 can affect affinity and specificity. From the small library of compounds

initially assayed through the competition polarization assay, one with an ethyl alcohol

extending from R3 indicated that this position might be able to show specificity in regard to

the MAGI-3 PDZ2 domain. These results indicate a large contribution to affinity and

specificity by the (-1) position substituent, which can be replicated by the R3 group. This

may develop into a discriminating effect by the R2 substituent of the compound for

individual PDZ domains as more derivatives are examined.

The R4/R5 extension positions the hydroxyl moiety that mimics the sidechain

hydroxyl of residue (-2), which consistently makes contacts in class I PDZ domains.

Correspondingly, the negative mutation, 4, abolishes binding to the MAGI-3 PDZ2 domain

--
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as seen with a similar mutation in native peptides. For studying cellular effect on PDZ

domain interaction, reversible inhibitor scaffold 3 should be a good tool since it would be

more resistant to non-specific binding and cellular toxicity than irreversible inhibitor scaffold

2. Meanwhile, irreversible inhibitors are able to label their target protein covalently and to

be used in chemical proteomics approach (Leung, Hardouin et al. 2003). Having both

reversible and irreversible inhibitors to the same targets should enable us to study in various

methods.

The widespread occurrence of PDZ domains as facilitators of subcellular organization

makes them an important target for biological studies. The discovery of inhibitors that bind

specifically to certain PDZ domains would greatly enhance our ability to study the nature of

PDZ mediated interactions and the functions of PDZ domains. The Scaffold described herein

offers several opportunities for optimization towards specific PDZ domains. An important

feature of the chemistry presented here is that it is feasible to make diverse libraries highly

variant in the R2 and R3 position in order to discover class- and domain-selective inhibitors.

Another aspect of the scaffold is that simple modifications can yield reversible or irreversible

inhibitors. Further variations will provide optimized, tighter binding molecules of MAGI-3
-

PDZ2 and other PDZ domains. Our study demonstrates an efficient ligand discovery process

through collaboration of structure based and medicinal chemical design.

These compounds, 2 and 3, are the first cell permeable specific inhibitors of PDZ

domain function. The route used to produce 3 allows the production of highly diverse

libraries of analogues targeted to discovering class- and domain-selective inhibitors. These

materials should have use both as functional probes of the activity of PDZ domain containing
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CHAPTER 4

Conclusions
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CONCLUSION

Our knowledge of PDZ domains is increasing as many laboratories find information

about the partner proteins of PDZ domains and the macromolecular complexes in which PDZ

domain containing adaptor proteins regulate the function of proteins. However, each PDZ

domain is able to bind several partner proteins. Therefore, it has become evident that finding

an interacting protein for a PDZ domain does not determine the role of the interaction.

As PDZ domain functions have been shown to include localization, clustering and

trafficking, the role of a PDZ domain interaction may vary according to the protein that is

being bound (Zhang, Kornfeld et al. 2001). In the case of NMDA receptors, tethering the

carboxy terminus to a PDZ domain allows for incorporation into a protein complex and

decreases its internalization and degradation (Roche, 2001). This may allow for longevity

and stability of the protein and its function. In another case, augmentation of signaling

power is a result of PDZ domain interaction true for the Shaker K+ channels where

attachment to the PDZ domain facilitates clustering and enhances signaling. While in other

proteins such as syntrophins, the interaction between PDZ domain containing adaptor protein

and its partner protein may be to regulate its subcellular localization and ensure correct

signaling function (Hogan, 2001; Huber, 2000)

Enhancement of function is not always a result of the PDZ/protein ligand interaction

as in the case of the MAGI-3 PDZ2 domain investigated in our laboratory where regulation

of function appears to be the dominant role of the PTEN/MAGI-3 PDZ2 interaction.

Therefore, the function of a PDZ domain should be investigated in a case specific manner.

Our results indicate the use of a family of inhibitors developed from a common scaffold

would be very useful in experiments such as these to determine the function of a single PDZ
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domain interaction. In addition, a specific inhibitor for a PDZ domain would be helpful to

isolate PDZ domain ligands. Many interacting proteins are unknown and because PDZ

domains can bind a variety of proteins, a dose dependent inhibition of the interaction could

prove useful to assess the dynamic capabilities of PDZ domains and their interactions

(Leonoudakis, Conti et al. 2004).

