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Chapter 1

Introduction

1.1 Protein-Protein Interactions

The post-genomics era — a time when genomes are being sequenced and
sequences are released with less flourish, has dawned. Since genome
sequences do not always provide a direct link to biological activity, it is the
complex interwoven pathways governed by proteins that are now in the focus of
research. As the genomic era gives way to the proteomic era, biologists are
asking less about how genes encode proteins and more about how proteins

interact with each other.

1.2 Protein interaction domains

It is well known that the functioning of the majority of proteins within cellular
structures depend on their highly specific, non-covalent interactions with other
proteins. Protein-protein interactions (PPls) are extremely important in wide
range of biological activities. Understanding how these systems function or, more
importantly malfunction could give insight into how to disrupt pathological
processes. Also, interference with these interactions provides a means to control
cellular processes. In many cases these interactions are mediated by small,
modular, non-catalytic protein interaction domains like SH2 (Src homology 2),
SH3 (Src homology 3), WW (named after 2 conserved tryptophan residues), PTB
(phospo-tyrosine binding) and, PDZ (PSD95/Disc large/Zonula occludens-1).’
These interaction domains may control not only the specificity of signal
transduction, but also the kinetics with which cells respond to external and
intrinsic signaling events and may therefore be involved in complex cellular

behaviors.
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Interaction domains are designed to recognize exposed features of their binding

partners. A large family of domains like SH3, WW, EVH1%3

recognize proline rich
segments in the target proteins, SH2 and PTB domains*® specifically recognize
phosphorylated tyrosine residues whereas PDZ domains mostly bind to the
extreme C-termini of their target proteins.’®'? In addition to interaction domains
which mediate PPls, growing families of domains are known to bind lipids, mostly
phopsoinositides (PH and FYVE)'®'* and DNA (Tubby)." The assembly of these
domains within a protein creates a binding surface with varying specificities,
which tend to place the contained catalytic domains in optimal position to modify
their targets.

Given the ubiquitous nature of these interactions and the knowledge that
mal-functioning of these protein interaction domains leads to diseased states, it is
not surprising that PPls are becoming attractive targets for scientists who are
interested in developing inhibitors of these interactions as biological tools or as

therapeutic agents.

1.2.1 Inhibition of PPIs — challenges

Inhibition of PPIls is a extremely challenging task. Natural small molecules that
bind to the protein-protein interfaces are rare. Secondly, the protein-protein
interaction interfaces may be large (~700-1500 A?) and relatively flat thus unlikely
to suit binding of small molecule ligands. Despite the above mentioned
challenges the feasibility of using small molecules to inhibit PPIs has been
demonstrated by a handful of published results.'®"

Palcitaxel (Taxol), a frontline anticancer drug, binds to the [(-subunit of tubulin
heterodimer thus triggering apoptosis. Several other natural products known to
inhibit PPls are therapeutically relevant. These include cyclosporine A,
rapamycin and FK 506 which bind to specific protein targets activating signal
transduction.'® Motivated by tremendous therapeutic impact of these natural
product based PPI inhibitors, several in vitro screening studies have been
performed. The most well known inhibitors act on the anti inflammation target

LFA-1. Three other protein-protein interaction targets, human double minute 2
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(HDM2, known as MDM2 in mice), Bcl-2 and Bcl-XL, possess comparatively
deep hydrophobic grooves, which accommodate a-helical peptides of their
protein interaction partner. In > 30% of human sarcomas, the tumor suppressor
p53 is thought to be inactivated through interaction with HDMZ2, which binds to a
nine-residue amphiphatic helix of p53. In a study of this interaction, in vitro
screening yielded 100- to 300-nM small-molecule inhibitors, the activity of which
was demonstrated in xenograft models of cancer.’® Bcl-2 and the related family
member Bcl-X are anti-apoptotic proteins whose activity is regulated through
interaction with approximately 16-residue a-helical peptides of pro-apoptotic
proteins, such as BAK. Several chemical classes of 0.1- to 10-uM small molecule

inhibitors have been identified by various research groups.?

1.3 PDZ domains

PDZ domains were originally recognized as ~100 amino acid long repeated
sequences in the synaptic protein PSD-95/SAP90 (postsynaptic density the
Drosophila septate junction protein) Discs-large, and the epithelial tight junction
protein ZO-1 (Zona occludens). Initially they were also referred to DHR (Disc
large homology repeats) or GLGF repeats based on a conserved GLGF
sequence in most of the domains of this family. Since their discovery
approximately 15 years ago, PDZ domains have emerged as one of the most
important classes of protein interaction domains. They are fundamental in
regulating the dynamic organization of the cell. PDZ domains play central role in
organizing networks of signaling proteins and in targeting selected cellular
proteins to multi-protein complexes.'®'??" These domains are also one of the
most abundant protein domains in the H. Sapiens genome, with around 449
domains occurring in 250 proteins (Table 1.1). Along with vertebrates PDZ
domains are wide spread in metazoans, plants and bacteria,?® but are rare

among viruses and yeast.
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Domain Number of
occurrences

PTB 58

Ww 142
SH2 170
PDZ 449
SH3 454

PH 469

Table 1.1: Most commonly occurring protein interaction domains in the H. sapien
genome. Data obtained from the SMART database. (http://smart.embl-
heidelberg.de)

1.3.1 Structure of the PDZ domains and their mechanism of peptide
recognition

Like most of the protein domains, PDZ domains show compact globular structure
with their 'N” and "C’ termini close to one another in their folded state. Thus the
domains are highly modular and may be inserted into the proteins without
significant structural distortion during the course of evolution. The PDZ domain
fold typically consists of 6 B-strands (BA — BF) forming two opposing anti-parallel
sheets flanked by 2 a-helices (aA and aB). (Figure 1.1) The peptide ligand binds
within an extended surface groove lined by B and aB in form of a B-strand. This
mechanism of peptide binding is known as B-strand addition.?® The peptide
backbone is involved in extensive hydrogen bonding with the protein in a fashion
similar to those observed in a B-sheet. The carboxylate group binds to the
protein through a carboxylate-binding loop just preceding BB and has a

conserved —GYGY- motif (where s is a hydrophobic residue).
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Figure 1.1: Structure of a PDZ domain and its peptide recognition mode.
Ribbon model of the third PDZ domain of PSD95 (1BE9) in complex with C-
terminal peptide (KQTSVcoon) derived from cystine-rich-interactor of PDZ three
(CRIPT). The residues in the conserved GLGF loop are colored yellow and the
peptide residues are colored according to atom type.
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1.3.2 Specificity of peptide recognition

