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Part I. Isolation of orexin receptor regulators via a microarray-based, two-color, cell-

binding screen

We have developed a novel two-color, cell-binding peptoid microarray screening
approach with which we discovered new orexin receptor ligands. We found that peptoids
on microarray, which showed preferential binding to receptor-expressing cells, indeed

regulate the function of the receptor in living cells. Although cell-adhesion peptide

Vi



microarrays have been used to isolate peptides that bind to cell surface receptors, this is
the first time that a non-peptide, small molecule microarray has been used to do so. We
also demonstrated that the pharmacophore of a hit peptoid can be rapidly identified
through sarcosine scanning. Subsequent modifications of the pharmacophore yielded a
potent antagonist (ICso = 1.7 uM) and an allosteric potentiator (ECsp = 120 nM) of the

orexin receptor.

Part II. Targeted inactivation of proteins triggered by visible light

Advances in genomics and proteomics have helped to provide thousands of potential drug
targets and thus target validation strategies are more important than ever. Among target
validation technologies, we are interested in chromophore-assisted light inactivation of
proteins (CALI) since it allows for time-resolved protein knock-out in living cells.
However, the practical use of this technology is limited, partially because of the low
CALLI efficiency of chromophores that are currently in use. To solve this problem, we
developed a convenient system to compare different chromophores for their CALI
efficiency, from which we found that Ru(Il) complex is a photo-stable and unusually
efficient CALI “warhead”. This finding led us to develop “photo-chemical protein knock-
out reagents” in which Ru(Il) complex was conjugated to small molecule ligands
targeting VEGFR2 or the 26S proteasome. When irradiated with visible light, these
reagents showed significantly increased potencies in inhibiting VEGF-induced VEGFR2

activation or proteolytic activity of the 26S proteasome.
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Chapter 1: Introduction

1.1. G-protein coupled receptors

G-protein-coupled receptors (GPCRs) are the largest class of cell-surface receptors and play
crucial roles in virtually every organ system. GPCRs are responsible for conveying
extracellular signals to the inside of the cell via interaction with intracellular heterotrimeric G
proteins. These signals include hormones, neurotransmitters, ions, odorants and photons
(Figure 1)!"*). GPCRs have been implicated in a multitude of human disorders and numerous
diseases have been linked to mutations and polymorphisms in GPCRs. GPCRs are the target
of many therapeutic agents that are currently in use. It is estimated that nearly 50% of all
modern drugs regulate GPCR activity in some way >,

All GPCRs contain three extracellular loops, seven transmembrane helices, and three
intracellular loops, with an extracellular N-terminal tail and an intracellular C-terminal tail.
The transmembrane domain is largely hydrophobic, whereas the extracellular and
intracellular segments, or loops, are generally hydrophilic, as would be anticipated from
amino acids exposed to the phospholipid-rich membrane and the water-rich environments,
respectively. The seven transmembrane helices are each ~24 amino acid long, while the C-
and N-terminal tails as well as loops can vary widely in length with up to hundreds of amino
acids'.

The specific effectors influenced by a given GPCR depend on the type of G-protein
that the receptor couples and activates . There are many types of Ga, Gp, and Gy subunits,
allowing for diverse combinations, although the most commonly used simple categorization
of GPCRs is by designation of coupling to either Gaq, Gai, and Gas. The mutual effector for
both Gai and Gas is adenylyl cyclase (AC), which is located on the inner leaflet of the

plasma membrane and generates cyclic-:AMP in response to stimulation or inhibition by Gas



and Gai, respectively. By contrast, the primary effector for Gaq is phospholipase CB, a

membrane-bound enzyme that converts phophatidylinositol-1,4,5-triphosphate.

* Light
* Ca*
* Odorants/pheromones
» Small molecules
* Proteins

Transmembrane
heptahelical domain
(7TM domain)

Effectors

LGOOH
. NN
Intracellular

messengers

Figure 1. Representative structure of a generic GPCR. GPCRs all have a common core composed
of seven transmembrane helices (the 7TM domain composed of TM-I-TM-VII) with an extracellular
N-terminal domain and an intracellular C-terminal domain.

1.2. Orexins and Orexin receptors

Orexins A and B (also named hypocretins 1 and 2) are neuropeptides discovered by two
groups in 1998 via orphan GPCR technologies or subtractive cDNA cloning !"*. The two
peptides are derived from a common precursor peptide, prepro-orexin. As GPCRs of orexins,
two orexin receptor subtypes OXR1 (HCRT1) and OXR2 (HCRT2) have been cloned. In
humans, OXR1 and OXR2 show 65% amino acid identity in transmembrane domains. Orexin
receptors have been described in the central nervous systems as well as peripheral organs.

OXRI1s have preferential affinity for orexin-A, while OXR2s do not discriminate between



both peptides in vitro. In the brain, orexins produced by the neuronal cell body located in the
lateral hypothalamus (LH) (Figure 2) and are important regulators of wakefulness, autonomic
nervous system tone, neuroendocrinal secretion, feeding behavior and energy expenditure!”
19 orexin systems have been a target of therapeutic interventions due to their roles in various

diseases described below.

Hypothalamus

QOrexin Neurons
Arousal Centers

Figure 2. Orexins are produced in the lateral hypothalamus (LH). Orexin neurons keep the
arousal centers active, helping stabilize wakefulness.
* Figure from http://healthysleep.med.harvard.edu/

1.3. Orexin system-related diseases

1.3.1. Sleep disorder

It has been observed that an orexin deficiency plays a role in the pathogenesis of
narcolepsy''!. Narcolepsy is the neurological disease, characterized by excessive daytime
sleepiness, catalepsy, hypnagogic hallucinations and sleep paralysis. Deficiencies of orexins
neurotransmission may be the cause of narcolepsy. Mutation in OXR2 in canine models and
murine models with a targeted deletion of preproorexin gene (orexin knock-out animals)

display a phenotype similar to the human narcoleptic condition''?. Through genetic analysis



of narcolepsy in dogs, it’s been suggested that deficits in OXR2 are sufficient to induce the
syndrome. In patients with narcolepsy, orexin neurotransmission is altered and orexin A level
is low or undetectable up to 95% patients examined. These findings suggest that replacement
therapies based on administration of oreixn receptor agonists might be beneficial. Indeed,
Yanagisawa et al. showed that symptoms of murine narcolepsy-cataplexy could be reversed
either by ectopic production of orexin peptides from a prepro-orexin transgene or by
pharmacological administration of synthetic orexin A.

On the contrary, blocking the orexin system has been proven beneficial for the
treatment of chronic insomnial"*. Transient and reversible reduction of brain orexin function
can be induced by dual orexin receptor antagonists that effectively pass the blood-brain
barrier (BBB). Such compounds under development for insomnia include SB-649,868 (by

GlaxoSmithKline) and ACT-078573 (Almorexant by Actelion).

1.3.2. Cancer
Orexins induce dramatic apoptosis in human colon cancer cell lines, resulting in massive
reduction of cell growth. The effect was also observed in human neuroblastoma cells and rat

4 Orexin-stimulated apoptosis is associated with mitochondrial

pancreatic tumor cells
cytochrome ¢ release into cytosol and activation of caspase-3 and caspase-7. The apoptosis
appears to be mediated by the OXR1 in colon cancer cells and neuroblastoma cells and by the
OXR?2 in pancreatic tumor cells. Promotion of apoptosis by orexins is an intrinsic property of
orexin receptors since transfection of OXR1 and OXR2 ¢cDNAs in Chinese hamster ovary
(CHO) cells deficient of endogenous receptors is sufficient to confer the ability of orexin to
promote apoptosis. A recent study suggests that that orexin-induced apoptosis is drivenby an
151

immunoreceptor tyrosine-based inhibitory motif (ITIM) (ITY>**NFL) present in the OXR1!

This effect is mediated by SHP-2 phosphatase recruitment via a mechanism that requires Gq



protein but is independent of phospholipase C activation. These recent findings add a new
dimension to the biological role of orexins and also suggest that a small molecule orexin

receptor agonist will have a potential to be developed as anti-cancer drugs.

1.3.3. Metabolic disorders
Recent findings suggest that orexin neurons act as direct sensors of metabolic signals.
Yamanaka et al. showed that the electrical properties of anatomically or functionally isolated
orexin neurons are directly sensitive to changes in the extracellular concentration of glucose
and the appetite-regulating hormones leptin and ghrelin!'®. Leptin and glucose inhibited the
electrical activity of orexin neurons, while ghrelin was stimulatory. These finding provide a
cellular explanation for how orexin neurons may become activated by body energy depletion.
It’s been suggested that orexin neurons are also involved in the pathogenesis of
metabolic disorders such as obesity. Narcoleptic patients (the majority of which are orexin
deficient) have higher body mass index (BMI) than population controls and higher incidence
of metabolic disorder such as obesity '\, It is also reported that mice with genetically ablated
orexin neurons become obese. Together, these results indicate that the activity of orexin
neurons may stimulate more energy expenditure (vial increasing metabolism) than energy
intake (via increased feeding). The link between the orexin systems and obesity was also
investigated in studies of the Prader-Willi syndrome, a complex genetic disorder which leads
to hypogonadism, appetite dysregulation, and hyperphagia associated with early childhood
obesity. Some patients also present with excessive daytime sleepiness. Nevsimalova et al.
looked at the levels of orexin in cerebrospinal fluid in four patients with confirmed Prader-
Willi syndrome, and found decreased levels compared to controls'™.

The Yanagisawa lab recently described that orexin signaling also has the capacity to

primarily promote energy expenditure via leptin sensitization. Activation of OXR2 signaling



or its downstream targets beneficially alters hypothalamic set points controlling metabolic
rate, food intake, and leptin and insulin sensitivity. They suggested that, while OXR1 may
influence circulating insulin levels, orexin overexpression improves insulin sensitivity by a

predominantly OXR2-dependent mechanism.

1.3.4. Addiction

There have been indications that orexins might have an important role in addiction.
Narcoleptic patients are often treated with highly addictive amphetamine-like drugs but they
rarely become addicted to these drugs. Furthermore, orexin knockout mice are less
susceptible than wild-type animals to develop morphine dependence. Harris et al. showed that
orexin neurons in the lateral hypothalamus (LH) are activated by cues associated with
rewards such as food or drugs, and that exogenous stimulation of LH orexin neurons
reinstates extinguished drug-seeking behavior in rodents!'”). Recently, Borgland et al. identify
a link between orexin and the neuronal changes induced by chronic exposure to cocaine in
dopamine cells in the ventral tegmental area (VTA), a 'hot spot' in the brain for developing
behaviors associated with drug addiction. They showed that release of orexin into the VTA
promotes the insertion of NMDA receptors into the excitatory postsynaptic membrane of
dopamine cells. This insertion eventually results in a delayed and more enduring increase in
AMPA signaling mediated by both pre- and postsynaptic changes. This sequence of orexin-
induced changes in NMDA and AMPA signaling are necessary for the induction of
neuroplasticity and behavioral sensitization by chronic cocaine. Together, these data indicate
that orexin-containing neurons in the lateral hypothalamus are necessary to induce
neuroplasticity at glutamatergic synapses within the VTA by drugs of abuse **.. A Recent

study also indicated that orexin A plays role in nicotine addiction of human smokers.



Blocking orexin-1 receptors not only decreased the motivation to continue nicotine use in rats,

it also abolished the stimulatory effects of nicotine on their brain reward circuitries "1,

1.4. Screening ligands using small molecule microarray

1.4.1. Small molecule microarray (SMM)

Stock solutions of Printed SMMs

small molecules

(c) (d)
Fluor-labeled
: 7 antibody E aining 10 and probed with fluor-|

1mm

Fluorescent features reveal

Protein—small-molecule
interaction on a microarray putative binding interactions

Curran Opinian in Chemical Biclogy

Figure 3. Preparation and screening of SMMs. (a) Stock solutions of small molecules are arrayed
onto functionalized microscope slides. Microarrays are typically screened by (b) incubation with a
protein of interest followed by (C) incubation with a fluorescently labeled antibody, either against the
protein or an epitope tag. (d) Fluorescent images indicate putative protein—small-molecule
interactions.



Small molecules are used as tools to study functions of proteins and cellular processes.
Specific small-molecule probes might uncover novel therapeutic targets for human disease as
well as serve as leads molecules for drug discovery. With increasing numbers of target
proteins are available for drug discovery, high-throughput methods for ligand discovery is
needed. Microarray technology has been advancing biomedical research by allowing high-
throughput analysis of tens of thousands of samples and by examining low nanomolar to
picomolar amounts of materials. Schreiber et al. initially reported a high-throughput protein-
binding assay involving microarrays of small molecules **!. Collections of small molecules
are immobilized, typically covalently, onto glass microscope slides. The small-molecule
microarrays (SMMs) are probed with a protein of interest and binding events are detected
using a fluorescence-based readout with a standard microarray scanner (Figure 3). Since the
initial discovery, there have been extensive efforts of developing several novel attachment
chemistries for the preparation of SMMs, as well as novel screening and profiling

applications /.

1.4.2. Peptoid microarray

Peptoids (N-substituted glycines) closely resemble peptides except that the side chains are
attached to the main chain nitrogen rather than the a-carbon (Figure 4). Peptoid oligomers are
protease resistant and non-immunogenic. Peptoids contain better diversity in functionality
than peptides. Because of ease of their synthesis via submonomer approach using thousands
of commercially available primary amines, peptoids have been a choice of peptidomimetic
libarary. Recent data suggest that peptoids are generally cell permeable and have been proven

to have excellent protein capturing property.
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Figure 4. Chemical structures of peptide and peptoid.

Previously, Kodadek’s lab developed methods to detect proteins using peptoid
microarrays. With this method, they were able to transform lead compounds of low affinity
into specific and efficient capture reagents for target proteins in the presence of complex
mixtures Y. Recently, they also showed that different proteins exhibit a different pattern of
binding (“fingerprint”) to the peptoids on the array (Figure 5) *. Together, these results
suggest that peptoid microarray can be useful tools of high-throughput ligand discovery and
protein profiling for diagnostic purposes.

MBP Ub

Figure 5. Protein profiling using
peptoid microarray. Images of
microarrays were obtained after
incubating fluorescently labeled
GST, MBP, or Ub on a peptoid
microarray. Each protein showed
different binding pattern to
peptoids on microarray.

No protein GST
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Chapter 2: Isolation of an orexin receptor antagonist via a microarray-

based, two-color, cell-based screen.

2.1. Introduction:

G-protein coupled receptors (GPCRs) are perhaps the single most important class of
drug targets today, with about 30% of current drugs either agonizing or antagonizing the
activities of these receptor.!"! In addition to ~ 200 GPCRs that are already under investigation
for drug development, an additional 500 or so GPCRs are predicted from the human genome
sequence.?! Therefore, there is a great interest in developing improved and more economical
high-throughput screening (HTS) methods to isolate GPCR-modulating compounds. One
commonly used approach is the radioligand binding assays, in which GPCR-binding
compounds are identified based on their ability to compete with radiolabeled natural ligands.
Recently, functional assays, such as triggering activation of a receptor-coupled reporter gene,
have emerged as a favored approach that can be easily applied to cell surface receptors
especially whose ligands are unknown (ex. orphan GPCRs).”** Functional assays have the
advantage of not requiring the use of radioactive compounds. However, they are quite
expensive and require a highly specialized robotic infrastructure, at least if large numbers of
compounds are to be screened. Moreover, the “hits” that one obtains from functional HTS
screens are of unknown quality, for example the degree to which they might cause off target
effects.