The work described above shows that straight forward explanations of PDZ function

will be difficult to ascertain. Because a PDZ domain is able to bind a simple motif found on

many interacting proteins, specificity of a small molecule ligand is a critical issue. As in our

experiments, many models are needed to fully describe the results of a PDZ domain inhibitor

because of the chance of cross inhibition. This feature might allow for very potent and

extensive effects from a single compound.

It is important to determine to what extent these results apply to other PDZ domains,

specifically MAGUK associated PDZ domains and class I PDZ domains. The simple

contacts of the PDZ domain interaction seem to be universal, but are all PDZ domain binding

pockets inflexible to terminal carboxylate modifications? Likewise, with the other points of

contact, can there be generalizations made between PDZ domains as to the role of each

residue’s sidechain? Information about the rigidity of ligand requirements between PDZ

domains would be helpful in identifying the indole scaffold’s ability to mimic the PDZ

peptide ligand for many PDZ domains. With a scaffold common to most PDZ domains,

compounds similar to 2 would be able to probe cellular lysates and pull down class I PDZ

domains with a propensity to bind specific residues mimicked by its R groups. This would

both help to identify PDZ domain containing proteins and assess their preference for ligands.
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A library of compounds would be useful to test the appropriateness of the indole

scaffold to bind several PDZ domains and determine its ability to distinguish between PDZ

domains. This would determine if the scaffold can be used to generate specific and high

affinity inhibitors toward multiple PDZ domains. Like compounds 2 and 3 these molecules

would have to be tested in a variety of assays to determine their full activity. The complexity

of signaling pathways could be pieced together from the use of specific inhibitors to

understand the role of an individual PDZ domain interaction.

Besides use as tools for investigation of PDZ domains and their interactions, ligands

for PDZ domains may have potential use as pharmaceuticals. It is suspected that halothane,

an inhalational anesthetic, binds to a PDZ domain, and by disruption of its native

interactions, induces a state of anesthesia (Fang, Tao et al. 2003). It has been shown that

halothane can bind to the class I PDZ domain, PSD-95 PDZ2, and dose dependently inhibit

the interaction of the PDZ domain and the carboxy terminal protein ligands, NR2A/2B of

NMDA receptors and the nNOS PDZ domain. The extent of inhibition is dependent on

compound concentration with complete inhibition requiring high micromolar concentrations

(Fang, Tao et al. 2003). As more receptors and signaling pathways whose dysfunction is

shown to contribute to disease states, such as the NMDA receptor in Alzheimer’s disease, the

PDZ domains that support and regulate these pathways may be targeted as potential sites for

intervention (Aarts and Tymianski 2004).

It is clear that understanding the function of PDZ domains is an important step to

describe the function and structure of cellular signaling. A useful and interesting method of

investigating function of PDZ domains would be using a small molecule inhibitor to modify

PDZ domain function in a temporal and dose dependent manner. The experiments described
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above have led to the development of a scaffold that binds specifically to PDZ domains and

inhibits their interactions. This work lays the foundation to several experiments that might

expand the body of information known about PDZ/ligand interactions.
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APPENDIX A

Copper-Medicated Cross-Coupling of Aryl Boronic Acids and Alkyl Thiols
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Copper-Mediated Cross-Coupling of Aryl Boronic Acids and Alkyl Thiols

Prudencio S. Herradura, Kathleen A. Pendola and R. Kiplin Guy

Reproduced with permission from “Herradura PS, Pendola KA, Guy RK. Organic Letters
(Jul 2000) 13:2(14):2019–22.” Copyright 2000 American Chemical Society
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SUMMARY º

The cross-coupling of aryl boronic acids and alkanethiols mediated by copper(II)

acetate and pyridine in anhydrous dimethylformamide affords aryl sulfides in good yield with

a wide variety of substituted aryl boronic acids. The method is applicable to the synthesis of

aryl sulfides of cysteine.
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Alkyl aryl sulfides have a long and rich history as intermediates in organic synthesis