Most of the PDZ domains specifically recognize 4-6 C-terminal residues of their
target proteins. The nomenclature of the residues within the PDZ binding motif is
as follows: the C terminal residue is referred to 0 and the preceeding residues
towards the N terminus are referred to as -1, -2, -3 etc. This nomenclature will be
used in all further discussions. Extensive peptide library screens in initial days
revealed the specificities of the PDZ domains towards their target peptides.?*%*
These studies along with the structure of the PDZ peptide complexes suggested
that the 0 and -2 residues in the peptide ligand are critical for the specificity of
the protein-peptide interaction. Based on these studies, PDZ domains have been
classified into 3 classes. Class 1 PDZ domains show preference to the motif S/T-
X-@-coon (Where @ is a hydrophobic amino acid and X is any amino acid). Class 2
PDZ domains recognize @ -X- @-coon and class 3 PDZ domains recognize X-X-C-
coon sequence motif. Despite this classification, many PDZ domains target a
broad range of ligand sequences which does not match this classification
scheme. 62 The overlap of the recognition sequences suggest that the in vivo
selectivity and specificity for the PDZ-target interaction is achieved by
compartmentalization and by co-operativity of the accompanying domains.

Apart from C-terminal peptides of the target proteins PDZ domains have also
been shown to recognize internal peptide modules.” * An example of the
internal peptide recognition by a PDZ domain is that of the interaction between
nNOS PDZ and syntrophin PDZ domain.?® In this interaction a 30 residue
extension of the nNOS PDZ domain adopts a [-finger orientation and docks in
the syntrophin PDZ through its Phe(0) and Thr(-2) residues. In this interaction the
C-terminus is replaced by a sharp B-turn. Thus, it is postulated that all PDZ
domains may bind internal peptide motifs if they are presented within the correct

structural context. Some PDZ domains are also known to interact with lipids.®'
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1.3.3 Functions of PDZ domains

PDZ domains are very important in dynamic organization of the cell. They play a
central role in signaling by organizing network of receptors and in targeting
cellular proteins to multi-protein complexes. The best known examples of PDZ
organized multi-protein complexes occur in neuronal and epithelial cells. PDZ
domains containing proteins appear to play a major role in organizing polar sites
of cell-cell communication. PDZ domain containing proteins play a crucial role in
organizing receptors and their downstream effectors as well as transporting and
targeting appropriate proteins to the sites of signal transduction. Some of the
best studied PDZ domain containing proteins involved in the above mentioned
processes are discussed below:

At the dendritic side of the neuronal synapse there is a dense complex of
proteins termed as postsynaptic density (PSD) which contain many of the
signaling components. One of these proteins PSD-95 has three PDZ domains, a
SH3 domain and a GuK domain is one of the best studied examples of PDZ
scaffolds. The PDZ domains of PSD-95 bind to many of the members of the
PSD. The first and the second PDZ domains of PSD-95 bind to the N-methyl-D-
aspartic acid (NMDA) glutamate receptor different channels, thus suggesting a
role of this protein in channel aggregation. The second PDZ domain of PSD-95
and the single PDZ domain of syntrophin bind the C-terminal PDZ domain of
nNOS. These interactions, respectively, bring nNOS in close proximity to the
NMDA receptor channel in neuronal synapses and mediate the association of
nNOS with sarcolemmal membranes in skeletal muscle.* The binding of nNOS
to the NMDA receptor couples NMDA receptor mediated Ca®* influx to the

activation of nNOS.

1.3.4 Regulation of interactions mediated by PDZ domains

Although the structures and mechanisms of a number of PDZ domains have
been investigated, the regulation of the interactions is not fully understood. One

of the mechanisms involved in regulation is phosphorylation of the residues
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involved in the binding. A serine residue at position -2 of the inward rectifier K*
channel Kir2.3 (IRK4), for example, can be phosphorylated by protein kinase A
(PKA); phosphorylation of this residue by PKA abolishes IRK4 interaction with
the PSD-95 PDZ domain. Similarly phosphorylation of a serine residue at -3
position of the a-amino-3-hydroxy-5-methyl-isoxazole-4- propionic acid (AMPA)
receptor subunit GIuR2 C-terminus by protein kinase C (PKC) abolishes its
interaction with GRIP.

1.3.5 PDZ domains as a model for design of PPI inhibitors

PDZ domain containing proteins are involved in forming complex signal
transduction networks. These proteins have been shown to play a major role in
targeting, clustering and cycling of many membrane receptors and ion-channels.
Provisional role of the PDZ domains in regulating these proteins which are
involved in disease states make them prime targets for inhibitor design.** PDZ
domains have a structurally well defined, but shallow binding surface that shows
moderate affinity to their cognate peptide ligands. The discreet properties of the
PDZ-peptide interaction make them a promising but challenging, barley

druggable targets for modulation by low molecular weight compounds.'®34-%

1.4 The AF6 PDZ domain

The PDZ domain used as an example in this work was derived from the protein
AF6 (ALL-1 fusion partner on chromosome 6)*’. AF6 contains two N-terminal
Ras-assiociation domains,* a forkhead association domain (FHA)*®, a class V
myosin homology repeat, also known as dilute domain (DIL), a class Il PDZ
domain and a praline rich sequence. The PDZ domain of AF6 mediates the
interaction with a subset of ephrine receptor protein-tyrosine kinases,***' the
poliovirus receptor-related protein PRR2/nectin,** the junctional adhesion
molecule (JAM)*® and the breakpoint cluster region protein (BCR)**. The AF6
protein has been proven to be involved in Ras signaling pathway. AF6 acts a

scaffolding protein which brings together BCR and Ras in a trimeric complex
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(Figure 1.2). This trimeric complex might play an important role in down-

regulating the Ras signaling pathway.**
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Figure 1.2: Effect of Bcr on Ras-dependent stimulation of ERK via AF6. a) In
quiescent cells the constitutively active Bcr phosphorylates AF6 (step 1), which
leads to the interaction of the PDZ domain of AF6 with the PDZ-binding motif of
Ber (step 2). This interaction increases the affinity of AF6 for Ras via the Ras
binding domain (RBD) (step 3) and prevents binding of Raf to Ras (step 4).
Under these conditions the protein kinase cascade composed of Raf, MEK, and
ERK is not activated. b) Phosphorylation of Bcr on tyrosine residues inactivates
its protein kinase activity. Therefore, Bcr cannot phosphorylate (step 1) and
cannot bind to AF6 (step 2). Thus, AF6 does not compete with Raf for Ras (step
3) and does not interfere with the Ras-dependent activation of the protein kinase
cascade (step 4). P represents phosphorylation of proteins.
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1.5 Ligand screening

There are three critical stages for the design of inhibitors in a drug/ligand
discovery platform. The first stage is lead identification for the compounds that
show moderate activity towards the target. The second step is in vitro lead
optimization. This stage is an iterative process of design-synthesis-assay which
is normally guided by 3D structural information of the complex. The final step is
the optimization of in vivo potency of the obtained ligand. A modern ligand/drug
discovery platform can be summarized as shown in Figure 1.3

Following sections summarize the NMR spectroscopy-based techniques for the

identification of inhibitors for protein targets.

