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Preface

Everything changes and nothing stands still—Heraclitus of Ephesus

This quote from Heraclitus was written almost 2500 years ago but could not fit the modern
world more clearly. It has definitely proven true of the field of High Throughput Screening
(HTS). When I began to work in HTS in 1989 it was virtually unheard of outside of a few
industrial research laboratories. As an illustration, there are nine citations in PubMed from
that year that contain “HTS” or “High Throughput Screening” in the title or key words. In
2013 there were over 2000. HTS has become integrated with large segments of research and
across many fields. It has evolved from a highly specialized and secretive activity to a function
that is made available to researchers through academic core labs.

But, “the more things change the more they stay the same” (Jean-Baptiste Alphonse
Karr). This quote is also true of HTS. The basic processes underlying HTS have not changed
in the last 25 years. Test a large number of potential effectors of a biological system as rapidly
as possible while maintaining sufficient rigor to allow conclusions to be drawn from the data
that is generated. The size, quality, and complexity of the chemical libraries used in HTS
have changed, growing into the millions of compounds with rapid QC of compound
composition. HTS assays have expanded to include complex cellular systems, mass spec-
trometer techniques, microfluidics and, in the most telling change of all, many of these have
become widely available as kits. Systems that are capable of capturing, calculating, and
visualizing millions of data points have become competitive sets of commercial software
rather than custom-built systems that often relied on spreadsheet calculators. And last, but
certainly not least, the recognition that quality is paramount in all of these factors has
become an accepted tenet of not only HTS, but drug discovery in general.

So, in short, HTS has become mainstream. It is an important part of the drug discovery
process, but is integrated with many other tools and techniques. The road that HTS has
traveled in this period is paralleled by the three editions of this book. The first edition was
designed to introduce the reader to basic HTS techniques and the chapters were designed to
cover broad applications while the second added more detail and included key chapters
providing detailed protocols. In recognition of this evolution, I have tried to move this
edition more towards the traditional format of Method inMolecular Biology and have asked
the authors to present detailed protocols for the techniques that they describe. The intro-
ductory chapter (Chapter 1) still provides an overview of important assay development
techniques, but the following chapters provide what is needed in HTS today: details on how
to develop and execute screens at whatever throughput the user needs.

I hope you enjoy this volume and find it useful.

Cambridge, MA, USA William P. Janzen
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Chapter 1

Design and Implementation of High-Throughput
Screening Assays

David J. Powell, Robert P. Hertzberg, and Ricardo Macarrón

Abstract

HTS remains at the core of the drug discovery process, and so it is critical to design and implement HTS
assays in a comprehensive fashion involving scientists from the disciplines of biology, chemistry, engineer-
ing, and informatics. This requires careful consideration of many options and variables, starting with the
choice of screening strategy and ending with the discovery of lead compounds. At every step in this process,
there are decisions to be made that can greatly impact the outcome of the HTS effort, to the point of
making it a success or a failure. Although specific guidelines should be established to ensure that the
screening assay reaches an acceptable level of quality, many choices require pragmatism and the ability to
compromise opposing forces.

Key words Bioassay, Phenotypic, Drug screening, Human, Methodology

1 Introduction to the HTS Process

High-throughput screening (HTS) is a central function in the drug
discovery process [1]. As the availability of increasing numbers of
discreet chemical compounds has driven the development of larger
collections for use in screening campaigns, the complexity of the
HTS process has also increased. A number of HTS approaches can
be employed to identify compounds of interest which may posi-
tively modulate a disease process. In some cases, individual phar-
macological targets have been associated with a disease mechanism
or process and a target-based approach is initiated through rational
design, focused screening, or HTS. In other cases, screening is
undertaken at a much more holistic cellular level; phenotypic
approaches seek to identify compounds that modulate known
biological characteristics that may have a close association with
the disease of interest. In any case, drug discovery groups often
rely on HTS as the primary engine driving lead discovery from both
phenotypic and target-based approaches.

William P. Janzen (ed.), High Throughput Screening: Methods and Protocols, Methods in Molecular Biology, vol. 1439,
DOI 10.1007/978-1-4939-3673-1_1, © Springer Science+Business Media New York 2016
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The HTS process is a part of the lead discovery phase that
includes the steps shown in Fig. 1. It is critically important to
align the screening approach and assay method to ensure that a
biologically relevant and robust screen is configured. The assay
must be configured correctly so that compounds with the desired
biological effect will be found if they exist in the screening collec-
tion. The assay would ideally demonstrate both low variability and a
high signal window (SW) so that false negatives and false positives
are minimized, although many assays have to strike a balance
between these contributory elements. The screen must have suffi-
cient throughput and low cost to enable screening of large com-
pound collections. Considerable thought should also go into the
experimental triaging which will clearly distinguish true pharmaco-
logical actives (qualified hits) from those which interfere in the assay
detection system or act non-specifically. To meet these many
requirements, organizations must ensure that communication
between therapeutic departments (or principal investigators),
assay development groups, and screening scientists occurs early -
ideally at the initiation of the drug discovery program-and through-
out the assay development phase.

Reagent procurement is often a major bottleneck in the HTS
process. This can delay the early phases of assay development - e.g.
when active protein cannot be obtained - and also delay HTS
implementation if scale-up or supply of protein or cells fails to
produce sufficient reagent to run the full screen. For efficient
HTS operation for target-based screens, there must be sufficient
reagent available to run the entire screening campaign before pro-
duction HTS can start. This is not possible sometimes for pheno-
typic screens where the use of disease-relevant primary cells requires
continuous resupply and quality control (QC); such demands
often lead to longer and more resource-intensive campaigns.

Fig. 1 Flow chart of the typical steps involved in the lead discovery process

2 David J. Powell et al.



These constraints also lead to sampling of the available chemical
diversity or targeted screening using annotated compound sets as
full-deck HTS might be too expensive or impossible to achieve
when precious samples are used for screening [2]. Careful schedul-
ing between reagent procurement departments and HTS functions
is critical to ensure optimal use of robotics and personnel. Modern
HTS laboratories have borrowed concepts from the manufacturing
industry to smooth the flow of targets through the hit discovery
process (e.g. supply chain management, constrained work-in-prog-
ress, and statistical quality control) and these ideas have paid off
with higher productivity and shorter lead times.

Successful HTS implementation is multidisciplinary and
requires close alignment of computational chemists directing the
synthesis or acquisition of compound collections, sample manage-
ment specialists maintaining and distributing screening decks, tech-
nology specialists responsible for setting up and supporting HTS
automation, biologists and biochemists with knowledge of assay
methodology, IT personnel capable of collecting and analyzing
large datasets, and medicinal chemists capable of examining screen-
ing hits to look for patterns that define lead series. Through the
marriage of these diverse specialties, therapeutic assays and targets
can be put through the lead discovery engine called HTS and lead
compounds will emerge.

2 Phenotypic Approaches to HTS

A phenotypic assay (or “black box” assay) measures an endogenous
effect in a biological system, that effect being agnostic of a defined
target but relevant in the context of reverting a disease state to a
healthy state (e.g. a reduction of the secretion of pro-inflammatory
cytokines is expected to have a therapeutic effect in pathological
inflammation). Examples of such assays include secretion of protein
factors, chemotaxis, apoptosis, cellular translocation, and cell shape
change. Phenotypic assays are often favored for screening as the
analyte or phenotype being measured is usually relevant for the
disease indication or mechanism of interest, thus subsequent leads
and candidates have a greater chance of translating to the patient.
An advantage of phenotypic assays is the fact that multiple targets
are screened at once, providing multiple chances for compounds to
“find” the most tractable and biologically relevant target(s) in the
cell system employed. However, phenotypic assays are more diffi-
cult to configure and more expensive to run, and hit deconvolution
is time consuming and complex and may require a number of
orthogonal approaches to confirm activity against a specific target.
In addition, provision of cells for phenotypic screens can be chal-
lenging, particularly where primary cells are being used. Recent
advances in stem cell and induced pluripotent stem cell (IPSC)

HTS Design 3



technologies have helped in the scalability of such assays and in
driving the use of more complex 3D cell models for phenotypic
screening [3].

In addition to lead discovery through HTS, phenotypic assays
are being used for target identification and biology discovery
through genetic or compound-based screening approaches. There
is an increasing use of annotated compound sets to identify com-
pounds with known target-based pharmacology in phenotypic
assays to uncover novel cellular roles for those targets; such sets
can also be used for drug repurposing. Genetic approaches are also
becoming more sophisticated in this area; in addition to small
inhibitory ribonucleic acid (siRNA) the use of viral based short
hairpin ribonucleic acid (shRNA) allows the interrogation of
disease-relevant cell systems at the genome level. Viral based
CRISPR (clustered regularly interspersed palindromic repeats)
screening is also now possible to explore gene function more rap-
idly in phenotypic assays [4].

The key considerations when contemplating a phenotypic HTS
are the disease relevance of the analyte or phenotype being
measured, the scalability of the cellular reagents (and its continued
disease relevance), and the formatting of a robust screen that may
have high variability due to the nature of the readout and the
reagents being used. Post-screen triaging and deconvolution
should be considered at the program outset as these may be highly
challenging in themselves; it can often take many months or even
years to fully confirm the exact pharmacological target or pathway
that is modulating a phenotypic system.

While there has been an increase in screening more complex
and disease-relevant systems in recent years, such assays neverthe-
less present complex challenges to reagent generation, assay devel-
opment, and screening groups. As a consequence, many programs
prefer to commit to the certainty of target-based screens, although
their greater tractability and ease at which target activity can be
confirmed can be offset by gaps in target biology knowledge lead-
ing to higher attrition downstream.

3 Choice of Therapeutic Target

There are three major considerations for choosing a therapeutic
target destined for HTS: target validity (i.e. disease relevance),
chemical tractability, and “screenability.” Disease relevance is the
most important consideration and also the most complex. Since
there is an inverse relationship between target novelty and validity,
organizations should choose a portfolio of targets which span the
risk spectrum. Some targets will have a high degree of validation
but low novelty (fast follower targets) and others will be highly
novel but poorly linked to disease. Target validity can be assessed

4 David J. Powell et al.



with genetic approaches and/or compound-based experiments.
Genetic approaches have advanced greatly in recent years to
complement gene knockout and RNAi technologies which can be
time consuming and sometimes lead to false conclusions. Newer
additions to the repertoire of genome editing techniques such as
transcription activator-like effector nucleases (TALENs), zinc fin-
ger nucleases, and the CRISPR/Cas9 system now allow researchers
to quickly and selectively target specific genes to assess their func-
tionality and involvement in disease mechanism. This has greatly
increased the speed at which target disease hypotheses can be
established and has allowed the study of functionality in more
relevant models of human disease. Compound-based (chemical
biology) target validation approaches require screening to identify
tool compounds, followed by cell-based, Omic, or in-vivo experi-
ments to assess functionality. Careful interpretation of cell-based
and in-vivo data is required and selectivity might need to be
assessed through further screening, e.g. in the kinase area, to con-
firm whether functionality can be attributed to a specific target.
Both genetic and chemical biology approaches have their advan-
tages and disadvantages, and most organizations use a combina-
tion. Many pharmaceutical companies are now refocusing efforts in
the disease biology space to ensure that targets have a greater
amount of disease association; running screens for “screenable”
targets on the less validated end of the spectrum can subsequently
increase attrition through the more expensive downstream transla-
tional part of the drug development process due to the absence of
robust target validation.

While disease relevance should be the primary consideration
when choosing a target, one should also consider technical factors
important to the HTS process. Chemical tractability considerations
relate to the probability that drug-like compounds capable of pro-
ducing the therapeutically relevant effect against a specific target are
present in the screening collection and can be found through
screening. Years of experience in HTS within the industry have
suggested that certain target classes are more chemically tractable
than others, including G-protein-coupled receptors (GPCRs), ion
channels, nuclear hormone receptors, and kinases. Enzymes gener-
ally are also very tractable targets; however screening collections
might contain fewer potentially active compounds due to their
wide diversity and bespoke biochemical reaction activities.

On the other side of the spectrum, targets that work via pro-
tein-protein interactions (PPI) have a lower probability of being
successful in HTS campaigns. One reason for this is the fact that
compound libraries often do not contain compounds of sufficient
size and complexity to disrupt the large protein-protein interaction
surface that is encountered in these targets. Natural products are
one avenue that may be fruitful against protein-protein targets,
since these compounds are often larger and more complex than
those in traditional chemical libraries. The challenge for these
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targets is finding compounds which have the desired inhibitory
effect and also contain drug-like properties (e.g. are not too large
in molecular weight). Nevertheless, natural products with undesir-
able physical-chemical properties from a lead perspective may still
be suitable for tool compound use for target validation studies.

Certain subsets of PPI have been successful from an HTS point
of view. For example, chemokine receptors are technically a protein-
protein interaction (within the GPCR class) and there are several
examples of successful lead compounds for targets in this class.
Similarly, certain integrin receptors that rely on small epitopes
(i.e. RGD sequences) have also been successful at producing lead
compounds. More recently, compounds which inhibit the interac-
tions of members of the bromodomain family of proteins with their
interacting histone counterparts have been described [5], and some
of these have already advanced to the clinic.

Despite the difficulties in identifying drug-like compounds
from PPI screens, there will be a continuing demand for such
screens based on the sheer number of disease-relevant mechanisms
driven by such interactions; interest in this target class is expected to
rise in coming years [6].

Based on the thinking that chemically tractable targets are
easier to inhibit, some pharmaceutical companies have concen-
trated much of their effort on these targets and diminished work
on more difficult targets. While this approach has some merit, one
should be careful not to eliminate entirely target classes that would
otherwise be extremely attractive from a biological point of view.
Otherwise, the prophecy of chemical tractability will be self-
fulfilled, since today’s compound collections will not expand into
new regions and we will never find leads for more difficult biologi-
cally relevant targets. There is clearly an important need for enhanc-
ing collections by filling holes that chemical history has left
open [7]. There is evidence that continued attention in this area is
yielding results as success rates for screens have increased in recent
years to 75 % from about 60 % in the mid-2000s [6, 8].

A final factor to consider when choosing targets is
“screenability” - the technical probability of developing a robust
and high-quality screening assay. The impact of new assay technol-
ogies has made this less important, since there are now many good
assay methods available for a wide variety of target types (see Sub-
heading 3). Nevertheless, some targets are more technically diffi-
cult than others. Of the target types mentioned above, GPCRs,
kinases, proteases, nuclear hormone receptors, and protein-protein
interactions are often relatively easy to establish screens for. Screen-
ing ion channels continues to be challenging, although as
mentioned later new technologies are being developed which
make these more approachable from an HTS point of view.
Enzymes other than kinases and proteases must be considered on
a case-by-case basis, depending on the nature of the substrates
involved.

6 David J. Powell et al.



A 2014 survey found an encouraging trend in target class
selection [6]. Although GPCRs and kinases were still well repre-
sented, the most abundant target class reported by HTS labs was
“other enzymes.” Furthermore, a majority of labs were pursuing
protein-protein interaction screens and this class was predicted to
increase. This suggests that pharmaceutical researchers may be less
risk averse than in the past and are now choosing targets based more
on biological rationale than tractability or “screenability.”

All of these factors must be considered on a case-by-case basis
and should be evaluated at the beginning of a target-to-lead effort
before making a choice to go forward. Working on an expensive
and technically difficult assay must be balanced against the degree
of validation and biological relevance. While the perfect target is
chemically tractable, technically easy, inexpensive, and biologically
relevant, such targets are rare. The goal is to work on a portfolio
that spreads the risk among these factors and balances the available
resources.

4 Choice of Assay Method

There are usually several ways of looking for hits of any given target.
The first and major choice to make is between a biochemical and
cell-based assay. Biochemical is generally understood to mean
an assay developed to look for compounds that interact with an
isolated target in an artificial environment. This was the most
popular approach in the early 1990s, the decade in which HTS
became a mature and central area of drug discovery. This bias
toward biochemical assays for HTS was partly driven by the fact
that cell-based assays were often more difficult to run in high
throughput. However, advances in technology and instrumenta-
tion for cell-based assays that translated to commercial products
around the early 2000s, together with disappointments with the
success rates of molecular based hit discovery campaigns, changed
the tilt toward cell-based HTS [6]. This theme has continued with
the increase in phenotypic HTS in recent years as groups focus on
more disease-relevant screens. A 2014 survey found that 63% of
HTSs were being run in cell-based format, with a full 20% deemed
to be phenotypic [6].

Projections foresee even greater use of cellular formats as tech-
nologies such as imaging, IPSC, and complex/3Dmodels continue
to evolve. For most drug discovery programs, both types of assay
are required for hit discovery and characterization and subsequent
lead optimization. Everything being equal (technical feasibility,
cost, throughput), cell-based assays are often preferred for HTS
because compounds tested will be interacting with a more realistic
mix of protein target conformations in their physiological milieu,
i.e. with the right companions (proteins, metabolites, etc.) at the
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right concentration. Additionally, cell-based assays tend to avoid
some common artifacts in biochemical assays such as aggregators
[9] and other nonspecific effects which may require additional
triaging to confirm true pharmacological activity at target [10].
On the other hand, cell-based assays may identify hits that do not
act on the target or pathway of interest and may miss hits of interest
that do not penetrate the cell membrane.

If a cell-based assay is chosen for primary screening, a biochem-
ical assay will often be used as a secondary screen to characterize hits
and help guide lead optimization (and vice versa). A wide variety of
assay formats are now available at relatively affordable prices to cope
with most needs in the HTS labs. The following sections provide a
very succinct summary of some of the most popular choices.
A comprehensive review by Inglese and co-workers is recom-
mended for further reading [11].

4.1 Biochemical

Assay Methods

Most biochemical screens today use simple homogeneous “mix-
and-read” formats. This is particularly true for HTS assays run in
industrial labs that are conducted on high-density microtiter plates
(now predominantly at 1536 wells).

The most common assay readouts used in biochemical assay
methods for HTS are optical, including absorbance, fluorescence,
and luminescence. Among these, fluorescence-based techniques are
amongst the most important detection approaches used for HTS
with TR-FRET being the most common [6]. Fluorescence techni-
ques give very high sensitivity, which allows assay miniaturization,
and are amenable to homogeneous formats. One factor to consider
when developing fluorescence assays for screening compound col-
lections is wavelength; in general, short excitation wavelengths
(especially those below 400 nm) should be avoided to minimize
interference produced by test compounds.

Although fluorescence intensity measurements have been suc-
cessfully applied in HTS, this format is mostly applied to a narrow
range of enzyme targets for which fluorogenic substrates are avail-
able. A more widely used fluorescence readout is time-resolved
fluorescence resonance energy transfer (TR-FRET). This is a dual-
labeling approach that is based upon long-range energy transfer
between fluorescent Ln3+-complexes and a suitable resonance
energy acceptor. These approaches give high sensitivity by reducing
background and a large number of HTS assays have now been
configured using TR-FRET [6]. This technique is highly suited to
measurements of protein-protein interactions and has also been
tailored to detect important metabolites such as cAMP. Biolumi-
nescence resonance energy transfer (BRET) is an analogous tech-
nique which can also be used for cellular readouts. Another versatile
fluorescence technique is fluorescence polarization (FP), which can
be used to measure bimolecular association events. Immobilized
metal-ion affinity-based FP (IMAP, Molecular Devices) is a
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variation of FP that can be applied to test activity of kinases and
other enzymes. The success of fluorescent techniques has seen a
dramatic reduction in the use of radiometric formats, such as scin-
tillation proximity assay (SPA), which now constitute only about 1%
of screens run [6].

Other technologies able to circumvent technical hurdles for
niche difficult assays are amplified luminescence proximity
(AlphaScreen®/AlphaLisa®, Perkin Elmer) [12] and electrochemi-
luminescence (ECL, Meso Scale Discovery) [13].

Label-free assays are a diverse set of techniques of growing
interest and demand. Many of the methods are modern adaptation
to the high-throughput environment of well-established technolo-
gies such as mass spectroscopy or calorimetry. The mass spectrom-
etry (MS) screening field in particular has made significant advances
in recent years with the introduction of technologies such as
RapidFire® (Agilent) which couples a high-throughput autosam-
pler/desalting step with an integrated ms/MALDI. This technology
can now be used for medium-throughput screens with an average
read time of <10 s/sample [14]. Additional technology develop-
ment in this space is ongoing, and there are realistic prospects that
throughput will be sufficient for full-deck HTS in the near future.

As previously mentioned, biochemical assays are more prone to
interference through non-specific effects, and there are known
classes of pan-active interference compounds [9]. These can
include compound-mediated aggregation, protein reaction, optical
interference in fluorescent/Alpha readouts (e.g. quenching, com-
pound absorbance) and other non-stoichiometric effects. Consid-
erable thought should go into downstream confirmatory assays that
will conclusively demonstrate binding of compound to the target to
identify qualified hits.

4.2 Cell-Based Assay

Methods

As recently as the mid-1990s, most cell-based assay formats were
not consistent with HTS requirements. However, as recent tech-
nological advances have facilitated higher throughput functional
assays, cell-based formats make up a reasonable proportion of
screens performed today. One of the most important advances in
cell-based assay methodology was the development of the FLIPR®

(Molecular Devices), a fluorescence imaging plate reader with
integrated liquid handling that facilitates the simultaneous fluores-
cence imaging of 384 samples to measure intracellular calcium
mobilization in real time [15]. This format is now commonly
used for GPCR and ion channel targets. Based on the success of
the FLIPR®, several additional cell-based assays for GPCRs were
developed including aequorin and assays to measure intracellular
cAMP (TR-FRET, AlphaScreen® and enzyme fragment comple-
mentation) [16].

Significant advances in ion channel screening have occurred
over the past decade. Calcium-sensing dyes read on FLIPR® are
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commonly used to measure channels that conduct calcium, while
voltage-sensing dyes are used to track changes in membrane poten-
tial. An important advance in high-throughput ion channel assays
was the development of FRET-based voltage-sensing dyes, where a
pair of molecules exhibit FRET which is disrupted when the mem-
brane is depolarized. Ion flux assays using non-radioactive tracers
analyzed by atomic absorbance spectroscopy (AAS) can now be run
in HTS format using recently available instrumentation. And the
standard for measuring ion channel activity, patch-clamp measure-
ments, has been facilitated by the development of automated
instrumentation such as Ionworks® Quattro, PatchXpress®,
QPatch, and Barracuda® [17]. While these technologies have revo-
lutionized ion channel research, further improvements are still
necessary before patch-clamp measurements can be used for pri-
mary HTS other than focused libraries.

Cellular phenotypes and pathways are now routinely measured
using a variety of techniques amenable to HTS. The reporter gene
assay is the oldest and most well-studied method which allows the
discovery of compounds that modulate a pathway resulting in
changes in gene expression [16]. This method offers certain advan-
tages relative to other cell-based assays, in that it requires fewer
cells, is easier to automate, and can be performed in 1536-well
plates. Descriptions of miniaturized reporter gene readouts include
luciferase (the most popular reporter gene) [18], secreted alkaline
phosphate, and beta-lactamase. However, reporter gene assays are
relatively low resolution since they measure effects on an entire
pathway at once. Advances in cellular imaging have allowed HTS
of higher resolution phenomena such as protein secretion and
redistribution, receptor internalization, and other cellular pathway
events (Fig. 2 shows extracellular collagen deposition from primary
human fibroblasts, such high-resolution images have become rou-
tine in cellular screening groups). There is now a wide range of
imaging readers for use in screening which use both confocal and
non-confocal methodologies; examples include the IN Cell reader
series (GE Life Sciences), the Opera platform (Perkin Elmer), and
the Acumen® Cellista (TTP Labtech). While high-content imaging
readouts are now a mainstay for screens in the phenotypic area, they
do come with a significant IT infrastructure requirement, particu-
larly in terms of image storage and data transfer.

Another cellular phenotype that is commonly measured
in HTS is protein secretion. Classical methods to measure pro-
tein secretion such as radioimmunoassay (RIA) and enzyme-
linked immunosorbent assay (ELISA) are being replaced by
improved techniques such as AlphaLisa® and MultiArray® or
MultiSpot® electrochemiluminescence-based solutions (Meso
Scale Discovery [13]).
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4.3 Matching Assay

Method to Target Type

Often, one has a choice of assay method for a given target type
(Table 1). To illustrate the options that might be available when
choosing an assay format for HTS a protein kinase target example
will be considered. Kinases are most often screened in biochemical
formats such as TR-FRET, AlphaLisa®, and IMAP FP, although
cellular phospho-protein readouts using TR-FRET, MSD, or imag-
ing are also possible but used much less routinely. Biochemical assay
formats are very tractable with a high probability that a robust
screen will be completed but with a wide range of development
options available. Such assays can use isolated kinase domains or
full-length proteins, and substrates can take the form of peptides or
proteins which might be phosphorylated in-vivo. The concentra-
tion of the second substrate, ATP, can also be varied from concen-
trations at Km (typically 1–100 μM) to endogenous cellular levels of
~2 mM. As a consequence of these many development options, the
resulting HTS assay can be more or less easy to develop and scale
and may be more or less representative of the physiological kinase
setting.

This example illustrates some of the trade-offs one needs to
consider when choosing an assay type. In general, one should
choose the assay format that is easiest to develop, most predictable,
most relevant biologically, and cheapest to run. These factors,

Fig. 2 Representative image of cellular information captured on high-content
screening imagers. Primary pulmonary fibroblasts were treated with TGF-B in a
Ficoll-containing media before staining with Hoechst dye (blue) and for mature
collagen (green). Image was captured on an IN Cell 2000 series imager
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however, are not always known in advance. And even worse, they
can be at odds with each other and thus must be balanced to arrive
at the best option. Additional important quality considerations
include compound interference issues and assay variability. It
makes little sense to run a cheap and easy assay that is variable or
overly sensitive to inhibition. In some cases it makes sense to
parallel track two formats during the assay development phase and
choose between them based on which is easiest to develop andmost
facile. Finally, in addition to these scientific considerations, logisti-
cal factors such as the number of specific readers or robot types
available in the HTS lab and the queue size for these systems must
be taken into account.

