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Small molecules that bind and modulate specific protein targets are increasingly used as tools to

decipher protein function in a cellular context. Identifying specific small-molecule probes for each
protein in the proteome will require miniaturized assays that permit screening of large collections
of compounds against large numbers of proteins in a highly parallel fashion. Simple and general
binding assays involving small-molecule microarrays can be used to identify probes for nearly any
protein in the proteome. The assay may be used to identify ligands for proteins in the absence of

knowledge about structure or function. In this tutorial review, we introduce small-molecule
microarrays (SMMs) as tools for ligand discovery; discuss methods for manufacturing SMMs,
including both non-covalent and covalent attachment strategies; and provide examples of ligand

discovery involving SMMs.

1. Introduction

Deciphering the information encoded in the functional gen-
ome, which includes thousands of characterized proteins and
uncharacterized predicted gene products, is a key challenge for
researchers in the post-genomic era. While the number of
human protein-coding genes has been estimated to be almost
21000, processes such as alternative splicing®® and post-
translational modification® give rise to an expanded and
dynamic functional proteome. It has been estimated that at
least 10° biomolecules are required to maintain the integrity of
human cells.*> Understanding the roles of these biomolecules
within complex, living systems requires new tools that can be
used to explore the functional genome on a large scale.
Complementary and high-throughput approaches rooted in
comparative genomics,® proteomics,” and chemical biology®
can be used to expedite our understanding, offering clues to
biological function as well as validating disease targets for
therapeutic intervention.
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Increasingly, small molecules are used directly as tools to
study functions of proteins and cellular processes. Represen-
tative uses for tool compounds in chemical biology have been
reviewed elsewhere and include enzyme inhibitors, receptor
modulators, modulators of protein—protein interactions, aids
in protein crystallization, detection or imaging agents, and
activity-based probes.®® Whereas genetic approaches can be
applied generally to study nearly any protein target, chemical
approaches are currently limited by the fact that relatively few
proteins have known small-molecule partners. Ideally, small-
molecule activators and inhibitors of any given function would
be available to researchers interested in studying any given
protein in the proteome.® Design of such small molecules in
the absence of structural information about each protein in the
proteome is a daunting task. Therefore, high-throughput,
cost-effective, and general ligand discovery methods that
require little or no information about protein structure or
function are needed in order to identify specific small-molecule
probes of each protein function.

Several high-throughput screening (HTS) approaches to
ligand discovery have been described and reviewed else-
where.® ' Two main HTS approaches, often referred to as
forward and reverse chemical genetics in analogy to forward
and reverse genetic screens, offer complementary paths to
identifying bioactive molecules.” Cell-based, phenotypic
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screens involve scoring small molecules based on their ability
to alter cellular phenotypes (e.g. cell viability, transcriptional
activity, nuclear translocation of a protein, or altered mor-
phology). This forward chemical genetic approach allows a
researcher to directly screen for compounds that induce a
phenotype of interest in a cellular context but also requires
additional investigation to identify the protein target(s)
responsible for the observed phenotype. Unfortunately, a
systematic and general approach to target identification re-
mains elusive.!! The reverse chemical genetic screening ap-
proach involves functional small-molecule assays targeted
directly to a protein of interest (e.g. enzymatic assay or
protein—-DNA interaction studies). These assays are typically
performed in isolation from the cell. Once a compound that
targets a given protein is identified, the challenge is to identify
whether or not the small molecule has an effect in a cellular
context. While target-based screens directly identify com-
pounds that modulate a protein of interest, there is no
guarantee that the compounds will be cell-permeable or that
they will affect the protein in a way that results in a functional
phenotypic outcome in the cell. Broad phenotypic studies are
usually required to understand the consequences of modulat-
ing the target. From the perspective of drug discovery, target-
ing a specific protein may or may not have a desired
therapeutic consequence and considerable effort is invested
validating target proteins prior to executing full-scale HTS
campaigns. Both HTS approaches have successfully delivered
tool compounds that may be useful in validating specific
protein targets for therapeutic design.®®