Compound I Chemical
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Figure 1.3: General work flow for ligand screening against protein targets.

ng quality

Usually, high-throughput screening (HTS) methods are used for the purpose of
ligand identification in the first step. HTS refers to a process of screening
thousands of compounds against a given target in a relatively short period. The
most commonly used ligand screening strategies utilize two basic approaches,
the purely serendipity-based “brute-force” methods like combinatorial chemistry
and high-throughput screening (HTS). Although these methods have been widely
used in pharmaceutical industry for a long time, their use has had less impact in
lead identification than originally predicted, and there is now a growing emphasis
on more logical approaches like “knowledge-based” or focused screening. The
“knowledge-based” approach, which makes use of literature and patent derived

molecular entities, endogenous ligands or biological information.

10



1. Introduction

A number of methods are available for ligand screening, including mass
spectrometry,*® fluorescence,*® circular dichroism,*” crystallography,*® small
molecule microarrays*® and Nuclear magnetic resonance (NMR) spectroscopy.*
Although conventional HTS methods, primarily fluorescence-based, have been
successful in the pharmaceutical industry, suitable leads for ligand design are not
always found using these methods. Today, NMR based techniques are being
increasingly applied in ligand design and discovery programs for a number of
reasons. Firstly, the changes detected in NMR based methods do not require a
change in fluorescence upon ligand binding. Therefore, NMR screening can often
identify the hits that are missed by traditional high-throughput screening
approaches.® Secondly, depending on the protein and ligand concentrations
used, NMR can detect weak ligand binding in the millimolar range. This can be
useful in ligand screening approaches in which weakly binding ligands can
sometimes be chemically linked to produce a tight binding compound.®
Detection of weak binders can also be useful in the context of a search for
functional ligand, in which a naturally occurring product inhibitor is likely to have a
weak binding constant. Thirdly, unlike other spectroscopic methods, NMR
provides details on the location of the binding site. This can then be compared
with the known functional site, to determine whether the binding of a small

molecule is physiologically relevant.
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1.6 NMR spectroscopy as a tool for ligand screening and high

resolution structure determination

1.6.1 NMR-based screening of ligands

The first case of NMR based screening for drug like molecules was reported in
1996.% Since then NMR spectroscopy has evolved into a powerful technique not
only in the field of ligand discovery but also in the field of structure based ligand
design.

Now, it is well established that NMR based screening techniques can be applied
effectively in both, primary and secondary screenings. Primary screening refers
to screening of a large compound libraries against the target, which leads to the
discovery weak binding ligands ( 100 uM < Kd < 5mM), where as the secondary
screening refers to a more detailed screening of compounds with moderate
affinities which may be derived from the “hits” discovered by primary NMR

screens or by any other biophysical technique.

Since the first case of NMR based lead discovery reported from Abbott
Laboratories in 1996, a number of NMR based methods have been developed to
identify ligands (Table 1.1). All these techniques take advantage of the fact that
free ligand and protein in solution retain their characteristic NMR properties (like
chemical shift, relaxation rates etc.). However, in presence of each other,
depending on their mutual affinity both the molecules are in equilibrium between
the free and the bound state. Therefore, the ligand transiently acquires the
proteins NMR parameters, which are characteristic of a large molecule, and the
presence of the ligand causes perturbations in the ligand binding site of the
protein. It is this ability to experimentally monitor these changes which makes
NMR based screening possible. These perturbations can be used qualitatively to
detect ligand binding or quantitatively to assess the strength of the binding

interaction.

12
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Target Signal Binding Kd Potential
Technique
requirement | observed | site info? (Molar) artifacts

Table 1.2: NMR based screening techniques
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1.6.2 Ligand-based NMR screening methods
High sensitivity of NMR spectroscopy to detect changes in the ligand NMR

parameters lies behind the idea of the ligand-based or ligand observed NMR
screening methods. As most of the ligand used in NMR based screening have
molecular weights <1000 Da, the ligand’s properties like relaxation rate can be
exploited to detect binding. Most of the ligand-based methods are based on: 1)
transfer of 1H magnetization to the bound ligand from the protein, and 2)
differential mobility of ligand in the free and bound states. Some of these

methods are described below:

1.6.2.1 Transverse relaxation

Monitoring the transverse relaxation (T2) of the ligand signals is one of the most
common methods to detect ligand binding by NMR. The transverse relaxation
rate (1/T2) of a small molecule tumbling rapidly in the solution is typically longer
than those of the protein molecules and ligands bound to protein, which are
tumbling much slower in the solution. Thus by using a T2 relaxation filter, signals
of the bound ligand can be selectively filtered out. In this method, two relaxation
edited spectra are obtained, one with and one without the ligand, upon

differencing these spectra the binding ligand can be obtained.

1.6.2.2 Nuclear Overhauser Effect (NOE) based methods

The methods based on the NOE include transferred NOE, NOE-pumping (and
reverse NOE-pumping) and saturation transfer difference (STD) NMR.

a. Transfer NOE®*: One physical parameter which distinguishes low molecular
weight ligand and a protein, is the rotational correlation time tc. Low molecular
weight compounds have a very short t¢c and thus exhibit positive NOEs, no
NOEs or very small negative NOEs. Large protein molecules, which tumble
slowly in the solution, have longer 1c and exhibit large negative NOEs. Thus
when a small molecule is liganded to a large protein the relaxation of the ligand is

governed by the rotational correlation time of the protein. Thus the bound ligand