5 Assay Development and Validation

The final conditions of an HTS assay are chosen following the
optimization of quality without compromising throughput while
keeping costs as low as possible. The most critical points that must
be considered in the design of a high-quality assay are biochemical
data and statistical performance. Assay optimization is often
required to achieve acceptable HTS performance while keeping
assay conditions within the desired range. This usually significantly
improves the stability and/or activity of the biological system stud-
ied, and has therefore become a key step in the development of
screening assays [19].

Table 1
The most important assay formats for various target types are shown

Assay formats

Target type Biochemical Cell based

GPCRs SPA, FP, FIDA FLIPR, reporter gene, aequorin, TR-FRET,
AlphaScreen, EFCcell imaging

Ion channels SPA, FP FLIPR, FRET, AAS, automated patch clamp

Nuclear hormone
receptor

FP, TR-FRET, SPA, AlphaScreen Reporter gene, cell imaging

Kinases FP, TR-FRET, SPA, IMAP, MS Cellular phosphorylation, cell imaging

Protease FLINT, FRET, TR-FRET, FP,
SPA, MS

Reporter gene, cell imaging

Other enzymes FLINT, FRET, TR-FRET, FP,
SPA, absorbance, MS

Protein-protein TR-FRET, FRET, BRET, SPA,
ECL, AlphaScreen

BRET, cell imaging, reporter gene

EFC enzyme fragment complementation, FIDA fluorescence intensity distribution analysis, FLINT fluorescence

intensity
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5.1 Critical

Biochemical

Parameters in HTS

Assays

The success of an HTS campaign in finding hits with the desired
profile depends primarily on the presence of such compounds in the
collection tested. But it is also largely dependent on the ability of
the researcher to engineer the assay in accordance with that profile
while reaching an appropriate statistical performance.

A classical example that illustrates the importance of the assay
design is how substrate concentration determines the sensitivity for
different kinds of enzymatic inhibitors. If we set the concentration
of one substrate in a screening assay at ten times Km, competitive
inhibitors of that enzyme-substrate interaction with a Ki greater
than 1/11 of the compound concentration used in HTS will show
less than 50% inhibition and will likely be missed - i.e. competitive
inhibitors with a Ki of 0.91 μM or higher would be missed when
screening at 10 μM. On the other hand, the same problem will take
place for uncompetitive inhibitors if substrate concentration is set
at 1/10 of its Km. Therefore, it is important to know what kind of
hits are sought in order to make the right choices in substrate
concentration; one often chooses a substrate concentration that
facilitates discovery of both competitive and uncompetitive
inhibitors.

In this section, we describe the biochemical parameters of an
assay that have a greater influence on the sensitivity of finding
different classes of hits and some recommendations about where
to set them.

5.1.1 Enzymatic Assays

Substrate Concentration

The sensitivity of an enzymatic assay to different types of inhibitors
is a function of the ratio of substrate concentration to Km (S/Km).

Competitive inhibitors: For reversible inhibitors that bind to a bind-
ing site that is the same as one substrate, the more of that substrate
present in the assay, the less inhibition will be observed. The
relationship between IC50 (compound concentration required to
observe 50% inhibition of enzymatic activity with respect to an
uninhibited control) and Ki (inhibition constant) is [20]

IC50 ¼ ð1þ S=KmÞ � Ki

As shown in Fig. 3, at S/Km ratios less than 1 the assay is more
sensitive to competitive inhibitors, with an asymptotic limit of
IC50 ¼ Ki. At high S/Km ratios the assay becomes less suitable
for finding this type of inhibitors. Knowledge of the physiological
substrate concentration is useful in interpreting downstream phar-
macology. For example, if a kinase with a low Km for ATP, e.g.
10 μM, is screened for compounds in an assay where [S] ¼ Km,
then ATP competitive compounds might show a significant phar-
macology drop-off in cell-based assays where the intracellular ATP
concentration is 1.5–2 mM (100–200 � Km).
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Uncompetitive inhibitors: If the inhibitor binds to the enzyme-
substrate complex or any other intermediate complex but not to
the free enzyme, the dependence on S/Km is the opposite to what
has been described for competitive binders. The relationship
between IC50 and Ki is [20]

IC50 ¼ ð1þKm=SÞ � Ki

High substrate concentrations make the assay more sensitive to
uncompetitive inhibitors (Fig. 3).

Noncompetitive (allosteric) inhibitors: If the inhibitor binds with
equal affinity of the free enzyme and to the enzyme-substrate
complex, the inhibition observed is independent of the substrate
concentration. The relationship between IC50 and Ki is [20]

IC50 ¼ Ki

Mixed inhibitor: If the inhibitor binds to the free enzyme and to the
enzyme-substrate complex with different affinities (Ki1 and Ki2,
respectively), the relationship between IC50 and Ki is [21]

Fig. 3 Variation of IC50/Ki ratio with the S/Km ratio for different type of inhibitors.
At [S] ¼ Km, IC50 ¼ 2Ki for competitive (blue line) and uncompetitive (red line)
inhibitors. For noncompetitive inhibitors (green line) IC50 ¼ Ki at all substrate
concentrations
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IC50 ¼ ðSþ KmÞ=ðKm=Ki1þ S=Ki2Þ
In summary, setting the substrate(s) concentration(s) at the Km

value is an optimal way of ensuring that all type of inhibitors exhibit-
ing a Ki close to or below the compound concentration in the assay
can be found in anHTS campaign. Nevertheless, if there is a specific
interest in favoring or avoiding a certain type of inhibitor, then the
S/Km ratio would be chosen considering the information provided
above. For instance, many ATP-binding enzymes are tested in the
presence of saturating concentrations of ATP tominimize inhibition
from compounds that bind to the ATP-binding site.

Quite often the cost of one substrate or the limitations of the
technique used to monitor enzymatic activity (Table 2) may pre-
clude setting the substrate concentration at its ideal point.

As in many other situations found while implementing an HTS
assay, the screening scientist must consider all factors involved and
look for the optimal solution. For instance, if the sensitivity of a
detection technology requires setting S ¼ 10 � Km to achieve an
acceptable signal to background, competitive inhibitors with a Ki

greater than 1/11 of the compound concentration tested will not
likely be identified and will limit the campaign to finding more
potent inhibitors. In this case, working at a higher compound
concentration would help to find some of the weak inhibitors
otherwise missed. If this is not feasible, it is better to lose weak
inhibitors while running a statistically robust assay, rather than
making the assay more sensitive by lowering substrate concentra-
tion to a point of unacceptable signal to background. The latter
approach is riskier since a bad statistical performance would jeopar-
dize the discovery of more potent hits (see Subheading 4.3).

Table 2
Examples of limitations to substrate concentration imposed by some popular assay technologies

Assay technology Limitations

Fluorescence Inner filter effect at high concentrations of fluorophore (usually
>1 μM)

Fluorescence polarization >30 % substrate depletion required

Capture techniques (ELISA, SPA,
FlashPlate, others)

Antibody availability. Concentrations of the reactant captured must
be in alignment with the upper limit of binding capacity

Capture techniques and assay
monitoring binding

Nonspecific binding (NSB) of the product or of any reactant to the
capture element (bead, plate, membrane, antibody, etc.) may
result in misleading activity determinations

All Sensitivity limits impose a lower limit to the amount of product
detected

These limitations also apply to ligand in binding assays or other components in assay monitoring any kind of binding

event
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Enzyme Concentration The accuracy of inhibition values calculated from enzymatic activity
in the presence of inhibitors relies on the linear response of activity
to the enzyme concentration. Therefore, an enzyme dilution study
must be performed in order to determine the linear range of
enzymatic activity with respect to enzyme concentration; this is
important when single end-point reads are being used for
screening.

As shown in the mass spectrometry-based readout in Fig. 4a for
kynurenine mono-oxygenase (KMO), at high enzyme concentra-
tions there is typically a loss of linearity due to substrate depletion
(although protein aggregation or limitations in the detection sys-
tem could cause similar effects in biochemical assay systems). If the
enzyme is not stable at low concentrations, or if the assay method
does not respond linearly to product formation or substrate deple-
tion, there could also be a lack of linearity in the lower end.

In addition, enzyme concentration marks a lower limit to the
accurate determination of inhibitor potency. IC50 values lower
than one half of the enzyme concentration cannot be measured;
this tight binding effect is often referred to as “bottoming out.” As
the quality of compound collections improves, this could be a real
problem since SAR trends cannot be observed among the more
potent hits. Obviously, enzyme concentration must be kept far
below the concentration of compounds tested in order to find
any inhibitor. In general, compounds are tested at micromolar
concentrations (1–100 μM) and, as a rule of thumb, it is advisable
to work at enzyme concentrations below 100 nM.

Fig. 4 (a) Enzyme dilution (in μg protein/ml) curve for kynurenine monooxygenase (KMO). Enzyme activity was
measured by mass spectrometry following the methodology described [14]. Open circle—0 μg/ml, filled
diamond—4 μg/ml, open square—8 μg/ml, filled square—16 μg/ml, open triangle—32 μg/ml. (b) Product
formation for KMO in μmoles/min at varying enzyme concentration (in μg protein/ml) at T ¼ 50 min (blue line)
and T ¼ 250 min (red line)
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On the other hand, the assay can be made insensitive to certain
undesired hits (such as inhibitors of enzymes added in coupled
systems) by using higher concentrations of these proteins. In any
case, the limiting step of a coupled system must be the one of
interest, and thus the auxiliary enzymes should always be in excess.

Incubation Time

and Degree of Substrate

Depletion

As described above for enzyme concentration, it is important to
assess the linearity versus time of the reaction analyzed. HTS assays
are often end-point and so it is crucial to select an appropriate
incubation time. Although linearity versus enzyme concentration
is not achievable if the end-point selected does not lie in the linear
range of the progress curves for all enzyme concentrations
involved, exceptions to this rule do happen, and so it is important
to check it as well.

To determine accurate kinetic constants, it is crucial to measure
initial velocities. However, for the determination of acceptable
inhibition values it is sufficient to be close to linearity. Therefore,
the classical rule found in biochemistry textbooks of working at or
below 10% substrate depletion (e.g., [22]) does not necessarily
apply to HTS assays and such considerations may be challenging
with some formats such as FP. Provided that all compounds in a
collection are treated in the same way, if the inhibitions observed
are off by a narrowmargin it is not a problem. As shown in Fig. 5, at
50% substrate depletion with an initial substrate concentration at its
Km, the inhibition observed for a 50% real inhibition is 45%, an

Fig. 5 Theoretical progress curves at S ¼ Km of an uninhibited enzymatic reaction (red) and a reaction with an
inhibitor at its IC50 concentration (blue). The inhibition values determined at different end-points throughout
the progress curve are shown in green. Initial velocities are represented by dotted lines
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acceptable error. For higher inhibitions the errors are lower
(e.g., instead of 75% inhibition 71% would be observed). At lower
S/Km ratios the errors are slightly higher (e.g., at S ¼ 1/10 Km, a
50% real inhibition would yield an observed 42% inhibition, again
at 50% substrate depletion). Figure 4b shows the effect on KMO
product formation when comparing product formation at 50 and
250min; in this case, substrate depletion at longer incubation times
could desensitize compound inhibition at the higher enzyme con-
centrations as depicted.

This flexibility to work under close-to-linearity but not truly
linear reaction rates makes it feasible to use certain assay technolo-
gies in HTS - e.g. fluorescence polarization (FP) - that require a
high proportion of substrate depletion in order to produce a signif-
icant change in signal. Secondary assays configured within linear
rates should allow a more accurate determination of IC50s for hits.

In reality, the experimental progress curve for a given enzyme
may differ from the theoretical one depicted here for various rea-
sons such as non-Michaelis-Menten behavior, reagent deteriora-
tion, product inhibition, and detection artifacts. In view of the
actual progress curve, practical choices should be made on experi-
mental kinetic data to avoid missing interesting hits.

Order of Reagent Addition The order of addition of reactants and putative inhibitors is impor-
tant to modulate the sensitivity of an assay for slow binding and
irreversible inhibitors.

A preincubation (usually 5–10 min) of enzyme and test com-
pound favors the finding of slow-binding competitive inhibitors. If
the substrate is added first, these inhibitors have a lower probability
of being found. Assays should ideally have many enzyme/kinase
turnovers during the time course to minimize the complications of
single/low-turnover reactions.

In some cases, especially for multisubstrate reactions, the order
of addition can be engineered to favor certain uncompetitive
inhibitors.

5.1.2 Binding Assays Although this section is focused on receptor binding, other binding
reactions (protein-protein, protein-nucleic acid, etc.) are governed
by similar laws, and so assays to monitor these interactions should
follow the guidelines hereby suggested.

Ligand Concentration The equation that describes binding of a ligand to a receptor,
developed by Langmuir to describe adsorption of gas films to
solid surfaces, is virtually identical to the Michaelis-Menten equa-
tion for enzyme kinetics:

BL ¼ Bmax � L=ðKd þ LÞ
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where BL ¼ bound ligand concentration (equivalent to v0),
Bmax ¼ maximum binding capacity (equivalent to maximum veloc-
ity (Vmax)), L ¼ total ligand concentration (equivalent to S), and
Kd ¼ equilibrium affinity constant also known as dissociation
constant (equivalent to Km).

Therefore, all equations disclosed in Subheading “Substrate
Concentration” can be directly translated to ligand (L)-binding
assays. For example, for competitive binders,

IC50 ¼ ð1þ L=KdÞ � Ki

Uncompetitive binders cannot be detected in binding assays; func-
tional assays must be performed to detect this inhibitor class.
Allosteric binders could be found if their binding modifies the
receptor in a fashion that prevents ligand binding.

Typically, ligand concentration is set at the Kd concentration as
an optimal way to attain a good signal (50% of binding sites occu-
pied). This results in a good sensitivity for finding competitive
binders.

Receptor Concentration The same principles outlined for enzyme concentration in Sub-
heading 5.1.1 apply to receptor concentration, or concentration
of partners in other binding assays. In most cases, especially with
membrane-bound receptors, the nominal concentration of recep-
tor is not known but can be determined by measuring the propor-
tion of bound ligand at the Kd. In any case, linearity of response
(binding) with respect to receptor (membrane) concentration
should be assessed.

In traditional radiofiltration assays it was recommended to set
the membrane concentration so as to reach at most 10% of ligand
bound at the Kd concentration, i.e., the concentration of receptor
present should be below 1/5 of Kd [23]. Although this is appropri-
ate to get accurate binding constants, it is not absolutely required
to find competitive binders in a screening assay. Some formats (FP,
SPA in certain cases) require a higher proportion of ligand bound
to achieve acceptable statistics, and receptor concentrations close or
above the Kd value have to be used.

Another variable to be considered in ligand-binding assays is
nonspecific binding (NSB) of the labeled ligand. NSB increases
linearly with membrane concentration. High NSB leads to unac-
ceptable assay statistics, but this can often be improved with various
buffer additives (see Subheading 5.2).

Preincubation

and Equilibrium

As discussed for enzymatic reactions, a preincubation of test com-
pounds with the receptor would favor slow binders. After the
preincubation step, the ligand is added and the binding reaction
should be allowed to reach equilibrium in order to ensure a
proper calculation of displacement by putative inhibitors. Running
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binding assays at equilibrium is convenient for HTS assays, since
one does not have to carefully control the time between addition of
ligand and assay readout as long as the equilibrium is stable.

5.1.3 Cell-Based Assays The focus of the previous sections has been on cell-free systems.
Cell-based assays offer different challenges in their setup with many
built-in factors that are out of the scientist’s control. Nevertheless,
some of the points discussed above apply to them, mutatis
mutandi.

One of the most important considerations is cell type.
The most physiologically relevant cells are primary human cells
(disease cells are even better), but these are very difficult and
expensive to procure. Advances in stem cell/IPSC science are facil-
itating the provision of cells for HTS that are closer to the primary
human cell. However, despite increases in the level of phenotypic
screening and the use of more complex cellular models [3, 6],
transformed/recombinant cells remain the most commonly used
cell type for HTS.

Important considerations when developing cell-based assays
include the following [19, 24]:

1. Cell culture details should be well documented and reproduc-
ible. Most problems with cell-based assays can be traced to
problems with the cells.

2. Consider using cryopreserved cells as an assay source to reduce
variability and improve screening scheduling logistics. Many
primary cell types can now be cryopreserved.

3. Adherent cells or suspension cells can be used, and the choice is
based on the cell type and assay readout method. In general, try
to mimic the physiological conditions as much as possible while
considering assay logistics.

4. Either stable cell lines or transient transfection can be used.
Expression levels of the recombinant protein(s) should be con-
firmed. Extremely high expression levels should generally be
avoided.

5. Consider using modified baculovirus (BacMam virus) gene
delivery technology for transient expression of target proteins
in mammalian cells [25].

6. When using stable cell lines, use early passages to avoid cells
losing their responsiveness.

7. Lower numbers of cells are preferred for cost reasons, but at
least 1000 cells per well should generally be used to minimize
stochastic single-cell events. The response observed should be
linear with respect to the number of cells.
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8. Pay attention to cell clumps which can cause variability.

9. Preincubation of cells with compounds should be considered
when applicable (e.g., assays in which a ligand is added).

10. Optimal incubation time should be selected in accordance to
the rule of avoiding underestimation of inhibition or activation
values (see Subheading “Incubation Time and Degree of
Substrate Depletion”). All other factors being equal, shorter
incubation times minimize cytotoxic interference problems.

11. Cell-based assays tend to be more sensitive to dimethyl sulfox-
ide (DMSO) than biochemical assays. Determine the DMSO
sensitivity of the assay and configure the protocol to remain
well below this level.

12. Use standard inhibitors and/or activators during the screening
run to confirm that the desired signal is observed.

13. Pay attention to edge effects which occur commonly in cell-
based assays due to problems with incubators or uneven cell
distribution of cells in the well. Incubating seeded plates at
room temperature before placing them in the incubator can
help this problem [26].

5.2 Assay

Optimization

In-vitro assays are performed in artificial environments in which the
biological system studied could be unstable or exhibiting an activity
below its potential. The requirements for stability are higher in
HTS campaigns than in other areas of research. In HTS runs,
diluted solutions of reagents are used throughout long periods of
time (typically 4–12 h) and there is a need to keep both the
variability low and the signal to background high. Additionally,
several hundreds of thousands of samples are usually tested, and
economics often dictates one to reduce the amount of reagents
required. In this respect, miniaturization of assay volumes has
been in continuous evolution, from tubes to 96-well plates to
384-well plates to 1536 and beyond. Many times, converting assays
from low-density to high-density formats is not straightforward.
Thus, in order to find the best possible conditions for evaluating an
HTS target, optimization of the assay should be accomplished as
part of the development phase.

HTS libraries contain synthetic or natural compounds that in
most cases are dissolved in DMSO. The tolerance of the assay to
DMSO must be considered. Typically, compounds are stored at
concentrations ranging between 1 and 30 mM. Test compound
concentrations in primary screening are in the 1–30 μM range.
Therefore, DMSO concentrations from 0 to 10% are tested. It is
critical to work at DMSO concentrations in a region of minimal
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variation, as otherwise compound effects can be obscured by varia-
bility in the addition of compound stocks (typically the smallest
volume in the assay mix, and thus the most sensitive liquid-
handling step).

If a significant decrease of activity/binding is observed at the
standard solvent concentration - typically 0.5–1% (v/v) DMSO -
lower test compound concentrations may be required. In some
cases the detrimental effect of solvent can be circumvented by
optimizing assay conditions. In all cases, key biochemical para-
meters (e.g. Km) should be checked in the final assay conditions
(DMSO concentration) before starting the screening campaign.

Though unusual, DMSOmay sometimes increase the apparent
activity or reduce variability in some biochemical assays; this may be
due to increased solubility of substrates or other assay constituents
in the presence of small amounts of solvent.

The stability of reagents should be tested using the same con-
ditions intended for HTS runs, including solvent concentration,
stock concentration of reagents, reservoirs, and plates. Quite often
signal is lost with time not because of degradation of one biological
partner in the reaction but because of its adsorption to the plastics
used (reservoir, tips, or plates) (Fig. 6). Addition of detergents
below their critical micellar concentration (CMC) and/or carrier

Fig. 6 Example of loss of signal in an enzymatic reaction related with adsorption
of enzyme (or substrate) to plasticware. The data is from a real assay performed
in our lab. Stability of reagents was initially measured using polypropylene tubes
and 384-well polystyrene plates, without CHAPS (circles). Once HTS was started,
using polypropylene reservoirs and polystyrene 384-well plates (triangles), a
clear loss of signal was observed. Addition of 0.01% w/v CHAPS not only solved
the problem but also improved the enzyme activity (squares). Reactions were
initiated at 10, 30, and 50 min after preparation of diluted stocks of reagents that
remained at 4 �C before addition to the reaction wells
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proteins (e.g. bovine serum albumin (BSA)) is a common tech-
nique to minimize this undesirable phenomenon. These assay
components can also aid in reducing nonspecific enzymatic inhibi-
tion caused by aggregation of test compounds [9].

The number of factors that can be tested in an optimization
process is immense. Nevertheless, initial knowledge of the system
(optimal pH, metal requirements, sensitivity to oxidation, etc.) can
help to select the most appropriate ones. Factors to be considered
can be grouped as follows:

l Buffer composition

l pH

l Temperature

l Ionic strength

l Osmolarity

l Monovalent ions (Na+, K+, Cl�)
l Divalent cations (Mn2+, Mg2+, Ca2+, Zn2+, Cu2+, Co2+)

l Reological modulators (glycerol, polyethylene glycol)

l Polycations (heparin, dextran)

l Carrier-proteins (BSA, casein)

l Chelating agents (ethylenediamine-N,N,N0,N0-tetraacetic acid
(EDTA))

l Blocking agents (polyethylene imine (PEI), milk powder)

l Reducing agents (dithiothreitol (DTT), β-mercaptoethanol)

l Protease inhibitors (phenylmethylsulfonyl fluoride (PMSF),
leupeptin)

l Detergents (Triton, Tween, 3-([3-cholamidopropyl] dimethy-
lammonio)-1-propanesulfonate (CHAPS))

Cell-based assays are usually conducted in cell media of com-
plex formulation. Factors to be considered in this case are mainly
medium, supplier, selection, and concentration of extra protein
(human serum albumin, BSA, gelatin, collagen). One also needs
to take into account cell density, plate type, plate coatings, incuba-
tion time, temperature, and atmosphere. Since cell-based assays
generally have more variables than biochemical assays, care must
be taken when documenting and reproducing the cell culture and
assay conditions. This is even more critical when IPSC differentia-
tion protocols are being used.

Besides analyzing the effect of factors individually, it is impor-
tant to consider interactions between factors because synergies and
antagonisms can commonly occur [27]. Full-factorial or partial
factorial designs can be planned using several available statistical
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packages (e.g., JMP, Statistica, and Design Expert) and automated
hardware and software solutions are available for more complex
combinations of assay constituents. The Dragonfly® system from
TTPLabTech is a non-contact dispenser designed specifically for
optimization experiments while Beckman Coulter have continued
to develop the SAGIAN™ SAMI® software system for full auto-
mated assay optimization (AAO) on the Biomek series of liquid
handlers [28].

Usually the focus of optimization is on activity (signal or signal
to background), but statistical performance should also be taken
into account when doing assay optimization. Though this is not
feasible when many factors and levels are scrutinized without repli-
cates, whenever possible duplicates or triplicates should be run and
the resulting variability measured for every condition. Some buffer
ingredients make a reproducible dispensement very difficult, and so
should only be used if they are really beneficial (e.g. glycerol).

For some factors it is critical to run the HTS assay close to
physiological conditions (e.g. pH) in order to avoid missing inter-
esting leads for which the chemical structure or interaction with the
target may change as a function of that factor.

5.3 Statistical

Evaluation of HTS

Assay Quality

The quality of an HTS assay must be determined according to its
primary goal, i.e. to distinguish accurately hits from non-hits in a
vast collection of samples.

In the initial evaluation of assay performance, several plates are
filled with positive controls (signal; e.g. uninhibited enzyme reac-
tion) and negative controls or blanks (background; e.g. substrate
without enzyme). Choosing the right blank is sometimes not so
obvious. In ligand-receptor binding assays, the blanks referred to as
NSB controls are prepared traditionally by adding an excess of
unlabeled (cold) ligand; the resulting displacement could be
unreachable for some specific competitors that would not prevent
nonspecific binding of the labeled ligand to membranes, or lab-
ware. A better blank could be prepared with membranes from the
same cell line not expressing the receptor targeted. Though this is
not always practical in the HTS context, it should be at least tested
in the development of the assay, and compared with the NSB
controls to which they should be ideally pretty close.

A careful analysis of these control plates allows identifying
errors in liquid handling or sample processing. For instance, an
assay with a long incubation typically produces plates with edge
effects due to faster evaporation of the external wells even if lids are
used, unless the plates are placed in a chamber with humidity
control. Analysis of patterns (per row, per column, per quadrant)
helps to identify systematic liquid-handling errors.
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Obvious problems must be solved before evaluating the quality
of the assay. After troubleshooting, random errors are still expected
to happen due to instrument failure or defects in the labware used.
They should be included in the subsequent analysis of performance
(removing outliers is a misleading temptation equivalent to hiding
the dirt under the rug).

The analysis of performance can be accomplished by several
means. Graphical analysis helps to identify systematic errors (e.g.
Fig. 7). The statistical analysis of raw data involves the calculations
of a number of parameters, starting with mean (M) and standard
deviations (SD) for signal and background, and combinations of
these as follows:

5.3.1 Signal-to-

Background Ratio (S/B) S=B ¼ Msignal=Mbackground

S/B provides an indication of the separation of positive and nega-
tive controls. It can be useful in early assay development to under-
stand the potential of an assay format or to validate reagents under

Fig. 7 Graphical analysis of a 384-well plate of positive controls of an enzymatic reaction monitored by
absorbance (continuous readout). The plate was filled using a pipettor equipped with a 96-well head and
indexing capability. (a) 3-D plot of the whole plate showing that four wells (I1, I2, J1, and J2) had a
dispensement problem. The corresponding tip may have been loose or clogged. Analysis by columns (b),
rows (c), and quadrants (d) reveals that the 4th quadrant was receiving less reagent
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development. But it is a poor indicator of assay quality as it is
independent of variability [29].