An alternative approach, first developed by Lam and co-workers, % is to employ one
bead one compound (OBOC) synthetic libraries displayed on hydrophilic beads and expose
these to cells that express the target receptor. Hits are identified by microscopic observation

of cells “sticking” to beads that display receptor-binding compounds. We recently reported an
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important elaboration of this type of screening technology with the development of a two-
color assay that demands extremely high specificity in order for a compound to be scored as a
hit.”) In this assay, cells lacking the target receptor were labeled with a green quantum dot.
The target receptor was then introduced into exactly the same cell type and these cells were
labeled with red quantum dots. The cells were then mixed and exposed to an OBOC library.
Only beads that bound red-labeled cells, but not green-labeled cells, were scored as hits. Thus,
a bead-displayed compound must largely ignore all of the other molecules on the surface of
the cell in order to be scored as a hit, ensuring high specificity for the target receptor. Using
the Vascular Endothelial Growth Factor Receptor 2 (VEGFR2) as a model system and a
library of =~ 260,000 peptoids'® as the source of potential ligands, we demonstrated that this
process indeed provides highly specific receptor ligands. One of these was further developed
into a potent antagonist of the receptor with the ability to inhibit angiogenesis in vivo.l” In
this part, we report an alternative platform for carrying out two-color, cell-based screens that

[9, 10]

employs microarrays comprised of several thousand peptoids.!'! As described below, this

assay format has some advantages over the bead-based approach, including more facile
identification of hits and more economical use of the combinatorial library.

For this study, we employed as a target the orexin receptor 1 (OXR1). OXR1 and the
homologous orexin receptor 2 (OXR2), are GPCRs that are activated by the neuropeptide

hormones orexin A and B. The orexin receptors are involved in the regulation of sleep and

[12, 13]

wakefulness as well as appetite control,l'” obesity and diabetes!’”! and addictive

behavior.!"”! Antagonists of OXRs have been investigated as treatments for insomnia!'”> '* *]

and agonists of the receptor are predicted to be useful for the treatment of narcolepsy,*”

which in most humans results from the absence of orexin-producing neurons.*"!
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2.2. Results

A microarray-based, two-color, cell-based screen to isolate peptoids that bind
specifically to orexin receptor.

First, we examined if microarray-displayed peptoids are capable of binding to cells stably
expressing human OXR1 (HEK293/hOXR1). The cells were incubated with the array,
constructed as described previously,!"!) for 1hr after first pre-blocking the array with 3% BSA
in DMEM to inhibit non-specific binding. The slide was then washed with PBS, and the
binding of the cells to the array was examined under a microscope. As shown in Figure 6A,
circular patterns of cell monolayers were observed at certain points on the array and the
diameters of the monolayers were similar to those of the printed peptoid spots (200 — 300
um), suggesting a cell-peptoid interaction at these features. This experiment suggested that
the hybridization conditions were appropriate for assay peptoid-receptor interactions.

Next, to identify peptoids that bind specifically to human OXR1 expressing cells,
HEK293 cells, which lack orexin receptors, were stained with SYTOS85 (green), and HEK293
cells expressing human OXR1 from a transgene were labeled with SYTO60 (red). After
mixing the cells in an approximately 1:1 ratio, they were applied to a peptoid microarray
displaying 5760 different 9-mers and incubated for lhr at 37°C. After washing followed by
fixation, the slide was scanned at 635-nm (to visualize HEK293/hOXR1 binding) and 532-
nm (to visualize HEK293 binding) and the two images were superimposed (Figure 6B). We
hypothesized that spots showing a high ratio of red over green fluorescence display peptoids
that bind to OXRI1 specifically. After quantification of the level of fluorescence in each
channel (532 nm and 635 nm, respectively) using a standard microarray scanner, we
identified 99 spots displaying above background fluorescence in one or both channels.

Some representative images of these spots are shown in Figure 6C. Calculated ratios of the
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Figure 6. A two-color, cell-binding peptoid microarray to isolate ligands for hOXR1. A) light
microscopic images of cells on peptoid microarray. Scale bar = 250 um B) Schematic illustration of
the screening procedure. C) Representative superimposed images (red and green) of cells on a
microarray after washing. Variation of red fluorescence over green was observed. D) Ratiometric
analysis of microarray images. Ratios of red over green fluorescence of 99 spots were shown. The
unfilled bar represents the mean of the 99 spots. *-ed bars represent peptoids which were attempted
for sequence analysis. F635 and F532 are mean fluorescence intensities of spots at 635-nm and 532-
nm, respectively. B635 and B532 mean background fluorescence intensities at 635-nm and 532-nm,
respectively.
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fluorescence intensities in the red and green channels are illustrated in Figure 6D. The 12
peptoid features displaying the highest red/green ratio above the mean were chosen as
possible OXR1 ligands and we attempted to sequence these molecules by tandem MALDI
mass spectrometry by going back to the corresponding peptoid solutions used to spot onto the
microarray. Sequencing provided unambiguous structures for five of these peptoids (see

supporting information), which we named orexin receptor binding peptoids, OBPs (Figure 7).
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Figure 7. Chemical structures of hit peptoids (OBPs)

Hit validation

Of course, a binding screen does not provide information on whether a particular
ligand might modulate the activity of the target receptor. Therefore, the five OBPs were re-
synthesized, purified by HPLC and employed in functional assays. OXR1 receptor activation

by orexin-A up-regulates adenyl cyclase, which subsequently increases cAMP production in
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OXR1-expressing cells.”  To quantify orexin-A induced cAMP elevation in
HEK293/hOXR1 cells, we employed a reporter gene (3xCRE-Luc) assay in which the
promoter of the reporter gene contains a cAMP responsive element upstream of the firefly
luciferase gene. After co-transfection with this reporter plasmid and a cAMP-unresponsive
Renilla luciferase-encoding plasmid, cells were serum-starved (4hr) and increasing
concentrations of orexin-A were added. After six hours, cells were lysed and the luciferase
activities were measured. As shown in Figure 8A, orexin-A stimulates cAMP elevation in a
dose-dependent fashion (ECsy = 43 nM). This stimulation was blocked by the commercially
available OXR1-selective antagonist SB408124 (Figure 8B), validating that this assay

measures orexin-triggered receptor activity.

SB408124
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Figure 8. A reporter gene assay monitoring OX1R activation by orexin A. a) Orexin A induced a
dose-dependent increase of cAMP production. b) The OX1R selective antagonist, SB408124 blocks
orexin-induced cAMP production.

As shown in Figure 9A, none of the OBPs showed agonist activity in this assay at a
concentration of 300 pM, but some weak antagonist activity was observed (Figure 9B). For
example, OBP1 showed an approximately 30% inhibition of orexin A-induced cAMP

elevation at 300 uM. OBP2 was not tested since it was cytotoxic to both HEK293 and
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HEK293/hOXR1 cell lines. The weak activity of OBP1 as an antagonist shows that the
microarray-based binding assay is capable of registering even low potency receptor-binding
molecules, probably because of avidity effects (i.e., the ability of multiple array-immobilized

peptoids to engage multiple receptors on the cell surface simultaneously).

a)
4 Figure 9. Regulation of hOXR1 function by
hit peptoids. Hit peptoids (OBPs) were tested
34 for their agonist (A) or antagonist (B)

activities. Error bars represent the standard
deviation of the mean from triplicate
experiments.
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Hit optimization: Identification of minimal pharmacophore
We are interested in the development of novel orexin receptor antagonists in
connection with some of our own biological work.*™ Thus, we attempted to improve the low

activity of OBP1. As a first step, we sought to identify the minimal pharmacophore of OBP1.
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Derivatives were synthesized in which each side chain (R) of OBP1 was replaced, in turn,
with a methyl group (Figure 10A and Figure 11). This “sarcosine scanning” strategy is similar
to the “alanine scanning” experiment that is often used to determine the residues in peptides

that are important for their biological activities.*"
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Figure 10. Pharmacophore identification using the sarcosine scanning strategy. A) Each side
chain (R) of the Nth residue was replaced with a methyl group to afford OBPI-N, sarcosine
containing peptoids. B) Effects of sarcosine replacements in antagonist activity of OBP1 (OBP1-N] =
300 uM). C) Chemical structure of truncated OBP1 (OBPt) and its antagonist activity. Error bars
represent the standard deviation of the mean from triplicate experiments.
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Figure 11. Chemical structures of OBP1-N, sarcosine derivatives

As shown in Figure 10B, all of the methyl-substituted derivatives exhibited lower

activity than the parent OBP1 peptoid in this single point assay (300 uM peptoid). However,

while some of the effects were modest, substitution of the side chains at the fifth and sixth

positions of the peptoid (compounds OBP1-5 and OBP1-6) resulted in a complete loss of

antagonist activity. Moreover, a truncated form of OBP1 (OBPt) containing only these two

residue was synthesized and found to exhibit antagonist activity equal to or even slightly

better than the parent OBP1 peptoid (Figure 10C). These results argue that the Nmba and
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Npip residues in the OBP1 hit comprise the minimal pharmacophore.

Hit optimization: rational design

The realization that the dimeric peptoid OBPt is the core pharmacophore
immediately suggested a possible route to improved compounds. As shown in Figure 4A,
there appears to be significant structural similarity between OBPt and ACT-078573, an orexin
receptor antagonist under investigation at Actelion Pharmaceuticals for the treatment of
insomnia.'”! We hypothesized that appending a hydrophobic unit to Npip nitrogen would
place this group in approximately the same region of space as the CFs-substituted aryl ring in
ACT-078573. The N-terminal secondary amine of OBPt was benzylated or benzoylated to
afford OBPt-1 and OBPt-2, respectively (Figure 12a). OBPt-1 indeed was found to block
orexin-A-induced cAMP elevation much more efficiently (ICso= 20 uM; Figure 12b) than
OBPt in the reporter gene assay. OBPt-2 showed a weaker, but still substantially improved,
activity (ICsp = 55 uM; Figure 12b), implying that our structural model is valid.

To validate this result using a different assay, we examined the effect of these
compounds on orexin-mediated stimulation of ERK phosphorylation. In CHO/OXRI cells, it
is known that orexin-A induced activation of OXR1 leads to a rapid, strong, and long-lasting
increase in phosphorylated ERK (pERK), which is the active form of this signaling
protein.>) As depicted in Figure 12c, orexin-A strongly elevated ERK phosphorylation and
this was inhibited by OBPt-1 in a dose-dependent fashion. The same effect was observed with
SB408124, an OXRI1 selective antagonist. We conclude that OBPt-1 is indeed an improved

OXR1 antagonist.
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Figure 12 Introduction of hydrophobic moiety at N-terminal of OBPt. A) Scheme of N-terminal
modification. i) BnBr, DIPEA ii) BZOH, DIC, HOAt B) Antagonist activities of OBPt-1 and OBPt-2.
Increasing concentrations (2, 20, 30, 50, and 75 pM) of peptoids were used. CON is N-benzylated
control peptoid (Figure 13). Error bars represent the standard deviation of the mean from triplicate
experiments. C) Inhibition of orexin-mediated phosphorylation of ERK by OBPt-1. A representative

figure from three different experiments is shown.
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Hit optimization: combinatorial chemistry
In an attempt to further improve the activity of the compound a small library of
additional derivatives were synthesized in which the substituents at positions R1-R4 (Figure

14) were varied.

A ek

Figure 14. Chemical structures of OBPt-1 derivatives.



c5h

From the library, we found that OBPt-3 and OBPt-4 were more potent OXR1 antagonists
than OBPt-1 with ICsos of 4.5 uM and 15.1 pM, respectively (Figure 15). We then
synthesized a derivative by combining the two substitutions in OBPt-3 and OBPt-4 that
distinguished them from OBPt-1 to afford OBPt-5. In addition, to examine if the absolute
configuration of the chiral center can affect activity, we also synthesized OBPt-6. As shown
in Figure 16, OBPt-5 showed increased potency (ICso = 1.7 uM). The potency of OBPt-6 was
quite similar (ICsp = 2.9 uM) to OBPt-5. OBPt-5 itself did not show any agonist activity
suggesting truncation and modification of the initial hit (OBP1) did not affect its regulatory

property (Figure 17)
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Figure 17. Agonist activity of OBPt-5

Specificity of OBPt-5

To examine the receptor sub-type specificity of OBPt-5, we tested the activity of
OBPt-5 against OXR2. After transient expression of human OXR2, HEK293 cells were
treated with OBPt-5 before the addition of orexins. As shown in Figure 18, both orexin A and
B activated OXR2 and increased cAMP production and this activity was antagonized by
OBPt-5 (ICsp = 1.6 uM for orexin A and 1.4 uM for orexin B). This was not surprising, since
OXRI1 and OXR2 display 64% amino acid sequence identity. Note that an OXRI1 selective
antagonist, SB408124, showed a little inhibition while an OXR1/R2 dual antagonist, Bis-
amide (Figure 19) showed significant inhibition. Again, to ensure that the antagonistic effect
observed in the presence of OBPt-5 is not due to some receptor-independent activity, we
examined if OBPt-5 can directly interfere with the cAMP signaling pathway by assessing its

(28] which does not

effect on forskolin (adenyl cyclase activator)-induced cAMP production,
depend on orexin signaling. As shown in Figure 20, OBPt-5 did not show any inhibition of

cAMP production in this assay.
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Figure 18 Effect of OBPt-5 on orexin A or orexin B-induced OXR2 activation. SB408124 is
OXIR selective antagonist. Bis-amide is OX1R/2R dual antagonist.

Figure 19. Chemical structure of Bis-amide.

relative fold values

_ + +  + + + + + + forskolin
» 25 5 1 05 01 0.05
)
DMSO & [OBPt-5] (M)
&

Figure 20. Effect of OBPt-5 on forskolin (fsk)-induced cAMP production in HEK?293 cells.
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2.3. Discussion

In summary, we have developed a novel microarray-based, two-color, cell-binding
screen with which we discovered a new orexin receptor antagonist. We demonstrated that a
peptoid on the microarray that showed preferential binding to receptor-expressing cells
indeed regulates the function of the receptor in living cells, though this need not have been
the case. We also demonstrated a rapid and efficient route to a preliminary optimization (=
180-fold improvement) of the hit that took advantage of a resemblance to a known receptor
antagonist. This microarray-based screening method is, we believe, complementary to the
bead-based approach that we have reported previously.”! The disadvantage is that it is
difficult to screen as many compounds as one can do with bead-based libraries. However,
since at least several hundred can be constructed form a single OBOC library, the microarray
format should allow for large numbers of such screens to be conducted without the need for
constant library re-synthesis. Moreover, the microarray format facilitates quantitative
comparisons of different compounds in the library with respect to both their apparent affinity
for the receptor-displaying cells and their specificity for the target receptor. Finally, the bead-
based method requires a rather tedious visual analysis of the beads under a fluorescence
microscope to identify the best hits, whereas this is far more straightforward using a common
microarray scanner in the present assay. The array-based screening assay appears to be
capable of identifying even modest affinity receptor ligands, as evidenced by the >300 uM
ICso of OBPI, so it is clearly applicable to screening completely naive libraries that are
unlikely to contain extremely high affinity ligands. Moreover, it should also be useful for
screening for “expanded” derivatives of minimized hits, such as OBPt-5, with higher affinity.
In this approach, an alkyne- or azide-derivatized version of OBPt-5 would be coupled to all
of the Azide- or alkyne-modified molecules on a new library arrayed on the glass slide. The

process described in this paper could then be repeated to identify improved receptor ligands,
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perhaps by including soluble OBPt-5 as a competitor during the cell-array hybridization step.
This work is underway. We anticipate that this methodology will be of significant utility for

the discovery of high affinity and specificity ligands for cell surface receptors.
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2.4. Experimental section

General remarks. All chemicals and solvents were purchased from commercial suppliers
and used without further purification. Mass spectra were obtained with a Voyager-DE™ PRO
(Applied Biosystems) for MALDI-TOF with a-cyano-4-hydroxycinnamic acid matrix.