(Tiecco 1988). Numerous methods exist for synthesizing these sulfides, typically involving

the condensation of activated aryl halides with thiols under strongly basic conditions (Sasaki,

Hashimoto et al. 1987). However, such methods are not applicable to the synthesis of

sulfides containing readily epimerizable stereocenters. The recent advent of nelfinavir

(Figure A.1), a potent inhibitor of HIV protease (Kaldor, Kalish et al. 1997), has highlighted

the need for more gentle methods for the production of these compounds. This need is

further underscored by the presence of such linkages in several other biologically interesting

molecules such as kynureninase inhibitors (Dua, Taylor et al. 1993) and the toxins produced

by Amanita phalloidies (Wieland 1986). Recently, the conversion of unactivated aryl halides

to aryl alkyl sulfides has been accomplished with stoichiometric amounts of copper

(Hickman, Christie et al. 1985) or catalysis by palladium (Belokon, Sagyan et al. 1988;

Ciattini, Morera et al. 1995; Arnould, Didelot et al. 1996; Zheng, McWilliams et al. 1998).

However, both methods still require a strong inorganic base and an aryl halide. In the case of

the copper-medicated reaction, yields are low.

We were recently faced with the need to form an alkyl sulfide from a trich

heterocycle and the thiol group of cysteine. Such heterocyclic iodoarenes can probe

capricious in their tendency to decompose before undergoing productive reaction. Therefore,

we set out to develop a method for the formation of alkyl aryl sulfides that both involved a

more stable precursor and was suitable for application in racemization-sensitive chiral

systems.

Recent work in the Chan (Chan, Monaco et al. 1998; Lam, Clark et al. 1998), Cundy

(Cundy and Forsyth 1998), and Evans (Evans, Katz et al. 1998) laboratories has revealed the

:
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efficacy of copper(II) acetate in mediation of the cross-coupling of aryl boronic acids and

phenols or amines to give biaryl ethers and aryl alkylamines. We sought to develop a similar

procedure for the formation of aryl alkyl sulfides and report herein the success of this

approach. In general, this reaction (Scheme A.1) proceeds as follows: Aryl boronic acids (2-

2.2 equiv) are allowed to react with a limiting quantity of alkanethiols (1 equiv) with the

mediation of copper(II) acetate and pyridine in anhydrous DMF to give alkyl sulfides in 40

90% yield. The reaction proceeds facilely with a variety of aryl boronic acids.

Initially, we began with the Evans conditions for the formation of biaryl ethers. In

this case, the reaction proceeds in methylene chloride at 25°C and is accelerated by the

presence of oxygen. In the cross-coupling of p-toluene boronic acid and cyclohexane thiol

(Table A.1, entry 1), these conditions did yield the expected product, but the rate of reaction

was very sluggish and progression was hindered by the oxidation of free thiol to dithiane.

However, other than the competitive oxidation of thiol to dithiane, the reaction proceeded

very cleanly, giving only the desired product. Carrying out the reaction under an atmosphere

of argon abated the formation of dithiane but did not significantly enhance the rate, even at

45°C in a sealed tube (entry 2). Switching to a more polar solvent and higher temperatures

did increase the reaction rate (entries 3 and 4), but failure to exclude oxygen continued to

lower the overall yield as a result of sequestration of the thiol by dithiane formation (entry 3).

In each case, no significant side reactions were observed other than dithiane formation, and

the problem seemed to be a slow reaction rate. The use of refluxing DMF as solvent allowed

the rapid formation of the desired product with no observable side products (entry 5). These

studies revealed that the optimal conditions for the reaction were 2 equiv of aryl boronic acid,

82



3 equiv of pyridine, 1.5 equiv of copper(II) acetate, and 75 wtº of 4 Å molecular sieves in

DMF under argon.