Unfortunately, the majority of targeted or phenotypic HTS
screens require some advance knowledge of protein structure
and function or a considerable amount of assay development
to execute. Simple, high-throughput, and general binding
screens may provide a cost-effective alternative to conven-
tional phenotypic or functional target-based HTS.'? In this
scheme, compounds are selected simply based on their ability
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to ligate a protein of interest in a high-throughput primary
assay. The positives are then evaluated in downstream func-
tional or phenotypic assays. Investment in functional or
phenotypic assay development occurs only when ligands are
in hand. Simple binding screens may identify ligands with the
ability to activate or inhibit a given protein function. A single
binding screen may identify compounds that act on a protein
target in different modes (e.g. active-site and allosteric mod-
ulators). Ideally the compounds are subjected to many parallel
proteins in an effort to evaluate binding specificity. Examples
of techniques for detecting binding interactions between pro-
teins and small molecules have been reviewed elsewhere and
include fluorescence polarization, isothermal titration calori-
metry, fluorescence-based thermal shifts, surface plasmon
resonance, three-hybrid assays, and on-bead binding as-
says.'>!1® Many of these methods are limited by throughput,
quantity of protein or small molecule required for the assay, or
the need for assay development based on prior structure of the
protein. In this tutorial review, we introduce small-molecule
microarrays (SMMs) as an alternative general binding assay,
compatible with nearly any type of protein without advanced
knowledge of structure or function, and present examples of
ligand discovery projects using SMMs.

Taking a cue from the world of DNA microarrays and whole
genome expression profiling, Schreiber and co-workers re-
ported the fabrication of microarrays containing small mole-
cules for use in detecting interactions with proteins.'* Since the
initial publication, a number of notable improvements in both
SMM manufacturing and screening have been reported by
several investigators and reviewed elsewhere.'>!%!® Typically,
nanolitre volumes of small molecules are arrayed onto functio-
nalized glass microscope slides (25 mm x 75 mm) and im-
mobilized using one of several covalent or non-covalent
methods (Fig. 1). Depending on the immobilization chemistry
and the type of small molecule printed, microarray features
vary in diameter from 50-300 pum. Microarrays containing

3
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Fig. 1 Preparation and screening of small-molecule microarrays (SMMs). Small molecules from a variety of sources, including natural products,
bioactives, commercial compound collections, and products of diversity-oriented syntheses (left), are arrayed onto chemically modified glass
microscope slides. Compounds are attached to the surface using any one of a number of covalent or non-covalent methods (right). Printed arrays
are incubated with a protein of interest and binding is often detected using a fluorescently labeled antibody against the protein itself or an epitope

tag (center).
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Fig. 2 Screened slides are scanned for fluorescence using a standard microarray scanner. Putative binders may be evaluated in secondary binding
assays (e.g. surface plasmon resonance, thermal shift, calorimetry), cell-based phenotypic assays, or functional biochemical assays.

nearly 11000 different small molecules have been reported and
illustrate the miniaturized nature of the assay.!*'* Published
reports have described SMMs containing small molecules from
a variety of sources including products of diversity-oriented
syntheses, combinatorial libraries biased toward specific enzy-
matic activities, libraries of peptidomimetics, carbohydrates,
known bioactive compounds, commercial compound collec-
tions, purified natural products, natural product extracts, and
FDA-approved drugs.!>!71?

The microarrays are incubated with a protein of interest and
interactions are usually detected using a fluorescence-based
readout with a standard microarray scanner or by surface
plasmon resonance (SPR).'>?® When a fluorescence-based
readout is used, purified proteins are often detected via a
labeled antibody against an epitope tag or an antibody directly
against the protein (Fig. 1). SMMs are also compatible with
screens involving cell lysates containing endogenous proteins
using antibodies against the protein target,'® or overexpressed,
epitope-tagged proteins.'>!” Expressable and fluorescent tags,
such as green fluorescent protein (GFP), have also been used
successfully in screens involving lysates.'® The ability to screen
directly from cell lysates can save time and effort by bypassing
the purification process. Proteins obtained from cellular lysates
may be more likely to retain proper conformation for activity
or contain relevant post-translational modifications. Lysate
screens provide an opportunity to screen proteins that reside
and act in protein complexes; the direct interaction of the
immobilized small molecule may or may not involve the
protein of interest, but rather, a direct interaction between
the small molecule and another complex member. Secondary

binding assays (e.g. SPR, fluorescence polarization, isothermal
calorimetry, thermal shifts) may be used to determine whether
or not the small molecule binds directly to the target protein or
to another protein in the complex. In some cases, additional
target identification studies, similar to those required for cell-
based, phenotypic screens, may be required to determine which
complex member interacts directly with the small molecule.