MS/MS spectra were obtained on a 4700 Proteomics Analyser (Applied Biosystems).

Peptoid microarrays. Peptoid microarrays featuring 5760 different 9-mer peptoids were

prepared as described before m using the peptoid library shown below.

A
o Oy
)k/ N N
Qv
H z 0 FIR 8
Polysyrene ~
bead HS
NH,
B NHz
0
(Nser) © (Npip) (Ngly)
NH
(Nmba) (Nleu) (Nall)
NN NH 2
HoN

Figure 21. The peptoid library used in this study. a) General structure of peptoid library. b) Amines
used for the preparation of the library. In brackets included the corresponding nomenclature of the
peptoid residues.
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A microarray-based, two-color, cell-binding screen and ratio-metric image analysis.
Cells were grown in culture plates to 95% confluency. The medium was replaced with a Syto
dye staining solution (5uM in PBS) and incubated for 10 min at 37°C. Syto85 was used for
HEK?293 and Syto60 was used for HEK293/hOXR1. Cells were washed with PBS (pH = 7.4)
three times and re-suspended with an incubation medium (3% BSA in DMEM). The two
differentially stained cells were mixed at a 1:1 ratio in incubation media (10 mL), using 1x10°
cells from each cell type. The cell suspension was added onto a microarray slide which had
been washed with PBS and equilibrated with an incubation medium for lhr. The Super PAP
Pen (The Binding Sites, Inc.) was used to make a boundary along the edge of the microarray
to hold cell suspension. After incubation for lhr at 37°C, the cell suspension was removed by
suction and the microarray slide was placed on a Petri dish. PBS was added to cover the slide
and the plate was gently shaken to wash off cells that bind nonspecifically to the microarray
surface (30 sec x 5 times). The microarray slide was then fixed (3% formaldehyde in PBS)
for 10 min at room temperature and washed with PBS (10 sec x 2 times). After brief washing
with ddH,O, excess water was decanted and the microarray slide was dried with reduced
exposure to light. The microarray slide was scanned with a ScanArray ExpressHT microarray
scanner (PerkinElmer) using 532-nm (Syto 85) and 635-nm (Syto 60) lasers at 100% power
and 300 PMT with pixel size of 5. All the scanned images were analyzed by using the
GENEPIX PRO 5.0 software (Axon Instruments, Union City, CA). Fluorescence intensities
(F) of each spot at 635-nm or 532-nm after subtraction of mean local background intensity

(B) were used for ratio-metric analysis in which ratio = (F635-B635) / (F532-B532).

Peptoid synthesis. All peptoids (except OBPt-3, OBPt-5, and OBPt-6) were synthesized by
on Rink Amide AM resin (NovaBiochem) using the sub-monomer approach by a microwave-

assisted protocol @ and purified by preparative RP-HPLC (Waters) and confirmed with
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MALDI-TOF/MS (Table S1). Amines used for peptoid synthesis are shown in Figure S1. For
the preparation of sarcosine derivatives, methyl amine (2.0 M in THF) was used. For the
preparation of CON, 2-methoxyeethylamine was used. For OBPt-5, after addition of second
amine, N-terminal secondary amine was benzylated under reductive alkylation condition
using benzaldehyde (10 eq.) and BAP (10 eq) ©. Peptoids were cleaved from resins with

cleavage cocktail (95% TFA, 2.5% water, 2.5 % TIS) and purified by preparative RP-HPLC.

Preparation of OBPt-3, OBPt-5, and OBPt-6. TentaGel Macrobeads NH; resin (RAPP
Polymere) was reacted with 4-(bromomethyl)-3-nitrobenzoic acid (5 eq) in the presence of
DIC (5 eq) and HOBt (5 eq) for 3 hr. After washing with DMF, the resin was reacted with (R)
or (S)-a-methylbenzylamine in DMF (2 M) for 3 hr. The resin was washed with DMF and
then reacted with DIC (2 M) and bromoacetic acid (2 M) for 3 hr. After washing with DMF,
the resin was reacted with second amine for 3 hr to afford secondary amine. The resin was
washed with DMF and then reacted with benzaldehyde (10 eq) and BAP (10 eq) for reductive
alkylation. After washing, peptoids were cleaved from the resin by exposing to UV (365 nm,

6W) for 12 hr in 2% v/v TFA/MeOH.

Cell culture. HEK293 cells were maintained in DMEM (Dulbecco’s modified Eagle’s
medium, Invitrogen) supplemented with 110 mg/L sodium pyruvate, 2mM L-glutamine and
10% (v/v) fetal calf serum at 37°C in a 5% CO, environment. For HEK293/hOXR1 cells ¥,

G418 (500pg/mL, Gibco) was included in the medium.

CAMP production assay. HEK293/hOXR1 Cells were grown to ~60% confluency in 48-
well plates and transfected with the luciferase reporter plasmid, pGL3-3xCRE-TATA (100

ng/well) ()24 hr after transfection, the cells were serum-starved for 4hr and treated with the
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indicated concentrations of orexins. In the case of evaluating antagonists, cells were pre-
treated with indicated concentrations of SB408124 or peptoids for 20 min. 6 hr after orexin
addition, cells were lysed with passive lysis buffer (Promega) for 10 min at room temperature.
The luciferase activity of the cell lysate was measured using the dual-luciferase assay kit
(Promga) following the manufacture’s protocol and normalized to Renilla luciferase activity
from the co-transfected Renilla luciferase expression plasmid (pRLuc, 2 ng/well). Fold
increase values of the normalized luciferase activities were presented in data. When HEK293
cells were used, indicated concentration of forskolin was used instead of orexin. To examine
the effect of OBPt-5 on OXR2 expressing cells, HEK293 cells were transfected with
phOXR2 (OriGene Technology Inc., 50 ng/well), pGL3-3xCRE-TATA (50 ng/well), and

pRLuc (1 ng/well).

ERK phosphorylation assay. HEK/hOXR1 cells were grown (~75% confluency) in 6-well
plates and serum-starved overnight prior to stimulation with orexin A for 12 min. For the
antagonist evaluation, cells were treated with antagonists (SB408124 or peptoids) 20 min
before the addition of orexin A. Cells were lysed with reporter lysis buffer (Promega) for 15
min at 4°C. The collected lysates were mixed with 2x SDS sample buffer and heated for Smin
at 95°C. The samples were separated by SDS-PAGE and transferred to PDVF membranes
(Immobilon, Millipore). The membranes were probed with anti-phospho ERK(1/2) or anti-
ERK(1/2) primary antibodies (Santa Cruz) and subsequently developed with appropriate
HRP-conjugated secondary antibody (BioRad) followed by chemiluminescence detection
using SuperSignal® West Pico substrate (PIERCE). Quantifications of blot bands were

performed using “Image J” software.
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compound Mass expected  ([M+H]") Mass found ((M+H]")
OBP1 1315.7 1315.8
OBP2 1247.7 1247.8
OBP3 1297.6 1297.7
OBP4 1240.5 1240.6
OBP5 1258.5 1258.6
OBPI1-1 1258.6 1258.7
OBP1-2 1258.6 1258.7
OBP1-3 1258.6 1258.7
OBP1-4 1258.7 1285.8
OBPI-5 1225.7 1225.7
OBP1-6 1195.7 1195.8
OBP1-7 1285.7 1285.8
OBP1-8 1258.6 1258.7
OBP1-9 1258.6 1258.7
OBPt 370.1 370.2
OBPt-1 460.2 460.2
OBPt-2 474.2 496.4 ((M+Na]")
OBPt-3 403.1 403.2
OBPt-4 474.2 474.6
OBPt-5 417.2 417.7
OBPt-6 417.2 417.7
CON 336.2 336.3

Table 1. MALDI-TOF/MS data
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Chapter 3: A small molecule allosteric potentiator of orexin receptors

3.1. Introduction

When blood glucose levels in the brain fall, specific neurons in the brain produce orexin,
which mediates wakefulness, at least in part through stimulation of energy-producing
pathways in target neurons >3], Most cases of human narcolepsy are caused by the loss of

431 possibly due to an autoimmune response against these

most orexin-producing neurons
neurons in afflicted individuals. It has been shown that the symptoms of narcolepsy can be
attenuated by injection of orexin peptide into the brains of orexin-deficient mice, suggesting
that an orexin receptor agonist might be effective for the treatment of narcolepsy '°\. Orexin
also has peripheral effects and recent studies have suggested that stimulation of orexin
receptor function would have beneficial effects in the treatment of obesity and diabetes [-*).
In particular, overexpression of orexin or prolonged central administration with a peptidic
orexin receptor agonist conferred resistance to obesity and insulin insensitivity to rodents fed
a high fat diet ™. However, while the biology of the orexin system makes clear that small
molecules that stimulate receptor function would be useful pharmacological tools, none have
been reported to date.

Two basic types of orexin receptor-stimulating molecules would be desirable,
agonists or potentiators. Unlike agonists, allosteric potentiators bind to a site on the receptor
distinct from that of the native ligand and accentuate the response of the receptor to that
ligand, but cannot stimulate receptor function independently '*!. It has been suggested that
allosteric potentiators might have advantages over classical orthosteric agonists from the
therapeutic point of view. For example, allosteric potentiators would not drive chronic
[15.16] 1

receptor activation, but rather accentuate natural cycles of activation of the receptor

the case of the orexin receptors, one can imagine that potentiators might be particularly
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interesting in the treatment of obesity and diabetes and might also have efficacy in narcolepsy
if neuronal levels of orexin are merely low, but not zero. Here, we describe a first small-

molecule allosteric potentiator of orexin receptor.
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3.2. Results

In Chapter 2, we described the discovery of a novel OXR1/OXR2 antagonist (OBPt-1; Figure
12A). Several derivatives of OBPt-1 were made and tested as part of an effort to identify
more potent antagonists. In the course of these studies, we fortuitously identified three
compounds (Figure 22A) that did not antagonize the response of OXRI to orexin A, but
rather appeared to slightly enhance OXR1-mediated signaling as monitored in a cell culture
assay using OXR1-expressing cells that also carried an orexin-responsive luciferase reporter
gene. This was somewhat surprising, given the very modest structural alterations in OBPt-7-9
relative to OBPt-1. These original experiments employed concentrations of the orexin A
peptide near the ECjo. Therefore, to determine if these compounds are indeed OXRI1
potentiators, we carried out experiments at 16 nM orexin A, which drives OXR1-mediated
reporter gene expression in this assay at only about 20% of the maximum possible level (i.e.,
ECy = 16 nM). As shown in Figure 22B, all of the compounds stimulated OXR1 activity. The
most potent compound, OBPt-9, was chosen for further characterization. As shown in Figure
22C, the maximal potentiation at this concentration of orexin A was about 2.5-fold, with an
ECs value for potentiation of approximately 120 nM. Note that a control peptoid (CON) did
not show any activity. Importantly, OBPt-9 alone caused no activation of OXR1 (Figure 25),
indicating that the compound did not act as an agonist, but as an allosteric potentiator.

We next determined the effect of OBPt-9 on the potency and efficacy of orexin A.
Cells ware pre-incubated with OBPt-9 or DMSO (vehicle) and subsequently stimulated with
increasing concentrations of orexin A. As shown in Figure 23, OBPt-9 induced a leftward and
upward shift of the orexin A concentration- responsive curve. The ECsy value for orexin A in
the presence of vehicle was 41.1 nM, whereas, the ECsy values were 27.6, 12.5 nM in the

presence of 0.1 uM and 5 uM of OBPt-9, respectively, meaning that the potency of orexin A
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Figure 22. (A) Chemical structures of tested compounds (OBPt-7, OBPt-8, and OBPt-9). (B) Effects
of the compounds on the response (CAMP elevation) of OXI1R expressing cell to EC,y concentration
of orexin A. Level of cAMP elevation by 0.3 uM orexin A (EC;¢y concentration) was also shown for
comparison. (C) Concentration-responsive curves of OBPt-9 and CON (control peptoid) were
performed in the presence of EC,, concentration of orexin A.
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increases in the presence of OBPt-9. We also observed an increase in the efficacy of orexin
A. The maximal response to orexin A was about 2-fold higher in the presence of OBPt-9 (5

puM) than with vehicle alone.

61 = DMSO

O OBPt-9 0.1 uM
54 » OBPt-95uM Z
4

fold increase values

2 = 0 1 2 3
Log [Orexin A] (nM)

Figure 23. Concentration-response curves of orexin A on cAMP elevation of OXR1 expressing
cells in the presence or absence of OBPt-9.

Finally, we examined if OBPt-9 can also potentiate the response of OXR2 to orexin
A. Since OXR2, not OXR1, is thought to play the central role in metabolic syndromes’’, this
is an important issue pharmacologically. After transient expression of OXR2, HEK293 cells
also carrying a receptor-driven reporter gene were treated with OBPt-9 and then with
increasing concentrations of orexin A. As depicted in Figure 24, OBPt-9 showed a similar
potentiation pattern as was observed with the OXR1-containing cells. The Orexin A ECsy was
60 nM in the presence of vehicle and 22 nM in the presence of OBPt-9. Moreover, the
maximum level of reporter gene activation in the presence of OBPt-9 was almost twice that

observed in the presence of vehicle.



4k

(P8]
1

m DMSO
4 OBPt-95uM »

3%
1

fold increase values

Log [Orexin A| (nM)

Figure 24. Concentration-response curves of orexin A on cAMP elevation of OXR2 expressing
cells in the presence or absence of OBPt-9.
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Figure 25. Effect of OBPt-9 in the absence of orexin A on cAMP level of OXR1 expressing cells.
HEK293/hOXI1R cells were transfected with pGL3-3xCRE-TATA and pRLuc for 24 hr. After
starvation for 4 hr, DMSO, Orexin A, or increasing concentrations of OBPt-9 were added to cells.
After 6 hr, cAMP elevation of cells was monitored by measuring luciferase activity of lysates.
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3.3. Discussion

In conclusion, we have discovered, to the best of our knowledge, the first small-molecule
allosteric potentiator of the orexin receptor. OBPt-9, which has a mass of less than 500
Daltons, may prove to be a useful pharmacological tool for probing orexin biology in vivo
and perhaps may serve as a lead compound for drug development. Such studies are

underway.
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3.4. Experimental section

General remarks

All chemicals and solvents were purchased from commercial suppliers and used without
further purification. Mass spectra were obtained with a Voyager-DE™ PRO (Applied
Biosystems) for MALDI-TOF with a-cyano-4-hydroxycinnamic acid matrix. MS/MS spectra

were obtained on a 4700 Proteomics Analyser (Applied Biosystems).