5.3.2 Coefficient

of Variation (CV) of Signal

and Background

CV ¼ 100� SD=Mð%Þ
A relative measure of variability, it provides a good indication of
variability. Variability is a function of the assay stability and precision
of liquid-handling and detection instruments.

5.3.3 Signal to Noise
S=N ¼ ðMsignal �MbackgroundÞ=SDbackground

This classic expression of signal-to-noise ratio (S/N) provides an
incomplete combination of signal window and variability. Its origi-
nal purpose was to assess the separation between signal and back-
ground in a radio signal [29]. It should not be used to evaluate
performance of HTS assays.

Another parameter referred to as S/N by some authors is

S=N ¼ ðMsignal �MbackgroundÞ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðSDsignalÞ2 þ ðSDbackgroundÞ2
q

This second expression provides a complete picture of the
performance of an HTS assay but as discussed below the field has
converged in using Z0 as the standard measure of HTS assay quality.

5.3.4 Z 0 Factor
Z

0 ¼ 1� 3� ðSDsignal þ SDbackgroundÞ=jMsignal �Mbackgroundj
Since its publication in 1999 [29] the Z0 factor has been widely
accepted by the HTS community as a very useful way of assessing
the statistical performance of an assay [30]. Z0 is an elegant combi-
nation of signal window and variability, the main parameters used in
the evaluation of assay quality. The relationship between Z0 factor
and S/B is not obvious from its definition but can be easily
derived as

Z
0 ¼ 1� 0:03� ðjS=Bj � CVSignal þ CVBackgroundÞ=ðjS=Bj � 1Þ
The value of Z0 factor is a relative indication of the separation of

the signal and background populations. It is assumed that there is a
normal distribution for these populations, as it is the case if the
variability is due to random errors.

Z0 factor is a dimensionless parameter that ranges from 1
(infinite separation) to <0. Signal and background populations
start to overlap when Z0 ¼ 0. In our screening groups, the minimal
acceptable value for an assay is Z0 > 0.4, although in practice the
majority of our assays demonstrate Z0 > 0.6. A Z0 of 0.4 is
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equivalent to having a S/B of 3 and a CV of 10%. Low variability
allows for a lower S/B, but a minimum of 2 is usually required
provided that CVs are rarely below 5%. Figure 8 shows Z0 at work in
three different scenarios. Full analysis of the corresponding data is
collected in Table 3.

Z0 should be evaluated during assay development and valida-
tion, and also throughout HTS campaigns on a per plate basis to
assess the quality of dispensement and reject data from plates with
errors. Further reading on statistic analyses of screening data is also
available [31].

For cellular assays, particularly using patient-derived cells or
other human cells, there will be intrinsic variability in response
and quite often in-well, well-to-well, or plate-to-plate variation
arising from this intrinsic variability and/or batch changes. New
literature is arising to help dissect and understand these sources of
variability [32].

5.4 Assay Validation Once an assay optimized to find compounds of interest passes its
quality control with a Z0 greater than 0.6 (or whatever is the applied
acceptance criteria), a final step must be done before starting an
HTS campaign. The step referred to here as assay validation consists

Fig. 8 Distribution of activity values (bins of 0.5 mOD/min) for three 384-well plates half-filled with blanks and
half-filled with positive controls of an enzymatic reaction monitored by absorbance (continuous readout).
Z 0 factors were 0.59 for plate 1, 0.42 for plate 2, and 0.10 for plate 3. A complete analysis of performance is
shown in Table 3
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of testing a representative sample of the screening collection in the
same wayHTS plates will be treated, i.e. on the same robotic system
using protocols identical to the HTS run. The purposes of this
study are to:

l Obtain production data on assay performance

l Assess interferences from screening samples

l Evaluate the reproducibility of results obtained in a production
environment

l Estimate the hit rate and determination of optimal sample
concentration

A dramatic example of how the test of a pilot collection helps to
detect interferences is shown in Fig. 9. This target, HCV RNA-
dependent RNA polymerase, had been found to be slightly unsta-
ble at room temperature (Fig. 9b, without BSA). Nevertheless, the
effect of 352 mixtures of 11 compounds each was tested and an
extremely high hit rate was observed (45% of the mixtures inhibited
the enzyme activity greater than 70%). The problem was solved by
stabilization of the system using BSA 0.05%. Similar effects have
been observed in several other targets.

It is therefore advisable to run a few plates with 500–2000
random samples just to spot any major interference as soon as possi-
ble. The size of the pilot collection can be as small as 1% of the total
collection. Its usefulness to predict hit rates and interferences

Table 3
Statistical analysis of data from the three plates described in Fig. 8

Parameter Plate 1 Plate 2 Plate 3

Msignal (mOD/min) 10.09 7.77 5.84

SDsignal (mOD/min) 0.84 0.81 0.96

Mbckg (mOD/min) 0.30 0.69 0.74

SDbckg (mOD/min) 0.51 0.57 0.57

S/B 34 11 8

SW (mOD/min) 9.80 7.08 5.09

S/Na 19 12 9

S/Nb 10.0 7.1 4.6

CVsignal (%) 8 10 16

CVbckg (%) 173 82 77

Z0 factor 0.59 0.42 0.10

aS=N ¼ ðMsignal �MbackgroundÞ=SDbackground

bS=N ¼ ðMsignal �MbackgroundÞ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðSDsignalÞ2 þ ðSDbackgroundÞ2
q
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increases with its size. On the other hand, too many plates worth of
work and reagents can be lost if any major problem is found in this
step, as often happens. Therefore, it is not advisable to go beyond a
5% representation of the collection.

With a randomized sample of 1% of a collection of 50,000
compounds, a hit rate of 1% can be estimated with an SD of 0.5%.
For a 5% rate, the estimation’s SD would be 1%. These approximate
figures have been calculated as described by Barnett [33].

Irrespective to the size of the pilot collection, at least 10–20
plates should be run to test the HTS system in real action. Dupli-
cates of the same samples run in independent experiments provide a
way to evaluate the reproducibility of results (Fig. 10). In a dupli-
cated experiment without further retest false negatives and false
positives will be indistinguishable, and will all appear as discrepant
results. A third replica allows an estimation of the rates of false
positives and negatives; additionally hit rate and confirmation rate
after retest can be estimated providing the level of information
required to assess the quality of the assay and achieve the level of
performance required prior to initiation of the HTS efforts [34].

Fig. 9 (a) Distribution of inhibition values (10% bins) in the validation of an HTS assay of HCV RNA-dependent
RNA polymerase tested with and without 0.05% w/v BSA. The samples were 352 representative mixtures of
compounds (11 components at 9.1 μM each). (b) It was shown that the stability and activity of the enzyme
were greatly improved in the presence of BSA
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Fig. 10 Comparison of duplicates from validation for two HTS assays. (a) This
enzymatic assay showed a significant number of mismatched results between
duplicate runs of the same 4000 samples. Two actions should be taken in a case
like this: liquid-handling errors have to be avoided, and the assay quality must be
improved. (b) The data corresponds to a ligand-binding assay that showed a
good reproducibility
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Chapter 2

Characterization of Inhibitor Binding Through Multiple
Inhibitor Analysis: A Novel Local Fitting Method

Thomas V. Riera, Tim J. Wigle, and Robert A. Copeland

Abstract

Understanding inhibitor binding modes is a key aspect of drug development. Early in a drug discovery
effort these considerations often impact hit finding strategies and hit prioritization. Multiple inhibitor
experiments, where enzyme inhibition is measured in the presence of two simultaneously varied inhibitors,
can provide valuable information about inhibitor binding. These experiments utilize the inhibitor concen-
tration dependence of the observed combined inhibition to determine the relationship between two
compounds. In this way, it can be determined whether two inhibitors bind exclusively, independently,
synergistically, or antagonistically. Novel inhibitors can be tested against each other or reference compounds
to assist hit classification and characterization of inhibitor binding. In this chapter, we discuss the utility and
design of multiple inhibitor experiments and present a new local curve fitting method for analyzing these
data utilizing IC50 replots. The IC50 replot method is analogous to that used for determining mechanisms
of inhibition with respect to substrate, as originally proposed by Cheng and Prusoff (Cheng and Prusoff
Biochem Pharmacol 22: 3099–3108, 1973). The IC50 replot generated by this method reveals distinct
patterns that are diagnostic of the nature of the interaction between two inhibitors. Multiple inhibition of
the histone methyltransferase EZH2 by EPZ-5687 and the reaction product S-adenosylhomocysteine is
presented as an example of the method.

Key words Enzyme inhibition, Multiple inhibitor, Binding site, Yonetani-Theorell, IC50 replot,
Local curve fitting

1 Introduction

The inhibitor-binding pocket on a target enzyme is a fundamental
determinant of its inhibition properties. Consequently, the identi-
fication and characterization of an inhibitor’s binding site is a key
focal point of drug development efforts and a valuable means to
classify inhibitors. A conventional method to assess the binding
mode is with respect to substrate through mechanism of inhibition
experiments where inhibitor and substrate are simultaneously
varied. The resulting dependence of inhibition on substrate con-
centration indicates whether inhibitor and substrate bind exclu-
sively and may or may not share a binding pocket.

William P. Janzen (ed.), High Throughput Screening: Methods and Protocols, Methods in Molecular Biology, vol. 1439,
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An analogous approach is a multiple inhibitor experiment,
where enzyme activity is measured in the presence of varying
concentrations of two inhibitors. Testing inhibitors of interest
against each other is a useful means to group chemical matter by
shared sites as well as to identify the number of inhibitor-binding
sites present on a target enzyme. Multiple inhibitor experiments
can also be used to characterize an inhibitor of interest’s binding
pocket by testing it against compounds of known binding sites
and/or inhibition mechanisms. Furthermore, knowledge of these
relationships can facilitate inhibitor-linking efforts where two inhi-
bitors are selected to be covalently attached as a means to increase
potency [1].

This information can be similarly derived from competitive
binding assays where a compound of interest is tested for displace-
ment of a probe with a known binding site. Examples of such
approaches are presented in Chapter 8 of this volume and elsewhere
[1] and are valuable as an orthogonal determination of inhibitor
binding. However, this latter approach requires a suitable probe
molecule which is often not available early in a drug discovery
effort. Moreover, additional probes and assays must be developed
for every binding site of interest. In contrast, an enzyme activity-
based method can in most cases utilize the existing assay employed
for compound screening and is applicable for all binding sites
producing inhibition.

Figure 1a depicts the binding of two inhibitors, I and J, to a
catalytically competent form of enzyme to form EI, EJ, and EIJ
inhibited complexes. KI and KJ are the apparent dissociation

Fig. 1 Scheme for inhibitors I and J binding to a catalytically competent form of
enzyme, E’ (a), forming an EIJ ternary complex. KI and KJ are the apparent
dissociation constants for I and J, respectively, and α is the interaction constant
describing the relationship between I and J. When inhibitors bind independently,
α ¼ 1 (αKI ¼ KI). When inhibitor binding is synergistic, the binding of one
inhibitor is enhanced by the presence of the other inhibitor and 0 < α < 1
(αKI < KI). Conversely, when inhibitors are antagonistic, α > 1 (αKI > KI). In
the extreme case of antagonism (b), I and J are mutually exclusive and no EIJ
ternary complex forms (α ¼ 1)
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constants for I and J, respectively, at the given assay conditions
and α is the interaction constant describing the relationship
between I and J binding. When inhibitors bind independently,
α ¼ 1 (αKI ¼ KI) and inhibition is simply additive. If inhibitor
binding is synergistic, the binding of one inhibitor is enhanced by
the presence of the other inhibitor and 0 < α < 1 (αKI < KI).
Conversely, when I and J bind antagonistically the inhibition by
one inhibitor is attenuated by the presence of the second inhibitor
producing an α value >1 (αKI > KI). This condition can arise
when two inhibitors have partially overlapping binding sites. Bind-
ing is still permitted but at a penalty to the compounds’ apparent
affinity. In the extreme case of antagonism, I and J are mutually
exclusive and no EIJ ternary complex forms (Fig. 1b, α ¼ 1). This
case will arise when the binding site for two compounds is highly
overlapping, such that binding of one inhibitor occludes binding of
the second inhibitor. It is important to note that synergistic, antag-
onistic, and exclusive binding can also stem from allostery where
distinct binding sites are conformationally linked. In this case,
binding at one site affects the protein conformation and thereby
compound affinity at a second site.

This analysis makes the simplifying assumptions that in the
absence of enzyme, I and J do not interact with each other or
substrates. Because apparent rather than intrinsic binding constants
are used, this analysis does not require knowledge of the inhibition
mechanism with respect to substrate, making it useful for investiga-
tion of early-stage compounds including HTS hits. Moreover,
inhibitors with differing mechanisms may be evaluated in this
way. For mechanism-specific equations, the reader is referred
elsewhere [2].

The relationship between I and J can be derived from the
measurement of the enzymatic activity in the presence of varying
amounts of both inhibitors. A popular graphical method to analyze
these data was proposed in 1964 by Yonetani and Theorell [3].
Using this method, a plot of the reciprocal initial velocity versus the
concentration of I at varied J transforms the data into a series of
lines which are locally fit by linear regression analyses. The resulting
series of lines will be parallel if I and J are mutually exclusive
(Fig. 2a) or intersecting if an EIJ ternary complex can form
(Fig. 2b). When non-exclusive, the lines will intersect at a point
above, on, or below the x-axis for synergistic, independent, and
antagonistic binding, respectively, and the concentration of I at the
intersection point will equal �αKI; if the value of KI is already
known, α may be easily calculated. While the method of Yonetani
and Theorell produces patterns diagnostic of exclusive or non-
exclusive binding, it suffers from the imprecision common to linear
transformations and compounded by the use of reciprocal velocity.
The data are unevenly weighted in a linear regression where the
highest y values carry the most weight. The greatest values of 1/vi
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arise from the lowest velocities which are prone to greater error.
Thus, it is the lowest velocities with the greatest error which have
the most influence on the fit. As a result, these linear transforma-
tions may provide useful visualizations of the data but nonlinear
regression methods should be used for more accurate determina-
tion of the fitting parameters.

A more contemporary approach to the analysis of these data is
to globally fit by nonlinear regression the fraction of remaining
enzyme activity (vi/v0) using Eq. 1 to determine values for KI, KJ,
and α:

vi
v0

¼ 1

1þ I
KI

þ J
KJ

þ I J
αKIKJ

ð1Þ

As a consequence of fitting an entire data set simultaneously, global
fit analyses have the advantage of a high data-to-parameter ratio,
permitting determination of the fitted parameters with increased
accuracy. However, visual inspection of globally fitted data is made
difficult by the resulting plots containing all of the actual and fitted
data on one scale. As a result, the quality of the fit over all data
points cannot be resolved and non-ideal behaviors and deviations of
the data from the fit due to mechanistic features not captured in the
model may be missed.

An alternative method is local curve fitting, in which subsets of
the data are analyzed independently to produce apparent values for a
fit parameter which are then replotted to determine the global
parameter value. As a consequence of this deconvoluted approach,
these methods provide superior visualization of the fitted data
allowing facile evaluation of both the data quality and fit to the

Fig. 2 Yonetani-Theorell plots for multiple inhibitor data. Plotting 1/vi versus the
concentration of I at fixed concentrations of J transforms the data into a series of
lines. (a) Mutually exclusive inhibitors produce a series of parallel lines. (b) Non-
exclusive inhibitors produce a series of intersecting lines (α ¼ 1 shown). The
intersection point will occur above, on, and below the x-axis for synergistic,
independent, and antagonistic binding, respectively, and the x-coordinate of the
intersection point is equal to –αKI
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modeled mechanism. Replots from these data often produce diag-
nostic, mechanism-specific patterns. The disadvantage of this
method is that because subsets of the data are represented by appar-
ent fit parameters, the final analysis has a lower data-to-parameter
ratio compared with global fitting. For high-quality data sets, glob-
ally and locally fitted values will be in good agreement. Importantly,
local curve fitting provides an excellent means to interrogate the
veracity of a fitted model.

A local curve fitting analysis exploiting nonlinear regression
methods has not previously been proposed for multiple inhibitor
data. Here, we present such a method based on IC50 replots analo-
gous to the Cheng-Prusoff method for determining mechanisms of
inhibition with respect to substrate [4]. The multiple inhibitor data
are analyzed in two stages. First, the IC50 values for inhibitor I are
determined for each concentration of J and then those IC50 values
for I are plotted as a function of the concentration of J to determine
the relationship between I and J. It should be noted that the
choice of whether to plot the IC50 of I versus the concentration
of J or the IC50 of J versus the concentration of I is arbitrary as both
will give the same value for α due to the nature of the thermody-
namic box created by inhibitor binding (Fig. 1a).

To derive an expression for the IC50 value for I (ICi
50) in the

presence of J, Eq. 1 is first rearranged to solve for the concentration
of I (Eq. 2):

I ¼ KI

1

1þ J
αKJ

 !
v0
vi

� �
� 1þ J

KJ

� �� �
ð2Þ

In the absence of I, the starting vi/v0 will be determined by the
concentration of J and KJ according to Eq. 3:

vi
v0

¼
1

1þ J
KJ

 !
ð3Þ

The IC50 value for I will equal the concentration of I that results in
one-half the starting vi/v0 (Eq. 4):

ICi
50 when

vi
v0

¼ 1

2

1

1þ J
KJ

 !
ð4Þ

Finally, substituting the reciprocal of Eq. 4 into Eq. 2 for v0/vi
produces Eq. 5 for the ICi

50 which can be simplified to Eq. 6:

ICi
50 ¼ KI

1

1þ J
αKJ

 !
2 1þ J

KJ

� �
� 1þ J

KJ

� �� �
ð5Þ
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ICi
50 ¼ KI

1þ J
KJ

1þ J
/KJ

0
@

1
A ð6Þ

This is the general equation which can be used to determine the
interaction constant for I and J. A plot of the IC50 values for I as a
function of the concentration of J will produce a pattern that is
diagnostic of the relationship between I and J. A hyperbolic depen-
dence is observed when I and J are synergistic or antagonistic where
the y-intercept is equal to the value of KI and the asymptotic limit is
equal to the value of αKI. A descending hyperbola is observed for
synergistic inhibitors (Fig.3a,αKI < KI)whereas anascendinghyper-
bola is produced for antagonistic inhibitors (Fig. 3c, αKI > KI).
When I and J bind independently, α ¼ 1 and Eq. 6 reduces to Eq. 7
producing a horizontal line equal to theKI (Fig. 3b):

ICi
50 ¼ KI ð7Þ

When I and J are mutually exclusive, α equals infinity and Eq. 6
reduces to Eq. 8:

Fig. 3 IC50 replot patterns for synergistic, independent, antagonistic, and exclu-
sive binding. Simulated replots of the IC50 value for inhibitor I (ICi50) at various
concentrations of inhibitor J when the relationship is (a) synergistic (α ¼ 0.1
shown), (b) independent (α ¼ 1 shown), (c) antagonistic (α ¼ 10 shown), or
(d) exclusive (α ¼ infinite)
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ICi
50 ¼ KI 1þ J

KJ

� �
ð8Þ

Re-expression of Eq. 8 as Eq. 9 reveals the linear dependence
between the IC50 value for I and the concentration of J (Fig. 3d):

ICi
50 ¼ KI þ KI

KJ

� �
J ð9Þ

As these equations are general in form for two ligand-binding
enzyme, they are analogous to the Cheng-Prusoff equations for
mixed-type (Eq. 6), noncompetitive (Eq. 7), and competitive
(Eqs. 8 and 9) inhibition with respect to substrate [4].

As discussed above, when the series of dose–response curves is
plotted as vi/v0 as a function of I at fixed concentrations of J, the
starting fractional activity will decrease with increasing J as shown in
Fig. 4. Using Eq. 10 will account for the variable starting point and
amplitude:

vi
v0

¼ ðmax�minÞ 1

1þ ð I
IC50

Þh
 !

þmin ð10Þ

Here, max andmin are the maximum andminimum values of vi/v0,
respectively, and h is the Hill slope. Relative to the case where I and
J are independent (Fig. 4b), the curves will be shifted to lower and
higher midpoint values of [I] for synergism (Fig. 4a) and antago-
nism (Fig. 4c), respectively. These shifts should be considered when
selecting inhibitor concentrations to be tested. Ultimately however,
low initial remaining activity will limit the data that is usable at
higher concentrations of J (see Notes 1–4).

The IC50 replot method presented here is applicable to any
multiple inhibitor, biochemical experiment, regardless of assay for-
mat. We have chosen to illustrate this method using our previously

Fig. 4 Simulated IC50 curves for inhibitor I in the presence of varying concentrations of inhibitor J shown using
Eq. 1 for examples where I and J binding is (a) synergistic (α ¼ 0.1 shown), (b) independent (α ¼ 1 shown),
or (c) antagonistic (α ¼ 10 shown). A twofold dilution series for J is shown with the curve where [J] ¼ KJ
is represented as a dashed line
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published data characterizing an inhibitor developed from an HTS
hit against the histone methyltransferase, EZH2 [5]. EZH2 is the
enzymatic subunit of the polycomb repressive complex 2 (PRC2)
which catalyzes the mono- through tri-methylation of lysine 27 of
histone 3 (H3K27) with the concomitant conversion of the methyl
donor S-adenosylmethionine (SAM) to S-adenosylhomocysteine
(SAH). EZH2 has been found to be amplified in several cancers
and overexpression has been correlated with a poor prognosis [6, 7]
making it an attractive target in human cancers. Moreover, genetic
alterations, including gain-of-function point mutants, have been
reported in hematologic and solid tumors which confer an onco-
genic dependency on EZH2 [8–16].

EPZ-5687 is a SAM-competitive inhibitor of EZH2 with a Ki

value of 24 nM suggesting that it may bind in the SAM pocket of
the enzyme (Fig. 5) [5]. Efforts to obtain an EPZ-5687-bound
crystal structure were unsuccessful; hence, crystallographic identi-
fication of the inhibitor-binding site was not possible. In other
protein methyltransferases, crystallographic analyses of SAM- and
SAH-bound structures demonstrate a shared binding site (reviewed
in [9]). Consistent with these observations, SAH displays SAM-
competitive inhibition of EZH2 with aKi value of 7.5 μM [17]. To
test the hypothesis that EPZ-5687 binds in the SAM pocket of
EZH2, a multiple inhibitor experiment was performed to deter-
mine whether SAH and EPZ-5687 were mutually exclusive. For
these studies, a discontinuous, radiometric assay was utilized to
measure the EZH2-catalyzed incorporation of a tritiated methyl
group from 3H-labeled SAM to a histone peptide substrate in a
384-well flashplate format. The following is a general protocol
which may be readily adapted to accommodate other assay formats.
The assay was run with substrate concentrations equal to their KM

values so as to maintain a balanced sensitivity to all inhibition
mechanisms (balanced conditions, [1]). The assay end point was

Fig. 5 Inhibitor structures for EPZ-5687 and SAH
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within the linear phase of product formation. Unless noted, a
Multidrop (Thermo Scientific) was used for liquid transfer steps.

2 Materials

1. Recombinant purified human PRC2 complex containing
EZH2 [5].

2. Histone 3 peptide substrate: Corresponding to residues 21–44,
C-terminally amide capped, and biotinylated (ATKAARKSA-
PATGGVKKPHRYRPGGK(biotin)-CONH2).

3. 3H-SAM: 3H-S-adenosylmethionine, labeled on the sulfonium
methyl group.

4. SAM: S-adenosylmethionine.

5. 1� Assay buffer: 20 mM Bicine, pH 7.6, 0.002 % Tween-20,
0.005 % bovine skin gelatin, and 0.5 mM DTT.

6. 1.25 � PRC2 solution: 5 nM PRC2 complex in 1� assay
buffer.

7. 5� Substrate mix: 0.925 μMpeptide, 0.75 μM 3H-SAM, 9 μM
SAM in 1� assay buffer.

8. Stop buffer: 600 μM SAM.

3 Methods

3.1 Assay Method 1. Spot a matrix of varying concentrations of both compounds
onto a 384-well plate such that all combinations of EPZ-5687
and SAH concentrations are obtained (1 μL total in 100 %
DMSO) using a Hewlett Packard D300 digital dispenser (see
Notes 1 and 5).

2. Add 40 μL 1.25 � PRC2 solution and incubate for 30 min at
room temperature.

3. Initiate reactions with 10 μL of 5� substrate mix (see Note 3).

4. Incubate for 90 min at room temperature.

5. Add 10 μL of stop buffer to quench the reaction.

6. Transfer 50 μL of the quenched reactions to a 384-well,
streptavidin-coated flashplate to capture the biotinylated
peptide.

7. Incubate for 30 min at room temperature.

8. Wash plates three times with 150 μL/well of 0.1 % Tween-20
using a BioTek ELx-405 plate washer.

9. Read plate using a Perkin Elmer Topcount NXT HTS plate
reader (see Note 6).
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3.2 Data Analysis The series of dose–response curves for EPZ-5687 at varying con-
centrations of SAH were plotted and individually fit using Eq. 10
(Fig. 6a). The resulting IC50 values for EPZ-5687 were plotted
against the concentration of SAH producing a linear relationship
indicating mutually exclusive binding (Fig. 6b). A fit of the data by
Eq. 9 gave apparent binding constants for EPZ-5687 and SAH of
94 � 4 nM and 7.0 � 0.4 μM, respectively, in good agreement
with the published values [5, 10]. The original analysis using the
Yonetani-Theorell method [3] produced a 1/velocity versus [SAH]
plot with a series of parallel lines also indicating mutually exclusive
binding between EPZ-5687 and SAH [5].