We set out to explore the scope of the methodology with respect to the substitution of

the aryl ring (Table A.2). In general, the reaction is unaffected by electronic factors but

moderately affected by steric hindrance of the reaction center. The unsubstituted phenyl

boronic acid undergoes the reaction with equal facility as the p-toluene boronic acid used in

the initial studies (entry 1). The reaction is sensitive to sterics surrounding the boronic acid

as demonstrated by the lengthened reaction times and reduced yields for the napthalene

(entry 2) and o-toluene (entry 3) boronic acids. However, more distal steric bulk has, as

expected, little effect upon reactivity as demonstrated by the m-toluene (entry 4), p-toluene

(entry 5), and p-tert-butylbenzene (entry 6) boronic acid cases. More strongly electron

donating or electron-withdrawing substitutions do not significantly affect the reaction rates or

overall yields, with m-nitro (entry 7), p-methoxy (entry 8), p-cyano (entry 9), and p-chloro

(entry 10) benzene boronic acids all producing good yield of the expected product within a

reasonable time. Thus, the reaction is applicable to the synthesis of a wide variety of

substituted phenyl sulfides and does not seem to be extremely sensitive to electronic effects.

These results are at odds with the trends observed in the palladium-catalyzed cross-coupling

of aryl iodides with thiols, where both strong-withdrawing and electron-donating groups (p-

methoxy and p-nitro) significantly inhibited the reaction (Zheng, McWilliams et al. 1998).

Therefore, the conditions reported herein provide advantage for such substrates.

We also examined the scope of the methodology with respect too the nature of the

thiol nucleophile. These studies revealed that most thiols would enter into cross-coupling

with phenylboronic acid under the standard conditions (Table A.3). Thus, this method can
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afford the diphenyl sulfide (entry 1), the product of coupling of a primary thiol (entry 2), and

the product of coupling of a chiral secondary thiol with retention of chirality at the sulfur

center (entry 3). The method can also be used with substrates that can be viewed as a

protected thiol (entry 4), thus giving access to thiophenols. However, the method does not

work well with tertiary thiols (entry 5), giving some product but in very low yields. The

method is also inapplicable to the cross-coupling of thio acids (entry 6) or to the production

of q-carboxy thiols (entry 7). Thus, the conditions reported herein tolerate a wide variety of

thiols as nucleophiles but cannot be applied to the generation of tertiary alkyl aryl sulfides or

aryl thioesters. Of particular note is the preservation of chirality at the sulfur containing

StereoCenter.

We next turned our attention to applying this method to the synthesis of S-aryl

cysteine derivatives. As a convenient test case, we targeted the synthesis of N

benzyloxycarbonyl-S-phenyl-L-cysteine 2, a key intermediate in the synthesis of Nelfinavir

(Figure A.1, 1) (Rieger 1997; Inaba, Birchler et al. 1998).

Toward this end, S-tert-butylthio-L-cysteine (Scheme A.2, 3) was orthogonally

protected by sequential blocking of the amino functionality as a carboxybenzoate and the

acid functionality as an allyl ester to afford 4. Compound 4 reacted cleanly under our

standard conditions to afford the phenyl sulfide 5 in 79% yield. Selective removal of the

allyl group using palladium catalysis afforded N-benzyloxycarbonyl-(S-phenyl)-L-cysteine 2.

The optical rotation of this material revealed that the reaction proceeded without

epimerization of the 0-carbon of the amino acid. Thus, this method is readily applicable to

the synthesis of optically enriched cysteine sulfides.

:

º
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In conclusion, we have discovered a copper-mediated method for the formation of

alkyl aryl sulfides from thiols and aryl boronic acids that proceeds in good to excellent yield

with most substrates. The method is tolerant of all substitutions on the aryl ring with only

modest changes in rate being attributable to steric effects. Additionally, this method works
-

well with a variety of thiols including potentially sensitive chiral thiols and is directly

applicable to the synthesis of cysteine sulfides. This new method nicely complements the

existing methodologies based upon the coupling of aryl halides to thiols.
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Figure A.1. HIV protease inhibitor Nelfinavir (1) ■ º
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Scheme A.1. Cross-Coupling of Cyclohexane Thiol with Aryl Boronic Acids