14
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exhibit large negative NOEs which may be detected as transfer NOEs. The
transfer NOE method yields information on the conformation of the ligand when
bound to the protein.>®> From a structure-based ligand design perspective this
information is very valuable for the further design of compounds of improved
affinity. The detection of transfer NOEs, however, is not easy for high affinity
ligands (Kd < 10uM), where the ligand resonances are no longer in fast
exchange on the NMR timescale. Another potential problem is that compounds
with low solubility in aqueous solution tend to aggregate and exhibit large and
negative NOEs even in the absence of a macromolecular target. Furthermore,
the transfer NOE method is not suited for high-throughput analysis because the
2D 'H-'H NOESY experiment on which it is based is relatively insensitive,
requiring relatively long acquisition times to obtain spectra of sufficient quality.

b. NOE-pumping®® and reverse NOE-pumping®: In contrast to the transfer
NOE method described above which monitors the change in intra-molecular
NOEs of the ligand, the NOE pumping experiment relies on NOE to transfer the
signals of the protein to the bound ligand. In the NOE pumping experiment, a
diffusion filter is used before the NOE experiment which destroys all of the ligand
coherence, thus any ligand signal detected at the end of the NOE experiment
arises from the polarization transferred from the protein to the bound ligand
which is preserved after the diffusion filter. As the ligands dissociate from the
target protein the transferred magnetization is carried over. The signals observed
are not only from the ligands those are currently bound but also from the signals
pumped to the ligands free in the solution.

The reverse NOE pumping (RNP) method, as the name suggests, detects the
signals transferred to the protein from the ligand. In a RNP experiment a
relaxation or isotope filter is employed to first attenuate the protein signals while
preserving the signals from the ligand. The ligand then can loose its signal either
by NOE pumping of relaxation. To detect signal loss because of NOE pumping,
signal loss because of relaxation is measured by recording a reference spectra

by using the same filter after the NOE experiment. Comparison of the two
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spectra reveals the ligands that are involved in binding. Since the two spectra are
recorded on the same sample by interleave acquisition, subtraction artifacts
because of experimental conditions are minimized.

c. Saturation transfer difference (STD) NMR®®: Saturation Transfer Difference
(STD) spectroscopy has become the most popular method for screening due to
small amounts of receptor required and the relative ease of implementation. STD
as the name suggests is carried out by subtracting the spectrum obtained when
irradiation is placed on a protein resonance from the spectrum obtained when
irradiation is off resonance. When a protein is selectively irradiated it causes
saturation of the entire protein as well as that of any ligands that may bind to the
protein because of the efficient spin diffusion mechanisms of the large molecular

weight of the protein (Figure 1.4).
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Figure 1.4: Detection of binders using the Saturation Transfer Difference
(STD) experiment.

Frequency selective irradiation (lightning bolt) cause selective 1H saturation
(shading) of the target protein. The irradiation is applied for a sustained interval
during which saturation spreads throughout the entire receptor via "H-"H cross-
relaxation (spin-diffusion). Saturation is transferred to binding compounds
(circles) during their residence in the receptor binding site. The number of ligands
having experienced saturation transfer increases as more ligand exchanges on
and off the receptor during the sustained saturation period. Non-binding
compounds are unaffected (stars).

A complementary reference experiment is then recorded by irradiating off-
resonance with respect to protein using the same rf pulse train. Because of the

off-resonance pulses no perturbation in the resonances occurs. The on-
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resonance and off-resonance experiments are recorded on same sample in
interleaved fashion and the subtracted. The resulting difference spectrum has
peaks only of the species which have experienced the saturation. This includes
the protein and the binding compound resonances. The protein resonance will
not be visible because of their relatively low concentration in the sample or they

can be filtered out using a diffusion filter.

d. WaterLOGSY*®%: Water-Ligand observed via gradient spectroscopy
(WaterLOGSY) is a method closely related to STD NMR. As in STD NMR the
protein-ligand complex is selectively ‘tagged’ by a pulse scheme. Instead of
direct perturbation of the protein resonances, WaterLOGSY indirectly tags the
ligand by selectively perturbing the bulk magnetization of water. The transfer of
energy in a waterLOGSY experiment is water-protein-ligand. The selective
inversion of the water magnetization can be achieved by number of methods®'2
but the most popular method is the selective inversion using e-PHOGSY®.
Inverted water magnetization is transferred to the bound ligands via three
simultaneous strategies. One strategy involves direct 'H-'H cross-relaxation
between the bound ligand and ‘bound’ water molecules within the binding site. A
second strategy is direct cross-relaxation with exchangeable receptor NH/OH
protons within the binding site. Chemical exchange of these protons with those of
bulk water inverts their magnetization. The third strategy involves indirect cross-
relaxation with remote exchangeable NH/OH protons via spin diffusion. The
inverted magnetization is then relayed to other non-labile spins via spin-diffusion.
The above magnetization transfer schemes allow binding compounds to pick up
the magnetization while residing in the receptor binding site. Binding compounds
are distinguished from non-binding compounds by their differential cross-
relaxation properties with water. In the magnetization transfer schemes above,
the binders interact directly or indirectly with inverted water spins to yield

negative cross-relaxation rates. Thus when the spectrum is phased the bound
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ligands having received magnetization from the water will have opposite phase to

the non-binding ligands.

1.6.2.3 Diffusion

Translation diffusion rate, which can be accurately measured using gradient
assisted NMR spectroscopy64, can be used for detection of protein-ligand
interactions. In the case of a ligand in fast exchange between the free and
receptor-bound states, the observed translational diffusion coefficient (Dops) is
given by:

Dobs = Diree Miree = Dbound (1 = Miree),

where, My is the mole fraction of the ligand in the free state and Dsee and Dypoung
are the translational diffusion coefficients for the free and receptor-bound ligand
respectively. Thus, the diffusion coefficient of a small molecule will change upon
binding to a protein, and this change can be used to detect ligand binding. To
monitor binding, parameters need to be chosen for the diffusion filter (gradient
strength and diffusion delay time) that efficiently suppress the signals of
compounds which do not bind to the target receptor but allow the observation of
the signals of the receptor and receptor-bound ligands. The use of diffusion-
edited NMR spectroscopy for screening compound libraries was first illustrated
by Lin et al.%>®

1.6.3 Protein-based NMR screening methods

The other approach to detect interaction between a ligand and a target is to
analyze the chemical shift perturbations observed in the target when the ligand
interacts with its surface. Traditionally crowded spectra and challenges in
resonance assignments of large proteins have limited the utility of this approach
to relatively small monomeric proteins (> 30,000 Da). Recent advances in isotope

labeling strategies and development of new pulse programs (TROSY®"%®

etc)
have somewhat relaxed the molecular weight restriction of the target protein

extending the number of targets those can be screened by these methods.

18



1. Introduction

The methods that observe protein resonances as proof of ligand binding are
discussed below.