4 Notes

1. A minimal recommended concentration range for each inhibi-
tor is 0.1�–4 � IC50. Low assay signal becomes a greater issue
at inhibitor concentrations above the IC50 values in a multiple
inhibitor experiment. Usable data is limited by the quality of
the assay at low remaining activity of the enzyme and the
relationship between the inhibitors tested. For example, when
two independent inhibitors are present at their IC50 concen-
trations, only 25 % of enzyme activity will remain according to
Eq. 1. This value will be lower and higher for synergistic and
antagonistic inhibitors, respectively. Thus, additional concen-
trations greater than the IC50 values can be tested though the
data may not be useful. Measures can be taken to increase the
assay signal in order to get more usable data at low remaining

Fig. 6 Multiple inhibitor data for EPZ-5687 and SAH inhibition of the EZH2-containing PRC2 complex. (a)
Dose–response curves for EPZ-5687 at varying concentrations of SAH. The lines show the fit by Eq. 10 in the
text to determine the IC50 value. These data are excerpted from Knutson et al. [5]. (b) Replot of the EPZ-5687
IC50 values from (a) versus SAH concentration. The linear dependence indicates mutually exclusive binding
and the line is the fit of the data by Eq. 9 from the text. The apparent binding constants for EPZ-5687 and SAH
are 94 � 4 nM and 7.0 � 0.4 μM, respectively
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percent activities. First, the enzyme concentration may be
increased as long as it remains well below substrate concentra-
tions (maintain initial velocity conditions). Second, the assay
time may be increased while still within the linear range of
product production (initial velocity conditions).

2. Some enzymes exhibit substrate inhibition. For these cases, I
and J IC50s should be measured at substrate concentrations
well below the substrate Ki. Otherwise, α will reflect interac-
tions not only between inhibitors but between inhibitor and
substrate, if they exist, as well.

3. Zero inhibitor groups should be included as controls. In addi-
tion to the enzyme activity control (absence of I and J), varied I
in the absence of J and varied J in the absence of I serve as
controls for each compound in the experiment. The fitted
values for KI and KJ should be in agreement with the IC50

values from the single inhibitor groups.

4. Most current graphing programs allow for new equations to be
created so that Eqs. 1, 6, 7, 9, and 10 may be added for analysis
of multiple inhibitor data.

Fig. 7 Sample plate layout for the matrix of inhibitors I and J including controls using a 384-well plate. This
layout tests every combination of inhibitor concentrations (a) in quadruplicate for one pair of compounds or (b)
in duplicate for two pairs of compounds. Inhibitor concentrations are listed as the final concentration in the
assay as fold IC50. DMSO is used in place of compound for the 0 % inhibition wells and a saturating
concentration of a control inhibitor is used for 100 % inhibition control wells
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5. Compound serial dilutions may be performed by manual pipet-
ting. However, the availability of digital liquid dispensers such
as the HP D300 automates this step vastly improving the ease
and throughput. Using a digital dispenser, we have configured
plate layouts in which two pairs of compounds were tested on
each 384-well plate and have exploited the increased through-
put to evaluate several compound pairs (Fig. 7).

6. Alternate radiometric plate readers may be used such as Perkin
Elmer’s MicroBeta2 plate counter.
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Chapter 3

High-Throughput Screening Using Mass Spectrometry
within Drug Discovery

Mattias Rohman and Jonathan Wingfield

Abstract

In order to detect a biochemical analyte with a mass spectrometer (MS) it is necessary to ionize the analyte
of interest. The analyte can be ionized by a number of different mechanisms, however, one common
method is electrospray ionization (ESI). Droplets of analyte are sprayed through a highly charged field, the
droplets pick up charge, and this is transferred to the analyte. High levels of salt in the assay buffer will
potentially steal charge from the analyte and suppress the MS signal. In order to avoid this suppression of
signal, salt is often removed from the sample prior to injection into the MS. Traditional ESI MS relies on
liquid chromatography (LC) to remove the salt and reduce matrix effects, however, this is a lengthy process.
Here we describe the use of RapidFire™ coupled to a triple-quadrupoleMS for high-throughput screening.
This system uses solid-phase extraction to de-salt samples prior to injection, reducing processing time such
that a sample is injected into the MS ~every 10 s.

Key words Mass spectrometry, RapidFire™, Electrospray (ESI), High-throughput screening,
Triple-quadrupole mass spectrometry, Mass charge (m/z), Ionization

1 Introduction

Mass spectrometry has been an integral part of drug discovery
[1–4] for many years, being a key technology in target discovery,
translational science, and ADME/Tox. However, until recently, the
use of mass spectrometry in screening larger compound libraries
has been limited. The main limitation has been throughput,
HPLC-MS, or UPLC-MS which typically have processing times
of multiple minutes/sample [5, 6]. Matrix-assisted laser desorption
ionization (MALDI)-MS has been successfully used for higher
throughput screening, but the drawback is multiple transfer steps
of reaction mixture and potentially significant matrix effects [7]. It
was not until the introduction of RapidFire™-MS, integration of
automated plate handling, and simple sample preparation with a
standard MS that high-throughput screening (HTS) could really

William P. Janzen (ed.), High Throughput Screening: Methods and Protocols, Methods in Molecular Biology, vol. 1439,
DOI 10.1007/978-1-4939-3673-1_3, © Springer ScienceþBusiness Media New York 2016
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access MS end points [8–10]. Sample processing time was reduced
to seconds; hence the throughput was increased significantly.
Importantly, screening could be performed without any compro-
mises regarding buffers or modifiers in line with traditional LC-MS.
Here we describe the development and experimental setup of a
RapidFire™-MS screen.

1.1 RapidFireTM

System Overview

The system (Fig. 1) comprises a simple automation plate mover
which picks plates from a hotel and moves them to an X/Y stage.
The plate stage is positioned to allow an auto sampler to address
each well of the 96- or 384-well plate. An injection needle mounted
on the auto sampler can pierce the plate seal and aspirate samples

Fig. 1 RapidFire™ 365 automated MS preparations system. Image shown is the
latest high-throughput MS screening system from Agilent. The different compo-
nents of the system are labeled: (a) Plate carrier and sample injection system.
(b) Direct drive plate handling robot. (c) RapidFire™ control PC. (d) Pump system
for solvents. (e) Mobile-phase storage and waste bottles. This sample prepara-
tion front end can be connected to a range of mass spectrometry detectors.
Image provided courtesy of Agilent Technologies
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from the source plate. The sample is then driven through a simple
solid-phase extraction (SPE) column. A series of pumps enable
solvents to bind, wash, and elute the analyte of interest from the
column; the sample is then injected into a MS source. The column
is washed and then the next sample is aspirated from the plate. Once
each well has been sampled the plate handler returns the source
plate to the plate store and the cycle starts again with the next plate
from the batch.

2 Buffer Preparation

2.1 Ligand

Optimization Buffer

In order to detect a known ligand using mass spectrometry it is
necessary to understand how the ligand can be ionized and how it
will fragment in the mass spectrometer. There are several para-
meters which need to be optimized to ensure successful quantifica-
tion of any ligand.Multiple reactionmonitoring (MRM) is essential
when using a triple-quadrupole (QqQ) instrument and usually
requires direct infusion of the pure ligand into the mass spectrome-
ter. The optimization buffer typically contains a small volatile com-
ponent to assist in generating a charged state. A mix of organic
solvent/water is recommended to maintain the ligand in solution
and ensure good desolvation in the detector.

1. 5 M Ammonium acetate: Add 19.25 g of ammonium acetate
to a 50 mL Pyrex glass bottle. Add about 30 mL of water and
stir using a magnetic stirrer until dissolved. Add solution to a
measuring cylinder and adjust volume to 50 mL using water
(see Note 1).

2. Ligand optimization solution: Add 60 μL of 5 M ammonium
acetate to 50 mL of water in a Pyrex glass flask. Finally
add 50 mL of methanol and mix using a magnetic stirrer
(see Note 2).

2.2 RapidFireTM-MS

Running Buffers

Typically the RapidFire™-MS system requires two running buffers,
one aqueous and another solvent. One buffer allows the analyte of
interest to adsorb to the chromatography material while the
unwanted salts are washed through. The second buffer disrupts
the interaction between the analyte and the chromatography mate-
rial enabling the analyte to be eluted into the mass spectrometer.

1. Mobile phase A: Add 4 L water to a 5 L Pyrex glass flask. Add
8 mL of formic acid and mix by shaking (see Note 3). Final
concentration becomes 0.2 % formic acid.

2. Mobile phase B: Add 4 LMeOH to a 5 L Pyrex glass flask. Add
8 mL of formic acid and mix by shaking (see Notes 2 and 3).
Final concentration becomes 0.2 % formic acid.
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3 Methods

3.1 Optimization

of Ligand by Direct

Infusion

There are two principal methods to optimize the mass spectrometer
parameters for a ligand, one uses an auto-injector and the other a
syringe pump. Using an LC-programed auto-injector is particularly
useful if one has a large number of ligands to optimize. However,
one needs to have a fully functioning HPLC and auto-injector
system setup to achieve this. Since a RapidFire™-MS system nor-
mally does not normally include an HPLC system, direct infusion
of ligand using a syringe pump is more common. Although direct
infusion is a slower approach, the number of ligands to be opti-
mized for an HTS project is usually limited to a substrate and
product.

Very little optimization of a ligand is required for a time-of-
flight (ToF) mass spectrometer as this type of instrument can see a
very wide range of mass charged ions. The description below is
limited to QqQ instruments which are effectively gated to look at a
much smaller range of mass charge ions in each injection. (Discus-
sion of mass spectrometer options is included in Subheading 3.2.)

1. Dissolve the ligand in ligand optimization buffer (see Note 4).
Draw the sample into a glass syringe and load into a syringe
pump. Connect tubing directly to the mass spectrometer
source inlet with the appropriate connector.

2. Prepare the mass spectrometer for optimization of ligand.
Ensure that the appropriate nebulizing gas is enabled. Set the
flow rate of the syringe pump to 10 μL/min and start the pump
running (see Note 5).

3. Manual ligand optimization: The mass detector needs to be
gated so that the instrument is acquiring over the appropriate
mass over charge (m/z) range to cover the ligand of interest
(see Note 6). Set quadrupole 1 to a narrow range around the
expected ligand m/z.

4. Ensure that the signal is stable by inspecting the total ion count
(TIC). The length of time required to establish a stable signal is
dependent on the length of tubing between the syringe and the
detector and the pump speed (see Note 7).

5. Optimize the potential difference between the ground and the
orifice plate (de-clustering potential, also called fragment volt-
age or cone voltage, depending on mass spectrometer manu-
facturer). Observe how TIC and them/z of the ligand changes
as the de-clustering potential is adjusted (seeNote 8). Set to the
optimal de-clustering potential for the ligand.

6. Optimize the collision energy for the ligand of interest (see
Note 9). Using the optimum m/z of the product ion and de-
clustering potential, change the collision energy in quadrupole
2 and observe the changes in fragment pattern (see Note 10).
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7. Once the optimal fragment has been selected the essential
parameters for multiple reaction monitoring (MRM) have
been established (see Note 11).

3.2 Setup of

RapidFireTM-MS

One important aspect to consider before starting mass
spectrometry-based screening is the type of mass spectrometer to
use. The two most common types of detector are ToF or QqQ.
Both types of mass spectrometers have advantages and disadvan-
tages as HTS tools.

Using a ToF-based system allows very easy optimization of
detection. In particular, high-resolution instruments provide a
very accurate mass of the ligand, which is important in order to
distinguish between ions with very similar masses. Additionally one
can, in the spectra, observe adduct formation and potentially adapt
buffers to reduce adducts. A TOF instrument is ideal for detection
of very large molecules such as proteins, although a special column
is probably required. However, ToF instruments are not as sensitive
as QqQ, although the difference is not large on modern instru-
ments. The data files from ToF detectors can be very large as they
are typically acquiring across a large spectrum of m/z ions; this can
lead to issues with data storage.

QqQ instruments provide highly selective detection of ligands
when using MRM. MRM is usually very sensitive and allows detec-
tion and quantification for a range of small molecules and peptides.
Due to the sensitivity, QqQ instruments can often quantify in sub
nM region although this is ligand dependent. The data files are
small; hence data storage is not an issue. Some ligands do not
fragment well, which is problematic. One solution is to use the
same m/z both for product and fragment ion while keeping the
collision energy to a minimum. However, this can result in rather
high background signals. QqQ instruments are not particularly
suited for larger molecules.

Selection of the correct column is essential to get good results.
There are several columns commercially available ranging from
reverse phase (RP) to hydrophilic interaction chromatography
(HILIC). Column selection is dependent on ligand; for example a
hydrophobic ligand requires an RP column such as C4 or C18 (see
Note 12). A very hydrophilic ligand such as arginine may require
an HIILC column (seeNote 13). A curious phenomenon, probably
due to the solid-phase extraction methodology used by Rapid-
Fire™, is that many ligands can be detected using either reverse
phase or HILIC. This is different from traditional liquid chroma-
tography and it is therefore advisable to test the ligand on different
columns. In our experience, we start using RP and test all columns;
if this is not successful then we resort to HILIC.

Selection of buffers is, in our experience, a less critical compo-
nent than the column selection. Although one can change the
solvents and the modifier, this is unlikely to result in a dramatic
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improvement in detection of a ligand. However, the combination
of buffer and the column can impact on sample carryover, i.e.,
sample being retained in the system and being eluted in the next
injection (Fig. 2).

1. Prime the pumps with the solvents of choice (see Note 14).
Open the RapidFire™-MS software (Fig. 3). Manually open
the valves on the pumps and use the RapidFire™-MS software
to set the flow rates to 10mL/min. Allow 2min of priming and
then turn off the flow rate and close the valves on the pumps.

2. Selection of column: The correct column is essential for good
results. For reverse-phase applications, a good starting point is
to use a C18 column (Fig. 2 Column C).

3. Selection of flow rates: In our experience, changing the flow
rates from the standard settings can have a positive effect.
However, if the flow rate is reduced it may be necessary to
increase the elution time. This will increase the total sample
time and therefore reduce the throughput. A reduction in flow
rate will significantly reduce the solvent usage.

4. Selection of cycle durations: Any changes in cycle duration
times will have a significant impact on throughput. For instance
in Fig. 3, increasing the load and elute duration twofold will
increase the processing time per plate by approximately 40 min.

5. Managing carryover: Including blank injections between sam-
ples is useful if sample carryover is an issue. It will increase the
batch time significantly; however, this is usually effective in
removing carryover since the system does a full blank load/
elution cycle. The recommendation is, therefore, to use blank
injections instead of increased cycle duration if carryover can-
not be reduced to an acceptable level.

Fig. 2 Carryover analysis. A ligand was injected at high concentration followed
by a blank injection. The percentage of signal in the blank injection was
calculated for each ligand concentration. Condition 1—Buffer A ¼ water, Buffer
B ¼ 5 mM ammonium acetate in water:CH2CN:acetone (2:1:1 v/v). Condition
2—Buffer A ¼ water þ 0.2 % acetic acid (v/v), Buffer B ¼ methanol þ 0.2
% acetic acid (v/v)
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6. Multiplexing in order to increase throughput: If throughput is
an issue, multiplexing can significantly increase throughput. We
have successfully screened two different targets simultaneously.
Each target was tested independently. Once the reactions were
stopped, an aliquot was removed from each target test plate,
transferred, and pooled in a new plate and the resulting mixture
was then analyzed. Another approach is to use different pep-
tides for the same target. This has successfully been done using
four different peptides followed by pooling into one plate and
analysis on the RapidFire™-MS [11].

Fig. 3 RapidFire™-MS control software
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3.3 Experimental Before commencing with screening, there are several important
parameters to be determined.

1. Establishing the linear range for ligand detection: For any
screening assay it is necessary to understand the linear dynamic
range of the end point of interest. Since the amount of product
generated in the assay is being used as a surrogate for target
enzyme activity, it is really important that the amount of prod-
uct formed is within the linear range of detection. A product
stock solution should be made from which a standard curve can
be generated with threefold dilutions. The buffers should be
matched to the buffer that will be used in future experiments
and screening (see Note 15). Plot the standard curve to estab-
lish linearity of the ligand (Fig. 4a). Always use one or two
blank injections after the highest concentration (see Note 16).
If there are any carryover issues, try using a different column
and/or a different mobile-phase composition (see Note 17).

Once the optimum mobile phase and column have been
determined, assay development to establish the parameters for
HTS can begin; some of the key experiments are described.

2. Establish the enzyme concentration. It is important to ensure
that a minimum amount of enzyme is used per reaction. Exces-
sive use of enzyme increases the assay cost; the most important

Fig. 4 Key assay development parameters. (a) Linearity of a ligand detected by RapidFire™-MS. (b) Linearity
with enzyme concentration. (c) Linearity of reaction progress with time. (d) DMSO sensitivity of an enzyme.
Each bar is the turnover and a reduction in turnover indicates a reduction in enzyme activity
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factor is to have sufficient enzyme concentration to accurately
measure the effect of a compound on the target enzyme
(see Note 18). Enzyme at different concentrations is added to
test wells of a 96- or 384-well plate (see Note 19) followed by
substrate (see Note 20). After a set time period, the reactions
are stopped (seeNote 21) and substrate/product conversion is
analyzed (Fig. 4b).

3. Establish linearity of the reaction. Using the information from
previous experiments, the appropriate enzyme concentration
can be selected. If the reaction rate is slow, one can increase the
reaction time (seeNote 22). For each time point the reaction is
stopped and substrate/product conversion is analyzed
(Fig. 4c).

4. Establishing solvent tolerance of the target enzyme: Com-
pound libraries are typically stored in an organic solvent such
as dimethyl sulfoxide (DMSO) and hence it is important to
establish the solvent sensitivity of the target enzyme. In our
example, different volumes of DMSO are preincubated with
the target enzyme before the reaction is initiated with substrate
(see Note 23). The effect of DMSO on enzyme activity can be
expressed graphically (Fig. 4d). Where possible, the concentra-
tion of solvent within the reaction needs to be maintained at
the lowest possible level to minimize the impact on the assay.
Maintaining a standard level of solvent in every well is impor-
tant to minimize inter-well variability; no compound control
wells need to contain solvent.

5. Determination of substrate affinity: To maximize the sensitivity
of an enzyme assay it is necessary to understand the kinetics of
the assay. The first step is to measure the affinity between the
enzyme and substrate (Km). The affinity is calculated using the
initial reaction rate of the enzyme at various substrate concen-
trations (see Note 24); it is important to take measurements
where the reaction is within the linear range. When reaction
rate (see Note 25) is plotted against substrate concentration,
the Km is the concentration of substrate where the enzyme is
working at half the maximum velocity (Vmax/2) (Fig. 5).

6. Determination of the stability of the ligand after addition of the
stop: Typically HTS runs generate a large number of plates;
therefore, it is important to be sure that the ligand is stable in
the stop solution for a prolonged time. Each plate takes around
45–60 min to analyze and one usually will have 18 plates in a
batch run. Therefore, the ligand needs to be stable for 18–20 h
at room temperature. If plates are frozen for analysis at a later
stage, signal stability during freeze/thaw cycles needs to be
established. This is done by analyzing the ligand directly,
after 20 h at room temperature as well as after freeze/thaw
cycle (see Note 26).
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7. Reference and standard compounds: Having established the
basic parameters of the assay, enzyme and substrate concentra-
tion (see Note 27), duration of assay, and reagent stability, it is
appropriate to try and identify both a reference and standard
compound(s) for the assay. A reference compound is one which
is tested at a single concentration, whereas a standard is tested
across a range of concentrations to enable calculation of an
IC50. It is important that both reference and standard com-
pounds behave reproducibly in the assay. In order to minimize
the interassay variability all reagent additions should be made
using the same liquid-handling tools that will be used within
the HTS. Using established reference and standard compounds
allows comparison with previous in-house or published data.
Concentration response analysis should be performed on at
least three different occasions in order to evaluate the inter-
experiment variability of the assay (see Note 28). Typical IC50

data is shown in Fig. 6.

8. Determination of the robustness of the screen: To establish the
robustness of the assay several plates are prepared containing
either DMSO (maximum signal), inhibitor compound (mini-
mum signal) (see Note 29), or reference compound (at a
concentration which inhibits enzyme by ~50 %). These plates
are tested over several occasions; analysis of robustness is deter-
mined statistically and expressed as Z0 [12] (see Note 30).
In addition the intraplate signal variability can be calculated.

3.4 HTS Screening

Using RapidFireTM
Once the assay development is complete, the HTS can be started.
There are several ways of performing HTS but typically the sample
library is tested at a single compound concentration, followed by
confirmation of the actives. Hit confirmation is most generally
carried out by retesting actives in concentration response.

Fig. 5 Km determination for a substrate. Km is defined as the substrate
concentration where the enzyme reaction is running at half the maximum rate
(Vmax/2). The graph shows the reaction rates for a fixed concentration of
enzyme where substrate concentration is varied
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Fig. 6 Typical IC50 data generated by RapidFire™-MS. Compounds were tested over a half log dilution series
on multiple occasions; only one example curve is shown for each compound. The use of half log dilutions
enables a wide range of potencies to be addressed
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This method works well even with limited medicinal chemistry
input as the primary screen can progress with actives being con-
firmed at the end of the process. However, we found it to be very
effective to have close contact with medicinal chemistry during the
HTS. The throughput of the RapidFire™ forces screening to be
carried out in batches; therefore concentration response data for
actives from the previous batch can be generated with the current
single concentration test batch. Near neighbors of confirmed
actives can be included in subsequent batches and therefore struc-
tural activity relationships can start to be established during the
primary screen. Using this approach can reduce the amount of
screening required as interesting series can be quickly identified.

Another method to increase the throughput, discussed above,
is to multiplex. One can run multiple projects at the same time and
pool a plate from each project into one analysis plate. This method
is particularly effective if one completes the assay development of
one project before the HTS is finished for another project. One can
simply start pooling at that time without waiting for the comple-
tion of the HTS. However, to multiplex in this way there must be a
significant difference in the m/z of each of the ligands and both
ligands need to be compatible with the buffer and column selection
(see Note 31).

Multiplexing within a single HTS using different isotopically
labeled substrates has been successfully described [11]. Although
this can increase throughput around fourfold, there will be
increased assay development time. The affinity of each isotopically
labeled substrate will need to be measured and a final check to
ensure that the standard compound behaves exactly the same with
all substrates.

The detection using RapidFire™-mass spectrometry is usually
straightforward:

1. After the reactions have been stopped, the plates are loaded
into the stacker (see Note 32).

2. Create a batch containing the correct number of plates.

3. Make sure that there is sufficient quantity of mobile phases
(see Note 33) for the entire batch.

4. Start the batch and once the pumps are running, make sure that
the back pressure is not too high (see Note 34).

3.5 Data Handling Data processing is carried out after completion of a batch. The area
of the peaks, both for substrate and product, is calculated using the
provided software (see Note 35).

After integration the system generates a single data file per
ligand per plate; within each of these files is the area of the ligand
peak in each well, either as a list or in plate matrix format. When
using a QqQ mass spectrometer the data files are small; thus data
storage is not an issue. The data can then be further processed on
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line or directly imported into a third-party or in-house data analysis
package. The calculation of turnover of substrate to product is
usually performed using the following equation: product area/
(product area þ substrate area) (see Note 36). Turnover calcula-
tion effectively eliminates the need for internal standards. Any
changes in the injected volume will effect both substrate and prod-
uct, and thus will not affect the calculation.

Although screening using RapidFire™-MS is not as high
throughput as traditional HTS assays, the data quality is usually
unprecedented. As with any other assay technology, compounds
which nonspecifically bind to proteins and cause aggregation will
result in a false-positive result. However, false positives and false
negatives are otherwise restricted to compounds that have the same
m/z as either the substrate or the product. This is usually a
very small fraction of a compound library, so the false-positive/
negative compounds are very few. In fact, RapidFire™-MS has
been successfully used to remove false positives from traditional
assay formats [13]. A further method to identify false-positive/
negative compounds is to inspect the substrate and product data
separately. Any abnormal value is due to compound interference
and can be either removed if it is a false-positive or rescued if it is a
false-negative compound.

Many groups are working to address the throughput limita-
tions of MS so that it can be applied more widely across HTS.
Removing or reducing the sample preparation step is one obvious
way to address throughput. Direct infusion of samples into the MS
detector will allow sampling rates to reach or exceed 1 per second;
this approach is widely used in the metabolomics field [14]. The use
of acoustics to fire samples directly from a microtiter plate has
shown some promise; loading time can be as fast as 3 samples/
s (reading a full 384-well plate in under 2 min). This level of
throughput would be equivalent to existing HTS assay technolo-
gies but being label free significantly reduces the cost. Acoustic
transfer has several potential advantages; the sample volumes are
very small and there is no mechanical contact with the samples
(no sample carryover). Direct sample infusion coupled to an elec-
trospray MS system does have limitations, ion suppression being
one of the major problems. The use of alternative ionization stra-
tegies in combination with modifications to the assay buffer may
provide some solutions.

4 Notes

1. No requirement to set pH of the solution.

2. Use MS-grade methanol. Use of other grade methanol can
cause high background signal and potentially suppress the
ligand signal.
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3. Addition of strong acid to water and methanol should be
carried out in a fume hood taking appropriate safety measures.

4. A good starting concentration is 100 nM.

5. If the signal is weak, one can reduce the flow rate. However, the
use of correct concentration is far more effective.

6. Use software on the mass spectrometer or freeware on the Web
to calculate the exact monoisotopic mass from the molecular
formula. For instance the peptide with molecular formula
C205H340N60O53 has got an average Mw of 4493.27 whereas
the monoisotopic Mw is 4490.57. The use of correct Mw is
imperative in order to obtain ligand signal.

7. 2 min is usually sufficient, unless the tubing is extremely long.

8. If ions are not generated in positive mode, try switching to
negative mode. Also check to see if adducts have formed; these
will fly with higher m/z charges. Lists of adducts can be found
online. A note of caution: While adducts may be easier to
obtain during optimisation, even a strong adduct MRM can
be lost running in screening mode when using the column.
In order to promote adducts, one can add the adduct salt to the
running buffers. For instance, if the dominating species is an
ammonium adduct, one can try to promote adduct formation
by addition of ammonium to the running buffer. Alternatively
switch to ammonium acetate or ammonium formate. Adducts
can be erratic and, where possible, should be avoided.