B(OH)2 Cu(OAc)2 (1.5 eq),

S HS pyridine (3.0 eq) Crºo--R . 4AMs (75 %
R

(2.0-2.2 eq) (1.0 eq) wº), solvent,
-

R = H, Me, t-Bu, Cl air or Argon 40-90% yield
CN, NO2, OMe

[…
■ vº■

*/21/
–

..)/.
~~
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Table A.1. Optimization of Reaction Conditions for Cross-Coupling

B(OH)2 SH Cu(OAc)2 (1 .5 eq) 2. SS-
‘O

+ pyridine (3.0 eq) | 22
4Å mol. Sieves

(75 wt.%)

entry atmosphere solvent T ("C) time (n) *, yield

1 Af CH2Cl2 25 96 49

2 Af CH2Cl2 45 98 50

3 Air THF 70 96 55

4. Af THF 70 96 68

5 Af DMF 155 3. 88

*/?? /

––
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Table A.2. Substituent Effects in the Cross-Coupling of Cyclohexane Thiol with Aryl

Boronic Acids

entry aryl boronate product time (h) *, yield

B(OH)2 s.S.S.-->Crºo
B(OH)2 s

2 *s $$.” 16 41
2 22

• Cº. Crºo . .23 ...”

B(OH)2 _S

.* 23

B(OH)2 Crº| O 6 75teuº

ºr cro . .
NO2 NO2
sy-B(OH)2 S• C■ ". C■ C , ,

MeO MeO

s, B( Scr". CrºoNC*-* NC

• Crº", Cc1"> cº
corations, cutoacº (15 eq), pylone (30 eq),4A molecula:

sieves (75 wt.%), DMF, reflux, Argon.

C■

4. >

■ º
t-Bu

7

745

5 85
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Table A.3. Substituent Effects in the Cross-Coupling of Thiols with Phenyl Boronic Acid

entry thiol product time (h) "a yield

HS .” Sº …’ Sº S >"C. CrCl . .
,-2 S.2. $ 22

S2 shºp ºr 7.
^2

OAC

º ...OAC 4. 51\º **. s^o OAC

,”

4 J cº
5 55$2.

SS -

5 Jº C■ > 4 2HS $ 2

O 2^s…S
6 | J. Sr* 5 OHSTS $22 O

... .S.- .CO.Me

7 HS^Co.Me Cy ~~~~2 4. OSº

Conditions Cu(OAc)2 (1.5 eq), pyridine (3.0 eq), 4A molecular
sieves (75 wt.%), DMF, reflux, Argon.
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Scheme A.2. Synthesis of N-Benzyloxycarbonyl-(S-phenyl)-L-cysteine

SSt-Bu i SH ii SPh iii■ = ... [...+ ... [...+
H2N CO2H CBzHN YCO2Allyl CBzHN YOO2Allyl

3 4 5

Conditions:

i) (a) Benzyloxycarbonyl chloride (1.2 eq), 10% NaHCO3 in water,
1,4-dioxane (3 h, 0 °C-rt, 78%), (b) Allyl alcohol (1.3 eq), TsCH
(0.2 eq), benzene (18 h, 80-100°C, 86%), (c) Dithiothreitol (15 eq),
10% NH4HCO3 in water, DMF (3 h, rt, 68%); ii) Phenylboronic
acid (2 eq), Cu(OAc)2 (1.5 eq), pyridine (3 eq), 4Å mol sieves, DMF
(2 h, reflux-110°C, 79%); iii) Pa(PPh3)4 (0.1 eq), piperidine (10 eq),
PPh3 (0.3 eq), THF (2 h, rt, 58%).

[...]
Yº;
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APPENDIX B

Methods
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Expression and Purification of GST-MAGI-3 PDZ2 from a Frozen Glycerol Stock

1. Spread cells from a glycerol stock of GST MAGI-3 PDZ containing

BL21 DE3 cells.

a. Use pre-set LB/ agar plate containing 100pg/ml ampicillin.

b. Frozen glycerol stock is kept in -80° C freezer. Using a sterile

loop or blunt end glass pipette scrape a small chunk of cells from the still

frozen stock and spread across 1/3 of the plate.