Peptoid synthesis

OBPt-7 and OBPt-8: TentaGel Macrobeads NH, resin (RAPP Polymere) was reacted with

4-(bromomethyl)-3-nitrobenzoic acid (5 eq) in the presence of DIC (5 eq) and HOBt (5 eq) in
DMF (3 mL) for 3 hr. After washing with DMF (3 mL x 10), the resin was reacted with
benzylamine (for OBPt-7) or (R)-a-methylbenzylamine (for OBPt-8) in DMF (2 M) for 3 hr.
The resin was washed with DMF (3 mL x 10) and then reacted with DIC (2 M) and
bromoacetic acid (2 M) for 3 hr. After washing with DMF (3 mL x 10), the resin was reacted
with 3,4-dimethoxyphenylpropylamine (for OBPt-7 and OBPt-8) in DMF (2M) for 3 hr to
afford secondary amine. The resin was washed with DMF (3 mL x 10) and then reacted with
3,4-difluorobenzaldehyde (for OBPt-7) or benzaldehyde (for OBPt-8) (10 eq) and BAP (10
eq) in THF / DMF(v/v = 3:1, 2 mL) for reductive alkylation.(l) After washing with DMF (3
mL x 10) and MeOH (3 mL x 5), peptoids were cleaved from the resin by exposing to UV
(365 nm, 6W) for 12 hr in 2% v/v TFA/MeOH and the crude cleavage product was purified
by preparative RP-HPLC. OBPt-7: MALDI/TOF: [M+H]" calculated: 469.2, observed 469.5.

OBPt-8: MALDI/TOF: [M+H]" calculated: 447.2, observed 447.6.

OBPt-9 and CON: Chemical structure of a control peptoid, CON is shown below. These
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peptoids were synthesized by on Rink Amide AM resin (NovaBiochem) using the sub-
monomer approach by a microwave-assisted protocol.”) Briefly, bromoacetic acid was
coupled to resin and then (R)-a-methylbenzylamine (for OBPt-9) or isobutylamine (for CON)
was added for alkylation reaction. After coupling of second bromoacetic acid, 3,4-
dimethoxybenzylbromide (for OBPt-9) or 2-metoxyethylamine (for CON) was added for
second alkylation reaction. The secondary amine was then reacted with benzaldehyde (10 eq)
and BAP (10 eq) for reductive alkylation. After washing, Peptoids were cleaved from resins
with cleavage cocktail (95% TFA, 2.5% water, 2.5 % TIS) and purified by preparative RP-
HPLC. OBPt-9: MALDI/TOF: [M+H]" calculated 476.2, observed 476.5. CON:

MALDI/TOF: [M+H]" calculated 336.2, observed 336.5.

Cell culture

HEK293 cells were maintained in DMEM (Dulbecco’s modified Eagle’s medium, Invitrogen)
supplemented with 110 mg/L sodium pyruvate, 2mM L-glutamine and 10% (v/v) fetal calf
serum at 37°C in a 5% CO, environment. For HEK293/hOXIR cells,”) G418 (500ug/mL,

Gibco) was included in the medium.

CAMP production assay
HEK293/hOXI1R Cells were grown to ~60% confluency in 48-well plates and transfected
with the luciferase reporter plasmid, pGL3-3xCRE-TATA (100 ng/well) ) together with

plasmid encoding constitutively active Renilla luciferase (pRLuc, 2 ng/well). 24 hr after
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transfection, the cells were serum-starved for 4hr and treated with vehicle (DMSO) or
compounds for 20 min. Orexin A (for potentiator test) or ddH,O (for agonist test) were added
as indicated conditions. After 6 hours, luciferase activity of the cell lysate was measured
using the dual-luciferase assay kit (Promga) following the manufacture’s protocol and
normalized to Renilla luciferase activity. Fold increase values of the normalized luciferase
activities were presented in data. When examining the effect of OBPt-9 on OX2R expressing
cells, HEK293 cells were transfected with phOX2R (OriGene Technology Inc., 50 ng/well),

pGL3-3xCRE-TATA (50 ng/well), and pRLuc (1 ng/well) for 24 hr before starvation.

References for experimental section
1 N. M. Khan, V. Arumugam, S. Balaubramanian, Tetradedron Lett. 1996, 37, 4819.
2 H. . Olivos, P. G. Alluri, M. M. Reddy, D. Saloney, T. Kodadek, T. Org. Lett. 2002, 4,
4057.
3 D. Sikder, T. Kodadek, Genes Dev. 2007, 21(22), 2995.

4 P. Alluri, B. Lui, P. Yu, X. Xiao, T. Kodadek, Mol. Biosyst. 2006, 2(11), 568.
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Chapter 1: Introduction

1.1. Identification of protein function via ‘loss of function’ approaches

Identification of protein function inside living cells is important for target validation and
drug discovery !, Three are two different ways to do this. First, in ‘gain of function’
approach, genes of interest are overexpressed inside cells and phynotypical changes
attributed to the overexpression are monitored. However, overexpression may not be
capable of revealing some cellular functions for proteins due to toxicity or compensation.
Alternatively, in ‘loss of function’ approaches, genes of interest or genes products (target
proteins) will be knocked-out or knocked-down and phynotypical changes will be

monitored (Figure 26).

Y

Protein of Interest

Antibody
Ribozyme Aptamer
Antisense Small molecule
RNAI Chromophore-assisted light inacivation

Figure 26. Identification of protein functions via ‘loss of function” approaches

1.1.1. Genetic methods targeting mRNA
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Gene knockouts

Gene knockouts are attractive tools for identification of protein functions because they
involve whole animals and allow us to observe the behavior of the knockout animal and
to elucidate the functional role of the gene product P!, However, a major disadvantage
of gene knockout is that they are labor-intensive and time-consuming. Other
disadvantages that can complicate the interpretation of the phenotype resulted from gene
knockouts are that gene products often have embryonic effects, which mask their actions
in fully developed animals. Often, genetic knockouts fail to produce any effect at all. This
is often caused by developmental compensation when a closely related protein is thought

to take over the function of the deleted protein during development.

Antisense

Antisense agents are RNA-like chemically modified oligonucleotides, which are
engineered for stability and are designed to bind to a target mRNA molecule through
complementary base-pair hybridization. Binding of the antisense agent to the target
mRNA prevents it from being translated and, therefore, blocks synthesis of the encoded
protein. In some cases, cleavage of the bound mRNA occurs, catalyzed by a ribonuclease
that is specific for double-stranded RNA (dsRNA). Unlike the gene knockout approach,

which is irreversible, the continuous presence of the antisense agent is required for
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inhibition of target gene expression ®®.. The use of antisense agents in an in vivo can be

problematic. For example, delivery of these large oligonucleotides can be difficult.

Ribozymes

Ribozymes are RNA molecules that can act as enzymes. They are designed to recognize,
bind to and cleave a specific mRNA through complementary base-pair hybridization, thus
preventing translation of the mRNA. The big challenges with ribozymes are specificity

and delivery.

RNAI

dsRNA is introduced into the cell and is digested into short interfering RNAs (siRNAs)
of ~.20 nucleotides in length. These siRNAs are replicated by an RNA-dependent RNA
polymerase (initiation step), and the siRNA duplexes then bind to a nuclease complex
that forms an RNA-induced silencing complex (RISC). In the effector step, this complex
binds to complementary mRNA by base-pairing interactions, and the mRNA is cleaved.
RNA interference (RNAI1) is broadly useful, but recent concerns have been raised about
the specificity of RNAi. In addition, RNAi depends on the gradual degradation of the
target protein, and can thus take hours or days to deplete the target protein from cells.
Despite these challenges, RNAi remains one of the most favorite methods for

identification of protein functions '),

Limitations of genetic methods
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Genetic methods including gene knock-out and knock-down, while powerful methods to
understand gene function, are not able to discriminate between post-translationally
modified proteins. Knockout or knockdown of a gene eliminates all post-translationally
modified protein forms, which may complicate the analysis of the protein’s function in its
differently post-translationally modified states. Alternatively, loss of an essential gene
might stimulate a compensation mechanism that could replace the missing gene product
with a functional homolog. In addition, removal of a single gene can cause the roles of
other proteins to be changed, which makes it difficult to evaluaate the missing protein as
a drug target. In addition, these methods lack spatial control of the inactivation of the
target protein. Subcellular actions of proteins remain an important topic of investigation.
Thus, methods to inactivate proteins in a spatially controlled manner are an important

goal.

1.1.2. Non-genetic methods targeting proteins directly.

Function-blocking antibody

Function-blocking antibodies are an alternative to genetic methods used to inactivate
protein function in situ, but specific reagents are not available for much of the proteome.
Typically less than one percent of binding antibodies that are raised against a specific
protein can effectively block its function. Additionally, the big challenge with antibodies

is delivery.
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Aptamer

Initially, Tuerk and Gold established the in vitro screening process termed "systematic
evolution of ligand by exponential enrichment" (SELEX), to identify the RNA ligands
with affinity for T4 DNA polymerase!'?. Such nucleic acids were termed "aptamers”.
Aptamers are functional nucleic acids that bind cellular proteins or protein domains 7
1] They can be generated against a wide variety of target proteins, and preferentially

bind to sites of biological activity of target proteins. In addition, the chemical stability of

aptamers can be enhanced by adding substituent to the 2’ position of the ribose sugar.

Small molecules

The classical protein inactivation tool is the small, bioactive molecule that inactivates
target proteins directly or indirectly. Using small molecules remains the most powerful
validation strategy. Recently, systematic application of this tool has been defined as
‘chemical genomics’ which aims to discover a small molecule regulator for every protein
encoded by the genome. These molecules can be used as probes of cellular function and

possible drug leads. The success of this technology is dependent on the quality of the chemical

library and the ability to identify the affected target protein(s).

Chromophore-assisted light inactivation

Chromophore-assisted light inactivation (CALI) is a technique to inactivate proteins with

high spatial and temporal resolution. This technology uses an antibody to deliver a

14,15

suitable chromophore specifically to the protein of interest (Figure 27) !'* !, Trradiation
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induces generation of reactive oxygen species (ROS, mainly singlet oxygen). Since these
species have very short lifetimes, the antibody-targeted proteins are specifically
inactivated. Because inactivation is mediated by light, CALI can be controlled spatially
and temporally. Most CALI experiments are achieved by the laser excitation of malachite
green-conjugated antibodies that are targeted to a protein of interest. More recently, it has
been found that fluorescein can be used as a CALI reagent (this form of CALI is termed
FALI) . Although CALI is a powerful technique, its practical use has been limited by
the complexity of the procedures, such as delivery of labeled antibody using invasive
methods (such as microinjection) and accessibility of non-functional blocking antibodies.
Genetically targeted CALI is developed as an alternative method, in which the target
protein is tagged with a tetracysteine tag that is recognized by a cell-permeable
biarsenical chromophore (FIAsH)!'®. However, this method also causes nonspecific
damage, due to the nonspecific binding of the biarsenical chromophore to cysteine-rich
proteins. EGFPs have also been used as chromophores to inactivate EGFP-fused target

proteins''”. However, EGFP are usually considered as non-efficient ROS photosensitizer.

Chromophore

Figure 27. lllustration of chromophore-assisted light inactivation (CALI)
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Limitation of CALI

Although CALI has been proved a very powerful method of target protein inactivation, it
has limitations. First, organic chromophore or photosensitizer commonly used for CALI
experiment can be photobleached. The chromophore itself reacts with singlet oxygen, is
oxidatively modified, and loses its ability to absorb light and generate singlet oxygen.
Other limitations are primarily attributable to the use of antibody for the protein-targeting
reagent. It is difficult to label antibodies with chromophores at specific amino acid
residues, so that the extent of the damage done on the target protein cannot easily be
controlled. Also, since antibody is a macromolecule, attached chromophore may be
placed far away from target protein to cause less efficiency in CALI. Moreover, since
antibody itself is not cell-permeable, it is necessary to use an invasive method such as
microinjection to introduce antibodies into cells, which may jeopardize the physiological
functions and long-term viability of the cells. Therefore, these problems have to be

solved before CALI can become a practical method of target protein inactivation.

1.2. Singlet oxygen-mediated protein inactivation

1.2.1. Singlet oxygen chemistry

The most abundant and stable form of oxygen that we are breathing in is triplet oxygen. On the
other hand, singlet oxygen is an electronically excited form of molecular oxygen!'® ',
Differences in the chemical properties of triplet and singlet oxygen are best illustrated by their

molecular orbitals (Figure 28). The total spin quantum number (S) of triplet oxygen is 1. Triplet

state oxygen has a spin multiplicity of 3 and is paramagnetic with diradical properties. Triplet
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oxygen reacts readily with other radical compounds in nature. However, most compounds in
nature are not radical and are in the singlet state. The molecular orbital of singlet oxygen differs
from that of triplet oxygen whose electrons in the m antibonding orbital (n*) are paired, as shown
in Figure 29. The energy of singlet oxygen is 22.5 kcal above the ground state of triplet oxygen
and exists long enough to react with other singlet state molecules. Singlet oxygen, which is not a
radical, reacts with nonradical, singlet state, and electron-rich compounds containing double
bonds. It can react with all major classes of biomolecules, leading to protein oxidation, lipid

peroxidation and DNA damage.
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Figure 28. Molecular orbitals of Triplet (left) and Singlet oxygen (right)

1.2.2. Singlet oxygen generation
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Singlet oxygen can be generated photochemically as shown in Figure 29. Photosensitizers such
as chlorophyll, pheophytins, porphyrins, riboflavin, myoglobin, and synthetic chromophores can
absorb energy from light and transfer it to triplet oxygen to form singlet oxygen. The
photosensitizer absorbs light and becomes an unstable, excited, singlet state molecule (1Sen*).
The excited singlet photosensitizer loses its energy by internal conversion, emission of light, or

intersystem crossing (ISC) as shown in Figure 29.

Jablonski Diagram
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Figure 29. Photochemical generation of singlet oxygen. A photosensitizer in its singlet, ground state is
elevated into an excited singlet state by the absorption of light of appropriate wavelength.
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Emission of fluorescence converts the excited singlet sensitizer to ground-state singlet sensitizer.
The excited sensitizer may also undergo an intersystem crossing (ISC) from the excited singlet-
state molecule to an excited triplet-state molecule (3Sen*). The emission of phosphorescence
converts the excited triplet sensitizer to ground-state singlet sensitizer. If the lifetime of the
3Sen* is greater than 1Sen*, the 3Sen* reacts with O, to form 'O, through triplet-triplet
annihilation mechanism. The sensitizer returns to ground state (1Sen) and may repeat the cycle
again to generate singlet oxygen. Usually, sensitizers may generate 103 to 105 molecules of
singlet oxygen before becoming inactive. However continued generation of singlet oxygen is
possible if the photosensitizer is photo-stable and thus can not be oxidatively damaged by singlet

oxygen.

1.2.3. Singlet oxygen-mediated oxidative modification of proteins

Due to electrophilicity of singlet oxygen, it reacts primarily with amino acids that contain
electron-rich side chains such as tryptophan, histidine, tyrosine, methionine, and cystein to form
(endo)peroxide intermediates. The intermediates will be thermally fragmented to afford modified
derivatives (see Figure 30 for histidine modification). Tryptophan, histidine, and tyrosine contain
double bonds and can easily react with singlet oxygen. Methionine and cystein contain a sulfur
atom with 4 nonbonding electrons, which react rapidly with singlet oxygen. As amino acids

become oxidative modified by singlet oxygen, the protein or enzyme looses activity.
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Chapter 2: A general system for evaluating the efficiency of chromophore-
assisted light inactivation (CALI) of proteins reveals Ru(ll) tris-bipyridyl as

an unusually efficient “warhead”

2.1. Introduction

There is great interest in the development of techniques for the selective inactivation of protein
function as a tool for the study of biological systems. By far the most general and powerful
method to do so in mammalian cells is RNA interference (RNAi) technology, which results in
the destruction of the message that encodes the protein of interest.” > Another general and
powerful approach is the construction of transgenic animals lacking the gene that encodes the
protein of interest. However, all such genetic methods have significant limitations, one of which
is that they do not allow for the possibility of carrying out time-resolved studies of the effects of
protein knockouts.> Thus, there has been a great deal of interest in chemical approaches to
protein inactivation.