1.6.3.1 Chemical shift mapping

Of the NMR sensitive parameters chemical shifts are the ones that have been
used most extensively in detecting protein ligand interactions. 2D 'H-">N HSQC
or 'H-"C HSQC®® experiments are recorded in presence and absence of the
ligand. By comparing the chemical perturbations in the spectrum after addition of
the ligand, binding can be detected. While the former allows detection of changes
in the amide protons and nitrogen nuclei of the backbone and Asn and Gin side
chains and requires the protein sample to be enriched in "°N, the latter requires
3C enrichment but yields information on chemical shift changes in all side
chains. Although 3¢ labeling allows the chemical shift perturbation approach to
sample hydrophobic patches on the surface of the protein, the "°N experiment is
normally preferred because it requires neither the relatively costly "*C enrichment
nor the often lengthy process of side chain assignment. In both cases, by
measuring the chemical shift changes as a function of ligand concentration the
affinity constant between the ligand and the target can be accurately measured.
A typical chemical shift perturbation experiment is shown in Figure 1.5. The most
important feature of this method is the structural information that it delivers; the

binding site can be mapped on the surface of the protein.

1.6.3.2 Selective active site isotope labeling:

Although advent of new pulse sequences like TROSY (Transverse Relaxation
Optimized Spectroscopy)®’®® and CRIPT (Cross Relaxation Induced Polarization
Transfer) have increased the molecular weight limit of the proteins suitable for
NMR above 100 kDa, spectra obtained from such systems can none the less be

extremely complicated, making protein-ligand interaction studies tedious. One
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Figure 1.5: Detection of protein ligand interaction by Chemical shift mapping.
1H-15N HSQC spectra of the AF6 PDZ domain in presence of a small molecule
ligand (Blue) and in absence of the ligands (Red) are shown. The residues
showing chemical shit perturbations are labeled.
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way of reducing the complexity of the spectra is to selectively label the acitive
site of the protein under study. Recently a labeling scheme that selectively labels
pair of residues lying in the active has been demonstrated.”®”" In this case the
authors selectively labeled one residue with *C and the other by '°N so that
these two residues will be the only source of the signal in a multi-resonance
experiment. Compounds can be then tested against such selectively labeled
proteins and those that bind to the protein in the active site will cause chemical

shift perturbation of the labeled amino acids.

1.6.4 Screening of ligands for protein mixtures

As practiced today NMR based screening is a serial process. Multiplexing can
increase the throughput of the screening process. NMR based screens have
been multiplexed to screen multiple compounds together and upto 100
compounds have been tested simultaneously’?, but multiplexing number of
proteins in a screen is more challenging because of the inherent complexity of
the protein signals. Recently Zartler et.al described a method of screening
several protein targets at once by Rapid Analysis and Multiplexing of
Experimentally Discriminated Uniquely labeled Proteins by NMR (RAMPED-UP
NMR).” In this method, the proteins to be screened are uniquely labeled with
one amino acid type. Because of the unique labeling the spectra are greatly
simplified, resonances that are most likely to be affected by binding are the only
ones observed, and peaks that yield little or no information upon binding are

eliminated, allowing the analysis of multiple proteins easily and simultaneously.

1.6.5 Comparison of protein-based and ligand-based methods

As discussed above screening can proceed by ligand-based or protein-based
methods. ldentifying the chemical shift perturbations in the protein-based
methods, one not only identifies the binding ligands but can also localize their

binding site. Such methods exploit the site specific information provided by the

21



1. Introduction

assigned spectra of the protein of interest along with priori knowledge of its 3D
structure. This suggests strategies for fragment based ligand design. As
described by Shuker et.al., low affinity ligands binding to distinct sub-sites on the
protein can be linked or extended to yield high affinity ligands (SAR-by-NMR).>
By monitoring the chemical shift perturbations of a assigned protein one can also
distinguish specific and non-specific binding. Also unlike ligand-based methods,
protein-based screening methods do not rely on fast exchange of the ligand
between bound and unbound states so is equally well suited to identify weak as
well tight binding ligands.

The main problem facing the protein-based methods is the type of protein chosen
for the screening purposes. Most of the pharmaceutically important targets can
be challenging to realize in a cost effective manner. For example one of the pre-
requisite of protein-based methods is expression of labeled (**N, *C, 2H) target
in mg quantities which can become prohibitively expensive. Secondly, the most
popular expression system for NMR purposes, E. coli, is not suitable for
expressing mammalian proteins, whose expression may be toxic to the host cell.
Even if the protein is expressed in large quantities resonance assignment of
large proteins (> 30,000 Da) frequently encountered in pharmaceutical research,
can be a tedious and time consuming process.

Ligand-based methods compare the NMR parameters of ligand in presence and
absence of the protein. So the size of the protein used in this case is irrelevant.
Secondly ligand-based methods do not require large quantities of isotopically
enriched protein samples for screening purposes. Also no assignment of the
target protein is necessary in this case allowing rapid screening of ligand for
number of target proteins.

The main disadvantage of ligand-based methods is its inability to localize the
binding ligands on the protein. Secondly as most of the ligand-based approaches
rely on fast exchange of ligand between the bound and unbound states they are

biased towards weakly binding ligands and large ligand molar excess. The
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consequent risk is that at such high concentrations ligands may start binding to
the secondary, low affinity, non-specific sites on the protein.

Clearly, both ligand and protein-based screening assays have distinct
advantages and disadvantages but the method of choice for ones purpose
should be decided after taking into consideration the above mentioned properties

of the two methods.

1.7 High resolution structure determination by NMR
spectroscopy

It has been more than 40 years since NMR spectroscopy hit the analytical scene,
and yet its capabilities continue to evolve. Since its early days when NMR was
primarily used to verify the structure of small organic molecules, the technology
behind this technique has exploded and today NMR spectroscopy has become
one of the most valuable tools to study protein structures. Standard experimental
procedures for structure determination by NMR utilize experimentally derived
distances and torsional angle restraints in a constrained MD run. Structures
determined by using inter-proton distances based on NOE intensity,
supplemented with torsional angles and chemical shift data are of reasonably
high quality. Based on the development for NMR techniques it has been
suggested that the structures determined by NMR will have similar resolution as

compared to X-ray crystallography (~2.5 A).”*
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1.8 Objectives of this research

Protein-protein interactions (PPIs), which are mediated by small modular
domains, are extremely important in a wide range of biological activities but are
extremely challenging pharmacological targets due to the difficulties in inhibitor
design.