After SMM screening positives have been identified, com-
pounds are evaluated in secondary binding assays, functional
assays, or phenotypic assays (Fig. 2). In one report, SPR
(Biacore) was used to evaluate more than 100 protein—small
molecule interactions discovered using SMMs in secondary
assays.'” In these studies, the proteins were immobilized to
dextran-coated sensor surfaces and small molecules were in-
jected in solution at varying concentrations. Of the interac-
tions tested, 86% retested as binders with dissociation
constants of 0.5-20 pM. Several ligands with varying affinities
have been discovered using this approach and are reviewed
elsewhere.”1%!%1> Among others, representative proteins with
ligands successfully identified using this approach include
kinases,?!** proteases,? and transcriptional regulators.'8>*2
Examples of screens involving these protein classes will be
presented in this tutorial review.

2. Manufacturing small-molecule microarrays

The first step of any SMM experiment involves design and
fabrication of the chips containing probe molecules of interest.
Immobilization methods must take both orientation of display
and molecular stability into account. Most types of SMMs are

This journal is © The Royal Society of Chemistry 2008
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Table 1 Summary of common attachment methods for preparing SMMs

Attachment method Surface Coupling partners References
Michael addition Maleimide Thiol 14

Silyl ether formation Silyl chloride Primary alcohol 24-26
Oxime formation Glyoxylyl Aminoxyl 27
Thiazolidine ring formation Glyoxylyl 1,2-Amino thiol 27
1,3-Dipolar cycloaddition Terminal alkyne Azide 28, 29
Diels—Alder Benzoquinone Cyclopentadiene 30
Capture of heteroatoms with acidic proton Diazobenzylidene Phenol, carboxylic acid 31
Staudinger ligation Phosphane Azide 32

Amide formation Activated ester Amine 33
Epoxide opening by hydrazide Epoxide Hydrazide 34, 35
Photolithography Various Various 36
Photoactivated crosslinking Diazarine, aryl azide Various 20, 37, 38
Non-selective isocyanate capture Isocyanate Various 13,17, 19, 21, 41
Self-sorting capture via hybridization Oligonucleotides PNA 23
Fluorous affinity capture CgF; CgF 7 18, 39, 40
On-array enzymatic synthesis Various Various 22

prepared by immobilizing the small molecules on chemically
treated glass microscope slides using either microcontact spot-
ters or piezoelectric deposition. Microlithography, using either
masks or optical methods, is another common method for
fabricating microarrays and is used routinely to prepare
oligonucleotide arrays.”'> Most reports of SMM manufactur-
ing involve microcontact printing. A number of capture
strategies have been developed for microarrays and include
both covalent attachment of the probes to the surface and
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non-covalent deposition (Table 1).!*%? A detailed review of
several successful covalent and non-covalent attachment
chemistries has been published elsewhere. !>

2.1 Covalent immobilization

Most of these approaches involve mild and selective coupling
reactions. The first SMMs were prepared using the Michael
addition reaction involving molecules containing free thiols
printed onto slides coated with vinyl sulfone or maleimide
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Fig. 3 Representative approaches to immobilizing small molecules. (a) Printing hydrazides on epoxide-coated surfaces is an example of selective
covalent immobilization. The epoxide will react with the hydrazide selectively over other nucleophilic functional groups. (b) Isocyanate-coated
surfaces react with a variety of nucleophilic functional groups and can be used to covalently immobilize small molecules in a non-selective fashion.
(¢) Fluoroalkylsilane-coated slides may be used to non-covalently capture polyfluorocarbon-tagged small molecules via a fluorous affinity
interaction. (d) Libraries of PNA-encoded small molecules screened in solution may be captured selectively onto arrays via hybridization on