C. Turn the plate and using a sterile loop or blunt end glass pipette

cross the cell containing part of the plate once and spread these cells over

another 1/3 of the plate.

d. Turn the plate again and repeat c.

2. Allow the plate to grow overnight (12-16 hours) in a warm humid

incubator at 37°C.

3. Make a starter culture.

a. When colonies appear individually, round and fat, chose a

single colony with a sterile loop or plastic pipette and transfer to a sterile

small flask of 100ml of LB media containing 100pg/ml ampicillin.

b. Top with aluminum foil and let swirl in shaker at 225 rpm and

37°C overnight (12 hours) or until thick and opaque.

4. Inoculate expression LB media

a. Centrifuge the starter culture to settle cells.

b. Decant clear media.
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C. Resuspend cells in small volume of LB media containing

70pg/ml of carbenicillin (for stricter selection).

d. Divide starter culture cells evenly among expression liters (2L

expression flasks containing 1L of LB media with 70pg/ml of carbenicillin.

5. Allow expression culture to grow at 37°C with 225rpm shaking to

O.D.600 of 0.8 (about 4 hours).

6. Induce with IPTG

a. Make a small solution of IPTG and add enough solution to

each culture flask to result in 1mM IPTG final concentration.

b. Allow induced cultures to grow at 37°C shaking at 225rpm for

3.5-4 hours.

C. Harvest cells by centrifuging for 15 minutes at 5000-10000

7. Wash cell pellets with a sucrose buffer.

a. TES buffer: 50mM Tris pH 7.5, 40mM EDTA, 25% Sucrose

b. Resuspend pellets in about 50mL of TES buffer by vortexing.

C. Centrifuge to pellet cells and discard supernatant.

d. Cell pellets may be frozen at -80°C at this point.

8. Lyse cells.

a. Resuspend cell pellets in 15mL hypo- osmotic buffer.

i. Hypo- osmotic buffer: 10mM Tris pH 7.4, 1mM

EDTA, 1 mM DTT, protease cocktail (protease cocktail should include:

1pg/mL leupeptin, 11g/mL aprotinin, 1 pig■ mL pepstatin and if wanting

* *
*...*

-
º,

e
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to use protein with indole scaffold irreversible PDZ inhibitor small

molecule compounds the above listed protease inhibitors are the only

ones that should be used).

b. Add a couple flakes of lysozyme, vortex to mix.

C. Let cells sit on ice x 1 hour.

d. Add 20mL of purification buffer

i. Purification buffer: 35mm HEPES pH 7.4, 10%

glycerol, protease cocktail (see 8.a.i)

C. Lyse cells with sonication 1 liter at a time (15 seconds on, 15

seconds off x 6 minutes total) while on ice. Cells should appear homogenous

and a light brown color. Keep tip of sonicator in solution and do not form

bubbles in solution.

9. Ultracentrifugation of lysed cells.

a. Add detergent Triton X-100 to 0.01%.

b. Transfer to centrifugation tube and centrifuged at 100,000rpm,

at 4°C for 1 hour.

10. Purify GST MAGI-3 PDZ2 protein from other soluble cellular

protein.

a. Pre wash glutathione sepharose beads (usually 1-2 mL per liter

of cells, each mL of glutathione sepharose will purify 7mg of GST protein)

with 1x PBS X2 to remove ethanol from beads.

b. Transfer centrifuged supernatant which contains only soluble

protein to 50mL conicals containing glutathione sepharose beads.
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C. Rotate at 4°C x 1-2 hour.

d. Centrifuge to settle beads and bound protein, decant

supernatant and keep in labeled conical tube for PAGE gel.

C. Wash with 15mL of purification buffer (see 8.d.i), rotate at 4°C

x 30 minutes. Centrifuge to settle beads and bound protein, decant supernatant

and keep in labeled conical tube for PAGE gel.

f. Repeat purification buffer wash above x 1.

8. Wash again with 15mL of purification buffer, but let rotate at

4°C overnight to remove slow off rate protein. Centrifuge to settle beads and

bound protein, decant supernatant and keep in labeled conical tube for PAGE

gel.