Here, we use PDZ domains as test cases for development for PPI inhibitors.
PDZ domain containing proteins are involved in forming complex signal
transduction networks. Prior to this study no reversible small molecule
modulators for the PDZ domain family were known. Also, no 3D structures of the
AF6 PDZ domain or the AF6 PDZ domain in complex with its ligands were
determined earlier. The aim of this work is to identify low-molecular-weight,
reversible ligands for PDZ domains using the AF6 PDZ domain as a
representative for ligand development purpose. To achieve this goal, following
work packages were designed:

1. NMR based screening of ligands for the AF6 PDZ domain to identify novel
inhibitors for these previously untargeted protein domains. 'H-""N HSQC
based screening method is applied to identify ligands from the FMP
compound library.

2. Screening of analogues of the positive “hits” from the primary screens to
identify ligands with higher affinity. The affinity of ligands is quantified by
monitoring the chemical shift perturbations of backbone HN’s of the
protein and also by determining binding constants by NMR titrations for
few compounds.

3. Structure determination of the AF6 PDZ domain and AF6 PDZ domain in
complex with the best binding ligand. Standard NMR derived structural
restraints are applied in the calculation of the three dimensional structure
of this domain.

Ligand screening and optimization is a cyclic procedure where successive
rounds of screening and analogue synthesis alternate with each other. In this

work the synthesis of ligands is guided by the screening results. New compounds
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are synthesized by taking into consideration the chemical shift perturbations of

the proteins backbone HNs to generate better binding ligands than those

obtained from the primary screens. The structure of the AF6 PDZ domain in

complex with the best binding ligand will be used as a starting point further

structure-based ligand development.

1.9 References

Pawson, T., M. Raina and Nash P. Interaction domains: from simple
binding events to complex cellular behavior. FEBS Lett. 2002, 513, 2-10.
Zarrinpar, A., R.P. Bhattacharyya, W.A. Lim. The structure and function of
proline recognition domains. Sci STKE 2003, 2003, RES.

Ball, L. J., T. Jarchau, H. Oschkinat and U. Walter. EVH1 domains:
structure, function and interactions. FEBS Lett. 2002, 513, 45-52.

van der Geer, P., S. Wiley, V.K. Lai, J.P. Olivier, G.D. Gish, R. Stephens,
D. Kaplan, S. Shoelson, and T. Pawson. A conserved amino-terminal Shc
domain binds to phosphotyrosine motifs in activated receptors and
phosphopeptides. Curr Biol 1995, 5, 404-412.

Anderson, D., C.A. Koch, L. Grey, C. Ellis, M.F. Moran and T. Pawson.
Binding of SH2 domains of phospholipase C gamma 1, GAP, and Src to
activated growth factor receptors. Science 1990, 250, 979-982.

Blaikie, P., D. Immanuel, J. Wu, N. Li, V. Yajnik, and B. Margolis A region
in Shc distinct from the SH2 domain can bind tyrosine- phosphorylated
growth factor receptors. J. Biol. Chem. 1994, 269, 32031-32034.
Kavanaugh, W. M., and L.T. Williams. An alternative to SH2 domains for
binding tyrosine-phosphorylated proteins. Science 1994, 266, 1862-1865.
Matsuda, M., B.J. Mayer, Y. Fukui and H. Hanafusa. Binding of
transforming protein, P47gag-crk, to a broad range of phosphotyrosine-
containing proteins. Science 1990, 248, 1537-1539.

Sadowski, I., J.C. Stone and T. Pawson. A noncatalytic domain conserved
among cytoplasmic protein-tyrosine kinases modifies the kinase function
and transforming activity of Fujinami sarcoma virus P130gag-fps. Mol Cell
Biol. 1986, 6, 4396-4408.

Zhang, M., and W. Wang Organization of signaling complexes by PDZ-
domain scaffold proteins. Acc Chem Res 2003, 36, 530-538.

Sheng, M., and C. Sala PDZ domains and the organization of
supramolecular complexes. Annu Rev Neurosci 2001, 24, 1-29.

Hung, A. Y., and M. Sheng PDZ domains: Structural modules for protein
complex assembly. J. Biol. Chem 2002, 277, 5699-5702.

25



1. Introduction

(13)

(14)

(15)

(16)

Cullen, P. J., G.E. Cozier, G. Banting and H. Mellor. Modular
phosphoinositide-binding domains--their role in signalling and membrane
trafficking. Curr Biol. 2001, 11, R882-R893.

Burd, C. G., and S.D. Emr Phosphatidylinositol(3)-phosphate signaling
mediated by specific binding to RING FYVE domains. Mol. Cell 1998, 2,
157-162.

Santagata, S., T.J. Boggon, C.L. Baird, C.A. Gomez, J. Zhao, W.S. Shan,
D.G. Myszka and Shapiro L. G-protein signaling through tubby proteins.
Science 2001, 292, 2041-2050.

Pagliaro, L., J. Felding, K. Audouze, S.J. Nielsen, R.B. Terry, C. Krog-
Jensen and S. Butcher. Emerging classes of protein-protein interaction
inhibitors and new tools for their development. Curr Opin Chem Biol. 2004,
8, 442-449.

Rowinsky, E. K. Paclitaxel pharmacology and other tumor types. Semin
Oncol 1997, 24, S19-11-S19-12.

Schade, M., and H. Oschkinat. NMR fragment screening: tackling protein-
protein interaction targets. Curr Opin Drug Discov Devel. 2005, 8, 365-
373.

Vassilev, L. T., B. T. Vu, B. Graves, D. Carvajal, F. Podlaski, Z. Filipovic,
N. Kong, U. Kammlott, C. Lukacs, C. Klein, N. Fotouhi and E. A. Liu In
Vivo Activation of the p53 Pathway by Small-Molecule Antagonists of
MDM2. Science 2004, 303, 844-848.

Petros, A. M., E. T. Olejniczak and S. W. Fesik. Structural biology of the
Bcl-2 family of proteins. Biochim Biophys Acta 2004, 1644, 83-94.
Pawson, T., and Nash P. Assembly of cell regulatory systems through
protein interaction domains. Science 2003, 300, 530-538.

Ponting, C. P. Evidence for PDZ domains in bacteria, yeast, and plants.
Protein Sci. 1997, 6, 464-468.

Harrison, S. C. Peptide-surface association: the case of PDZ and PTB
domains. Cell 1996, 86, 341-343.