oligonucleotide microarrays.
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groups.'* While this strategy proved successful it was not
general as most compound screening collections do not con-
tain a high proportion of free thiols. Many more compounds
coming from both combinatorial libraries and natural product
collections contain amino and hydroxy groups. While these
compounds may be coupled to carboxy-modified glass via
amide or ester bond formation, Chang and co-workers chose
to print a library of 2688 amine-containing molecules on slides
coated with N-hydroxysuccinimide (NHS) activated esters.*
This approach obviates the need for additional coupling
catalysts. Surfaces treated with silyl chloride have been used
to capture 12396 compounds from diversity-oriented synthesis
(DOS) that contain primary alcohols.?*® A DOS library of
6336 compounds containing aryl alcohols was captured on
diazobenzylidene surfaces.>! Readily commercially available
epoxide-coated glass slides have been used to capture hydra-
zide-tagged small molecules (Fig. 3a) and carbohydrates.>*3°
Several other mild and chemoselective immobilization strate-
gies have been described and include immobilization through
formation of oximes, hydrazones, or thiazolidine ring forma-
tion on glyoxylyl surfaces,”’ 1,3-dipolar cycloaddition,?®?
Diels—Alder reaction,®® and Staudinger ligation.>> Most of
the surface capture methods take advantage of a reactive
functional group that is introduced as part of their synthesis
and biases the orientation of the small molecule on the surface.
Motivated by the need to increase molecular diversity on
SMMs, non-selective approaches to capturing compounds
have been adopted. An isocyanate-mediated capture strategy
(Fig. 3b) was used to print nearly 10000 known bioactive
small molecule natural products, and small molecules origi-
nating from several diversity-oriented syntheses.'*!® Isocya-
nates react with a variety of nucleophilic functional groups
thereby increasing the number of small molecules, from nat-
ural or synthetic sources, that may be printed on a single
surface. This approach was recently extended by Schmitz et al.
to capture natural product extracts of varying degrees of
purity and detect protein—small molecule interactions on ex-
tract microarrays.!” Kanoh et al. prepared microarrays of
approximately 2000 natural products and drugs by photo-
crosslinking compounds on trifluoromethylaryldiazarine-
coated surfaces.’” Using this approach, photogenerated car-
benes react with the printed compounds in manner that is
independent of functional group. Pei et al. prepared carbohy-
drate microarrays using a double photoligation strategy in-
volving perfluorophenylazides (PFPAs).>® PFPA-derivatized
carbohydrates were immobilized on a poly(ethylene oxide)
surface by photo-initiated insertion. Both the isocyanate and
photo-crosslinking strategies present the possibility of printed
compounds occupying multiple modes of orientation within a
given spot, effectively increasing the number of binding modes
that a given probe protein can sample. Other covalent ap-
proaches to SMM manufacture include on-array synthesis.
For example, Kodadek and co-workers used photolithogra-
phy to synthesize arrays containing cyclic peptides and added
side chains to the pre-synthesized cyclic cores in a combina-
torial fashion.*® Dordick and co-workers used in vitro meta-
bolic pathway construction to synthesize natural product
analogues directly on the microarrays and identified three
inhibitors of Fyn tyrosine kinase.??