11. Elute GST MAGI-3 PDZ2 protein.

a. Add 10mL of elution buffer.

i. Elution buffer: purification buffer (see 8.d.i) with

100mM of glutathione at pH 7.4 – need to readjust pH after adding

glutathione.

b. Let rotate at 4°C x 30 minutes. Centrifuge to settle beads and

bound protein, decant supernatant and keep in labeled conical tube for PAGE

gel.

12. Dialyze glutathione from GST MAGI-3 PDZ2 protein.

a. Transfer elution to 10,000 molecular cut off dialysis membrane

(slides) and place in 1 liter of cold purification buffer (see 8.d.i), let stir with

stir bar x 4–6 hours at 4°C.
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b. Repeat above dialysis x 2 with changing dialysis solution.

13. Concentrate GST MAGI-3 PDZ2 protein.

a. Pre wash 10,000 molecular weight Centricon concentration

centrifugation tubes with purification buffer (10mL)

b. Transfer dialyzed elution to tubes. Centrifuge at 4000 rpm, at

4°C for 15 minutes. May need to repeat x1 to get a solution of about 1-6 mL.

14. Quantification of GST MAGI-3 PDZ2 protein.

a. Prepare standard solutions of albumin and three dilutions of

your unknown GST MAGI-3 PDZ2 protein.

b. Use Bradford assay with Coomassie assay solution.

15. Evaluation of GST MAGI-3 PDZ2 protein

a. PAGE evaluate protein and purification samples.
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Peptide Library Synthesis

1. Using 48 well Robbins block added Wang resin with initial amino acid

pre attached.

2. Performed standard solid phase peptide synthesis:

a. Washed with DMF to Swell resin.

b. Remove solvent completely.

C. Added 2mL of 20% piperidine in DMF to deprotect amine.

d. Let rotate x 30 minutes.

C. Remove solvent completely.

f. Washed with 3x 2mL of DMF, 3x 2ml of CH2Cl2, 1x 2mL

DMF, 1x 2mL CH2Cl2 with removing solvent completely between separate

washes.

g. Weighed 2.5 equiv of next protected amino acid into test tube,

added 2.4 equiv HBTU and 5 equiv of DIEA and vortexed to mix until slight

color change observed.

h. Transferred to block and let rotate x 2 hours.

i. Removed some beads and used Kaiser test to check

completeness of reaction.

3. Cleave peptides from resin

a. Cleavage cocktail contains only TFA (95%), phenol (1%),

thioanisole (2%) and water (2%).

b. Added 2 mL of cleavage cocktail and let rotate x 6 hours.

Removed and washed with TFA x 2.
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C. Evaporated solution in Genevac.

d. Dissolved in 50:50 DMF:water. Purified by reverse phase

HPLC on Biotage.

4. Labeled purified peptide with succidimidyl OregonCreen".

a. Dissolved peptide in 200mM phosphate buffer pH 7.

b. Added 3 equiv of succidimidyll OregonGreen" in DMF to

solution

C. Let stir at room temperature protected from light x 3 hours.

d. Purified by reverse phase HPLC on Biotage.

5. Quantified labeled peptide.

a. Using spectrophotometer at 496 A and approximate molar

extinction coefficient of OregonCreen" at 496) to be 70,000 cm'M'.
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Fluorescence Polarization Competition Assay

1. An amino labeled peptide OregonCreen"-PFDEDQHTQITTV

COOH with a Kd of 100 HM was used as the probe.

2. The assay buffer included 35mm HEPES at pH 7.4 in 10% glycerol

with 0.01% Triton X-100.

3. Add GST MGI-3 PDZ2 protein to a final concentration of 300 HM

about the Kd of the probe being used and the probe 10 nM.

4. Add the competitor to final concentrations of 10 pm to 3 mM.

5. Total volume of the samples was 23 pil and they were transferred in

384 well Corning opaque plate to be analyzed. Experiments were performed in

triplicate.

6. Fluorescence polarization was measured at equilibrium by LJL

Biosystems plate reader.
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