Songyang, Z., A.S. Fannin, C. Fu, J. Xu, S.M. Marfatia and A.H. Chishti.
Recognition of unique carboxyl-terminal motifs by distinct PDZ domains.
Science 1997, 275, 73-77.

Schultz, J., U. Hoffmuller, G. Krause, J. Ashurst, M.J. Macias, P.
Schmieder, J. Schneider-Mergener and H. Oschkinat. Specific
interactions between the syntrophin PDZ domain and voltage-gated
sodium channels. Nat. Struct. Biol. 1998, 5, 19-24.

Wiedemann, U., P. Boisguerin, R. Leben, D. Leitner, G. Krause, K.
Moelling, R. Volkmer-Engert and H. Oschkinat. Quantification of PDZ
domain specificity, prediction of ligand affinity and rational design of super-
binding peptides. J. Mol. Biol. 2004, 343, 703-718.

Vaccaro, P., and L. Dente. PDZ domains: troubles in classification. FEBS
Lett. 2002, 512, 345-349.

Boisguerin, P., R. Leben, B. Ay, G. Radziwill, K. Moelling, L. Dong, R.
Volkmer-Engert. An improved method for the synthesis of cellulose

26



1. Introduction

(38)

(39)

(40)

(41)

membrane-bound peptides with free C termini is useful for PDZ domain
binding studies. Chem. Biol 2004, 11, 449-459.

Hillier, B. J., K.S. Christopherson, K.E. Prehoda, D.S. Bredt and W.A. Lim
Unexpected Modes of PDZ Domain Scaffolding Revealed by Structure of
NNOS-Syntrophin Complex. Science 1999, 284, 812-815.

Gee, S. H., S.A. Sekely, C. Lombardo, A. Kurakin, S.C. Froehner and B.K.
Kaz. Cyclic peptides as non-carboxyl-terminal ligands of syntrophin PDZ
domains. J. Biol. Chem 1998, 273, 21980-21987.

Zimmermann, P., K. Meerschaert, G. Reekmans, I. Leenaerts, J. V. Small,
J. Vandekerckhove, G. David and J. Gettemans PIP2-PDZ domain binding
controls the association of syntenin with the plasma membrane. Mol. Cell.
2002, 9, 1215-1225.

Brenman, J. E., D.S. Chao and S.H. Gee. Interaction of nitric oxide
synthase with the postsynaptic density protein PSD-95 and alpha1-
syntrophin mediated by PDZ domains. Cell 1996, 84, 757-767.

Dev, K. K. Making protein interactions druggable: Targeting PDZ domains.
Nat. Rev. Drug. Discov. 2004, 3, 1047-1056.

Berg, T. Modulation of protein-protein interactions with small organic
molecules. Angew. Chem. Int. Ed. Engl. 2003, 42, 2462.2481.

Arkin, M. R., and J. A. Wells Small-molecule inhibitors of protein—protein
interactions:progressing towards the dream. Nature Rev. Drug Discov.
2004, 3, 301-317.

Fischer, P. M., and P.L. Lane Small-molecule inhibitors of the p53
supressor HDM2:have protein-protein interactions come of age as drug
targets? Trends Pharmacol. Sci. 2004, 25, 343-346.

Prasad, R., Y. Gu, H. Alder, T. Nakamura, O. Canaani, H. Saito, K.
Huebner, R.P. Gale, P.C. Nowell and K. Kuriyama Cloning of the ALL-1
fusion partner, the AF-6 gene, involved in acute myeloid leukemias with
the t(6;11) chromosome translocation. Cancer Res. 1993, 53, 5624-5628.
Ponting, C. P., and Benjamin D.R. A novel family of Ras-binding domains.
Trends Biochem. Sci. 1996, 21, 422-425.

Hofmann, K., and Bucher P. The FHA domain: a putative nuclear
signalling domain found in protein kinases and transcription factors.
Trends Biochem. Sci. 1995, 20, 347-349.

Hock, B., B. Bohme, T. Karn, T. Yamamoto, K. Kaibuchi, U. Holtrich, S.
Holland, T. Pawson, H. Rubsamen-Waigmann and K. Strebhardt PDZ-
domain-mediated interaction of the Eph-related receptor tyrosine kinase
EphB3 and the ras-binding protein AF6 depends on the kinase activity of
the receptor. Proc Natl/ Acad Sci U S A. 1998, 95, 9779-9784.

Buchert, M., S. Schneider, V. Meskenaite, M.T. Adams, E. Canaani, T.
Baechi, K. Moelling and C.M. Hovens. The junction-associated protein AF-
6 interacts and clusters with specific Eph receptor tyrosine kinases at
specialized sites of cell-cell contact in the brain. J. Cell. Biol 1999, 144,
361-371.

27



1. Introduction

(42)

(44)

(49)

(54)

(59)

Takahashi, K., H. Nakanishi, M. Miyahara, K. Mandai, K. Satoh, A. Satoh,
H. Nishioka, J. Aoki, A. Nomoto, A. Mizoguchi and Y. Takai. Nectin/PRR:
an immunoglobulin-like cell adhesion molecule recruited to cadherin-
based adherens junctions through interaction with Afadin, a PDZ domain-
containing protein. J. Cell. Biol 1999, 145, 539-549.

Ebnet, K., C.U. Schulz, M.K. Meyer Zu Brickwedde, G.G. Pendl and D.
Vestweber. Junctional adhesion molecule interacts with the PDZ domain-
containing proteins AF-6 and ZO-1. J. Biol. Chem 2000, 275, 27979-
27988.

Radziwill, G., R.A. Erdmann, U. Margelisch and K. Moelling. The Bcr
kinase downregulates Ras signaling by phosphorylating AF-6 and binding
to its PDZ domain. Mol Cell Biol 2003, 23, 4663-4672.

Villanueva, J., G. Fernandez-Ballester, E. Querol,F.X. Aviles and L.
Serrano Ligand screening by exoproteolysis and mass spectrometry in
combination with computer modelling. J. Mol. Biol. 2003, 350, 1039-1048.
Eggeling, C., L. Brand, D. Ullmann and S. Jager. Highly sensitive
fluorescence detection technology currently available for HTS. Drug Disc
Today 2003, 8, 632-641.

Wallace, B. A., R.W. Janes. Circular dichroism and synchrotron radiation
circular dichroism spectroscopy: Tools for drug discovery. Biochem Soc
Trans 2003, 31, 631-633.