9. If a larger peptide is used, it is advisable to optimize using
several m/z. Peptides larger than 1000 molecular weight may
have two or more charges as the product ion. The software
provided with Analyst can calculate the expected m/z for each
charge state. We routinely optimize on two different charges
for a larger peptide.

10. The fragment ion can be larger than the product ion. It is
important to set the stop to cover the monoisotopic mass of
the ligand. For instance, phosphatidylinositol‐4,5‐bispho-
sphate (1,2‐dioctanoyl) has a product ion of 372.4 (negative
mode, z ¼ 2) whereas one of the fragment ions is 665.3.

11. The settings for an instrument will be dependent on multiple
factors, for example the gas pressure and purity.

12. For RP, the sample is introduced with aqueous solution and
binds to the resin. After desalting the interaction between the
column and ligand(s) is disrupted by the organic solvent.

13. For HILIC, the sample is introduced with organic solvent.
After desalting the interaction between the column and
ligand(s) is disrupted by the aqueous solution. It is important
to realize that buffer components such as HEPES will elute
with the ligand. Hence buffer suppression can be more pro-
nounced when using HILIC resins.
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14. If the systems have not been used for a period of time or a
different buffer system is to be used, proper priming of the
pumps is required. Solvent quality is a critical factor for gen-
erating reproducible results.

15. If water is used to prepare standard curves this can result in an
overestimation of the signals. This is most likely due to the fact
that ions present in the buffers can contribute to ion suppres-
sion, especially if buffer concentrations are high. It is therefore
good practice to use the same screening buffer when preparing
standard curves. This suppression of signal is less pronounced
in LC-MS, due to improved wash and separation conditions.

16. Carryover, normally not a big issue in LC-MS, can be problem-
atic when using RapidFire™-MS. Hence, to estimate the car-
ryover and therefore also the signal to background, a blank
injection is used.

17. Organic mobile phase can be switched to acetonitrile from
methanol. Changing the modifier can also be successful,
switching between ammonium formate and ammonium acetate
for example. However, the organic mobile phase requires at
least 5 % water to prevent precipitation of the modifier. Care
should be taken with the use of high pH, since this can cause
some columns to dissolve over time.

18. If the enzyme concentration is 100 nM, the theoretical tight
binding limit would be 50 nM, the amount of compound
required to inhibit half of the enzyme (assuming 100 % active
protein). While this may not be an issue for primary screening it
may become an issue when concentration response data is
being generated as the maximum achievable IC50 will be
50 nM.

19. A good range to start with is 0.1–10 nM.

20. Good practice is to use the liquid-handling dispenser that is to
be used in the screen as early as possible in assay development.
Some enzymes lose significant activity when handled by auto-
mated dispensers; this could be due to protein binding to
tubing or physical shear forces applied to proteins as they
transit the dispense head. Addition of 0.01 % BSA or deter-
gents can reduce the problem of nonspecific protein binding.

21. Stop solution can be an equal volume of acetonitrile, pH
reduction using 0.2 % formic acid, or an inhibitor. Make sure
to include stability experiments for the chosen stop solution.
This can be done by analyzing one plate directly, a similar plate
after 24 h at room temperature. If plates are to be frozen for
storage, the effect of freeze/thaw should also be included.

22. Although 1 h is convenient, the reaction time can be extended
to several hours, depending on enzyme stability.
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23. Preincubation times should at least mirror what is to be used in
the screen. A guideline is to use 15–30 min.

24. Substrate concentration in the range of 0.1–10 Km is ideal.

25. The rate is easiest calculated by (signalt2 � signalt1)/(t2 � t1).

26. Using several freeze/thaw cycles as well as prolonged storage at
room temperature is advised. This will simulate an automation
issue during a run and plates being stored for prolonged peri-
ods of time.

27. Most screens tend to use substrate concentration around Km;
although other substrate concentrations can be used it will
impact the sensitivity of the assay. Enzyme concentration
should be as low as possible to maximize sensitivity.

28. We perform dose–response analysis in singlicate (n ¼ 1) on at
least three separate occasions, using five or more standard
compounds where possible. Preferably, the potency of the
compounds falls within a range from nM to μM.

29. If solubility and availability are not limited, using 50 � IC50

ensures that the enzyme is completely inhibited. A reduction to
10� can be tolerated but less can cause problems, for instance if
the compound is unstable. Another strategy can include using
wells without enzyme.

30. A Z 0 > 0.5 is considered acceptable though >0.7 should be
achievable for most biochemical assays.

31. Detection of multiple ligands in positive and negative mode is
only achievable using a fast-scanning mass spectrometer.

32. Make sure to add the plates in the correct orientation.

33. A 20-h batch requires around 1800 mL of mobile phase A and
3000 mL of mobile phase B using the flow rates described in
Fig. 3.

34. If the back pressure at the start of the run is over 14–15MPa, it
is very likely that this will result in an over-pressure alarm which
will stop the batch at some point during the run. It is advised to
locate the source of the increased back pressure and resolve the
issue before staring the batch.

35. Data files are generated after each plate completes processing.
At the end of a batch the RapidFire™ PC will copy the timing
files to the appropriate directory to enable integration. In order
to complete integration it is necessary to manually identify the
peak width of interest from the first well within each plate file.

36. RapidFire™-MS is primarily used for measuring substrate-to-
product conversions. Monitoring increase in product can gen-
erate reasonable quality data provided that there is sufficient
sensitivity in theMS detector. However, calculations based only
on substrate depletion are not advisable.
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Chapter 4

Structure-Based Virtual Screening of Commercially
Available Compound Libraries

Dmitri Kireev

Abstract

Virtual screening (VS) is an efficient hit-finding tool. Its distinctive strength is that it allows one to screen
compound libraries that are not available in the lab. Moreover, structure-based (SB) VS also enables an
understanding of how the hit compounds bind the protein target, thus laying ground work for the rational
hit-to-lead progression. SBVS requires a very limited experimental effort and is particularly well suited for
academic labs and small biotech companies that, unlike pharmaceutical companies, do not have physical
access to quality small-molecule libraries. Here, we describe SBVS of commercial compound libraries for
Mer kinase inhibitors. The screening protocol relies on the docking algorithm Glide complemented by a
post-docking filter based on structural protein-ligand interaction fingerprints (SPLIF).

Key words Structure-based virtual screening, Commercially available compounds, Docking, Scoring
function, Triage, Procurement, Experimental testing

1 Introduction

Over the last decade, virtual screening (VS) proved to be a useful
hit-finding technology and became an integral part of the drug
discovery process. In many respects, VS mimics its experimental
counterpart and is used to rank/filter large compound libraries in
order to yield a compound set “enriched” in hits for experimental
testing. Its most remarkable virtues include the possibility (1) to
screen against targets, which are not amenable to high-throughput
screening (HTS) assays, and (2) to identify hits in compound
collections not available in the lab. VS techniques rely on various
kinds of algorithms that take the structure of a chemical compound
as an input and deliver some measure of the compound’s biological
activity as an output. In particular, structure-based (SB) screening,
considered in this account, involves docking of a chemical com-
pound into the protein-binding pocket [1] followed by assessment
of the binding affinity (called scoring) [2]. Structure-based meth-
ods need a high-resolution protein structure, but do not require
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knowledge of existing active compounds. A beneficial side effect of
SBVS is that, in addition to tractable hits, it also brings in under-
standing of how these hits interact with their respective targets and,
hence, providing guidance for a rational hit-to-lead progression.
While there is now a general consensus that the popular docking
algorithms perform fairly well, the scoring functions most often fail
to adequately evaluate the binding affinity [3–9], which rarely
allows a success rate (i.e., the percentage of experimentally con-
firmed virtual hits) higher than 5 %. Therefore, all possible means
must be deployed to improve the odds of getting a sizable number
of confirmed actives out of very small sets of virtual hits. We have
recently demonstrated that a post-docking score based on struc-
tural protein-ligand interaction fingerprints (SPLIF) can greatly
improve VS success rates [10, 11]. The SPLIF-based score exploits
the idea that a compound that can mimic “native” ligand-protein
interactions (e.g., enzyme-substrate interactions) is more likely to
be a true hit than a random compound with a decent docking score.
It has also been shown that simulation-based post-docking scores
can be useful in the latest selection step due to more accurate
protein-ligand affinity prediction (with respect to empirical docking
scores) [12, 13].

On the whole, despite all the unresolved issues, the hit rates in
VS are substantially higher than those observed in diversity-based
HTS (~0.1 %). Due to a limited experimental effort and the possi-
bility to use commercial compound libraries, VS is particularly
suited for academic labs and small biotech companies that, unlike
pharmaceutical companies, do not have physical access to rich
small-molecule libraries. Here, we describe an SBVS protocol that
has been used to identify inhibitors of Mer kinase, a promising
therapeutic target against acute lymphoblastic leukemia (ALL)
[10, 14]. Prior to the start of this campaign, we had already
identified a lead series of potent Mer inhibitors [15–18] and the
objective of this VS campaign was to identify backup leads whose
structures would significantly differ from the lead compound,
UNC2025 [19]. This SBVS project features all critical screening
and confirmation steps, including docking, scoring, post-scoring,
triage, procurement, and experimental testing. Eventually, of 62
experimentally tested compounds, 15 demonstrated consistent
dose-dependent responses in the Mer microfluidic capillary electro-
phoresis assay with inhibitory potencies ranging from 0.46 to
9.9 μM, resulting in a high success rate of 25 %. It is remarkable
for a virtual screen (and HTS in general) that two (of 15) hits
demonstrated mid-nanomolar potencies of 0.46 and 0.60 μM. We
were also able to assess the overall efficiency of our virtual screening
run to that of a random diversity screen. To this end, we have
screened ten randomly selected 384-well (320-ligand) plates in a
single-dose run (at 10 μM; in duplicate) in the Mer microfluidic
capillary electrophoresis assay. Only four compounds of the 3200
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screened have shown activity above a threshold of 30 % resulting in
a hit rate of 0.12 % (4 hits/3200 tested). Therefore, our VS
approach has demonstrated an�200-fold (24 %/0.12 %) improve-
ment over a random screen [10]. This study also exemplifies that
screening of commercial catalogs can yield tractable hits appropri-
ate as starting points for the hit-to-lead progression.

2 Materials

2.1 Software The docking algorithm used in this study is Glide [20] from the
Maestro software suite commercialized by Schrodinger Inc.
(www.shrodinger.com). Our criteria for choosing this software
were (1) a good overall reputation (based on publications and the
author’s industrial experience) and (2) availability (UNC has a
campus-wide license for the Maestro suite).

Pipeline Pilot (BIOVIA; accelrys.com) was used for all data
processing purposes, including data-format conversion, compound
structure cleaning, filtering, and clustering. All SPLIF-related code
was written using Pipeline Pilot script, a scripting language that can
be interpreted by Pipeline Pilot when a data-processing protocol is
being executed.

See Note 1 for alternative choices of docking and
data-pipelining software.

2.2 Databases The virtual collection of commercially available compounds was
created from five large catalogs: Asinex, ChemDiv, Enamine, IBS,
and Life Chemicals. These vendors have been selected because they
have their own, up-to-date stocks, and offer affordable prices and
high availability rates. Structures were obtained in the form of SD
files downloaded from the vendors’ websites. The resulting collec-
tion features ~3.8 million compounds and is updated on a semian-
nual basis via SD files provided by the vendors. The files used in this
study have been uploaded between July and December of 2011.
Virtually all compounds satisfied our usual pre-screening filters, i.e.,
a softened version of the Lipinski rules [21] (2 + violations of
Number of H-bond donors <6, Number of H-bond acceptors
<12, Molecular Weight between 200 and 600, ALogP < 5.5)
and REOS [22]. Chemical structures of all screened compounds
were cleaned using Pipeline Pilot software [23]. The cleaning pro-
tocol included salt stripping, mixture splitting, functional group
standardization, and charge neutralization. Ionizable compounds
were converted to their most probable charged species at pH 7.4.
Pipeline Pilot was then used for 3D conversion.

See Note 2 for details on a new, more extended and timely
source of compound procurement.
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3 Methods

3.1 Workflow The overall screening process is outlined in Fig. 1. In the current
case study, the VS protocol comprised the following steps:

1. Docking and scoring.

2. SPLIF-based re-scoring.

3. Hit selection based on the analysis of the Glide (G-score) and
SPLIF scores.

4. Hit triage.

The triage procedure involved the three following
components:

1. Cluster-based selection.

2. Visual inspection (in order), for example, to remove clusters
that the chemists would not like to follow up.

3. Miscellaneous elimination criteria, such as compound price or
stock depletion.

In the Mer VS study, Glide docking of 3.8 million commercial
compounds resulted in three million poses (1.56 million unique
compounds) with G-scores < 0 kcal/mol. The G-score approxi-
mates the ligand-binding free energy, taking into consideration

Fig. 1 The milestones and outcomes of the reported structure-based VS study
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force field (electrostatic, van der Waals) contributions and terms
rewarding or penalizing interactions known to influence ligand
binding. As has been shown in an earlier benchmark study [11],
the SPLIF-based ranking yields higher hit rates, if these “raw”
docking poses are pre-filtered using a certain G-score threshold.
This threshold was set in such a way that it would eliminate up front
the least likely Mer inhibitors. To determine the value of the
threshold, we used the probability density distribution of G-scores
for known Mer actives and that for the inactives. At this point, our
chemical optimization program had generated 385 Mer actives
(IC50 < 1 μM) and 409 inactives (IC50 > 30 μM). Both actives
and inactives were docked using the same protocol as described in
theDocking subsection of Subheading 3. The G-score distributions
(see Fig. 2a) indicate that a G-score threshold of �6 kcal/mol

Fig. 2 (a) The distributions of Gscores of in-house-identified Mer actives and
inactives; (b) the distribution of SPLIF scores of in-house-identified Mer actives
and inactives
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adequately separates actives from inactives with optimal false-posi-
tive vs. false negative rates. Therefore, assuming similar distribu-
tions for the 1.5 million scored compounds from the commercial
screening collection, the G-score threshold for the virtual screening
campaign was set to �6 kcal/mol, which resulted in a selection of
403,581 compounds.

In step 2, for all poses from the G-score selection, SPLIF scores
have been calculated and used as filters with the ultimate goal
of obtaining a manageable list of hit candidates to submit to the
triage step. Again, known Mer actives and inactives were used
(as described in the previous paragraph) to determine an optimal
SPLIF-score threshold. As can be seen in Fig. 2b, an optimal
active/inactive separation occurs at a threshold of ~0.35. The
retained SPLIF score threshold of 0.35 resulted in a selection of
10,862 SPLIF-based hit candidates.

In step 3, the 10,862 hit candidates were first subjected to a
cluster-based selection as described in the Clustering subsection of
Subheading 3. A total of 544 clusters were identified. All cluster
centers were visually inspected and a few clusters dropped as inap-
propriate lead candidates (e.g., nucleotides, steroids). A few more
hit candidates were reported as unavailable following a quote
request. Eventually, 62 compounds were purchased and tested in
the Mer microfluidic capillary electrophoresis assay.

This study pointed out the importance of using heuristic post-
docking filters, such as SPLIF score, for achieving acceptable hit
rates. However, it also demonstrated that the SPLIF score alone
was not enough to efficiently rank docking poses and that the
standard docking score, such as G-score, is very helpful in eliminat-
ing the bulk of the most awkward ligand poses.

3.2 Docking Small-molecule structures were docked into the active site of
the target proteins using the Glide program [20] in standard
docking precision (Glide SP). The binding region was defined by
a 20 Å � 20 Å � 20 Å box centered on a reference ligand. A scaling
factor of 0.8 was applied to the van der Waals radii. Default settings
were used for all the remaining parameters. The top three poses
were generated for each ligand and subjected to SPLIF scoring.

3.3 Structural

Protein-Ligand

Interaction

Fingerprints

SPLIF scoring consists of two steps:

1. Generating SPLIF for the current docking pose.

2. Calculating similarity between the current and reference
SPLIFs.

The details of the technique have been described in our earlier
work [11]. In this study, functional connectivity fingerprints up to
the second closest neighbor (FCFP4) from the Pipeline Pilot
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software [23] were used as SPLIF bits. The SPLIF-based similarity
score was calculated as follows:

SPLIF‐Sim ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

NUMLANUMPA

NULANUPA

s

ð1Þ

whereNUMLA is the number of unique matching ligand atoms, i.e.,
atoms constituting the matching circular fragments of the docking
pose compared to the reference (on the ligand side); NULA is the
number of unique ligand atoms, i.e., atoms constituting all interac-
tion fingerprints of the docking pose (on the ligand side);NUMPA is
the number of unique matching protein atoms, i.e., atoms consti-
tuting the matching circular fragments of the docking pose com-
pared to the reference (on the protein side); and NUPA is the
number of unique protein atoms, i.e., atoms constituting all inter-
action fingerprints of the docking pose (on the protein side). The
whole workflow was implemented in Pipeline Pilot [23]. The cur-
rent implementation allows processing of ~10 poses per second in
screening mode.

3.4 SPLIF Reference

Structures

Three high-resolution crystal structures of the Mer protein kinase
domain were used in this study. The reference ligand structures are
shown in Fig. 3.

1. In complex with adenosine diphosphate (ADP) (resolution
1.90 Å; PDB code: 3BRB) [24].

2. In complex with a weakly potent inhibitor C-52 (Fig. 3, 1)
(resolution 2.80 Å; PDB code: 3BPR) [24].

3. In complex with a highly potent inhibitor UNC569 (Fig. 3, 2),
previously reported by us (resolution 2.69 Å; PDB code:
3TCP) [25].

Because it was not our intention to mimic the phosphate
groups of ATP, we stripped them off to yield the reference ligand
(Fig. 3, 3).

Fig. 3 Reference ligand structures for SPLIF scoring
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The corresponding PDB files were processed as follows.
Hydrogen atoms were added to the protein, the active site was
visually inspected, and appropriate corrections were made for tau-
tomeric states of histidine residues, orientations of hydroxyl
groups, and protonation states of basic and acidic residues. The
hydrogen atoms were energy minimized in the MMFF force field
[26] using the Macromodel software with the Maestro graphics
interface [27] with all the non-hydrogen atoms constrained to their
original positions.

3.5 Hit Analysis

and Selection

After potential hits were selected using a combination of Glide and
SPLIF scores, we subjected them to a hit triage process. The triage
was based upon a number of objective and subjective criteria. The
objective criteria included redundancy reduction and elimination of
singletons (a singleton is a compound that is not similar to any
other potential hit). The redundancy reduction consisted in elimi-
nation of some compounds belonging to large clusters, i.e., groups
of chemically similar compounds. Redundancy reduction consisted
of two steps. First, the virtual hits were grouped into clusters with
members similar at �45 % (Tanimoto; ECFP4 fingerprints). The
clustering method used at this step was maximum dissimilarity
clustering without limitation on the maximum number of clusters
and with the number of re-center steps set to zero [23]. In the next
step, 20–50 % of compounds were then selected from each cluster
in such a way that larger clusters contributed smaller percentages.
The output ligands were aligned to their respective maximum
common substructures to facilitate the subsequent visual ad hoc
selection. To facilitate an ad hoc hit selection/elimination we cre-
ated a hit list, in which each cluster was represented by a single
(central) compound.

We also visually inspected 3D poses of each cluster representa-
tive in the protein-binding pocket. Multiple criteria were applied to
infer whether a pose was relevant. For example, we privileged poses
with hydrogen bonds buried deep within the pocket over poses
with solvent-exposed hydrogen bonds. Similarly, ligands featuring
relatively large hydrophobic moieties complementary in shape to
the respective protein pockets were preferred to highly polar
ligands. Additionally, we assessed whether a ligand’s binding is
meaningfully similar to that of an SPLIF reference. For example,
Fig. 4 shows that, despite very different chemical structures, both
the SPLIF-reference compound and the virtual hit show highly
similar binding signatures.

3.6 Mer Microfluidic

Capillary Electropho-

resis Assay

Inhibitory potency of the procured virtual hits was tested using a
microfluidic capillary electrophoresis (MCE) assay. In MCE, phos-
phorylated and unphosphorylated substrate peptides were sepa-
rated and analyzed through a LabChip EZ Reader [28, 29].
Compound testing was performed in a 384 well, polypropylene
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microplate in a final volume of 50 μL in 50 mM Hepes, Ph 7.4
containing 0.1 % bovine serum albumin (BSA), 0.1 % Triton
X-100, 10 mM MgCl2, and ATP at 5 μM. All reactions were
terminated by addition of 50 μL of 70 mM EDTA. Phosphorylated
and unphosphorylated substrate peptides were separated following
a 180-min incubation on a LabChip EZ Reader equipped with a
12-sipper chip in separation buffer supplemented with CR-8 and
analyzed using EZ Reader software. The reaction was run at 2 nM
enzyme concentration. More details can be found in our previous
work [16, 25].

3.7 Quality Control of

Compound Samples

Quality control of the purchased and screened compounds was
performed by diluting 1 μL of DMSO stock solution (10 mM
concentration) with 49 μL of MeOH. The sealed plate was then
directly used to inject 5 μL from each well onto an Agilent 6110
Series LC/MS system with the UV detector set to 220 nm. Samples
were injected onto an Agilent Eclipse Plus 4.6 � 50 mm, 1.8 μM,
C18 column at room temperature. A mobile phase of A being
H2O + 0.1 % acetic acid and B being MeOH + 0.1 % acetic acid
was used. A linear gradient from 10 to 100 % B in 5.0 min was
followed by pumping 100 % B for another 2 min with a flow rate of
1.0 mL/min. Mass spectra (MS) data were acquired in positive ion
mode using an Agilent 6110 single-quadrupole mass spectrometer
with an electrospray ionization (ESI) source. The purity of all

Fig. 4 A docking pose of the most potent hit (blue) overlaid with the reference
ligand 2 (brown)
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compounds was found to be 95 % or higher by UV absorption at
220, 254, and 280 nm and the MS+1 peak was consistent for the
purchased structure.

3.8 Post-screening

Follow-Up

Experimental testing is often followed by an optional (although
highly recommended) step of hit expansion. Hit expansion com-
prises searching for and procurement of chemical analogs of those
virtual hits whose activity has been confirmed in experimental
testing. Simple 2D similarity (e.g., Tanimoto metrics in combina-
tion with structural fingerprints) is usually utilized to search for hit
analogs. In general, the likelihood that close structural analogs of
confirmed actives would also be active is quite high (10–30 %).
Having more actives representing each chemical series would
allow the medicinal chemists to infer early structure-activity rela-
tionships (SAR), which will be very helpful to initiate the hit-to-
lead process.

4 Notes

1. Glide is obviously not the only docking software on the market.
There are plausible free alternatives to Glide, such as AutoDock
[30], developed by the Scripps Research Institutes, or DOCK,
maintained at UCSF (dock.compbio.ucsf.edu/dock_6) and a
number of commercial analogs, such as GOLD (CCDC; www.
ccdc.cam.ac.uk), ICM (MolSoft, www.molsoft.com), or FlexX
(BioSolveIT; www.biosolveit.de). Free data-pipelining soft-
ware, close analogs of Pipeline Pilot, exist as well: KNIME
(www.knime.com) and CDK-Taverna [31].

2. At the time of the study, we used to use a database of commer-
cially available compounds that we compiled ourselves. Cur-
rently, there is a better solution. Molport (www.molport.com)
is a compound ordering service that combines over 100
commercial catalogs with a total of ~5,000,000 unique com-
pounds.MolPort takes orders in a form of a random compound
lists, places respective orders to the original suppliers, and
aggregates those orders (for an affordable fee) into a single
shipping accompanied by an SD file containing a box/plate
mapping.
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Chapter 5

AlphaScreen-Based Assays: Ultra-High-Throughput
Screening for Small-Molecule Inhibitors of Challenging
Enzymes and Protein-Protein Interactions

Adam Yasgar, Ajit Jadhav, Anton Simeonov, and Nathan P. Coussens

Abstract

AlphaScreen technology has been routinely utilized in high-throughput screening assays to quantify analyte
accumulation or depletion, bimolecular interactions, and post-translational modifications. The high signal-
to-background, dynamic range, and sensitivity associated with AlphaScreens as well as the homogenous
assay format and reagent stability make the technology particularly well suited for high-throughput
screening applications. Here, we describe the development of AlphaScreen assays to identify small-molecule
inhibitors of enzymes and protein-protein interactions using the highly miniaturized 1536-well format.
The subsequent implementation of counter assays to identify false-positive compounds is also discussed.