2.2 Non-covalent immobilization

Non-covalent methods have traditionally been used to make
microarrays of nucleic acids and proteins.** Slides coated with
aminosilane or poly-L-lysine have been used to randomly
capture oligonucleotides, proteins, and cells via electrostatic
interactions or passive adsorption. Similarly, nitrocellulose
has been used as a substrate for capture of DNA, proteins,
and carbohydrates. Biomolecules can also be biotinylated and
printed on streptavidin-coated surfaces. Microwells and mi-
crodroplets have been adapted to the microarray format in an
effort to carry out experiments in solution.**** More recently,
non-covalent immobilization approaches have been developed
for fabricating SMMs. Winssinger and co-workers prepared
SMMs containing a PNA-encoded tetrapeptide acrylate
library via sequence-specific hybridization to an oligonucleo-
tide microarray (Fig. 3d).?> The small molecules covalently
linked to a PNA that non-covalently anchors the molecule to
the array solid support. This approach involves encoding
combinatorial libraries that may be screened in solution and
subsequently immobilized and decoded via self-sorting.
Taking advantage of the highly specific fluorous affinity inter-
action, Pohl and co-workers non-covalently captured poly-
fluorocarbon-tagged carbohydrates on fluoroalkylsilane-
coated slides (Fig. 3c) and validated the fluorous-based micro-
arrays as a screening tool for carbohydrate-binding proteins.*
The authors identified a fluoroalkylsilane-coated glass surface
with low intrinsic fluorescence and printed fluorous-tagged
carbohydrates onto the surface, yielding printed features with
reasonable spot diameters and morphology. The fluorous-
based carbohydrate microarrays were compatible with incu-
bation of protein in aqueous buffers without appreciable
diffusion of the spotted carbohydrates. More recently, Spring
and co-workers validated the use of fluorous-based microar-
rays for drug-like small-molecules by exploring known pro-
tein—small molecule interactions.*® The authors observed
excellent signal-to-noise ratios with fluorescently labelled pro-
tein, consistent with the results from Pohl and co-workers.
More recently, fluorous-based microarrays were used to print
and detect other types of small molecules. Schreiber and co-
workers recently used the fluorous approach to print collec-
tions of fluorous-tagged compounds that are structurally
biased to bind and inhibit histone deacetylases.'®

3. Ligand discovery involving SMMs

Protein—ligand interactions of varying affinities have been
discovered using SMMs. Several proteins from different func-
tional classes including transcription factors, immunoglobu-
lins, proteases, and kinases, have been successfully targeted
with small molecules discovered using the SMM approach
(Fig. 4). For example, haptamide and uretupamine bind and
modulate two yeast proteins, Hap3p and Ure2p, respectively,
involved in transcriptional regulation and nutrient-sen-
sing.>*?* Several ligands for calmodulin with significantly
different core molecular scaffolds have been identified using
SMMs. For example, calmodioxane and calmoduphilin are
products of diversity-oriented syntheses.'>*! NPC-15437, a
known inhibitor of protein kinase C, binds to calmodulin

This journal is © The Royal Society of Chemistry 2008
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Fig. 4 Representative protein—small molecule interactions discovered using SMMs.

preferentially when Ca®" is present in the incubation buffer.'?
Selective inhibitors of closely related cysteine proteases, cathe-
psin F and cathepsin K, were identified using the PNA-
encoded tetrapeptide acrylate microarrays prepared by Wins-
singer and co-workers.*® Yao and co-workers screened several
metalloproteases against SMMs containing a synthetic hydro-
xamate peptide library to generate binding signatures for
comparisons and to successfully identify lead compounds with
affinities in the low micromolar range.** Small molecule
ligands have also been identified for human IgG,** FKBP12,4
and TNF-alpha.*’ Interactions between RNA secondary
structure motifs and small molecules have also been studied
using SMMs.?° Examples of SMM ligand discovery efforts
aimed histone deacetylases will be reviewed in more detail to
illustrate key concepts relating to SMM preparation, screen-
ing, and data analysis.

Histone deacetylases (HDACs) are considered to be valu-
able therapeutic targets due to their fundamental role in
transcriptional regulation and implication in several dis-
eases.*®* HDACs catalyze the hydrolysis of N-acetyl groups
on lysine residues found in the N-terminal tails of histone
proteins. Small molecules that bind to the various HDACsS,
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especially in a specific manner, may provide additional infor-
mation about the cellular roles of the various enzymes and
serve as templates for therapeutic design.