Peat, T., E. de La Fortelle, J. Culpepper and J. Newman. From information
management to protein annotation: Preparing protein structures for drug
discovery. Acta Crystallogr Sect D: Biol Crystallogr 2002, 58, 1968-1970.
Winssinger, N., , S. Ficarro, P.G. Schultz and J.L. Harris Profiling protein
function with small molecule microarrays. Proc Natl Acad Sci U S A. 2002,
99, 11139-11144.

Stockman, B. J., and C. Dalvit. NMR screening techniques in drug
discovery and drug design. Prog NMR Spectros 2002, 41, 187-231.
Hajduk, P. J., R.P. Meadows and S.W. Fesik NMR-based screening in
drug discovery. Q Rev Biophys 1999, 32, 211-240.

Liu, G., Z. Xin, Z. Pei, P.J. Hajduk, C. Abad-Zapatero, C.W. Hutchins, H.
Zhao, T.H. Lubben, S.J. Ballaron, D.L. Haasch, W. Kaszubska, C.M.
Rondinone, J.M. Trevillyan and M.R. Jirousek Fragment Screening and
Assembly: A Highly Efficient Approach to a Selective and Cell Active
Protein Tyrosine Phosphatase 1B Inhibitor. J. Med. Chem. 2003, 46,
4232-4235.

Shuker, S. B., P.J. Hajduk, R.P. Meadows and S.W. Fesik. Discovering
high-affinity ligands for proteins: SAR by NMR. Science 1996, 274, 1531-
1534.

Meyer, B., T. Weimar and T. Peters. Screening mixtures for biological
activity by NMR. Eur. J. Biochemistry 1997, 246, 705-709.

Henrichsen, D., B. Ernst, J.L. Magnani, W-T. Wang, B. Meyer and T.
Peters, Bioaffinity NMR Spectroscopy: Identification of an E-Selectin

28



1. Introduction

(61)

(62)

(68)

(69)

Antagonist in a Substance Mixture by Transfer NOE. Angewandte Chemie
International Edition 1999, 38, 98-102.

Chen, A., and M.J. Shapiro NOE Pumping: A Novel NMR Technique for
Identification of Compounds with Binding Affinity to Macromolecules. J.
Am. Chem. Soc 1998, 120, 10258-10259.

Chen, A., and M.J. Shapiro NOE Pumping. 2. A High-Throughput Method
To Determine Compounds with Binding Affinity to Macromolecules by
NMR. J. Am. Chem. Soc 2000, 122, 414-415.

Mayer, M., and B. Meyer Characterization of ligand binding by saturation
transfer difference NMR spectroscopy. Angewandte Chemie International
Edition 1999, 38, 1784-1788.

Dalvit, C., G. Fogliatto, A. Stewart, M. Veronesi and B. Stockman.
WaterLOGSY as a method for primary NMR screening: practical aspects
and range of applicability. J. Biomol. NMR 2001, 21, 349-359.

Dalvit, C., P. Pevarello, M. Tato, M. Veronesi, A. Vulpetti and M.
Sundstrom. ldentification of compounds with binding affinity to proteins via
magnetization transfer from bulk water. J. Biomol. NMR 2000, 18, 65-68.
Mori, S., J.M. Bergand P.C. van Zijl. Separation of intramolecular NOE
and exchange peaks in water exchange spectroscopy using spin-echo
filters. J. Biomol. NMR 1996, 7, 77-82.

Mori, S., C. Abeygunawardana, P.C. van Zijl and J.M. Berg Water
exchange filter with improved sensitivity (WEX Il) to study solvent-
exchangeable protons. Application to the consensus zinc finger peptide
CP-1. J. Magn. Reson. B 1996, 110, 96-101.

Dalvit, C. Homonuclear 1D and 2D NMR Experiments for the Observation
of Solvent-Solute Interactions. J. Magn. Reson. B 1996, 112, 282-288.
Altiere, A. S., D. P. Hinton, and R.A. Byrd. Association of biomolecular
systems via pulsed field gradient NMR self-diffusion measurements. J.
Am. Chem. Soc 1995, 117, 7566-7567.

Lin, M., M.J. Shapiro and J.R. Wareing. Diffusion-edited NMR - affinity
NMR for direct observation of molecular interactions. J. Am. Chem. Soc
1997, 119, 5294-5250.

Lin, M., M.J. Shapiro and J.R. Wareing. Screening mixtures by affnity
NMR. J. Org. Chem 1997, 62, 8930-8931.

Pervushin, K., R. Riek, G. Wider and K. Wuthrich Attenuated T2 relaxation
by mutual cancellation of dipole-dipole coupling and chemical shift
anisotropy indicates an avenue to NMR structures of very large biological
macromolecules in solution. Proc. Natl. Acad. Sci. USA 1997, 94, 12336-
12371.

Riek, R., G. Wider, K. Pervushin and K. Withrich. Polarization transfer by
cross-correlated relaxation in solution NMR with very large molecules.
Proc. Natl. Acad. Sci. USA 1999, 96, 4918-4923.

Kay, L. E., P. Keifer and T. Saarinen. Pure absorption gradient enhanced
heteronuclear single quantum correlation spectroscopy with improved
sensitivity. J. Am. Chem. Soc 1992, 114.

29



1. Introduction

van Dongen Maria, J. P., J. Uppenberg, S. Svensson, T. Lundback, T.
Akerud, M. Wikstrém, and J. Schultz Structure-Based Screening As
Applied to Human FABP4: A Highly Efficient Alternative to HTS for Hit
Generation. J. Am. Chem. Soc 2002, 124, 11874-11880.

Weigelt, J., M. van Dongen, J. Uppenberg, J. Schultz, and M. Wikstrom
Site-Selective Screening by NMR Spectroscopy with Labeled Amino Acid
Pairs. J. Am. Chem. Soc 2002, 124, 2446-2447.

Hajduk, P. J., T. Gerfin, J-M. Boehlen, M Haberli, D Marek and S.W. Fesik
High-Throughput Nuclear Magnetic Resonance-Based Screening. J. Med.
Chem. 1999, 42, 2315-2317.

Zartler, E. R., J. Hanson, B. E. Jones, A. D. Kline, G. Martin, H. Mo, M. J.
Shapiro, R. Wang, H. Wu and J. Yan RAMPED-UP NMR: Multiplexed
NMR-Based Screening for Drug Discovery. J. Am. Chem. Soc 2002, 125,
10941-10946.

Clore, G. M., and A. M. Gronenborn Comparison of the Solution Nuclear-
Magnetic-Resonance and X-Ray Crystal-Structures of Human
Recombinant Interleukin-1-Beta. J. Mol. Biol. 1991, 221, 47-53.

30