Key words AlphaLISA, AlphaScreen, High-throughput screening, Assay, ELISA, HTS, Enzyme,
Protein-protein interaction

1 Introduction

The AlphaScreen (Amplified Luminescent Proximity Homogenous
Assay Screen) and AlphaLISA technologies have enabled the
development of robust proximity-based assays to identify small-
molecule modulators for a variety of biological targets from high-
throughput screening (HTS) of compound libraries. AlphaScreen
technology was developed from a methodology for diagnostic
assays called luminescent oxygen channeling immunoassay
(LOCI) that was described in 1994 by Ullman et al. [1]. This
method was based on the nonenzymatic channeling of singlet
oxygen species, generated from a photoexcitable latex bead, to a
second latex bead located in close proximity in order to induce a
chemiluminescent signal. Ullman and colleagues demonstrated
that the short diffusion distance of singlet oxygen prior to its
spontaneous decay could be exploited to detect biological analytes
and molecular interactions. Similarly, the AlphaScreen approach
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reports on the proximity of “donor” and “acceptor” beads induced
by the presence and co-recognition of an analyte of interest, which
can include molecules, post-translational modifications to proteins,
and molecular interactions. The donor beads contain a phthalocya-
nine photosensitizer that excites ambient oxygen into a singlet state
following high-energy irradiation at 680 nm. Excitation of the
donor beads generates about 60,000 oxygen singlets per second,
which can diffuse to a maximum distance of about 200 nm [2]. A
chemiluminescent signal is generated within an AlphaScreen accep-
tor bead if it is located in close enough proximity to receive singlet
oxygen. Because AlphaScreen acceptor beads contain three chemi-
cal dyes, Thioxene, Anthracene, and Rubrene, they are sometimes
referred to as “TAR” beads. The singlet oxygen initially reacts with
thioxene to generate light that is transferred to anthracene and then
to rubrene, resulting in a broad emission from 520 to 620 nm. In
AlphaLISA and AlphaPlex acceptor beads, anthracene and rubrene
are substituted by either europium, terbium, or samarium chelates,
which are directly excited upon fragmentation of the dioxetane
intermediate formed by the reaction of thioxene with singlet oxy-
gen. AlphaLISA (Europium, λem ¼ 615 nm), AlphaPlex 545 (Ter-
bium, λem ¼ 545 nm), and AlphaPlex 645 (Samarium,
λem ¼ 645 nm) acceptor beads emit intense and spectrally defined
emission signals. Therefore, it is possible to develop multiplex
assays by incorporating multiple acceptor beads into the assay
design. The lifetime of singlet oxygen is relatively short in aqueous
solutions (~4 ms) and the beads are generally introduced at low
concentrations, so nonspecific interactions among bead pairs are
rare and the background is very low [3]. Due to the very high signal
and very low background, AlphaScreen technology is easily adapt-
able to the highly miniaturized 1536-well plates. Additionally, the
convenient homogenous assay format and excellent reagent stabil-
ity make the AlphaScreen technology particularly well suited for
high-throughput applications. The surfaces of the hydrophilic
AlphaScreen, AlphaLISA, and AlphaPlex beads are coated with
latex-based hydrogels with reactive aldehydes to allow the attach-
ment of assay-specific molecules such as antibodies, ligands, sub-
strates, and binding partners. In addition to the widely used biotin-
streptavidin pair, frequently utilized are recognition pairs based on
protein affinity purification handles, such as hexahistidine, FLAG,
andGST tails, as well as specific antibodies targeting post-translational
modifications, such as various histonemethylation loci. This flexibility
in bead conjugation has enabled the development of a variety of assays
suitable for different biological applications. For example, a number
of diagnostic approaches have been reported that utilize AlphaLISA
to measure biomarkers from human saliva, plasma, and serum [4–8].
Additionally, the technology has been applied extensively to investi-
gate a wide variety of biological processes, including the activities of
purified enzymes, the generation of second messengers, post-
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translational modifications to proteins, and different types of molecu-
lar interactions (for a review, see [3]).

There are a multitude of examples reported in the literature
where AlphaScreen/AlphaLISA technology has been utilized to
develop sensitive and robust assays for HTS. In general, the basic
paradigms of these different HTS assays are to detect either the
depletion of a substrate (Fig. 1), the formation of a product
(Fig. 2), or interactions between molecules (Fig. 3). At our center,
we have utilized all of these approaches to develop miniaturized
assays for diverse biological applications that ultimately enabled the
identification of small-molecule modulators from large compound
libraries. For example, based on a substrate depletion approach, we
developed an AlphaScreen assay to identify inhibitors of tyrosyl-
DNA phosphodiesterase I (Tdp1), which is involved in DNA repair
[9]. For this assay, a reporter substrate for Tdp1 was generated by
coupling fluorescein isothiocyanate (FITC) to the amino group of a
phosphotyrosine-containing deoxyoligonucleotide biotinylated at
its 50-end. Thus, the intact substrate would yield a high signal due
to the close proximity of streptavidin-conjugated donor beads and

Fig. 1 Diagram of an AlphaScreen assay strategy to follow the depletion of
substrate due to enzymatic activity. The activity of a protease (represented in
orange) is measured by the loss of a protein substrate (represented in green) due
to proteolytic cleavage. The biotinylated substrate also contains a polyhistidine
tag, which brings streptavidin donor beads and nickel chelate acceptor beads
into close proximity to generate a high signal prior to cleavage. The streptavidin-
biotin complex (Protein Data Bank ID 3RY2) is represented with streptavidin as a
ribbon diagram and biotin as spheres and was generated with the program
PyMOL
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anti-FITC-conjugated acceptor beads. In contrast, hydrolysis of
the substrate by Tdp1 resulted in a loss of signal. This approach
enabled the identification of previously unreported inhibitors of
Tdp1. In another example, the strategy of following substrate
depletion was utilized to develop an assay to investigate the activity
of human flap endonuclease 1 (FEN1), which is involved in DNA
replication and repair [10]. A substrate for FEN1 was assembled
from three oligodeoxynucleotides, including an unlabeled template
strand, a flap strand labeled on the 50-end with FITC, and an
upstream strand biotinylated at the 50-end. Prior to cleavage, the
three oligodeoxynucleotides associate and bring the streptavidin
donor beads and anti-FITC-conjugated acceptor beads into close
proximity, thereby generating a strong signal. Upon cleavage of the
flap substrate by FEN1, the signal is reduced due to separation of
the bead pairs as the biotin and FITC tags are no longer contained
within the singular substrate molecule. The assay allowed identifi-
cation of previously unreported FEN1 inhibitors with submicro-
molar potency. AlphaScreen/AlphaLISA assays also routinely
report on the generation of a product, which can be from complex

Fig. 2 Diagram of an AlphaScreen assay strategy to follow the generation of a
reaction product due to enzymatic activity. Here, the activity of a kinase
(represented in green) is followed by the phosphorylation of a biotinylated
peptide substrate (represented as a green ribbon). A phospho-specific anti-
body (red), conjugated to an acceptor bead, recognizes the phosphorylated
substrate and places the acceptor bead in close proximity to the streptavidin
donor bead to generate a signal. The streptavidin-biotin complex (Protein Data
Bank ID 3RY2) is represented with streptavidin as a ribbon diagram and biotin as
spheres and was generated with the program PyMOL
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systems, such as from intact or lysed cells in media. In one such
example, our center took advantage of the commercially available
AlphaLISA TNF-α assay to identify inhibitors of TNF-α secreted
from THP-1 cells that were stimulated with lipopolysaccharide in
1536-well plates [11]. The detection reagents included two anti-
TNF-α antibodies that recognize different epitopes of TNF-α.
While one is directly conjugated to acceptor beads, the other anti-
body is biotinylated and therefore binds donor beads in solution. A
signal is generated in the presence of TNF-α, which brings the bead
pairs into close proximity. The optimized assay was robust and
allowed us to identify novel inhibitors of TNF-α. In a different
example, we used a commercially available AlphaLISA Tau assay
to measure total cellular levels of the microtubule-associated pro-
tein, Tau, from SH-SY5Y neuroblastoma cell lysates in 1536-well
plates [12]. As with the AlphaLISA TNF-α assay, the Tau assay
utilized two antibodies that recognize different epitopes of the
target. Measuring product formation can also be used to investigate
the activity of purified enzymes in buffered solutions. We have used

Fig. 3 Diagram of an AlphaScreen assay strategy to detect protein-protein
interactions. In this scheme, the association between two proteins (represented
in green and orange) is followed by pairing each molecule with a donor or
acceptor bead, respectively. While the orange protein contains a polyhistidine
tag and associates with nickel chelate acceptor beads, the green protein is
recognized by a biotinylated antibody (blue) that binds a streptavidin donor bead.
The protein complex places the bead pair into close proximity to generate a
signal. The streptavidin-biotin complex (Protein Data Bank ID 3RY2) is repre-
sented with streptavidin as a ribbon diagram and biotin as spheres and was
generated with the program PyMOL
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this strategy to follow the enzymatic activities of the histone methyl-
transferases, G9a and EHMT1 (also known as GLP) [13, 14].
For these assays, the substrate was a biotinylated histone peptide.
Methylation of the histone peptide by either G9a or EHMT1 was
recognized by a primary antibody against methyllysine, which
resulted in an increased signal due to the induced proximity of
secondary antibody-coated acceptor beads and streptavidin donor
beads. AlphaScreen assays can also be developed to report on asso-
ciations between molecules and this approach enabled our group to
investigate interactions between biotinylated trimethyllysine histone
peptides that represent different histone epigenetic marks and gluta-
thione S-transferase (GST) chimeras of chromodomains (MPP8,
HP1β, and CHD1), the JMJD2A tudor domain, and RAG2, a
plant homeodomain [15]. Such interactions are generally weak (hav-
ing dissociation constants in themicromolar range) and therefore are
challenging to interrogate by other assay technologies, such as fluo-
rescence polarization. The AlphaScreen approach utilized commer-
cially available streptavidin donor and anti-GST acceptor beads to
yield a signal as a consequence of protein-peptide interactions. Ulti-
mately, the optimized assay enabled the characterization of binding
specificities for the different domains to multiple histone marks.
Another example of a protein-peptide interaction that was adapted
to an AlphaScreen format is the association between a C-terminal
peptide of heat-shock protein 90 (Hsp90) and the TPR2A domain of
the Hsp90 cochaperone, Hsp-organizing protein (HOP) [16]. As
before, the assay incorporated a biotinylated peptide, while the
TPR2A protein contained a hexahistidine tag. Therefore, streptavi-
din donor beads and nickel chelate acceptor beads are brought
together through the Hsp90/TPR2A interaction to generate a sig-
nal. The optimized assay was robust and allowed identification of a
novel class of Hsp90 inhibitors [17]. Similarly, we developed a high-
throughput AlphaScreen assay to identify inhibitors of the interac-
tion between themalaria parasite proteins, AMA1 and RON2, which
is essential for parasite invasion into red blood cells. The assay was
developed with a biotinylated RON2L peptide, which binds strepta-
vidin donor beads and AMA1 with a hexahistidine tag that binds
nickel chelate acceptor beads. Inhibitors of the AMA1-RON2 inter-
action reduced the proximity of donor and acceptor beads along with
the signal. The assay enabled our discovery of the first small-
molecule inhibitor for this interaction [18]. In addition to peptide-
protein interactions, we have also developed AlphaScreen assays to
report on protein-protein interactions. An excellent example of this
is an assay to detect heterodimerization of the transcription factors
RUNX1 and CBFβ, which has been shown to be critical for the
pathogenesis of CBF leukemias [19]. In this case, the RUNX1
protein was biotinylated and the CBFβ protein was expressed to
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include a hexahistidine tag. Inhibitors were identified that prevented
heterodimerization of the proteins and thus a loss of pairing between
the streptavidin donor and nickel chelate acceptor beads. We have
also used an AlphaScreen format to interrogate other types of inter-
actions, such as an RNA-protein interaction that is relevant to the
pathology of myotonic dystrophy type 1 [20]. For this assay, it was
possible to utilize the same AlphaScreen reagents described in the
previous example, due to the use of biotinylated RNAmolecules and
polyhistidine-tagged muscleblind-like 1 protein. The remainder of
this chapter is intended to provide useful guidelines for the develop-
ment of different types of AlphaScreen assays suitable for the identi-
fication of small-molecule inhibitors of targets such as purified
enzymes, protein-protein interactions, and targets within whole
cells from high-throughput screens in the highly miniaturized
1536-well format.

2 Materials

The following three protocols for detecting substrate depletion by
an enzymatic reaction, detecting protein-protein interactions, and
detecting product formation from live cells have each been opti-
mized for unpublished projects that are currently active in our
laboratory. Therefore, the names of the specific proteins or targets
are unidentified to maintain confidentiality.

2.1 Materials for

Detecting Substrate

Depletion from

AlphaScreen Assays

1. Medium-binding white solid-bottom 1536-well plates.

2. Plate reader capable of 1536-well AlphaScreen detection (such
as the EnVision Plate Reader equipped with a 1536 HTS
AlphaScreen aperture).

3. Assay buffer (PBS pH 7.4, 0.01 % Tween-20, or another pre-
ferred buffer, see Note 1).

4. Enzyme at double the final concentration in assay buffer.

5. Substrate at fourfold the final concentration in assay buffer.

6. Mixture of nickel chelate acceptor beads (20 μg/mL working
stock for 5 μg/mL, final) and streptavidin donor beads (20 μg/
mLworking stock for 5 μg/mL, final) suspended in assay buffer
(or beads conjugated for the preferred specificity, such as anti-
GST) (see Note 2).

7. Experimental compounds suspended in DMSO (stock concen-
trations of 640 nM–10,000 μM for a working concentration
range of 3.7 nM–57.5 μM after a 174-fold dilution into the
assay mixture).

8. Liquid transfer pin tool (such as a Kalypsys automated pin-tool
station) (see Note 3).
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9. Centrifuge equipped with a rotor that will accommodate plates.

10. Liquid dispenser capable of delivering small volumes (such as a
BioRAPTR Flying Reagent Dispenser).

2.2 Materials for

Detecting Protein-

Protein Interactions

from AlphaScreen

Assays

1. Medium-binding white solid-bottom 1536-well plates.

2. Plate reader capable of 1536-well AlphaScreen detection (such
as the EnVision Plate Reader equipped with a 1536 HTS
AlphaScreen aperture).

3. Assay buffer (15 mM HEPES pH 7.5, 150 mM NaCl, and
0.01 %Tween-20 or preferred buffer, see Note 1).

4. Polyhistidine-tagged protein at double the final concentration
in assay buffer.

5. Biotinylated protein at fourfold the final concentration in assay
buffer.

6. A mixture of streptavidin donor beads (80 μg/mL working
stock for 20 μg/mL, final) and nickel chelate acceptor beads
(80 μg/mL working stock for 20 μg/mL, final) suspended in
assay buffer (or beads conjugated for the preferred specificity,
such as anti-GST) (see Note 2).

7. Experimental compounds suspended in DMSO (stock concen-
trations of 640 nM–10,000 μM for a working concentration
range of 3.7 nM–57.5 μM after a 174-fold dilution into the
assay mixture).

8. Liquid transfer pin tool (such as a Kalypsys automated pin-tool
station) (see Note 3).

9. Centrifuge equipped with a rotor that will accommodate plates.

10. Liquid dispenser capable of delivering small volumes (such as a
BioRAPTR Flying Reagent Dispenser).

2.3 Materials for

Detection of Product

Formation from Live

Cells by AlphaScreen

Assays

1. Medium-binding white solid-bottom tissue culture-treated
1536-well plates.

2. Plate reader capable of 1536-well AlphaScreen detection (such
as the EnVision Plate Reader equipped with a 1536 HTS
AlphaScreen aperture).

3. THP-1 cells in media with 5 % serum (see Note 4).

4. Media with 5 % serum.

5. Lipopolysaccharide (LPS) (4 μg/mLworking stock for 1 μg/mL,
final) in media with 5 % serum.

6. Mixture of biotinylated anti-TNF-α antibody (4.66 nM work-
ing stock for 1 nM, final) and anti-TNF-α-conjugated acceptor
beads (46.66 μg/mL working stock for 10 μg/mL, final) in
AlphaLISA immunoassay buffer.
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7. Streptavidin donor beads (186.4 μg/mL working stock for
40 μg/mL, final) in AlphaLISA immunoassay buffer (see
Note 2).

8. Experimental compounds suspended in DMSO (stock concen-
trations of 640 nM–10,000 μM for a working concentration
range of 3.7 nM–57.5 μM after a 174-fold dilution into the
assay mixture).

9. Liquid transfer pin tool (such as a Kalypsys automated pin-tool
station) (see Note 3).

10. Centrifuge equipped with a rotor that will accommodate
plates.

11. Liquid dispenser capable of delivering small volumes (such as a
Multidrop Combi Reagent Dispenser).

3 Methods

3.1 Methods for

Detecting Substrate

Depletion from

AlphaScreen Assays

1. Before beginning assay development and regularly thereafter,
verify that the plate reader settings are optimized for the
AlphaScreen assay (see Note 5).

2. Determine the enzymatic assay conditions, including the buffer
composition, concentration of enzyme, and the KM of the
substrate under those conditions (see Note 6).

3. Perform a titration of the substrate with fixed concentrations of
AlphaScreen reagents in order to determine the saturation
point of the beads and the dynamic range of the assay (see
Note 7).

4. Perform a titration of enzyme with fixed concentrations of
substrate and AlphaScreen reagents (see Note 8).

5. After assay optimization, establish DMSO tolerance (or appro-
priate vehicle) by performing a titration. Secondly, perform the
assay in a 1536-well plate where the wells have only been
treated with DMSO and control compound(s) (see Note 9).

6. Dispense 2 μL of a buffered enzyme solution, into columns 1,
2, and 5–48 of a 1536-well plate (see Note 10).

7. Dispense 2 μL of buffer (the same buffer that the enzyme
has been diluted into) into columns 3 and 4 of the plate
(see Note 11).

8. Spin the plate in a centrifuge for 15 s at 161 � g.

9. Deliver 23 nL of DMSO vehicle, control (if available), and
library compounds to the appropriate wells of the 1536-well
plate (see Note 12).

10. Incubate the plate at room temperature for 15 min to allow
time for the compounds to bind the target (the time period can
be optimized for different assays).
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11. Dispense 1 μL of the concentrated substrate into the wells of
columns 1–48 (see Note 13).

12. Spin the plate in a centrifuge for 15 s at 161 � g.

13. Incubate the plate at room temperature for 30 min (or a pre-
determined amount of time).

14. Dispense 1 μL of a 20 μg/mL mixture of AlphaScreen strepta-
vidin donor and nickel chelate acceptor beads (or beads with
the preferred specificity) into columns 1–48 (see Note 2).

15. Spin the plate in a centrifuge for 15 s at 161 � g.

16. Incubate the plate at room temperature for 30 min (this incu-
bation time can be optimized for individual assays).

17. Read the plate on an EnVision Reader equipped with a 1536
HTS AlphaScreen aperture using an 80 ms excitation time and
240ms measurement (or another reader appropriately set up to
measure AlphaScreen assays) (see Note 14).

3.2 Methods for

Detecting Protein-

Protein Interactions

from AlphaScreen

Assays

1. Before beginning assay development and regularly thereafter,
verify that the plate reader settings are optimized for the
AlphaScreen assay (see Note 5).

2. Establish the lowest concentration of each protein required to
obtain robust assay results (see Note 15).

3. Verify that titration with an unlabeled version of each protein
results in assay signal reduction (this can also be used as a
control).

4. After assay optimization, establish DMSO tolerance (or appro-
priate vehicle) by performing a titration. Secondly, perform the
assay in a 1536-well plate where the wells have only been
treated with DMSO and control compound(s) (see Note 9).

5. Dispense 2 μL of concentrated polyhistidine-tagged protein
into columns 1–48 of a 1536-well plate.

6. Deliver 23 nL of DMSO vehicle, control (if available), and
library compounds to the appropriate wells of the 1536-well
plate (see Note 12).

7. Spin the plate in a centrifuge for 15 s at 161 � g.

8. Incubate the plate at room temperature for 15 min to allow
time for the compounds to bind the target (the time period can
be optimized for different assays).

9. Dispense 1 μL of concentrated biotinylated-protein into
columns 1, 2, and 5–48 of the plate.

10. Dispense 1 μL of buffer into columns 3 and 4 of the plate
(see Note 16).

11. Spin the plate in a centrifuge for 15 s at 161 � g.
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12. Incubate the plate at room temperature for 15 min to allow
time for the proteins to bind (the time period can be optimized
for different assays).

13. Dispense 1 μL of 80 μg/mL mixture of streptavidin donor
beads and nickel chelate acceptor beads (or beads with
the preferred specificity) into columns 1–48 of the plate
(see Note 2).

14. Spin the plate in a centrifuge for 15 s at 161 � g.

15. Incubate the plate at room temperature for 30 min (this incu-
bation time can be optimized for individual assays).

16. Read the plate on an EnVision Reader equipped with a 1536
HTS AlphaScreen aperture using an 80 ms excitation time and
240ms measurement (or another reader appropriately set up to
measure AlphaScreen assays) (see Note 14).

3.3 Methods for

Detection of Product

Formation from Live

Cells by AlphaScreen

Assays

1. Before beginning assay development and regularly thereafter,
verify that the plate reader settings are optimized for the
AlphaScreen assay (see Note 5).

2. Optimize the assay parameters for detection of preferred prod-
uct from preferred cell line (see Note 17).

3. After assay optimization, establish DMSO tolerance (or appro-
priate vehicle) by performing a titration. Secondly, perform the
assay in a 1536-well plate where the wells have only been
treated with DMSO and control compound(s) (see Note 9).

4. Dispense 3 μL containing 3000 THP-1 (or preferred cell type
and optimized concentration) into columns 1–48 of a 1536-
well plate.

5. Spin the plate in a centrifuge for 15 s at 161 � g.

6. Deliver 23 nL of DMSO vehicle, control (if available), and
library compounds to the appropriate wells of the 1536-well
plate (see Note 12).

7. Incubate the plate at 37 �C with 5 % CO2 for 60 min to allow
time for the compounds to enter the cells and bind a target (the
time period can be optimized for different assays).

8. Dispense 1 μL of LPS (4 μg/mL working stock for 1 μg/mL,
final or preferred stimulation reagent suspended in media to
obtain the optimized final concentration) into columns 1, 2,
and 5–48.

9. Dispense 1 μL of media with 5 % serum into columns 3 and 4
(see Note 18).

10. Spin the plate in a centrifuge for 15 s at 161 � g.

11. Incubate the plate at 37 �C with 5 % CO2 for 16 h.

12. Dispense 1.5 μL containing a mixture of biotinylated anti-
TNF-α antibody (1 nM, final) and anti-TNF-α-conjugated
acceptor beads (10 μg/mL, final) into columns 1–48.
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13. Spin the plate in a centrifuge for 15 s at 161 � g.

14. Incubate the plate at room temperature for 1 h (this incubation
time can be optimized for individual assays).

15. Dispense 1.5 μL donor beads (40 μg/mL, final) into columns
1–48 (see Note 2).

16. Spin the plate in a centrifuge for 15 s at 161 � g.

17. Incubate the plate at room temperature for 30 min (this incu-
bation time can be optimized for individual assays).

18. Read the plate on an EnVision Reader equipped with a 1536
HTS AlphaScreen aperture using an 80 ms excitation time and
240ms measurement (or another reader appropriately set up to
measure AlphaScreen assays) (see Note 14).

3.4 Identifying

False-Positive Hit

Compounds

In screening AlphaScreen/AlphaLISA assays against libraries of
small-molecule compounds, it is probable that some of the hit
compounds identified will be due to activity of the compound
against the assay technology, rather than the biological system
under investigation. Such compounds are commonly referred to
as “false-positive hits” or “assay artifacts” and it is important to
identify these compounds early on to avoid spending additional
time and money in follow-up. The TruHit kit, available from
PerkinElmer, was developed to detect compounds that interfere
with the assay technology by four mechanisms, including those
mimicking biotin, quenching singlet oxygen, quenching light,
and scattering light. The TruHit kit simply contains streptavidin
donor beads and biotinylated acceptor beads, which bind directly
to one another, bypassing the requirement for an analyte (Fig. 4).

Fig. 4 Diagram of an AlphaScreen TruHit kit. A streptavidin donor bead interacts directly with a biotinylated
acceptor bead to generate a signal in the absence of ligand. The kit can be used to identify false-positive hits
from a screen by detecting interference from compounds that mimic biotin, quench singlet oxygen, quench
light, and scattering light. The streptavidin-biotin complex (Protein Data Bank ID 3RY2) is represented with
streptavidin as a ribbon diagram and biotin as spheres and was generated with the program PyMOL
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To identify compounds that interfere by all four of the mechanisms
listed above, it is necessary to perform the assay by two separate
methods. To distinguish biotin mimetics, hit compounds are incu-
bated with the streptavidin donor beads prior to the addition of
biotinylated acceptor beads. These interference molecules will bind
to streptavidin and prevent subsequent pairing of the donor and
acceptor beads, which is indicated by a reduced AlphaScreen signal.
The remaining interference mechanisms, singlet oxygen and light
quenchers as well as light scatterers, are identified by incubating the
hit compounds with beads that have been premixed. Examples of
singlet oxygen quenchers include ascorbate, azide, and metals such
as Zn2þ, Cu2þ, Fe2þ, and Fe3þ. Color quenchers or inner filters,
such as malachite green and blue dextran, interfere with the assay by
absorbing either the light used to excite the donor beads or the light
emitted by the acceptor beads. Finally, compounds that form insol-
uble aggregates can cause interference by scattering light from both
the excitation and emissionwavelengths. Depending on the strategy
of a particular AlphaScreen/AlphaLISA assay, additional experi-
ments might need to be performed to identify other types of false-
positive compounds that cannot be revealed by the TruHit kit. For
instance, in the case of an AlphaScreen assay designed to detect an
analyte using two antibodies, such as the secreted cytokine TNF-α,
it is possible for a compound to act as a false-positive hit by disrupt-
ing the interactions of either antibody with the analyte. These
interference compounds can be distinguished by performing the
AlphaScreen assay in the presence of purified TNF-α after the other
false-positive hits have been identified from the TruHit kit. In other
cases, where a fusion protein has been linked to a bead through the
use of an affinity tag, such as GST or polyhistidine, compounds
could potentially disrupt those secondary detection interactions. If
the other binding partner is biotinylated, products such as AlphaSc-
reen Biotinylated-GST and Biotinylated-HIS are available to
directly couple the donor and accepter beads and thus allow screen-
ing for interference compounds. In addition to the TruHit
approach, cheminformatics filters can be applied using chemical
substructure features such as the pan assay interference compounds
(PAINS) filters identified by Baell et al. [21].

4 Notes

1. Buffer conditions that have already been established for a par-
ticular enzymatic reaction or protein-protein interaction can
serve as a starting point for assay development. Sometimes it
is possible to further improve an assay signal with modifications
to the assay buffer, such as pH, buffering compound, salt,
divalent cations, reducing agents, EDTA, and BSA [22]. Also,
the addition of a detergent, such as Triton X-100, Tween 20,
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NP-40, or Brij-35, at a concentration of ~0.01 % will some-
times improve the assay signal by reducing protein adsorption
to the surface of plate wells. Within the online technical
resources under, “Bead selection and bead interference,” Per-
kinElmer provides detailed information about interferences
caused by different buffer components for various bead types.