Several small molecule probes of HDAC function exist and
have been reviewed elsewhere.*® Naturally occurring inhibitors
contain common structural features that have guided design of
synthetic analogues. The majority of these compounds contain
three structural elements that are congruent with proposed
structural models for inhibitor binding: a cap region, a linker
region, and a metal chelator group.’®>! The metal chelator
element interacts with a catalytic zinc atom while the linker
and cap region interact with residues lining the tubular pocket
and the opening to the active site, respectively. Suberoylanilide
hydroxamic acid (SAHA), recently approved by the FDA for
the treatment of cutaneous T-cell lymphoma, is an example of
a synthetic compound that follows this structural model and
inhibits multiple members of the HDAC family of enzymes.>>
While guidelines are emerging that aid the design of HDAC
inhibitors, significant gaps remain in our understanding of
which structural features and functionalities allow chemists to
design the most potent and selective inhibitors. HTS ap-
proaches may be useful in filling out structure—activity
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Fig.5 Discovering inhibitors using HDAC-biased SMMs. Fluorous-tagged small molecules were printed onto fluorous-coated glass slides so that
metal chelator groups could be displayed properly for recognition by the enzymes (left). Printed SMMs were incubated with individual HDACs.
Putative binders identified by fluorescence intensity analysis (center) were evaluated in enzymatic inhibition assays. The structures for HDAC

inhibitors identified using SMM are shown (right).

relationships surrounding existing scaffolds and in identifying
new molecular scaffolds that are class specific or specific to
individual HDAC:s.

Schreiber and co-workers screened various HDACs against
SMMs containing compounds biased toward HDAC inhibi-
tion in an effort to elucidate structure—activity relationships.'®
The authors adopted the non-covalent fluorous SMM ap-
proach as it allowed a way to synthesize HDAC-biased
libraries in solution and print the compounds onto micro-
arrays with uniform display of a metal chelator group. In this
case, orientation is important because the chelator element
must reach within the enzyme (Fig. 5). Additionally, uniform
orientation provides more confidence in on-array structure—
binding relationships. The arrays contained fluorous-tagged
compounds with varied linkers and metal chelators as well as
negative and positive controls, including fluorous-
tagged SAHA.

The arrays were printed using a microcontact robotic
arrayer and incubated with purified 6xHis-tag fusions of
HDAC2, HDAC3-NCoR2 peptide complex, or HDACS.
SMM assays were run using buffer conditions common to
HDAC enzyme activity assays. Interactions between the
HDACs and printed compounds were detected using an
Alexa-647-labeled antibody against the epitope tag. Quantita-
tive fluorescence data were acquired using a standard fluor-
escent slide scanner and used to generate a list of putative
binders. The authors also performed a competitive on-array
binding assay with HDAC3-NCoR?2 by including free SAHA
in the assay buffer. This condition led to a significant reduction
in binding of the complex to the SAHA analogues. Untagged
equivalents of the compounds were then tested in enzymatic
activity assays with the same set of enzymes to evaluate
inhibition. Thermodynamic and kinetic binding data were also
collected for untagged compounds binding to one of the
HDACs using surface plasmon resonance (SPR) methods.
This approach led to the identification of nine compounds
that inhibited one or more of the three HDACs with
submicromolar ICsy’s (Fig. 5).

Finally, the HDAC-biased fluorous SMMs were used in
binding assays involving HDACsS residing in within whole-cell
lysates.'>!® Most HDACs are thought to reside in multi-

protein complexes and require interaction with other proteins
for optimal enzymatic activity.*® SMMs were probed with
lysates from 293-MSR cells followed by mouse monoclonal
anti-HDAC3 antibody mixed with Alexa-647 labeled second-
ary antibody. Six of the seven positives on the lysate-based
assays also classified as positives with purified HDAC3-
NCoR2. Lysate-based SMM assays may provide a more
desirable route to identifying small molecule probes of HDAC
function as the proteins are screened in a more biologically
relevant state. This assay format may be limited by the
requirement for specific antibodies of high quality for detect-
ing the protein of interest.