Of the many strategies that have been explored, chromophore-assisted light inactivation
(CALI) holds the promise of being a particularly useful tool.*” In this technique, a chromophore
capable of generating singlet oxygen when irradiated is somehow delivered to the target protein.
Singlet oxygen is an extraordinarily reactive and short-lived molecule and thus will rapidly
inactivate only proteins in the immediate vicinity of its point of origin. Thus, this technique

provides high spatial and temporal control over protein inactivation.
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Unfortunately, the practical utility of this technology is currently limited. There are two
major barriers. The first is the paucity of high-affinity, high-specificity ligands for the protein of
interest. In most cases, chromophore-conjugated antibodies are employed, but these molecules
are cell-impermeable and the use of a macromolecular targeting agent may place the
chromophore some distance away from the target protein when bound. Cell permeable small
molecules hold great promise as targeting agents and will probably dominate this area in the
future. However, while the selection of cell permeable protein-binding small molecules from
combinatorial libraries is advancing rapidly, it remains challenging to obtain ligands with
affinities in the low nM region, which would be ideal for this application. For this reason,
various strategies have been reported by which engineered proteins can be inactivated by CALL®*
' One of the most effective of these is to tag the target protein with the sequence CCXXCC
(where X can be several amino acids), which is a high affinity and relatively specific receptor for
biarsenical fluorescein derivatives.*® Of course, this approach is most useful in cases where the
native analogue of the tagged protein has also somehow been eliminated.

The second limitation of this technology is the efficiency of singlet oxygen generation
exhibited by the chromophores used routinely in CALI. The most common ‘“warheads”
employed in CALI experiments are organic fluorophores with relatively long-lived triplet
states.*” While some cases of efficient protein inactivation using organic fluorophore-containing
constructs have been reported, there remains a need for better singlet oxygen generators since

these molecules are sensitive to self-bleaching.
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Recently, we have become interested in developing a comprehensive approach for CALI
of native proteins. In previous reports, we have demonstrated that protein-binding peptoids
(oligo-N-alkylglycines) can be consistently and rapidly isolated from combinatorial libraries.''"*
The screening conditions that we have developed routinely provide peptoids that bind their target
with good specificity and equilibrium dissociation constants in the low uM range. Furthermore,

these peptoids are generally cell permeable'™> '°

and thus peptoid libraries provide a promising
source of specific binding agents required for CALI of native proteins (again however, the
challenge of maturing these ligands to nM binders remains). At the same time, we have begun to
turn our attention to the development of more efficient “warheads” for use in CALI reagents that
overcome the current limitations of organic fluorophores. In this paper, we report our initial
efforts towards this goal. First, we designed a convenient system that allows the efficiency of
protein inactivation of any chromophore to be compared to any other (Figure 31). As is discussed
below, this system allows CALI warheads to be evaluated both in crude extracts as well as in
living cells. Using this system, we compared the efficacy of a Ru(Il) tris(bipyridyl) dication
(Ru(bpy)s>") derivative with fluorescein, one of the most efficient and commonly used organic
chromophores. A wealth of literature is available showing that Ru(bpy);*" is an efficient
photocatalyst for singlet oxygen generation and thus might be an excellent CALI warhead.'”**
We demonstrate that the ruthenium complex is indeed a more efficient CALI warhead than
fluorescein and is capable of supporting essentially quantitative inactivation of the target protein.

Ru(bpy)s>" derivatives can be attached easily to synthetic protein-binding molecules and thus are

likely to be of considerable utility in the next generation of CALI reagents.
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2.2. Results

Covalent attachment of small molecules to the target protein in complex biological
mixtures

In order to facilitate the comparison of different chromophores for their efficiency in singlet
oxygen generation and subsequent protein inactivation, we sought to develop a system that
would eliminate the need for complex biological antibody-based or synthetic targeting agents. To
do so, we made use of the commercially available, mutant haloalkane dehalogenase, the HaloTag
protein (HTP).? Wild-type haloalkane dehalogenases from Xanthobacter autotrophicus GJ10
(XaDHL)** and Rhodococus rhodochrous (RrDHL)* hydrolyze halogen-containing alkane
substrates to the corresponding alcohols via a mechanism that involves formation of a substrate-
enzyme ester intermediate. This occurs through attack of an active site carboxylate (Asp106)

anion on the primary alkyl chloride (Figure 3 1).2%%" In the wild-type protein, this ester

Figure 31. A system to evaluate CALI

HTP

*CI i >—/ efficiencies of different chromophores. A
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singlet oxygen in the vicinity of the target

hv (>380 nm) protein, leading to inactivation. The
\ O,S / HTP efficiency of target protein inactivation is

determined by measuring the remaining
0 luciferase activity.
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intermediate is subsequently hydrolyzed. However, mutation of a residue in the active site
(His272 to Phe) provides a protein that cannot hydrolyze the covalent intermediate. This allows
HTP fusion proteins to be labeled covalently with a variety of haloalkane-containing compounds
(generically called HaloTags). The labeled product is known to be very stable. While a few other
methods exist for the delivery of chimeric small molecules to protein tags, the ease of synthesis
of chloroalkane derivatives makes this technique particularly convenient. Since HTP does not
exhibit additional, easily assayed activities, we constructed an expression vector for an epitope-
tagged Luciferase-HTP (3xFlag-Luc-HTP-Myc) fusion protein. Luciferase activity is easily
monitored in cells and in crude extracts and is a convenient target for CALI experiments. Thus,
this system should allow the efficient and covalent delivery of a primary haloalkane derivative of
the chromophore to a luciferase fusion protein, whose activity is monitored before and after

irradiation.

R,N/\\/O\/\O/\\/\\/\\/CI
R=H (HT)

H

Figure 32. Chemical structures of the HaloTag reagents used in this study.
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First, to test if the target protein 3xFlag-Luc-HTP-Myc can be efficiently labeled by HaloTag

ligands (Figure 32), a lysate prepared from HeLa cells transfected with the 3xFlag-Luc-HTP-

Myc expression vector was prepared and incubated with increasing concentrations of a primary

haloalkane derivative of biotin (B-HT). After a brief incubation, streptavidin—agarose beads were

employed to pull out biotinylated proteins. As shown in Figure 33A, the use of increasing

amounts of B-HT followed by streptavidin-agarose pull-out resulted in the loss of luciferase

activity in a dose-dependent fashion up to a concentration of 100 nM under the conditions

employed. However, addition of higher concentrations of B-HT did not result in increased pull-

out of luciferase activity. About 50% of the input was still observed in supernatant, indicating

that the labeling reaction was incomplete. Pull-downs with anti-Myc agarose or anti-Flag agarose
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Figure 33. Labeling of target protein with
the HaloTag reagent. (A) Extract from HeLa
cells expressing the 3xFlag-Luc-HTP-Myc
fusion protein was incubated with increasing
concentrations of B-HT. Biotinylated protein
was then precipitated with streptavidin-agarose.
The relative level of luciferase activity
remaining in the supernatant was then
measured. (B) The same extract was incubated
with immobilized anti-Myc or anti-Flag
antibodies and the luciferase activity remaining
in the supernatant was measured. The data
represent the mean of triplicate experiments;
error bars indicate standard deviations.
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removed almost all luciferase activity from the cell lysate (Figure 33B), arguing that the inability
of 50% of the protein to be biotinylated could not be ascribed to proteolysis of half of the fusion
protein, a conclusion confirmed by Western blot (Figure 35B). Instead, these data suggest that
while most of the fusion protein is intact, only about half of the molecules that display luciferase
activity also have active HTP capable of being alkylated by a HaloTag ligand. This phenomenon

of bifunctional fusion proteins expressed with only one of the activities intact is not uncommon.

Delivery of fluorescein and Ru(ll) tris(bipyridyl) dication derivatives to the Luc-HTP
fusion protein and comparison of their efficacy in CALI

We next tested whether primary haloalkyl derivatives of Ru(bpy)s*" (Ru-HT; Figure 32)
and fluorescein (F-HT; Figure 32) can label the target protein. Since we are comparing different
chromophores for their CALI efficiencies, it is important for the ligands to have same efficiency
in the labeling reaction and so this was tested first. Cell lysate prepared from HeLa cells
expressing 3xFlag-Luc-HTP-Myc was first incubated with 100 nM of Ru-HT or F-HT and then
treated with an excess of B-HT (1 uM). If any active protein fails to link to either Ru-HT or F-
HT, it will be labeled by B-HT and will be removed from the solution by subsequent
streptavidin—agarose pull-down. By measuring remaining luciferase activity of the solution, we
can indirectly evaluate the labeling efficiencies of Ru-HT and F-HT. As shown in Figure 34, for
both Ru-HT and F-HT, no significant decreases of luciferase activities were observed in the B-

HT treated-solutions. This means that all of the active target proteins were already labeled during
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pretreatment with Ru-HT or F-HT. More importantly, Ru-HT and F-HT showed the same

efficiencies of protein labeling within experimental error.
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Figure 34. Comparison of the 3xFlag-Luc-HTP-Myc labeling efficiencies of Ru-HT and F-HT.
Extract from HeLa cells expressing the 3xFlag-Luc-HTP-Myc fusion protein was incubated with either F-
HT or Ru-HT. Subsequently, B-HT was added and the biotinylated material was precipitated with
streptavidin-agarose. The amount of luciferase activity remaining in the supernatant, representing fusion
protein that had reacted with F-HT or B-HT or contains an inactive HTP domain, was measured. The data
represent the mean of triplicate experiments; error bars indicate standard deviations.

To evaluate the CALI efficiencies of the inorganic and organic chromophores, a HelLa
cell lysate containing 3xFlag-Luc-HTP-Myc and Renilla luciferase was again incubated with Ru-
HT or F-HT to allow alkylation of the active fusion protein. The sample was then irradiated with
visible light using a Xenon arc lamp and a filter that blocks wavelengths below 380 nm. As
shown in Figure 35A, the rate of protein inactivation was dependent on the concentration of the
Ru-HT compound. In the case 100 nM of Ru-HT was used, maximal inactivation was achieved

after 30 min irradiation. However, slower inactivation of the target protein could be achieved
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with as little as 10 nM Ru-HT. Recall that since 50% of the protein is incapable of being
alkylated, this represents essentially quantitative inactivation of the accessible target protein.
Note that no proteolysis of the target protein was observed during labeling and irradiation
(Figure 35B), excluding the possibility that residual luciferase activity can be from cleaved

protein. In the absence of irradiation, but in the present of Ru-HT, there was no loss of
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Figure 35. Comparison of Ru-HT and F-HT as CALI “warheads”. (A) Extract from HeLa cells
expressing the 3xFlag-Luc-HTP-Myc fusion protein was incubated with DMSO (X), F-HT (10 nM: O,
100 nM: @), Ru-HT (10nM: I, 100 nM: M), or Ru(bpy);*" (100 nM: A). After irradiation for the
indicated times, the remaining luciferase activity was measured. Data represent mean of triplicate
experiments; error bars indicate standard deviations. (B) Western blot showing no proteolysis during
experimental procedures. 2 uL. of HeLa cell extract in PBS (total volume: 50 pL, pH 7.4) was incubated
with compounds as indicated for 30 min at room temperature and irradiated for 30 min at room
temperature.

luciferase activity. Furthermore, Ru(bpy);>", i.e., the chromophore not incorporated into a
HaloTag, also had no effect (Figure 35A). This shows that the ruthenium complex must be
delivered to the fusion in order to be effective and that luciferase inactivation is triggered only
after irradiation. Interestingly, under identical conditions, the sample treated with F-HT exhibited
little loss of luciferase activity. Note the decrease of luciferase activity by 100 nM of F-HT is
even smaller than that of 10 nM of Ru-HT. Since the labeling efficiencies of Ru-HT and F-HT
are the same, these data indicate that Ru-HT is a more efficient CALI reagent than one of the

best organic fluorescent dyes, fluorescein.

Evidence that singlet oxygen is the protein-damaging agent in Ru-HT-mediated CALI

The reactive oxygen species (ROS) involved in protein inactivation in CALI is mainly
either singlet oxygen or hydroxyl radical. Since the half-maximal radius of inactivation of
hydroxyl radical (15 A) is shorter than that of singlet oxygen (40 A),(’ CALI mediated by
hydroxyl radical is generally considered to give higher specificity.” Laser excitation of Malachite
Green, a commonly used CALI dye, was shown to generate hydroxyl radical,* while fluorescein-

mediated protein inactivation occurs via singlet oxygen generation.® We assumed that this is also
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the case for the ruthenium complex, since photo-excited Ru(bpy)s>" (triplet state) is known to
convert triplet oxygen to singlet oxygen by energy transfer."® To confirm that singlet oxygen is
indeed the major vector for protein inactivation in Ru-HT mediated CALI, we tested inhibition
of protein inactivation by ROS quenching molecules. As shown in Figure 36, sodium azide

(NaN3), a potent singlet oxygen quencher”™® *

inhibited Ru-HT mediated inactivation of target
protein. On the other hand, D-mannitol, a hydroxyl radical or superoxide anion quencher,” had
no effect. Imidazole, a less potent singlet oxygen quencher than sodium azide,” also showed

some extent of inhibition. We conclude that, as expected, CALI mediated by Ru-HT indeed

proceeds via a singlet oxygen intermediate.

Figure 36. Ru-HT-mediated protein

1001 . . . X
inactivation involves singlet oxygen.
Extract from Hela cells expressing the
80 1 .. 3xFlag-Luc-HTP-Myc fusion protein was
a0 %‘ - incubated with Ru-HT (100 nM) for 30 min
s = 60 at room temperature. NaN; (30 mM), D-
5 E ] = mannitol (65 mM), or imidazole (30 mM)
£z 40 were added immediately before irradiation.
5 :Q Open bars: irradiated (30 min) sample, filled
S8 bars: non-irradiated sample. Data represent
= 20 mean of triplicate experiments; error bars

indicate standard deviations.
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Ru-HT inactivates target protein inside living cells.
All of the experiments described above were carried out in cell extracts. However, CALI

is most useful if it can be performed in living cells. Since Ru(bpy);>" is known to be cell
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permeable,’* we speculated that Ru-HT should be able to pass through the cell membrane and
label HTP-containing target proteins. To test this, HeLa cells expressing 3XxFLAG-Luc-HTP-
Myc as well as Renilla luciferase were treated with Ru-HT and irradiated with visible light. As
shown in Figure 37, cells treated with 1 uM Ru-HT and irradiated for 30 minutes exhibited a 40
% inactivation of luciferase activity relative to cells treated with DMSO only that were also
irradiated. When the extracellular concentration of Ru-HT was increased to 10 uM, 63% of the
target luciferase activity was lost. Note that the specific activity of the protein may well be
higher in living cells relative to that observed in the crude extract, explaining the ability to knock
out more than 50% of the activity. The Renilla luciferase activity was unaffected by Ru-HT and
irradiation. Furthermore, incubation of the cells with 10 uM Ru(bpy)s>" had no effect on the
activity of the 3XxFLAG-Luc-HTP-Myc protein. Taken together, these data argue that the Ru-HT
can indeed permeate cells and that its ability to inactivate the target protein requires formation of
the covalent intermediate and irradiation, as expected. Under the same conditions, irradiation of
cells treated with F-HT also resulted in inactivation of the target protein, but less efficiently than
was observed using the Ru-HT reagent. This suggests that, as was observed in vitro, the
Ru(bpy)s>" is a more efficient CALI warhead than fluorescein, although we cannot absolutely
rule out the possibility that the fluorescein-containing reagent is somewhat less permeable.
Finally, it is important to note that under all of the conditions employed in this experiment,

neither the ruthenium complex nor irradiation affected cell viability (data not shown).
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Figure 37. Ru-HT-mediated CALI in living cells. HeLa cells expressing 3xFlag-Luc-HTP-Myc were
incubated with DMSO (control), Ru-HT, F-HT, or Ru(bpy)s;>" and irradiated. After lysis, the luciferase
activities of lysates were measured and presented as described before. Open bars: irradiated sample, filled
bars: non-irradiated sample. Data represent mean of triplicate experiments; error bars indicate standard
deviations.