2. Note that any assay procedures which involve donor beads need
to be performed under low-light conditions (<100 lx).

3. Accommodations can be made if a pin-tool, acoustic liquid
dispenser, or other liquid-handling device capable of accurately
transferring nanoliter volumes is not available. In this case, one
could achieve the 174-fold dilution from a DMSO stock solu-
tion by making appropriate dilutions into the assay buffer or
media. Each compound should be delivered as a four- or five-
fold concentrated solution in a 1 μL volume to assay volumes of
3 μL or 4 μL, respectively, to achieve the final concentration.
The delivery could be made with a 16-channel pipettor.

4. The use of media that contains biotin, such as RPMI, should be
avoided as it will compete with the biotin-conjugated antibo-
dies for the streptavidin donor beads and ultimately reduce the
assay signal (Fig. 5). Also, when working with terbium-
containing acceptor beads, which emit at 545 nm, we have
observed a 50 % decrease in signal when using media contain-
ing phenol red as compared to phenol red-free media. Finally,
before preparing cells for an experiment, it is recommended to
use a cell strainer.

Fig. 5 Media containing biotin, such as RPMI, should be avoided when working with AlphaScreen reagents,
due to interference with the streptavidin donor beads. Purified IL-1β (5.36 ng/mL) was suspended in the
indicated solutions and detection was carried out with 6 μg/mL anti-IL-1β acceptor beads, 0.6 nM biotinylated
anti-IL-1β antibody, and 24 μg/mL donor beads in the wells of a 1536-well plate (a). Increasing the
concentration of streptavidin donor beads in the RPMI media (b), while maintaining the concentrations of
the other AlphaLISA reagents as in (a), improves IL-1β detection, which is consistent with interference by
biotin in the media
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5. It is important to verify both prior to and throughout the
process of working with AlphaScreen/AlphaLISA assays that
the plate reader settings have been optimized for use with the
assay being developed. AlphaScreen Omnibeads are intended
to provide a strong signal in the absence of acceptor beads and
therefore can be used to calibrate instruments. The importance
of instrument optimization can be illustrated with an example
from our center, where the same 1536-well plate was read
before and after optimizing the settings of the plate reader. In
this example, the wells of the AlphaScreen assay plate were
treated with only control compound (n ¼ 32) and DMSO
(n ¼ 1408). Optimization of the reader for the plate dimen-
sions improved the %CV from 9.6 to 2.5 % and the Z0 value
from 0.68 to 0.9 (Fig. 6).

6. Detailed information about developing enzymatic assays for
high-throughput screening, including measuring the KM, can
be found in the Assay Guidance Manual [22].

7. Low concentrations of substrate will result in low signal, which
will increase with substrate concentration. At high substrate
concentrations, the signal will again be reduced due to compe-
tition with substrate that does not result in bead pairing, which
has been referred to as the “hook effect” (Fig. 7) [23]. Also, the
concentration of donor and acceptor beads can be optimized
for individual assays.

8. This experiment will determine the amount of enzyme required
to achieve a robust assay signal (Fig. 8). In principle, this
experiment could be performed as a two-dimensional matrix

Fig. 6 Comparison of AlphaScreen data from the same plate before (a) and after (b) optimization of the plate
reader. In this example, the wells of the plate were treated with only control compound (columns 3 (titration)
and 4 (100 % inhibition, n ¼ 32)) and DMSO (n ¼ 64, columns 1 and 2; n ¼ 1408, columns 5–48). The
signal from the wells is represented as a heat map, with red and purple corresponding to high and low signal,
respectively. A gradient of signal is apparent prior to plate reader optimization (a) causing a %CV of 9.6 % for
1408 wells and a Z 0 value of 0.68. Optimization of the reader for the plate dimensions clearly improved the
results as seen by the uniform signal (b), a lowered %CV of 2.5 % and an increased Z 0 value of 0.9
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Fig. 7 Results of a substrate titration for an AlphaScreen enzymatic assay to
detect substrate depletion. With this assay format, substrate depletion causes a
loss of signal. As expected, the signal is low with low substrate concentrations
and increases until the point where the AlphaScreen beads are saturated. At high
substrate concentrations, the signal is also reduced due to competition among
substrate molecules that interferes with bead pairing, which has been referred to
as the “hook effect”

Fig. 8 Results of an enzyme titration for an AlphaScreen enzymatic assay to
detect substrate depletion after 30 min. The level of the “no-enzyme control” (no
substrate cleavage) is indicated by a dashed line. The results of this experiment
can be used to determine the amount of substrate turnover for different
concentrations of enzyme and various incubation periods. Thirty minutes was
chosen as an incubation period for this assay to accommodate automation on a
large scale
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that also incorporates the substrate titration described in the
previous note; however, the substrate will need to be applied
with a liquid dispenser capable of delivering reagent to each of
the wells simultaneously to allow comparison of the kinetics.

9. After an assay has been optimized, the tolerance to DMSO (or
another vehicle used to solubilize compounds) should be estab-
lished with a titration of vehicle into the assay mixture. Also,
prior to screening with an optimized AlphaScreen/AlphaLISA
assay, it is critical to evaluate the results of a plate treated with
only DMSO and control compound(s). In one instance, we
were able to link an irregular pattern in the DMSO-treated
plate to inconsistent vehicle transfer by the automated pin-
tool used to deliver compounds. The AlphaLISA assay results
showed a low signal on the right side of the plate (Fig. 9a),
whereas pin-transferring dye into PBS with the same pin tool
showed a higher transfer of dye on the right side (Fig. 9b).

Fig. 9 Evaluation of an assay plate treated with only control compound(s) and vehicle can help to identify
sources of error. In this example, an AlphaLISA IL-1β assay was performed and the wells of the plate were
treated with only control compound (n ¼ 128, columns 1–4) and DMSO (n ¼ 1408, columns 5–48) (a). The
signal from the wells is represented as a heat map, with red and purple corresponding to high and low signal,
respectively. An irregular pattern associated with a lower signal was observed on the right side of the plate.
After pin transferring dye into PBS buffer, a similar pattern was also observed that was consistent with greater
delivery of dye on the right side of the plate (b). Therefore, the pattern in (a) was attributed to a greater delivery
of DMSO to the wells on the right side of the plate based on the results in (b) and the DMSO sensitivity of the
assay (c)
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The DMSO tolerance experiment demonstrated that the assay
signal was inhibited by and sensitive to DMSO (Fig. 9c).

10. The final enzyme concentration will need to be predetermined
based on the enzymatic activity (see Note 6), which might vary
among preparations/batches.

11. This protocol suggests a “no-enzyme control” in columns 3
and 4, which can be used if there are no known inhibitors.
Alternatively, if an inhibitor exists, enzyme would be included
in all columns and the inhibitor compound(s) would be applied
in columns 3 and 4. For instance, a titration series might be
introduced in column 3 and the wells of column 4 would
contain a concentration that results in 100 % inhibition (see
Note 12).

12. At our center, we include high and low controls in columns 1–4
with library compounds in columns 5–48. A range for final
library compound concentrations would be 3 nM–57 μM
after a 174-fold dilution.

13. The final substrate concentration will need to be predeter-
mined (see Note 6) and is often used at the KM in order to be
optimally sensitive to different mechanisms of inhibition [22].

14. The suggested excitation and measurement times will allow
sensitive detection at the expense of time. Therefore, the set-
tings can be optimized for individual assays depending on the
assay signal. When using white plates, high signals will carry
over to some extent into neighboring wells.

15. Depending on the chosen affinity tags for each protein, it is
possible to evaluate the signal window before assay optimiza-
tion by using commercially available products, such as AlphaSc-
reen Biotinylated-GST and Biotinylated-HIS. We have
observed that the assay signal window for a protein-protein
interaction can vary depending on the affinity tag selected
[15]. Therefore, one might choose to test several affinity tags
before beginning the process of assay optimization. After the
affinity tags for the two proteins have been selected, assay
development can proceed. In order to determine the minimal
concentrations of each protein required to achieve robust assay
results, one should first perform a matrix titration in a
1536-well plate to systematically determine the assay signal
from different concentrations of each protein in assay buffer
with a fixed concentration of AlphaScreen reagents. The plate
can be set up to compare eight concentrations, including zero,
of each protein in a matrix with 16 replicates per condition
(Fig. 10). Mean values and standard deviations for each of the
16 replicates will then be calculated from the data (Fig. 11).
This information allows calculation of the Z0 statistic, which can
be used to select the minimal protein concentrations that result
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Fig. 10 Results of an experiment to determine optimal concentrations of two proteins for an AlphaScreen
assay. Eight concentrations of both hexahistidine-tagged protein (vertical axis) and biotinylated protein
(horizontal axis) were examined in a matrix arrangement with 16 replicates per condition in a 1536-well
plate. The signals from the wells are represented by a heat map, with red and green corresponding to low and
high signal, respectively

Fig. 11 Mean signals from various combinations of protein concentrations were calculated from the data
shown in Fig. 10. The mean signals (n ¼ 16) are colored as a heat map, with red and green corresponding to
low and high signal, respectively
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in robust assay performance (Fig. 12) [24]. Based on the
example data shown, we chose to use 250 nM of
polyhistidine-tagged protein and 100 nM of biotinylated pro-
tein. Secondly, the concentrations of donor and acceptor beads
can be optimized.

16. This example suggests a “no-protein partner control.” Alterna-
tively, if an inhibitor compound or peptide is used, the protein
will be delivered to columns 1–48. In that case, the inhibitor
can be applied to columns 3 and 4. For instance, a titration
series might be introduced in column 3 and the wells of column
4 would contain a concentration that results in 100 % inhibi-
tion (see Note 12).

17. Optimizations include determining the optimal cell number
per well, the optimal concentration of stimulation compound
(Fig. 13), and the optimal incubation period following cell
stimulation. Additionally, the concentrations of donor and
acceptor beads can be optimized.

18. This example suggests an “unstimulated control.” Alterna-
tively, if an inhibitor compound is used, LPS can be delivered
to columns 1–48. In that case, the inhibitor can be applied to
columns 3 and 4. For instance, a titration series might be
introduced in column 3 and the wells of column 4 would
contain a concentration that results in 100 % inhibition (see
Note 12).

Fig. 12 The Z’ values resulting from various combinations of protein concentrations were calculated from the
data shown in Fig. 10. The Z’ values are colored as a heat map, with red and green corresponding to low and
high, respectively. Based on these data, we chose to use 250 nM of polyhistidine-tagged protein and 100 nM
of biotinylated protein
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Chapter 6

Instrument Quality Control

Chatura Jayakody and Emily A. Hull-Ryde

Abstract

Well-defined quality control (QC) processes are used to determine whether a certain procedure or action
conforms to a widely accepted standard and/or set of guidelines, and are important components of any
laboratory quality assurance program (Popa-Burke et al., J Biomol Screen 14: 1017–1030, 2009). In this
chapter, we describe QC procedures useful for monitoring the accuracy and precision of laboratory
instrumentation, most notably automated liquid dispensers. Two techniques, gravimetric QC and photo-
metric QC, are highlighted in this chapter. When used together, these simple techniques provide a robust
process for evaluating liquid handler accuracy and precision, and critically underpin high-quality research
programs.

Key words Quality control, Liquid-handling variability, Assay performance, High-throughput
screening QC, Gravimetric quality control, Photometric quality control

1 Introduction

Quality control (QC) procedures for plate-based controls and cal-
culation of Z0 factors are now standard practice in high-throughput
screening [1, 2]. However, Z0 factors may not reveal small changes
in assay component volumes resulting from systematic (e.g., posi-
tional) or calibration errors by liquid-handing dispensers that can
significantly affect assay results [3]. Further, incorporating dose
responses into the plate controls, while good practice, may still
miss systematic dispense errors. Since liquid-handling capabilities
form the core component of most high-throughput screening and
lead discovery assays, routine monitoring and maintenance of these
automated platforms are essential to ensure their accurate and
precise functioning. In most cases, liquid handlers are used to
repeatedly pipette millions of samples in the picoliter (pL) to
microliter (μL) range. Thus, optimal functioning of these instru-
ments directly impacts assay reproducibility and ultimately the
success of drug discovery campaigns. Multiple groups have
described QC procedures for various automated liquid handlers
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[4–8]. The intent of this chapter is to detail two cost-effective and
simple QC techniques that together can be used by both novices
and experts to ensure accurate and precise automated liquid dis-
pensing for a broad range of instrumentation.

The gravimetric QC technique utilizes the known weight of a
volume of water (or any other liquid) to determine pipetting accu-
racy for an intended volume. Taking into account the density
and specific weight of water (density of water at 21 �C ¼
0.99802 g/cm3) and assuming that 1 μL of water is roughly
equal to 1 milligram (mg), the performance of a liquid handler
dispensing a certain volume of liquid can be determined by mea-
suring the weight of the liquid [9]. Photometric QC techniques
typically employ dyes and absorbance measurements to determine
the precision of liquid handler dispensing. For the method detailed
below, tartrazine (yellow food dye #5) is used to profile pipetting
performance for multichannel dispensers such as 384 and 96 mul-
tichannel liquid handlers. This technique helps gauge precision on a
channel-to-channel basis by analyzing absorbance on a well-to-well
level. Together, these simple yet robust techniques not only ensure
reproducibility, but can also serve as early warning indicators of
deteriorating liquid handler performance.

2 Materials

Two different liquid handlers, a 384 multichannel workstation and
an independent 8-tip liquid-handling workstation, have been high-
lighted to illustrate the use of these techniques. Data from both
gravimetric and photometric techniques can be analyzed using a
LIMS system or a spreadsheet.

2.1 Gravimetric

Quality Control

Materials Required

1. Distilled or ultrapure water (18 MΩ cm).

2. Analytical balance in the milligram range.

3. Assay plate, well polypropylene microplate.

4. Lid for assay plate.

2.2 Photometric

Quality Control

Materials Required

1. Tartrazine, yellow food color dye #5.

2. Dimethyl sulfoxide.

3. Tartrazine stock solution—a stock solution at a concentration
of 2 mg/mL was prepared by dissolving 1 g of tartrazine in
500 mL of dimethyl sulfoxide.

4. Assay plate, 384-well clear polystyrene flat-bottom plate.

5. Absorbance plate reader.
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3 Methods

3.1 Gravimetric

Quality Control

Gravimetric quality control utilizes the relationship of volume to
mass to determine pipetting accuracy by measuring the weight of
the dispensed volume. A 384 multichannel dispenser was chosen to
illustrate the principles of gravimetric quality control. With regard
to multichannel dispensers, gravimetric QC measures the volume
dispensed as a whole. For example, a 384 multichannel dispenser
will pipette 1 μL of liquid into each well of a 384-well plate with a
total final volume of 384 μL. Gravimetric QC will identify how
close the total volume pipetted is equal to the mass of 384 μL (see
Notes 1 and 2).

1. A 384 multichannel liquid dispenser.

2. A set of routinely used volumes that will be used for quality
control should be determined. For example, the 384 multi-
channel liquid handler routinely dispenses 1, 5, 10, and 20 μL
amounts. Therefore, these volumes (1, 5, 10, and 20 μL) were
chosen for QC determination.

3. Start by taring a 384 multiwell plate with a lid using an analyti-
cal balance. Note the importance of the lid, as it is used to
prevent evaporation at low volumes (1–5 μL) (see Note 3).

4. Use one of the predetermined volumes (e.g., 1 μL) and dis-
pense a set volume (e.g., 1 μL) of distilled water into a 384-well
plate. Place the lid on the plate immediately after dispensing
and measure the new weight of the plate (see Note 3).

5. Record the weight of the plate and repeat the steps above for all
the other QC volumes (5, 10, and 20 μL).

6. Compare the measured weight of each volume to the standard/
expected weight using the Microsoft Excel®-based data analysis
tool to determine whether the plate passed or failed QC
(Fig. 1).

7. The tool (represented in Fig. 1) works by comparing the
“Measured Weight” (column C) to a calculated standard
weight (“ExpectedWeight,” Column B). Given that the weight
of 1 μL of water is roughly equal to 1 mg (density of water at
21 �C ¼ 0.99802 g/cm3), the weight of 1 μL of water dis-
pensed 384 times should roughly be equal to 384 mg [9].

8. Enter the measured weight into the “Measured Weight” col-
umn for the corresponding volume in the Microsoft Excel®-
based data analysis tool. The tool will then calculate the percent
error (column D) and will return a result of “PASS” or “FAIL”
for that particular QC volume.

9. The calculations necessary to create a similar spreadsheet
depicted in Fig. 1 are shown in Fig. 2.
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Accuracy is reported as percent error (%) and can be calculated
using the following equation:

Percent Error ¼ Expected Weight� Actual Weightj j
Expected Weight

� �
� 100

The spreadsheet depicted in Fig. 2 provides a data template for
information about the QC quality and pass/fail criteria. The
criteria for passing QC is a percent error equal to or less than
10 %, while the criteria for failing QC is a percent error greater
than 10 %.

10. Gravimetric QC provides overall accuracy data for automated
liquid dispensers and can serve as an early warning system to
detect deteriorating liquid handler performance(see Note 4).
However, there is no way to ascertain the dispensing precision
of each channel in a multichannel liquid dispenser (seeNote 2).
This highlights the need for a secondary method which can

Fig. 1 Microsoft Excel-based gravimetric quality control (QC) data analysis tool. The spreadsheet includes QC
for 96-well and 384-well liquid handlers. Highlighting the 1 μL QC for a 384-well liquid handler, the tool will give
information pertaining to the “Calculated Weight” which is calculated based on the density of water at room
temperature (density of water at 21 �C ¼ 0.99802 g/cm3) of the total volume pipetted. With respect to the 1 μL
dispense volume, this would equal 384 milligrams (mg) since 384 μL was dispensed. The user will enter the
“Measured Weight” which is the total weight measured using a balance. The “Percent Error” is then calculated
automatically and based on this value a “PASS or FAIL” criteria will be assigned to that particular QC. The upper
limit for passing QC is set at 10 % (�10 %) and any value higher (>10 %) is considered a failed QC
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identify well-to-well variation. Photometric QC provides a
solution to this problem and offers a way to track well-to-well
variation with coefficient of variation data.

3.2 Photometric

Quality Control

While gravimetric QC utilizes mass to determine accuracy of the
total amount of liquid dispensed, photometric QC determines
pipetting precision for each channel by measuring individual well
absorbance(see Note 5). Thus, photometric QC enables determi-
nation of well-to-well variability for a 384 multichannel dispense
head and allows for the analysis of each channel individually (see
Notes 6 and 7). Photometric analysis incorporates the use of a dye
with convenient spectral and physiochemical properties for mea-
surement. We use tartrazine (yellow food dye #5) which has an
absorbance in the range 400–460 nm and a peak absorbance at
425 nm. In order to conduct photometric analysis, an absorbance
assay needs to be optimized for the plate reader that is to be used to
ensure that readings are in the linear range of the detector. This is
achieved by first setting up a standard curve.

3.2.1 Tartrazine

Standard Curve

1. The purpose of setting up a standard curve is to test the
dynamic range of the plate reader in order to determine linear
range and the saturation point of the detectors.

2. Table 1 is an example of a tartrazine standard curve. A standard
stock solution of tartrazine at a concentration of 2 mg/mL was
diluted twofold to yield a 10-point serially diluted curve. Next,
choose an appropriate final volume for your standard curve; for
the purpose of this experiment the final volumewas set at 20 μL.

Fig. 2 Microsoft Excel®-based gravimetric quality control (QC) data analysis tool with calculations
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The appropriate way to select a final volume is to base it on the
liquid handling capacity of the instruments undergoing QC.
Dimethyl sulfoxide was the primary vehicle transferred by the
liquid handlers; therefore it was used to prepare the 2 mg/mL
tartrazine stock solution as well as the diluent for the serial
dilutions. Choose a liquid that best fits your applications (e.g.,
DMSO, aqueous buffer).

3. Perform the standard curve in a clear, flat-bottomed 384-well
polystyrene plate suitable for reading absorbance. Use this plate
for all subsequent QC applications with all liquid handlers.

4. Measure absorbance using a plate reader. Absorbance for this
standard curve was measured at 405 nm.

5. Plot the graph (Fig. 4) to identify the linear range of the curve
which in this case was determined to be between the concen-
trations of 0.015625 and 0.25 mg/mL. Choose a concentra-
tion within the linear part of the curve for photometric QC.
Based on Figs. 3 and 4 a final concentration of 0.1 mg/mL was
chosen as the optimal final concentration for testing.

6. The 0.1 mg/mL concentration of tartrazine was chosen as the
final concentration. For example, if testing a 1 μL dispense with
a 20 μL final volume, 1 μL of tartrazine at 2 mg/mL is

Table 1
Tartrazine standard curve mg/mL

Tartrazine concentration (mg/mL)

2.0

1.0

0.5

0.25

0.13

0.063

0.031

0.0156

0.0078

0.0039

The curve starts at a concentration of 2 mg/mL and a twofold serial dilution is

performed nine times to yield a 10-point serially diluted curve. Dimethyl sulfoxide was

used to prepare the 2 mg/mL tartrazine stock solution as well as the diluent for the serial
dilution. All samples were carefully diluted by hand using a multichannel pipette (16

channels). Each curve was replicated three times. The serial dilution was performed in a

clear 384-well polystyrene plate
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transferred into a plate containing 19 μL of diluent. This will
yield a final concentration of 0.1 mg/mL.

7. It is important to note that different plate readers have varying
dynamic ranges and saturation points. Thus, alterations need to
be made to the standard curve highlighted above to best suit
the plate reader being utilized. Once optimized, use the same
plate reader for all quality control applications.

3.2.2 Photometric

QC Setup

Two liquid handlers are outlined in this section to illustrate the
versatility of photometric QC analysis. A 384 multichannel liquid
handler and a liquid-handling arm with eight independently
operating tips were chosen as examples.

3.2.3 Photometric Quality

Control of a 384

Multichannel Liquid

Handler

1. Determine the operating range of the 384 multichannel liquid
handler. This is the same liquid handler detailed in the gravi-
metric QC section and is constantly used in the 1–20 μL
volume range. Thus the same volumes are tested for accuracy
(1, 5, 10, and 20 μL). The final total volume for each well was

Fig. 3 Absorbance data obtained using an absorbance-based plate reader for three replicates of the
tartrazine standard curve. Absorbance was measured at 405 nm. The standard curve was prepared by serially
diluting a 2 mg/mL tartrazine stock dissolved in 100 % dimethyl sulfoxide nine times to yield a 10-point
standard curve

Fig. 4 Tartrazine standard curve illustrated graphically. Based on the graph, the
linear range is determined to be in between 0.015625 and 0.25 mg/mL. The
tartrazine concentration chosen for quality control was 0.1 mg/mL
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set at 20 μL and the 384 multichannel liquid handler was used
to transfer the tartrazine and the diluent.

2. As the final concentration for tartrazine absorbance testing was
chosen as 0.1 mg/mL, four stock concentrations of tartrazine
were prepared for each volume tested. Table 2 represents the
stock solutions prepared for the 384 multichannel liquid han-
dler QC.

3. The 384 multichannel liquid handler used for this QC is mainly
used to transfer compounds dissolved in dimethyl sulfoxide.
Thus, dimethyl sulfoxide was used to prepare all the tartrazine
stocks and was also used as the diluent.

4. Use the liquid handler to transfer the tartrazine stock (1, 5, 10,
and 20 μL) and the diluent (19, 15, and 10 μL). Using the same
liquid handler to perform both transfers (tartrazine and dilu-
ent) helps avoid introducing bias related to a second liquid
handler. If a second liquid handler is used to transfer the
diluent, operational biases of that particular dispenser would
have to be taken into consideration as well.

5. The 1 μL QC is used as an example to detail the technique and
analyze data of photometric QC. Transfer 1 μL of the 2.0 mg/
mL tartrazine stock to a 384-well clear polystyrene plate fol-
lowed by 19 μL of dimethyl sulfoxide diluent to the same plate.
This dilutes the 1 μL of 2.0 mg/mL tartrazine stock to
0.1 mg/mL which is well within the linear range of the plate
reader.

6. Centrifuge the QC plate at a suitable speed (250 � g) and use a
plate reader to measure absorbance (405 nm).

Table 2
384 multichannel liquid handler QC protocol, detailing the stock
concentration (mg/mL) and diluent volume (μL) required in ascertaining
pipetting accuracy at 1, 5, 10, and 20 μL

384 Multichannel liquid handler QC

Starting tartrazine
concentration
(mg/mL)

Final tartrazine
concentration
(mg/mL)

Volume
diluent
(μL)

Volume
of diluent
(μL)

Final
volume
(μL)

2.0 0.1 1 19 20

1.0 0.1 2 18 20

0.4 0.1 5 15 20

0.2 0.1 10 10 20

Dimethyl sulfoxide was used to prepare all the tartrazine stock solutions and was also

used as the diluent
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7. Determine the mean, standard deviation, coefficient of varia-
tion, maximum value, minimum value, and the number of
outliers (see Notes 8 and 9).

8. Figures 5, 6, 7, and 8 illustrate a comparison of data analysis
using the ScreenAble™ LIMS system (Figs. 5 and 6) and the
Microsoft Excel®-based data analysis system (Figs. 7 and 8).

9. Figures 7 and 8 illustrate the Excel®-based data analysis tool
including all calculations so it can be used as a template. The
tool allows for identifying outliers and also provides the mean,
standard deviation, minimum read, maximum read, and the
coefficient of variation for 384 multichannel liquid handlers.
The equations detailed in Fig. 8 can be reconfigured to QC any
type of liquid handler (96 well, 16 channel, 8 channel, etc.).

10. The pass/fail determination is based on the % coefficient of
variation (CV): any QC run with a CV equal to or less than
10 % is considered successful (PASS) and any run with a CV
greater than 10 % is considered unsuccessful (FAIL):

Coefficient of Variance ¼ Standard Deviation

Average
� 100

3.2.3.1 Quality Control of

Liquid Handler with Eight

Independently Operating

Tips

1. The same methodology and data analysis can be used to QC
other liquid handlers. The following example represents a
liquid handler with eight independently operating liquid-
detecting tips. QC for the liquid handler is determined at
7, 14, 21, and 30 μL. The data analysis is conducted using
Microsoft Excel® with the same principles highlighted in the
previous section.