Much effort is placed on structure-aided design of HDAC
inhibitors invoking the three-part structural-component model
for active-site binding.'®** 2 Despite this effort, the majority
of inhibitors are not isoform selective.>® Rational design of
isoform-selective inhibitors has proven difficult due to the high
degree of similarity between active sites among the various
enzymes and the lack of structural information about most of
the proteins.*® Novel and unbiased molecular scaffolds may
prove useful in selectively inhibiting individual HDACs. With
this goal in mind, our group recently initiated a project
involving the use of SMMs to screen class I and class II
HDAC:s for novel ligands. Nearly 20000 diverse compounds
were printed on SMMs using isocyanate-mediated capture as
describe previously.'>!? The enzymes used for screening were
commercially available as epitope-tagged fusions involving
either a 6xHis tag or a glutathione S-transferase (GST) tag.
The tags allowed fluorescence-based detection of binding using
either Alexa 647-labeled antibodies against the epitope tags.
Selected HDACs were screened both in the presence or
absence of free SAHA.'® SAHA was added to the incubation
buffer in an effort to distinguish SMM positives that are
expected to bind at the enzyme active site from potential
allosteric binders. In future assays, we hope to screen the same
SMMs against lysates that contain various HDACs with
appropriate antibodies. Fluorescence images were collected
for each replicate and signal-to-noise ratios were computed for
each array feature using standard microarray scanner software
(Fig. 6a). Z-scores, otherwise known as standard scores, were
computed for each array feature using a standard analysis
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Two representative positives for HDACS (also shown in (c)). Sites of immobilization to the slide are colored blue. The compounds are candidates

for additional follow up studies including secondary binding assays, enzymatic assays, or cell-based phenotypic assays.

pipeline for HTS and SMM data developed by Clemons and
co-workers.>* The Z-score indicates how many standard de-
viations an observation is above or below the mean and allows
comparison of observations from different normal distribu-
tions. As each screen involved three or more replicates, these
replicates were combined to produce a composite Z-score for
each compound.'>> For each protein, the composite Z-score
distribution is viewed as a histogram and thresholds are set to
judge SMM assay positives (Fig. 6b). Additionally, scatter plot
views of individual Z-scores are useful in evaluating the
reproducibility of any given positive (Fig. 6¢). Reproducible
positives will fall along a line of reproducibility between all
three Z-scores rather than skew toward the axis of one
particular replicate. After several proteins have been screened

against common SMMs, heat maps representing composite
Z-scores for a series of compounds and proteins are generated.
A partial heat map for the HDAC SMM screen is shown
(Fig. 6d). Heat map analysis is useful in judging specificity and
can be used to perform structure-binding analyses. Structures
for representative positives to HDACS, including compounds
from both synthetic and natural sources, are shown (Fig. 6e).
Selected compounds of interest may be evaluated in additional
assays including enzymatic assays, SPR assays, and pheno-
typic assays.'? It’s important to note that specificity in a
binding assay is not necessarily predictive of specificity in a
cellular context. The SMM binding signatures for the HDACs
should be viewed more as a relatively rapid approach to
identifying novel binders with annotation regarding in vitro
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specificity. Non-selective SMM positives may still exhibit
cellular selectivity while isoform-selective HDAC inhibitors
may have additional off-target effects in a cell. Currently, we
are evaluating selected SMM positives of interest to each of
the HDAC:S in enzymatic and phenotypic assays. Once com-
pleted, composite Z-score data for the full HDAC SMM
screen will be made publicly available on ChemBank (http://
chembank.broad.harvard.edu/), a public web-based infor-
matics environment developed at the Broad Institute to assist
in the analysis of screening data and cheminformatics. In this
fashion, we hope to build a chemical biology resource for the
HDAC research community.

4. Concluding remarks

Small-molecule microarrays (SMMs) have proven to be a
robust and general tool for ligand discovery. Many labora-
tories have developed novel methods of SMM manufacturing
or new screening approaches. SMM assays should prove more
useful in the years to come as a wave of new protein targets
arising from gene association studies, RNAIi studies, pheno-
typic screening and systematic target identification studies are
on the horizon. Many of these targets will not have known
structures or functions and will not be easily subjected to
functional HTS screens without significant assay development.
SMMs can provide a general approach to screening nearly any
soluble protein in the soluble proteome. Key technological
advances for SMMs should include developing standard op-
erating conditions for screens involving membrane-bound
proteins and on-array detection using mass spectrometry.
Ligands to targets of interest identified using SMMs or new
general binding assays yet to be developed may serve as tool
compounds for chemical biology studies or serve as leads in
therapeutic development.
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