2.3. Discussion

We have developed a general system to compare the efficiencies of different
chromophores as reagents for CALI. This is based on the delivery of a primary haloalkyl
derivative of the chromophore to a fusion protein containing the target linked to HTP, which
reacts irreversibly with the primary alkyl chloride. Since such derivatives are synthesized easily,
this approach should be convenient for testing the efficiency, in a standardized fashion, of new
potential CALI agents as they arise. Using this system, we found that a Ru(bpy)s*" has much
higher efficiencies in singlet oxygen generation and subsequent target protein inactivation than

conventional organic fluorophore, fluorescein. Indeed, Ru(bpy)s®" can mediate quantitative
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protein inactivation in vitro. In addition, the Ru(bpy)32+-based CALI reagent employed in this
study was found to be cell permeable and thus capable of triggering target protein inactivation
inside living cells.

There is no evidence that the Ru-HT molecule exhibits significant off-target effects at
lower concentrations of the ruthenium complex. The experiments reported here all contained two
luciferase reporter activities, one fused to HTP (firefly) and one that is not (Renilla). There was
no indication that Ru-HT and photolysis affected the activity of the Renilla luciferase. However,
for in vitro CALI, the use of high concentrations of untargeted Ru(bpy)32+ at 1 uM or extended
photolysis periods (> 1 hour) did show inactivation of both target protein and Renilla luciferase.
Thus, these reagents are best employed at concentrations of <1 pM and irradiation times should
be held to 30 min. or less, at least using the light source that we employed.

The greater efficiency of protein inactivation observed using the Ru(bpy);>" warhead as
compared to fluorescein is consistent with the photophysical and photochemical properties of the
two molecules. Singlet oxygen is generated from the reaction of ground state oxygen triplet with
the triplet state of the excited fluorophore. The quantum yield for triplet formation of fluorescein
is relatively low (0.1 in MeOH)?' in comparison to Ru(bpy)32+ (0.86 in MeOH) due to the latter’s
access to a metal to ligand charge transfer state (MLCT).*

Photochemical stability of fluorophores to singlet oxygen can be another factor affecting
the efficiency of CALI reagent. In other words, the sensitivity of the CALI warhead to
photobleaching limits the number of singlet oxygen generation events that can occur. While

organic fluorophores, commonly used in CALI, are known to be very sensitive to
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photobleaching, Ru(bpy)s*" is stable to singlet oxygen as shown in previous studies of photo-
oxidation of 1, 3-cyclopentadiene by Ru(bpy)32+.34’  Thus, it is likely that the Ru(bpy)32+
warhead has a far greater turnover number for singlet oxygen generation in a CALI experiment
than does fluorescein or most other organic fluorophores. Finally, it is worth mentioning that the
Ru-HT/HTP-based system reported here may also be of practical utility for studies of protein
function. If the HTP fusion protein is somehow made the only form of the target protein present
in a cell (for example by gene replacement in yeast or using RNAi in mammalian cells), then
most or all of its activity could be knocked out using the experiments reported here, though
currently, the efficiency of this approach would appear to be limited by the specific activity of
the HTP fusion protein.

In conclusion, we have reported a general and convenient system for the comparison of
different chromophores for CALI efficiency. This technique has been used to identify the
Ru(bpy)s>" as an unusually efficient warhead for this purpose. We propose that appropriate small
molecule-Ru(bpy)s** chimeras may well be useful tools for the rapid and specific inactivation of

target protein activities, which are described in Chapter 3.
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2.4. Experimental Section

Materials and Instruments.

All chemicals, unless stated, were purchased from Aldrich Chemical Co., and were used without
further purification. '"H NMR spectra were recorded on a Varian Inova-400 spectrometer at
operating frequency of 400 MHz. Chemical shift (d) are given in ppm; downfield shifts are
reported as positive values from tetramethylsilane (TMS) standard at 0.00 ppm. Mass spectra
(MS) were measured with Voyager-DE™ PRO (Applied Biosystems) for MALDI-TOF.
Irradiation was done using 150-W xenon arc lamp (Oriel, Stamford, CT). Light was filtered first
through 10 cm of distilled water and then through a 380- to 2,500-nm cut-on filter (Oriel 49470).
Samples were positioned at 25 cm distance from the light source and light intensity at the

distance was 50 mW/cm”.

Syntheses HaloTag reagents.

Ru-HT: To a stirred solution of HT*°(2.8 mg, 0.01 mmol) in DMF (200 pL) was added Bis-
(2,2’-bipyridin)-4’-methyl-4-carboxy-bipyridin-ruthenium-N-succinimidylester-bis-
(hexafluorophosphate) (5.0 mg, 0.005 mmol) and DIPEA (5 pL). After 4 hr at room temperature,
the reaction mixture was diluted with dH,O (0.1 % TFA, 3 mL) and directly purified by HPLC to
afford Ru-HT as a red solid (75% yield). B-HT and previously reported F-HT *” were prepared in
same way using Sulfo-NHS-LC-Biotin (Pierce) and 5-carboxyfluorescein succinimide ester

(Molecular Probe), respectively. Ru-HT 'H NMR (DMSO-dg): & 9.14-9.11 (m, 2H), 8.84-8.82
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(m, 4H), 8.77 (bs, 1H), 8.18-8.14 (m, 4H), 7.86 (d, 1H, ] = 6.0), 7.80-7.79 (m, 1H), 7.76 (d, 1H, J
=5.6), 7.70-7.69 (m, 3H), 7.56 (d, 1H, ] = 5.6), 7.53-7.49 (m, 4H), 7.39 (d, 1H, J = 6.0), 2.52 (S,
3H), 1.65-1.61 (m, 2H), 1.44-1.40 (m, 2H), 1.30-1.22 (m, 4H); MALDI/TOF: [M]" calculated
833.24, found 833.23. B-HT 'H NMR (DMSO-d): 7.86 (t, 1H, J = 5.2), 7.72 (t, 1H, J =5.2),
4.30-4.27 (m, 1H), 4.12-4.09 (m, 1H), 3.62-3.59 (m, 2H), 3.46-3.45 (m, 4H), 3.38-3.33 (m, 4H),
3.17-3.13 (m, 2H), 3.08-3.06 (m, 1H), 2.97 (dd, 2H, J = 12.8, 4.8), 2.80 (dd, 1H, J = 12.4, 4.8),
2.57-2.52 (m, 2H), 2.04-2.00 (m, 4H), 1.70-1.67 (m, 2H), 1.60-1.54 (m, 1H), 1.50-1.43 (m, SH),

1.38-1.26 (m, 10H), 1.22-1.18 (m, 2H); MALDI/TOF: [M+H]" calculated 563.30, found 563.47.

Plasmid.

The vector backbone of the host plasmid that is used to construct the 3xFlag-Luc-HTP-Myc
plasmid was derived from the mammalian expression vector pEGFP-N3 with multiple
convenient restriction sites after the CMV promoter. The DNA sequences encoding different
parts of the fusion construct were ligated into the host vector sequentially. The sequence
encoding the full length luciferase (Luc) was amplified through PCR using pGL3 basic
(Promega) as template, along with forward primer (5°-
GGACGCTAGCGAAGACGCCAAAAACATAAAG-3’) and reverse primer (5°-
GAAAGATCTCACGGCGATCTTTCCGCCCTTC-3’). The PCR product was digested with
Nhel / Bglll and inserted into the digested host plasmid. The sequence encoding the full length
haloalkane dehalogenase (HTP) was amplified through PCR using pHT2 (Promega) as template,

along with forward primer (5’-GACCAGAGATCTG
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CCACCATGGGATCCGAAATC-3’) and reverse primer (5’-GAAAACAAGCTTGCCG

GCCAGCCCGGGGAG-3’). The PCR product was digested with BglIl / HindIII and inserted
into the digested host plasmid. The sequence encoding the start codon followed by the 3x Flag
tag was inserted into the BamHI / Nhel sites, and the sequence encoding the Myc tag followed

by the stop codon was inserted into the HindIII / NotI sites of the host plasmid.

Cell culture, transfection, and preparation of cell lysate.

HeLa cells (American Type Culture Collection, CCL-2) were grown in 10 cm plates at 37°C
under 5% CO; in Dulbeco’s modified Eagle medium (Invitrogen) supplemented with 10% (vol /
vol) fetal calf serum (Invitrogen). Cells were allowed to reach 70% confluence before
transfection. Cells were transfected by the Lipofectamine™ Plus method (invitrogen) with 8 pg
of plasmid for 3Flag-Luc-HTP-Myc and 80 ng of Renilla reniformis luciferase plasmid (pRL-
SV40). After transfection, cell were maintained at 37°C under 5% CO,. After 30 hr, cells were
lysed with 1x passive lysis buffer (Promega) including protease inhibitor cocktail. Total protein
concentration of cell extract was measured (1.59 mg / mL) using the BCA protein assay kit

(Pierce).

Measurement of luciferase activities.
Luciferase activities were measured using dual-luciferase assay kit (Promega) following

manufacture’s protocol. The firefly luciferase activity in sample was measured and normalized
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with the Renilla luciferase activity and then presented as the percentage of the activity

normalized of input (control).

Labeling of target protein with HaloTag reagents.

1) Target protein labeling with B-HT: 2 uL of HeLa cell lysate in PBS (total volume: 50 pL,
pH 7.4) including BSA (4 mg / ml final concentration) was incubated with increasing
concentrations of B-HT. After incubation for 30 min at room temperature, samples were
incubated with streptavidin-agarose (invitrogen) in PBS (40 uL, 1:1 vol / vol, pH 7.4) for 30 min
at room temperature. After centrifugation, the luciferase activity of supernatant (20 pL) was
measured as described above.

2) Target protein labeling with Ru-HT or FI-HT: 2 uL of HeLa cell lysate in PBS (total
volume: 50 pL, pH 7.4) including BSA (4 mg / ml) was incubated with DMSO, F-HT (100 nM),
or Ru-HT (100 nM). After 30 min at room temperature, B-HT (1 pM) was added to label any
remaining target protein. After incubation for 20 min at room temperature, streptavidin-agarose
in PBS (40 pL, 1:1 vol / vol, pH 7.4) was added and incubated for 30 min at room temperature.
After centrifugation, luciferase activities of supernatant (20 pL) were measured as described

above.

Immunoprecipitation.
2 puL of HeLa cell lysate in PBS (total volume: 50 pL, pH 7.4) including BSA (4 mg/ml) was

incubated with PBS (40 pL, pH 7.4), anti-Myc agarose affinity gel (Sigma) in PBS(40 pL, 1:1
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vol / vol, pH 7.4), anti-Flag M2 agarose affinity gel (Sigma) in PBS(40 uL, 1:1 vol / vol, pH 7.4)
for 30 min at room temperature. After centrifugation, the remaining luciferase activities of the

solutions were measured as described above.

In vitro CALI.

1 ul of HeLa cell lysate in PBS (total volume: 20 pL, pH 7.4) including BSA (4 mg / ml total) in
transparent 96 well plate was incubated with DMSO or compounds for 30 min at room
temperature in the dark. Samples were irradiated (without lid) for different times at room

temperature. Luciferase activities of the solution were measured as described above.

In vivo CALL.

HeLa cell were seeded in 96-well plate (2.5x 10* cells/well) and grown in DMEM (10% FBS)
for 24 hr before transfection. Cells in each well were transfected as above with 100 ng of 3Flag-
HTP-Luc-Myc plasmid and 1 ng of Renilla reniformis luciferase plasmid (pRL-SV40). After
transfection, cells were maintained at 37°C under 5% CO; for 15 hr. Medium was replaced with
fresh DMEM (w/o phenol red, 10% FBS) and cells were treated with compounds. After 3 hr at
37°C, media was replaced with fresh DMEM (w/o phenol red, 10% FBS) to remove excess
compound in media. Cells were irradiated at room temperature for 30 min as described above.
After dark incubation for 30 min at 37°C, cells were lysed with 1x passive lysis buffer (20 pL

per well, Promega). Luciferase activities of the lysates were measured as described above.
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Chapter 3: Facile transformation of low-potency small molecules into

photochemical protein knock-out reagents

3.1. Introduction

Potent and specific agonists and antagonists of protein function are valuable tools in biomedical
research, but are relatively rare. In an effort to enrich the chemical armamentarium available to
cell and molecular biologists, large-scale efforts have been initiated to create and screen
combinatorial libraries or compound collections for new agonists or antagonists ' . While many
such efforts have met with considerable success, it is becoming increasingly clear that a major
issue in the further advancement of this field will be to improve upon the specificity and potency
of the “hits” identified in such screens. With regard to specificity, it is critically important to
minimize off target effects if a compound is intended as a tool for probing mechanism, yet high
specificity for a single protein target is not usually a criterion in a primary screen. Instead, the
degree of specificity is generally examined later by conducting assays with many individual
proteins related to the protein target. With regard to potency, it is desirable to have compounds
with ICsps or ECsgs in the nanomolar range, but it is rare for primary hits from a screen to exhibit
potencies better than the low micromolar region. The standard approach to improving the
potency of a hit is to synthesize a large number of analogues and test each of them
independently. These are labor-intensive efforts that are not amenable to high throughput,

meaning that the current capacity to screen libraries far outstrips the capacity to mature them.
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A potentially rapid and general approach to increasing the functional potency of a protein
antagonist is to equip the molecule with a “warhead” capable of modifying the target protein
irreversibly. In this way, even when the inhibitor diffuses away, the target protein remains
inactive. An ideal warhead would generate a highly reactive, but short-lived, intermediate that
would inactivate only proteins in the immediate vicinity. A singlet oxygen-generating moiety
fulfills these requirements. Singlet oxygen modifies many different protein functional groups and
it cannot diffuse more than =~ 40 A from its point of generation ‘ Finally, singlet oxygen
generation is most easily triggered photochemically when a molecule excited into its triplet state
relaxes back to the ground state with concomitant spin conversion of triplet to singlet oxygen.
Indeed, efforts have been made to develop so-called CALI (chromophore-assisted light
inactivation) reagents by linking organic chromophores such as fluorescein to protein-binding
antibodies **. However, these reagents have not made a significant impact as pharmacological
tools. First, the organic chromophores are themselves highly sensitive to singlet oxygen,
resulting in a low efficiency of protein inactivation. Second, antibodies are difficult to tag with
chromophores in a defined fashion and they are not cell permeable. In this report, we describe a
general and practical route to simple synthetic, cell permeable CALI agents. This technology
should provide rapid access to potent, photo-triggered knock-out reagents for almost any protein

of interest.
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3.2. Results

Ru(ll)-conjugated VEGFR2 antagonist showed a significant increase in potency with
visible light
It has long been known that Ru(II)(tris—bipyridyl)2+ (Ru(H)(bpy)32+) compounds are highly

9-12
. Moreover, the Amax of

efficient photocatalytic sensitizers of singlet oxygen formation
Ru(I)(bpy)s*~ is approximately 450 nm, a wavelength outside the range of most cellular
chromophores. Thus, it seemed reasonable to postulate that delivery of Ru(II)(bpy)s>" to a target
protein, followed by brief photolysis, would result in potent inactivation of the target. As
described in Chapter 3, we demonstrated recently that this is the case when Ru(I[)(bpy)s*" is
attached covalently to a Luciferase fusion protein . To investigate the utility of this approach to
photo-triggered protein inactivation with completely synthetic molecules, we employed a
Vascular Endothelial Growth Factor Receptor 2 (VEGFR2)-binding peptoid, GU40C (Kp = 2
uM) . GU40C is a weak antagonist of VEGF-induced VEGFR2 activation (75% inhibition at
500 pM) but is highly specific for this receptor. A Ru(Il)(bpy)s**-GU40C conjugate (RuGU40C,
Figure 38A) was constructed via click chemistry and was shown to have an affinity for the
VEGFR2 extracellular domain similar to that of the GU40C parent peptoid (Figure 39). The
activity of this compound was then tested in an assay in which cultured endothelial cells were

exposed to VEGF and the activation of VEGFR2 was monitored. As shown in Figure 38B, in

the absence of irradiation, RuGU40C did not inhibit VEGF-induced autophosphorylation of
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VEGFR?2 even at the highest concentration examined (2 uM), as expected. However, with visible

light (> 380 nm) irradiation (10 min), VEGFR2 autophosphorylation was inhibited
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Figure 38. Visible light-triggered inactivation of the Vascular Endothelial Growth Factor Receptor
2 (VEGFR2) by a ruthenium-peptoid conjugate. (a) Chemical structure of RuGU40C. The modified
Ru(II)(bpy)s>" complex and the GU40C peptoid are shown in red and blue, respectively. (b) Western blots
showing the level of phospho-VEGFR2 (the active form of the receptor) and total VEGFR2 after
receptor-expressing cells (PAE/KDR) were incubated under the conditions indicated. The duration of
irradiation was 10 minutes. FGU40C = fluorescein-conjugated GU40C (see Fig. S2). RuCON = a
Ru(II)(bpy)s*"-conjugated control peptoid that does not bind VEGFR2 (see Fig. S2). (c) Dose-dependence
of the inhibition of autophosphorylation of VEGFR2 by RuGU40C with or without irradiation. (d) Effect
of ruthenium-peptoid conjugates on the VEGF-induced formation of tubes by human umbilical vascular
endothelial cells (HUVECs). HUVECs on Matrigel-coated plates were incubated under the conditions
indicated and irradiated (10 min). 16hr after the addition of VEGF, degree of tube formation was
evaluated by quantitative analysis (AngioQuant software) of images obtained using a light microscope
(see Fig S3 for representative images). (¢) Analysis of the specificity of RuGU40C-mediated inhibition of
VEGFR2. The effect of the ruthenium-peptoid conjugate on hormone-mediated activation of VEGFR2 or
EGFR was examined in the presence or absence of irradiation (10 min) in cells that express both receptors
(H441). A Western blot measuring the levels of the phosphorylated (activated) form of the receptor and
total receptor is shown. Note that there is a basal level of phosph-VEGFR2 present even in the absence of
VEGF treatment.

potently. A conjugate containing Ru(II)(bpy)s>" tethered to a control peptoid that does not bind
VEGFR2 (RuCON. Figure 40) did not show any inhibitory activity, demonstrating that the
Ru(I)(bpy)s*~ warhead must be targeted to a protein in order for efficient inactivation to be
observed. To obtain a more quantitative view of the increase in potency supported by the
ruthenium photochemistry, a titration experiment was carried out, revealing that RuGU40C
exhibited an ICsy of 49 uM in the absence of irradiation and 59 nM when irradiated. This

represents a greater than 800-fold increase in potency (Figure 38C).
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3500 Figure 39. Competitive binding assay of
RuGU40. Displacement of FGU40C (see Fig.
S2) on immobilized VEGFR2 extracellular
domain (ECD) by increased concentration of
RuGU40C was assessed by measuring
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To further validate that RuGU40C and light block VEGFR2 function, an in vitro

angiogenesis assay was employed. Cultured endothelial cells form vessel-like tubular structures
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when treated with VEGF, mimicking the process of vascular formation from preexisting blood
vessels, which is a hallmark of cancer and various ischaemic and inflammatory diseases'’. As
shown in Figure 38D and Figure 41, upon irradiation, RuGU40C inhibited tube formation of
HUVEC cells with an ICso of about 50 nM while no inhibition was observed from cells that were

treated with RuCON and irradiated.

RN

DMSO + VEGF RuGU40C (0.2 uM) + VEGF

RuCON (1 uM) + VEGF RuGU40C (1 pM) + VEGF

Figure 41. Effect of RuGU40C on VEGF-induced tube formation by HUVECs. HUVECs on
Matrigel-coated 96-well plate were incubated under the conditions indicated and irradiated (10 min). 16
hr after VEGF addition, light microscopic images were taken.
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A fluorescein conjugate of GU40C (Figure 40) also mediated the inhibition of VEGFR2
activation when irradiated, but much less efficiently than the ruthenium-peptoid conjugate
(~50% at 2 uM, Figure 38B). Though fluorescein has often been used as a chromophore in
classic CALI studies, this result is consistent with our previous finding that Ru(IT)(bpy)s>" is a far

more efficient singlet oxygen generator than oxidatively sensitive organic fluorophores .

Specificity of VEGFR2 inactivation by RuGU40C

A critical issue is the degree of specificity of target protein inactivation. To examine this
point, RuGU40C was mixed with recombinant Luciferase and the solution was irradiated. As
shown in Figure 42, RuGU40C and light had no effect on Luciferase activity, which we have
shown previously to be sensitive to targeted inactivation by singlet oxygen when the ruthenium
complex is attached covalently to a Luciferase fusion protein . This argues that non-specific
damage by 'O, generated from unbound RuGU40C is negligible. More importantly, the effect of
RuGU40C-mediated singlet oxygen production on a cellular receptor other than VEGFR2 was
assessed in cultured cells. H441 cells, which express both EGFR (also a receptor tyrosine kinase)
and VEGFR2 '°, were irradiated in the presence of RuGU40C and hormone induced
autophosphorylation of each of the

- light

[ + light Teceptors was monitored.

100 L 1 I & T i u

75
Figure 42. Effect of RuGU40C on
50 recombinant Luciferase activity. Activity
of recombinant Luciferase with indicated
5e concentration of RuGU40C was measured
after irradiation or dark incubation (10
min).
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As shown in Figure 38E, at concentrations of RuGu40C that reduced VEGFR2 activation to
basal levels, EGFR autophosphorylation was unaffected. Moreover, cell viability was unaffected
by RuGU40C and light (Figure 43). Taken together, these data argue strongly that at these
concentrations, protein inactivation is highly specific and that there is little or no “bystander

damage” to other membrane receptors or the cells in general.

[UU"—W
Figure 43. Effect of RuGU40C on the cell viability

o -ligt of PAE/KDR cells. Cells were incubated with
-o- +light indicated concentration of RuGU40C and irradiated or
incubated in the dark (10 min). After 2 days, the cell
604 viability was assessed by CellTiter 96" AQueous One
Solution Cell Proliferation Assay (Promega) and
expressed as a percentage of DMSO (-light) control.
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A Super-potent photo-antagonist of VEGFR2

The data shown in Figure 38 demonstrate that the Ru(II)(bpy)32+ warhead can increase the
potency of a poor inhibitor several hundred-fold. Would this type of result also be observed if
one began with a more potent compound, or is a mid-nM potency for some reason the “speed
limit” of singlet oxygen-mediated protein inactivation? To probe this point, a Ru(I)(bpy)s*"
conjugate of GU40C4 was created (Figure 44A). GU40C4, which contains two copies of GU40C
joined by a linker, has increased binding affinity to dimeric VEGFR2 (Kp = 20~30 nM) and also
showed increased potency in blocking VEGF-induced autophosphorylation of VEGFR2 in

cultured cells (ICso = 1 pM) '*. After confirming that RuGU40C4 binds to the VEGFR2



99

>
pu =4
-
X
=
\f'
o
x
o

|
|
Ruf“
= /l""'* -
| NH,
X Ny X NH, NH, HN
[/ Odjo

"Ru:.:

— /l \N/ I

= Ny Xy NH3 NHz
l =

B
{5 A & - light
-0 + light
754
-
(o
é 50
%)
ol
=
= 254
0 T T T T T 1
3 2 -1 0 1 2 3

Log [RuGU40C4] (nM)

Figure 44. (a) Chemical structure of RuGU40C4. The modified Ru(Il) (bpy);>" complex and GU40C4
peptoid are shown in red and blue, respectively. (b) Dose-dependent inhibition of VEGF-induced
autophosphorylation of VEGFR2 on PAE/KDR cells by RuGU40C4 with irradiation (10 min).
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extracellular domain (Figure 45), autophosphorylation assays were performed to determine its
potency in a cell culture assay. As shown in Figure 44B, in the absence of irradiation,
RuGU40C4 showed about 50% inhibition of VEGFR2 at 500 nM, a potency similar to that of
GU40C4 itself. However, with irradiation, RuGU40C4 inhibited VEGFR2 far more potently,
with an ICsy of 590 pM. This represents a 1700-fold increase in potency compared to GU40C4,

demonstrating that this strategy is capable of producing extremely effective inhibitors.

A photo-antagonist of the 26S proteasome

Next, we asked if this approach can be used for intracellular target proteins, requiring that
the Ru(I)(bpy)s>-synthetic molecule conjugate crosses the cell membrane and that the oxidation
chemistry proceeds efficiently even in the reducing environment inside the cell. Rpt4, one of six
AAA class ATPases in the 26S proteasome was chosen as a target. The proteasome is a large,
multi-protein complex that is responsible for most non-lysosomal degradation of proteins in

eukaryotic cells . A ring of six ATPases (Rpts 1-6), which constitutes part of the 19S regulatory
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particle (RP) of the proteasome, sits atop the barrel-like 20S catalytic core of the complex
(Figure 47A). The ATPases act to unwind protein substrates and introduce the chains into the
interior of the 20S where the catalytic sites reside '*. They also stimulate peptidolysis by holding
open a “flap” on the 20S core particle that otherwise restricts substrate access ' -'. Previously, a
peptoid called RIP1 was isolated in a screen for specific ligands to the yeast proteasome .
Cross-linking experiments demonstrated that RIP1 targets Rpt4 > and that it acts as an agonist of
26 proteasome-mediated peptidase activity (chymotrypsin-like; ECsyp = 3 uM), presumably by
locking the ATPase complex in the “flap open” conformation **. As shown in Figure 46, it also
showed an enhancement of peptidase activity of the human 26S proteasome in living cells, but

with lower potency (ECsp = 50uM).

100004
= Figure 46. The Effect of RIPl on
=] chymotrypsin-like peptidase activity of the
'1:_1 8000 1 268 proteasome in HelLa cells was assessed
§ by measuring luminescence generated by
3 substrate (Suc-LLVY-aminoluciferin)
E 6000 - cleavage.
ks

40004

I 5 10 25 50 75 100 160
[RIP] (uM)

A Ru(I)(bpy)s*" of RIP1 was created (RuRIP1, Figure 47B) and its effect on the yeast
proteasome-mediated peptidolysis reaction in vitro was examined. In the absence of irradiation,

Ru-RIP1, like RIP1, was an agonist of the chymotrypsin-like activity.
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Figure 47. Visible light-triggered inactivation of the 26S proteasome by a ruthenium-peptoid
conjugate. (a) Illustration of the 26S proteasome and gate opening of the 20S proteasome. (b) Chemical
structure of RuRIP1. The modified Ru(II) (bpy);>" complex and RIP1 peptoid are shown in red and blue,
respectively. (c) Chymotrypsin-like peptidase activity of purified, yeast 26S proteasome was measured in
the presence of RuRIP1 with or without irradiation by monitoring the cleavage of fluorogenic substrate,
Suc-LLVY-AMC. (d) The effect of RuRIP1 on chymotrypsin-like activity of the 26S proteasome in HeLa
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cells with or without irradiation (30 min) was assessed by measuring luminescence generated by substrate
(Suc-LLVY-aminoluciferin) cleavage.

However, irradiation resulted in an inversion of RuRIP1 activity and inhibition of peptidolysis
was observed (Figure 47C). The potency of inhibition increased with the irradiation time (ICsp =
300 nM and 85 nM with 10 min and 20 min irradiation, respectively) suggesting that inhibition is
dependent on the amount of 'O, generated. The potency of RuRIP1 when irradiated for 20
minutes was similar to that of MG132, a direct inhibitor of the chymotrypsin-like peptidase
activity of the 26S proteasome. The two other peptidase activities of the 26S proteasome
(caspase-like and trypsin-like) were also inhibited by RuRIP1 and light (Figure 48). Note that
RuCON was neither an agonist nor a photo-antagonist of peptidolysis. Moreover, no inhibition

of recombinant Luciferase was observed when this

A & RuRIPI - light ~#= RuRIP1 + light (20 min)
~®— RuCON + light (5 min) =& RuRIP1 + light (5 min)
-B- MGI132 ~¥= RuRIPI + light (10 min)

protein was irradiated in the presence of RuRIPI
B0019

(Figure 49). These data demonstrate that inactivation

of the peptidolysis activity of the proteasome requires
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delivery of the oxidative warhead by the peptoid.
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Figure 49. Effect of RURIP1 on recombinant Luciferase activity. Activity of recombinant Luciferase
with indicated concentration of RuRIP1 was measured after irradiation or dark incubation (20 min).

Inhibition of the 26S proteasome inside living cells

Given these in vitro data, we asked if RuRIP1 can inactivate the human 26S proteasome
inside living cells upon irradiation. As shown in Figure 47D, a dose-dependent inhibition (ICsy =
200 nM) of proteasome-mediated peptidolysis was observed when cells were incubated with
RuRIP1 and irradiated for 30 minutes, whereas no effect was observed in the absence of light
(note that the RuRIP1 concentration was well below that required for agonist activity). Note that
complete inhibition of peptidase activity by RuRIP1 was not observed even at 5 uM peptoid.
This may represent residual activity of the 20S core itself. Higher concentrations of RuRIP1
were not examined since some non-specific toxicity of this compound was observed at higher
concentrations. To investigate whether RuRIP1 has off-target effects inside cells, the activity of
Renilla Luciferase, which was expressed transiently in cells, was monitored. As shown in Figure

50, no inhibition was observed in cells irradiated in the presence of RuRIP1 showing that
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proteasome inhibition is due to a targeted delivery of the singlet oxygen sensitizer by the peptoid.
These experiments, which employed no special treatment to introduce the ruthenium-peptoid
conjugate into the cells but simply relied on its inherent cell permeability, demonstrate that this

technology can be used to target even intracellular proteins.

80000
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Figure 50. Effect of RURIP1 on activity of Renilla Luciferase activity in HeLa cells. HeLa cells (1 x
10* cells / well) in 96-well plates were transfected with pRLuc which is a plasmid encoding Renilla
Luciferase controlled by a constitutively active promoter. Cells were treated with RuRIP1 (1 puM) as
indicated and irradiated or incubated in the dark (30 min). After lysis, Renilla Luciferase activity was
measured.

Photo-stability of Ru(l1)-conjugates

In order for efficient ruthenium-mediated photoinactivation to occur, the “delivery
molecule” must be more resistant to singlet oxygen than the protein target. To examine this issue
for the peptoids used in this study, solutions containing only RuGU40C or RuRIP1 were
irradiated for different lengths of time and the degree of peptoid modification was assessed by

mass spectrometry. Specifically, the rate of loss of the original molecular ion is shown in Figure
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51. The proteasome-binding RuRIP1 peptoid was more labile than RuGU40C, probably because
of the presence of the indole side chain and the adenine ring in this molecule, though no attempt
has been made to characterize the photooxidation product. Importantly though, both ruthenium-
peptoid conjugates were modified at a rate significantly slower than the observed rate of protein
inactivation, as anticipated. This does raise the point however, that this approach to targeted
protein inactivation will be most effective with molecules that lack oxidatively labile residues

critical for binding.

- RuGU40C

100 - RuRIPI

remaining Ru-peptoid (%)

0 T T T T T 1
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irradiation time (min)

Figure 51. Relative amount of RuGU40C and RuRIP1 was monitored after irradiation with indicated
times using MALDI-TOF MS.
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3.3. Discussion

In summary, we have developed a practical method that allows modest potency hits from
screening efforts to be transformed into much higher potency CALI reagents for the targeted,
visible light photo-triggered inactivation of proteins. This approach was shown to be effective for
the knock-out of VEGFR2, a transmembrane receptor, and the proteasome, an intracellular
protein complex, in experiments using cultured mammalian cells. Little or no detectable
inhibition of proteins not targeted by the delivery molecule was observed, though it is obviously
impossible to rule out any off target effects completely. The high photocatalytic efficiency of

** complex and the ease with which

singlet oxygen formation exhibited by the Ru(II)(bpy);
derivatives can be tethered to protein-binding molecules makes it an ideal warhead for this type
of application in vitro. However, the absorption maximum of this compound (=450 nm) would
restrict its use in animal systems. In the future it may be possible to develop protein-binding
CALI agents with chromophores that absorb much farther towards the red in order to eliminate
this limitation.

We have so far made no attempt to characterize the products of singlet oxygen-mediated
photoinactivation, though it is clear that loss of protein activity is much faster than any detectable
target protein cleavage (data not shown). This argues that oxidative side chain modifications are
responsible for loss of target protein activity.

The experiments reported here employed peptoids as the protein targeting agents.

Peptoids are nearly ideal for this application. We have developed methods to screen bead-

displayed peptoid libraries that only register hits with low uM dissociation constants and, more
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importantly, very high binding specificity, critical for the development of “tool compounds™ '**

»_ Moreover, since the C-terminal end of the peptoid is linked to the bead, this provides a
reliable site of attachment for the Ru(II)(bpy)s*" warhead. Finally, peptoids are, in general, cell
permeable ** ?7. But this technology could be applied to other hit compounds from high-
throughput screens so long as a site is available to which to tether the ruthenium complex
without compromising the activity of the molecule. Thus, we believe that this technology will be
of great utility in the development of pharmacological tools for the study of cell biology, in
particular relieving the daunting roadblock of maturation of hits into more potent compounds by
traditional medicinal chemistry methods.

The large, photo-triggered jumps in potency of the ruthenium-peptoid complexes (up to
1700-fold in this study) also provide opportunities for the manipulation of protein function that
are not available with classical synthetic inhibitors. For example, it is possible to employ a
concentration of the ruthenium-peptoid conjugate that is insufficient to inhibit the target protein
in the dark, but then turn off protein function rapidly by photolysis, allowing one to carry out
time-resolved studies of the effect of protein knock-out. In this study, a simple, high-intensity
lamp was employed as the light source, requiring irradiation times of 5-20 minutes for complete
protein knock-out. However, the use of more intense light sources, such as a laser, should reduce
the required photolysis time drastically. It should also be feasible to carry out experiments under
similar conditions in which only specific sub-cellular compartments of a cell are irradiated, thus

achieving highly localized protein inactivation.
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3.4. Experimental section

General remarks

All chemicals and solvents, unless stated, were purchased from Aldrich Chemical Co., and were
used without further purification. Preparative HPLC was performed on a Waters Breeze HPLC
system with a Vydac C18 preparative column (Flow rate = 10 ml/min.). Mass spectra were
obtained with a Voyager-DE™ PRO (Applied Biosystems) for MALDI-TOF with a-cyano-4-

hydroxycinnamic acid matrix.

Cell culture

PAE/KDR cells (Sibtech, Inc.) and HeLa cells (ATCC, CCL-2) were maintained in DMEM
(Invitrogen) supplemented with 110 mg/L sodium pyruvate, 2mM L-glutamine and 10% (v/v)
fetal calf serum at 37°C in a 5% CO, environment. H441 cells were maintained in RPMI-1640
(Invitrogen) supplemented as above. For irradiation experiments, phenol red-free DMEM or

RPMI-1640 was used.

Peptoid synthesis
All peptoids were synthesized by on Rink Amide AM resin (Nova Biochem) using the sub-

monomer approach (outline shown below) by a microwave-assisted protocol (1).
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O—NH BrCH,CO,H O_vaar _RNH, O‘N )J\/N\

? (iPYN=C=N(iPr), DMF " DMF

Peptoid synthesis outline: Coupling of bromoacetic acid followed by alkylation with amine completes
addition of one residue in the sequence.

Preparation of Ruthenium-peptoids

Compound 1: To a stirred solution of Bis-(2,2’-bipyridin)-4’-methyl-4-carboxy-bipyridin-
ruthenium-N-succinimidylester-bis-(hexafluorophosphate) (5.0 mg, 0.005 mmol) was added 4-
azidobutylamine (0.025 mmol) (2) and DIPEA (0.025 mmol). After 3 hr at room temperature, the
reaction mixture was diluted with dH,O (0.1 % TFA, 3 mL) and directly purified by preparative
HPLC and fractions containing product were lyophilized to afford compound 1 (0.004 mmol) as

a red solid. MALDI/TOF: [M]" calculated 724.2, observed 723.4

| X
HZN\/\/\ , wN~
N3 "Ru2+
DIPEA, DMF
N3

Scheme 1. Synthesis of azide-functionalized Ru(ll) complex (1)

Compound 2. MALDI/TOF: [M+Na]" calculated 1465.9, observed 1466.7

Compound 3. MALDI/TOF: [M+H]" calculated 1331.8, observed 1332.1
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RuURIP1: To a stirred solution of compound 1 (0.004 mmol) in MeOH (150 uL) was added
compound 2, Cul (0.012 mmol), and DIPEA (0.02 mmol). The reaction mixture was stirred
overnight at room temperature and diluted with dH,O (0.1 % TFA, 3 mL), and directly purified

by preparative HPLC. MALDI/TOF: [M]" calculated 2167.1, observed 2167.1

RuGU40C: To a stirred solution of compound 1 (0.004 mmol) in DMSO (150 pL) was added
compound 3 (0.004 mmol) and Tetrakis(acetonitrile)copper hexafluorophophate (0.0004 mmole,
10 mole %). The reaction mixture was microwaved (100 % power) for 45 sec, diluted with dH,O
(0.1 % TFA, 3 mL), and directly purified by preparative HPLC. MALDI/TOF: [M]" calculated

2055.0, observed 2054.0 NH

e \ ?@f\

or N

HZNT@ &NH) Ki\@ AN /
! \ s

RuRIP1
or
RuGU40C

Scheme 2. Synthesis of RURIP1 or RuGU40C via click chemistry



112

RuGU40C4: To a resin containing GU40C4 (0.0025 mmol) in DMF was added N-Fmoc-6-
aminohexanoic acid (0.0075 mmol), HOBt (0.0075 mmol), HBTU (0.0075 mmol), and DIPEA
(0.0075 mmol). The suspension was shaken overnight at room temperature. The resin was
washed with DMF (2 mL x 8) and were treated with 20% piperidine in DMF for lhr at room
temperature. After washing with DMF (2 mL x 8), the resin was treated with Bis-(2,2’-
bipyridin)-4’-methyl-4-carboxy-bipyridin-ruthenium-N-succinimidylester-bis-

(hexafluorophosphate) (5.0 mg, 0.005 mmol) and DIPEA in DMF. After 2 hr, the resin was
washed with DMF (2 mL x 8) and CH,Cl, (2 mL x 8). The conjugate was cleaved from the resin
by cleavage cocktail (1mL, 97.5% TFA, 2.5% water) at room temperature for 2hr. TFA was
removed and the crude produce was purified by preparative HPLC. MALDI/TOF: [M]*

calculated 1053.5, observed 1054.5

NH, NH, /—Q 2
HNéhﬂ%ﬂNﬁﬂNhﬂm
rg; NH2 o& NH2 HNo
HNﬂNWNﬂNWNﬂNWNﬂNWN:L}

~v) _ Rugusocs

i) N-Fmoc-6-aminohexanoic acid, HOBT, HBTU, DIPEA, DMF ii) 20% piperidine in DMF
iii) Ru(bpy)2(mcbpy-OSu), DIPEA, DMF iv) TFA, H,O

Scheme 3. Synthesis of RuGU40C.
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RUCON: To a resin containing control peptoid (0.0025 mmol) in DMF was added N-Fmoc-y-
aminobutyric acid (0.0075 mmol), HOBt (0.0075 mmol), HBTU (0.0075 mmol), and DIPEA
(0.0075 mmol). The suspension was shaken at room temperature for 2 hr. The resin was washed
with DMF (2 mL x 8) and was treated with 20% piperidine in DMF for 2hr at room temperature.
After washing with DMF (2 mL x 8), the resin was treated with Bis-(2,2’-bipyridin)-4’-methyl-
4-carboxy-bipyridin-ruthenium-N-succinimidylester-bis-(hexafluorophosphate) (5.0 mg, 0.005
mmol) and DIPEA in DMF. After 2 hr, the resin was washed with DMF (2 mL x 8) and CH,Cl,
(2 mL x 8). The conjugate was cleaved from the resin by cleavage cocktail (ImL, 97.5% TFA,
2.5% water) at room temperature for 2hr. TFA was removed and the crude produce was purified

by preparative HPLC. MALDI/TOF: [M]" calculated 1568.7, observed 1568.7

OH OH OH OH

N

HN/\H/N\)OJ\N/\H/N\)OJ\N N\)OJ\N/\[rN\)OJ\NAO D~iv) RUCON
0 Y 0 Y 0 Y 0 :

1) N-Fmoc-aminobutyricacid, HOBT, HBTU, DIPEA, DMF ii) 20% piperidine in DMF
ii1) Ru(bpy),(mcbpy-OSu), DIPEA, DMF iv) TFA, H,O

Scheme 4. Synthesis of RuCON.
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Cell viability assay

Cell viability was determined by the CellTiter 96® AQ,eous One Solution Cell Proliferation Assay
(Promega). PAE/KDR cells (2 x 10* cells / well) in phenol red-free DMEM (10% FBS) in 96-
well plate (white clear bottom) were incubated with DMSO, RuCON, or RuGU40 for 15 min and
irradiated or incubated in the dark for 10 min. After 2 days incubation at 37°C, CellTiter96"
AQueous One Solution Reagent (20 pL) was added to culture wells and incubated for 3 hr and

then absorbance at 490nm was measured.

MS spectrometry for photostability measurement of Ruthenium-peptoids

RuGU40C (2.5 uM) or RuRIP1(2.5 uM) in 100 pL phenol red-free DMEM (0.1% FBS)
containing 2.5 pM internal standard peptoid (structure shown below) were irradiated. At
different time points, sample (3.5 pL) was taken and mixed with MALDI/TOF matrix solution (7
pL). 1 pL of the mixed solution was subjected to MALDI/TOF analysis and intensity of
molecular ion peak of RuGU40C or RuRIP1 was normalized with that of internal standard

peptoid (shown below) and expressed as percentage of initial value at 0 min irradiation.

OH OH
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Visible light irradiation

Irradiation was done using 150-W xenon arc lamp (Oriel). Light was filtered first through
distilled water (10 cm) and then through a 380- to 2,500-nm cut-on filter (Oriel). Samples were
positioned at 25 cm distance from the light source and light intensity at the distance was 50

mW/cm?.

Autophosphorylation assay

Cells were grown (~75% confluency) in 6-well plates, serum-starved overnight (0.1% FBS) and
treated with compounds for 15 min. After irradiation or dark incubation for 10 min, cells were
incubated for 37°C for 10 min before addition of VEGF (37 ng/mL) or EGF (20 ng/mL). After 8
min, cells were lysed with nuclear lysis buffer (125 pL) for 10 min at 4°C. The collected lysate
was mixed with 2 x SDS sample buffer and was heated for Smin at 95°C. The samples were
separated by SDS-PAGE and transferred to PDVF membranes (Immobilon, Millipore). The
membranes were probed with anti-phospho VEGFR2, anti-phospho-EGFR, anti-VEGFR2, or
anti-EGFR primary antibodies (Cell signaling) and subsequently developed with appropriate
HRP-conjugated secondary antibody (BioRad) followed by chemiluminescent detection using
SuperSignal® West dura substrate (PIERCE). Quantifications of blot bands were performed

using “Image J” software.

Tube-formation assay
HUVECs (2.5 x 10* cells/well) in phenol red-free Endothelial Cell Medium (ECM) basal media

(ScienCell Research Lab.) containing 0.2% FBS were mixed with DMSO, RuCON, or
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RuGU40C and then dispensed in growth-factor reduced Matrigel (BD biosciences)-coated 96-
well plates and were incubated at 37°C for 15 min. After irradiation or dark incubation for 10
min, cells were treated with VEGF (1.3 nM) and incubated for 16 hr. Images were taken under
the light microscope and analyzed for quantitation of tube formation using software

“AngioQuant”.

26S proteasome peptidase assay

The proteasome peptidase activity was measured using fluorogenic substrates Suc-LLVY-AMC
(Bachem), Cbz-ARR-AMC (Calbiochem), and Cbz-LLE-AMC (Calbiochem) to analyze the
chymotrypsin-like, trypsin-like, and caspase-like activities of the 26S proteasome, respectively.
26S proteasome (2 nM) was incubated at 25°C for 10 min with DMSO, MG132, RuCON, or
RuRIP1 in the reaction buffer containing 50 mM Tris (pH 8.0) and 20 uM B-mercaptoethanol
(100 pL of final reaction volume). Samples were irradiated or incubated in the dark for indicated
time. 10 min after additional dark incubation, fluorogenic substrate (50 uM) was added and the
peptidase activity was monitored after 30 min by measuring the fluorescence of the released 7-

amido-4-methylcoumarin (Ex: 365 nm, Em: 460 nm).

Cell-based proteasomal peptidase assay
The Effect of RIP1 and RuRIP1 on the proteasomal chymotrypsin-like peptidase activity was
determined using a chemiluminescent assay (Proteasome Glo Cell-based Assay, Promega). HeLa

cells were dispensed into white, clear-bottom 96-well plate at a density of 1 x 10* cells in 100 uL
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phenol red-free DMEM (10% FBS). After 6hr incubation, media was replaced with 100 pL
serum-deficient, phenol red-free DMEM (0.1% FBS) and incubated for 4 hr. Cells were treated
with compounds and incubated for 2 hr and then were irradiated or incubated in the dark for 30
min. After incubation at 37 °C for 2hr, cells were equilibrated to room temperature for 30 min
and then assay buffer (100 pL) containing luminogenic substrate Suc-LLVT-aminoluciferin and
a recombinant Luciferase were added. After 10 min incubation at room temperature,
chemiluminescence was measured using plate reader and expressed as relative light units (RLU)

after subtraction of background luminescence (100 uL media + 100 pL assay buffer).

References for experimental section

1. H. J. Olivos, P. G. Alluri, M. M. Reddy, D. Saloney, T. Kodadek, T. Org. Lett. 4, 4057 (2
002).

2. J. W. Lee, S. I. Jun, K. Kim. Tetrahedron Lett. 42, 2709 (2001).
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