Fig. 5 Screenable™ data output for a 1 μL QC of a 384 multichannel liquid handler. 1 μL of tartrazine stock
dissolved in dimethyl sulfoxide at 2 mg/mL was diluted with 19 μL of dimethyl sulfoxide using the liquid
handler to yield a final concentration of 0.1 mg/mL. The data indicates the mean, standard deviation (SD),
coefficient of variation (CV), maximum read, minimum read, and the number of outliers. QC standards are set
at a CV of 10 (pass � 10, fail > 10) and given that the CV in this instance is 4.9, the 1 μL dispense is
considered successful
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2. A 384-well clear, flat-bottom polystyrene plate is used and each
volume is added to six columns on the same plate. Columns
1–6 contain 7 μL of tartrazine (with 23 μL of diluent), 7–12
contain 14 μL of tartrazine (with 16 μL diluent), 13–18 con-
tain 21 μL of tartrazine (with 9 μL diluent), and 19–24 contain
30 μL of tartrazine. Dimethyl sulfoxide is used to prepare all
tartrazine stocks and is also used as the diluent. The final
concentration of the tartrazine in 30 μL was 0.1 mg/mL in
keeping with the plate reader dynamic range as explained in
previous sections.

3. Table 3 represents the starting tartrazine stock concentration
and the dilutions performed to get to a final concentration of
0.1 mg/mL. The same liquid handler is used for both the
tartrazine stock and diluent addition.

4. The calculations for % CV and those to determine outliers
are similar to those highlighted in the previous section.

Fig. 6 Plate image of 1 μL QC detailing the 42 outliers. This image helps determine which channels are
performing optimally. Repeated QCs will help identify frequent bad actors which could point to specific
channel failure
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Figures 9 and 10 give an overview of the calculations used to
determine the % CV and outliers for the 7 μL transfer. These
calculations are similar for the 14, 21, and 30 μL volumes with
a change in the sourced cells.

4 Notes

1. Gravimetric QC is based on the relationship of liquid volume
and weight. It assumes that 1 μL of water weighs roughly 1 mg
[9]. With this knowledge in hand, a 384 multichannel dis-
penser would pipette 1 μL of water from each of its 384
channels dispensing a total of 384 μL which should approxi-
mate 384 mg. When QC is conducted the goal is to see a
measured value of 384 mg.

2. One major drawback for gravimetric QC is that it does not
detect channel-to-channel variation with respect to multichan-
nel dispensers. For example, when pipetting a certain volume
(1 μL) using a 384 multichannel dispenser, one may encounter
a situation where a channel is blocked but a different channel
over-pipettes (2 μL) compensating for the blocked channel. So
when the final weight is measured, it may be very close to the

Fig. 7 Microsoft Excel®-based data analysis tool. Data from the plate reader is added in the section below
(paste your values) and the standard deviation, mean, coefficient of variation, minimum read (Min), and
maximum read (Max) are automatically calculated. Additionally the tool displays pass/fail criteria based on a
10 % limit for coefficient of variation where values equal to or less than 10 % will “PASS” QC and values more
than 10 % will “FAIL” QC. The tool also displays all outliers, which in this case is 4

Instrument Quality Control 109



“desired” weight while the blocked and over-pipetting chan-
nels are not identified.

3. When pipetting low volumes such as 1–5 μL, place a lid on the
plate as soon as the liquid transfer is complete. At low volumes,
liquid continues to evaporate rapidly even with a lid, so it is also
imperative that the plate be measured right after dispensing the
liquid. The weight measured can also vary on the balance due
to evaporation of the liquid during the weighing process and
this highlights the need to measure the weight immediately.

Fig. 8 (a) Equations for standard deviation, mean, coefficient of variation, minimum read, maximum read,
pass/fail criteria, and outliers. (b) Outlier calculation incorporating the Quartile 1 and 3 was used to calculate
the upper and lower fence in order to determine the outliers. The upper and lower fences were calculated by
multiplying the IQR by 1.5
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Fig. 9 QC conducted using a liquid handler with eight independent liquid detecting tips. The figure represents
QC conducted with 7, 14, 21, and 30 μL which are the most commonly used volumes. All solutions were
prepared and diluted using dimethyl sulfoxide. The data displays the coefficient of variation (CV) and outliers
(highlighted in blue) for each QC’d volume. Coefficient of variation (CV) is used to determine pass/fail criteria
where a CV equal to or less than 10 % will “PASS” QC and a CV greater than 10 % will “FAIL” QC

Table 3
Starting tartrazine concentration (mg/mL), final tartrazine concentration (mg/mL), testing and diluent
volumes (μL) for QC

Independent eight-tip liquid handler quality control

Starting tartrazine
concentration
(mg/mL)

Final tartrazine
concentration
(mg/mL)

Volume
tested (μL)

Volume
diluent (μL)

Final
volume (μL)

0.43 0.1 7 23 30

0.21 0.1 14 16 30

0.14 0.1 21 9 30

0.10 0.1 30 0 30

Dimethyl sulfoxide is used to prepare all tartrazine stocks and it is also used as the diluent. The table provides a rubric for

liquid dispensing; for example the liquid handler will dispense 7 μL of tartrazine stock at 0.43 mg/mL and dilute it with
23 μL of dimethyl sulfoxide to yield a final volume of 30 μL at a 0.1 mg/mL tartrazine concentration. This final

concentration is mimicked by all three other QC volumes and is within the dynamic range of the plate reader used

Fig. 10 Calculations for CV and outliers for the 7 μL transfer. The calculations are similar for all QC’d volumes
(14, 21, and 30 μL), with a change in the sourced cells
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4. Gravimetric QC could be used with any type of liquid handler
and any type of liquid can be used as long as its specific weight
can be calculated easily.

5. Photometric QC requires the use of a dye and while tartrazine
was used in this instance, any solution with a fluorescence or
absorbance can be used. Having a suitable reader with a wide
dynamic range for the dye chosen is critical for robust and
reliable photometric QC.

6. Photometric QC is primarily used to determine channel-to-
channel pipetting precision. It is also useful for profiling pipet-
ting trends and performance throughout all 384 channels.
More importantly, photometric QC can pinpoint pipetting
inaccuracies that fail to be identified through gravimetric QC.
Consider a 1 μL dispense where the channel is completely
blocked and pipettes nothing (0 μL) and another channel
over-pipettes (2 μL). The net result would not be identified
by gravimetric QC, but absorbance readings from photometric
QC will correctly identify this discrepancy.

7. Photometric QC can also be used to gauge the accuracy of the
volume pipetted with the aid of a standard curve. A final tar-
trazine concentration chosen within the linear range of the
standard curve (0.1 mg/mL) can be used for this purpose by
tracking its signal strength or relative absorbance units (RAU).
By example, if 0.1 mg/mL tartrazine routinely gives a signal of
0.8 RAU, you can use this knowledge to pipette 1 μL of
tartrazine stock and dilute it to 0.1 mg/mL and measure
absorbance. The absorbance signal should be in the range of
0.8 RAU. Any abnormal values (e.g., 1.2 RAU) would suggest
an error in pipetting. It is important to note that RAU values
will vary due to plate reader bias and other external factors
(see Note 10).

8. It is also recommended to track well-to-well variation over
multiple runs. If a certain well is a constant outlier over multiple
runs, it could point to the degradation of that particular
pipetting channel.

9. We use ScreenAble™, developed by Screenable Solutions, but a
Microsoft Excel®-based data analysis tool that incorporates the
same logic can also be used. The logic for this calculation is
provided in Figs. 5, 6, 7, 8, 9, and 10.

10. Both gravimetric QC and photometric QCwhile robust are not
always foolproof. There will be instances where QC fails in part
due to procedural complications unrelated to instrument per-
formance. One example would be the presence of bubbles in
the troughs containing diluents and tartrazine stocks. Air bub-
bles can act as barriers and impede aspiration, resulting in
pipetting errors. This scenario does not necessarily indicate
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instrument malfunction. For this reason it is always good to
practice caution while conducting QC and if the need arises
repeat the QC to avoid unintended assumptions.
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Chapter 7

Application of Fluorescence Polarization in HTS Assays

Xinyi Huang and Ann Aulabaugh

Abstract

Steady-state measurements of fluorescence polarization have been widely adopted in the field of high-
throughput screening for the study of biomolecular interactions. This chapter reviews the basic theory of
fluorescence polarization, the underlying principle for using fluorescence polarization to study interactions
between small-molecule fluorophores and macromolecular targets, and representative applications of
fluorescence polarization in high-throughput screening.

Key words FP, Polarization, Anisotropy, Competition binding, High-throughput screening

1 Introduction

Fluorescence polarization (FP) is a powerful fluorescence-based
technique for the study of biomolecular interactions in aqueous
solution. For a small-molecule fluorophore or a small molecule
labeled with a fluorescent moiety, the interaction with a macromol-
ecule can be monitored through the increase in FP that occurs with
the change in fluorophore mobility upon complex formation. Per-
rin first described the quantitative relationship of the observed
polarization with molecular size and solution viscosity in 1926
[1], and Weber subsequently applied FP to biological systems (for
a review, see [2]). FP has since been applied to a wide range of
interactions including DNA-DNA interactions, DNA-protein
interactions, protein-protein interactions, and small molecule-
protein interactions [3–7]. Migration of high-throughtput screen-
ing (HTS) in the biopharmaceutical industry to fluorescence and
luminescence formats and development of commercial microplate
FP instruments in the mid 1990s have resulted in the explosive
growth of FP applications in HTS over the last decade.

William P. Janzen (ed.), High Throughput Screening: Methods and Protocols, Methods in Molecular Biology, vol. 1439,
DOI 10.1007/978-1-4939-3673-1_7, © Springer Science+Business Media New York 2016
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1.1 Fluorescence

Polarization Basic

Theory

Fluorescence polarization, or anisotropy, is a property of fluores-
cent molecules that can be measured using an FP instrument. A
polarized light is utilized to excite a fluorescent sample and the
emission light intensities of the channels that are parallel (IS) and
perpendicular (IP) to the electric vector of polarized excitation light
are collected. The difference, IS � IP, can be normalized by the
total fluorescence intensity of the emission beam, IS + IP (polariza-
tion), or by the total fluorescence emission intensity from the
sample, IS + 2IP (anisotropy). Polarization (P) is then defined as
(IS � IP)/(IS + IP) and anisotropy (A) is defined as (IS � IP)/
(IS + 2IP). Both polarization (P) and anisotropy (A) terms have
been widely used. Polarization and anisotropy can be intercon-
verted by the following equation A ¼ 2P/(3 � P). Anisotropy is
preferred for analyzing complex systems because the equations are
considerably simpler when expressed in this term [8]. Since polari-
zation (P) is nearly linearly correlated with anisotropy (A) because
of a limiting anisotropy value of 0.4 (vide infra; Fig. 1), applications
expressed in polarization are still valid in practical terms.

In order to more fully comprehend FP, one needs to start with
the absorption of excitation light by a fluorophore. When a fluores-
cent sample is illuminated by polarized light, those molecules with
their absorption transition dipole aligned parallel to the electric
vector of the polarized excitation have the highest probability of
absorption, resulting polarized emission light that is also parallel to
the polarized excitation. Had all molecules in this sample been fully
aligned parallel to excitation, the sample would have had anisotropy
of 1. In reality, fluorescent molecules in solution are completely
randomized relative to excitation. The probability of absorption is
proportionally dependent on the angle between the fluorophore
absorption dipole and the polarized excitation. This photo-selection
process results in polarized emission with a theoretical maximum

Fig. 1 The relationship between polarization and anisotropy. The data are
generated by the following equation A ¼ 2P/(3 � P). The red line depicts
theoretic perfect linear correlation
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anisotropy of 0.4 [8] (see Note 1). The observed anisotropy of a
given sample falls between 0 and 0.4, depending on many extrinsic
factors at play during the fluorescence lifetime of the fluorophore.
The primary determinant of fluorescence depolarization in dilute
solutions is the rotational diffusion of the fluorophore [1, 9, 10].
For ideal spherical rotors, anisotropy measured under steady-state
conditions follows the Perrin equation (Eq. 1) where A0 is the
intrinsic anisotropy, τ is the fluorescence lifetime, and θ is the
rotational correlation time of the fluorophore (the time the fluor-
ophore rotates through an angle of 1 rad), which in turn is propor-
tional to the viscosity of the solution (η) and the molecular volume
of the rotor (V) and inversely proportional to the temperature (T)
(Eq. 2).

A ¼ A0

1þ τ=θ
ð1Þ

θ ¼ ηV

RT
ð2Þ

The consequence of this in practical terms is that fluorescence
anisotropy can be used to measure changes in the rotational diffu-
sion rate of a fluorophore as illustrated in Fig. 2. As a result, FP
measurements can yield information on the size and shape of the
fluorophore and the molecule complexed with the fluorophore. In
aqueous nonviscous solutions, a typical small molecule fluorophore
rotates on a time scale of 40 ps or less [11], much faster than a
typical fluorescence lifetime of 10 ns [11], which results in

Fig. 2 The basics of fluorescence polarization binding assays. The small molecule fluorophores free or bound
to macromolecules can be excited by vertically polarized light, resulting in polarized emission. The observed
steady-state polarization of the sample depends on the extent of fluorophores bound to macromolecules. Free
fluorophores have low observed polarization due to fast rotation relative to fluorescence lifetime, while bound
fluorophores have high observed polarization due to slow rotation
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depolarized emission. Upon fluorophore binding to a macromole-
cule, the complex will rotate much slower with a rotational correla-
tion time on par with the time scale of typical fluorescence lifetime,
resulting in polarized emission. This forms the basis for quantifying
the fraction of the fluorophore bound to the macromolecule.
Figure 3 delineates the relationship between fluorescence anisot-
ropy, carrier molecular weight, and fluorescence lifetime (simulated
data using Eq. 1 assuming a limiting anisotropy of 0.4 and assum-
ing the fluorophore is rigidly attached to a spherical carrier) [12].
It is evident that typical fluorophores such as fluorescein and
BODIPY have ideal fluorescence lifetimes that allow FP measure-
ments between a small labeled probe (<~1500 Da) and a macro-
molecule receptor (>~15,000 Da).

2 Methods

Numerous FP applications have been developed for HTS based on
the principles described above and shown in Fig. 2. Because fluo-
rescence polarization is a ratiometric measurement, in theory the
FP signal should have less interference from background fluores-
cence of the assay plate and buffer. Because of this advantage, FP
has become a popular technique for HTS assays. FP can be deter-
mined by steady-state measurements or time-resolved measure-
ments [13]. In the time-resolved FP measurement, a short pulse
of light excites the sample and the emission is recorded with a
high-speed detection system that allows measurements on the
nanosecond scale. In a steady-state FP measurement, the sample
is illuminated by continuous excitation light and the measurement
is an average of the time-resolved phenomenon over the intensity
decay of the sample. The steady-state FP averaging over a single

Fig. 3 Simulated graph illustrating the dependence of fluorescence anisotropy on fluorescence lifetime of the
fluorophore and molecular size of the carrier macromolecule. Data are generated by Eq. 1
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exponential decay may thus mask complex exponential delays in
some systems, and could be one of reasons for some nonideal
steady-state FP data observed. The overwhelming majority of FP
applications in HTS are steady-state measurements using commer-
cial fluorescence plate readers. The scope of this chapter is limited
only to steady-state FP measurements. This chapter will take a look
at three steady-state FP applications in HTS: (1) Direct FP compe-
tition binding assay; (2) FP used as a detection method in a func-
tional assay; (3) Determination of binding mechanism from a FP
competition binding assay. Representative examples of the applica-
tions are presented where applicable.

2.1 Direct FP

Competition Assay

The objective of a direct FP competition assay is to identify
compounds that compete with the small-molecule fluorescent
probe for binding to the macromolecular target. This approach is
a quick and easy method that has been extensively used to identify
active site binders of enzyme targets and small-molecule binders of
nuclear receptors (NR). The disadvantage is that the assay may not
identify compounds that bind at sites remote from the fluorescent
probe (Subheading 2.3). In addition to active site binders, fluores-
cent probes prepared from allosteric ligands can be used to identify
compounds that bind to regulatory sites outside of the target
enzyme active site. In the following sections, the process for devel-
oping a FP competition assay for the exosite of a protease (FVIIa)
and the utilization of a quality control parameter instead of an
interference assay (counter-screen) in a direct nuclear receptor FP
competition assay to identify false positive hits are described.

2.1.1 Design and

Synthesis of an Appropriate

Fluorescent Probe

FP assay development begins with designing a fluorescent probe.
There are no universal rules for how to design an ideal probe for FP.
When a label is attached to a known ligand to prepare a probe, the
probe will work in FP assays only when the following conditions are
satisfied: (1) the attachment of the label does not significantly alter
how the ligand binds to the target; (2) the label cannot have a
strong propeller effect, i.e., the rotational diffusion motion of the
label needs to be restricted upon the binding of the probe to the
target. A routine practice in our lab is to design probes with various
linkers (both type and length) and to experimentally determine if
the probes have the expected potency in the activity assay relative to
the unmodified ligand, and if the probes work in the FP assay.

We applied the above approach to design a probe to identify
compounds that bind at an allosteric site on the protease factor
VIIa (FVIIa) in complex with its cofactor, tissue factor (TF). TF/
FVIIa is a well-validated anticoagulant target [14, 15]. E-76,
Ac-ALCDDPRVDRWYCQFVEG-NH2 (disulfide bond), is a
reported partial inhibitor of TF/VIIA amidolytic behavior that
binds to an exosite outside of the active site of FVIIa with a
reported IC50 of 9.7 nM [16]. The mechanism of inhibition was
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confirmed in our lab, though an IC50 of 2.3 nM was obtained
under our assay conditions. Next, the reported crystal structure of
the FVIIa/E-76 complex was examined to determine the residues
on E-76 that are solvent exposed and potential sites for probe
attachment. Based on solvent accessibility in the three-dimensional
structure, the Glu residue at the C-terminal end was mutated to a
Lys residue for the covalent attachment of Hilyte Fluor 488. The
designed probe retained the same interactions with FVIIa as E-76
in a computer model. The probe was then custom-synthesized by
Anaspec (San Jose, CA).

2.1.2 Determination of Kd
Between the Fluorescent

Probe and the Target

An appropriate concentration of the probe to use in the Kd deter-
mination is dependent upon several factors including the linearity
of the fluorescent response with probe concentration, quantum
yield of the probe, the Kd between the probe and target, and
instrument sensitivity. The FVIIa experiments were carried out in
an assay buffer containing 50 mMHEPES, pH 7.4, 100 mMNaCl,
5 mM CaCl2, and 0.005 % (w/v) Triton X-100. Samples
were prepared at a volume of 20 μl in a black 384-well low-volume
polypropylene Matrical plate (cat# MP101-1-PP). Fluorescence
intensity and anisotropy were measured on an Analyst AD plate
reader (Molecular Devices). A probe dose titration was initially
performed to determine the linearity of the fluorescent signal
with probe concentration, and the probe fluorescence intensity
was linear up to 500 nM. The probe concentration for the Kd

determination should not be much greater than 2Kd to avoid
stoichiometric titration [17]. A concentration of the probe
corresponding to the IC50 in the functional assay is often chosen
as the initial concentration for the binding assay. In this case, an
initial probe concentration of 5 nM was selected, which yielded a
fluorescence intensity S/B of 70.

Because there are intrinsic differences in instrument sensitivity
for measuring the S channel and P channel, all plate readers need to
be checked and calibrated for the instrument “G” or grating factor
before obtaining any polarization data. The revised equation for
polarization incorporating the G factor term is P ¼ (IS � G �
IP)/(IS + G � IP). In this example, the G factor for the Analyst
AD instrument was calibrated to achieve an mP of ~60 for the free
probe (see Note 2 for details on G factor calibration).

Next, a FVIIa concentration dependence was performed in the
presence of 5 nM fixed probe concentration and 2000 nM sTF
(Fig. 4a). Fitting the anisotropy data to Eq. 3a, where L0 is the total
probe concentration, R0 is the total enzyme concentration, a is the
probe signal in the absence of ligand, and b is the probe signal in the
presence of saturating concentrations of ligand, yields A1 (free
probe), A2 (bound probe), and an approximate Kd value of
0.6 nM. Identical results were observed after 10-min incubation
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and 30-min incubation, indicating the binding equilibrium was
reached quickly. The same dose titration was also measured by
fluorescence intensity. Fitting of the fluorescence intensity data to
Eq. 3a yielded aKd of 1.3–1.8 nM (Fig. 4b). The discrepancy inKd

values obtained from anisotropy and fluorescence intensity mea-
surements is attributed to the change in quantum yield of the probe
upon binding to FVIIa. The quantum yield ratio (Q) of the bound
probe to the free probe can be calculated from the ratio of fluores-
cence intensity of the bound probe to the fluorescence intensity of
the free probe. AQ of 1.78 was obtained from the fluorescence data
in Fig. 4b. The FP data in Fig. 4a was converted to the fraction
bound probe (fb) by Eq. 4. Fitting of the FP fb data to Eq. 3b
(where a ¼ 0 and b ¼ 1) yielded a Kd of 1.5–1.6 nM (Fig. 4c),
which now agrees with the Kd calculated from the fluorescence
intensity measurement. In addition, the selected probe concentra-
tion of 5 nM satisfies the non-stoichiometric conditions (i.e., the
probe concentration not much greater than 2Kd). Had the probe
concentration been much greater than two times the calculated Kd

value, a lower probe concentration would need to be selected and
the Kd measurement repeated.

Fig. 4 The dose titration of FVIIa in the presence of fixed probe. The assay contained 5 nM probe, 2000 nM sTF
and various concentrations of FVIIa and was measured for anisotropy and fluorescence intensity on Analyst AD
after 10 and 30 min incubation at room temperature. (a) anisotropy measurement; (b) fluorescence measure-
ment; (c) fb data converted from anisotropy data using Eq. 4
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y ¼ a þ b � að Þ
Kd þR0 þ L0ð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Kd þR0 þ L0ð Þ2 � 4R0L0

q

2L0

ð3aÞ

y ¼
Kd þR0 þ L0ð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Kd þR0 þ L0ð Þ2 � 4R0L0

q

2L0
ð3bÞ

f b ¼ A �A1ð Þ
A �A1ð Þ þQ A2 �Að Þ ð4Þ

Parallel with the determination of Kd between the fluorescent
probe and the target, additional HTS assay optimization should
be performed. As mentioned above, FP is a ratiometric method and
background fluorescence effects are expected to be minimal. How-
ever, in practice, a number of experimental details including the
chemical and physical properties of the test compounds can intro-
duce artifacts into the results. Some plate types yield significantly
larger assay windows for a given FP assay. Buffer optimization
including detergent and carrier protein screening should be per-
formed to select assay conditions that minimally affect the aggrega-
tion state of the probe and maximally enhance the stability of the
target protein. For DMSO tolerance, it is critical that not only the
assay signal window is maintained but also the interactions between
the probe and the target protein are not adversely affected. The
order of reagent addition and the equilibration time need to be
evaluated and optimized for FP competition assays that do exhibit
time-dependent binding between the probe and the target.

When multiple fluorescent probes are available, the most
potent probe with a reasonable fluorescence quantum yield should
be selected for the FP competition assay. In general, the most
potent probe affords the best chance to identify compounds with
the widest potency range [17].

2.1.3 Selection

of Appropriate Screen

Conditions for Direct FP

Competition Assay

An fb of 0.5–0.8 is recommended for direct FP competition assays,
which is a compromise between achieving a reasonable anisotropy
signal window and adequate sensitivity to detect small-molecule
compounds [17]. An fb value higher than 0.8 will decrease the
assay sensitivity to identify weakly active compounds, while an fb
value less than 0.5 often leads to an assay with an inadequate
anisotropy signal window.

Based on data in Fig. 4c, the FVIIa concentration corres-
ponding to an fb of 0.8 was selected for the TF/FVIIa FP compe-
tition assay. The optimized competition screen contains 5 nM
probe and 12.5 nM FVIIa. The FP measurements are taken after
20 min incubation at room temperature. Upon finalization of the
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screen conditions, reagent working stock stability is then deter-
mined to ensure the screen is conducted within the time constraints
of reagent stability.

2.1.4 Validation of Direct

FP Competition Assay

Validation of the FP competition assay can be achieved by use of a
nonfluorescent counterpart of the probe or a known positive con-
trol that binds at the same site as the probe. In this case, we
performed the dose titrations with E-76 (Fig. 5a) as a positive
control and compound 1, which binds to the FVIIa active site, as
a negative control (Fig. 5b).

E-76 is fully competitive with the probe, consistent with E-76
and the probe binding to the same exosite on FVIIa. The IC50 of E-
76 in the FP competition assay (23 nM) is several-fold higher than
the IC50 in the activity assay (2.3–9.7 nM), which is typical for FP
competition assays. A lower starting fb will lead to an FP-derived
IC50 closer to the functional assay IC50 but with the disadvantage
of a smaller FP assay window [17].

Fig. 5 The dose titration of E-76 and compound 1 in FVIIa FP competition assay.
The assay contained 5 nM probe, 12.5 nM FVIIa, 37.5 nM sTF, and various
concentrations of compound and was read for anisotropy on Analyst AD after
20 min incubation at RT. (a) E-76; (b) Compound 1
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Compound 1 showed a minor degree of displacement with the
probe, consistent with compound 1 and the probe binding at
distinct sites on the target [18] and also consistent with partial
inhibition of TF/FVIIa amidolytic activity by E-76. In the single-
dose screen, this direct FP competition assay would be unlikely to
identify hits that bind to alternate sites, such as compound 1 in this
example. In Fig. 5a, b, a control reaction was performed in parallel
to the competition reaction. The control reaction contains only the
probe and the compound, and is helpful in identifying compound
interference issues.

A screen was performed at 300 μM using a set of compounds
identified by virtual screening. A limited number of hits were
identified and then followed up with dose titration in parallel with
a control reaction as described above. Three hits were confirmed
while the other hits were identified as false positives in the control
titration due to compound interference including compound inter-
actions with the probe, compound solubility/aggregation, and
compound fluorescence. The three confirmed hits were followed
up for further characterization.

2.1.5 A Quality Control

Parameter for a Direct FP

Competition Screen

A HTS campaign was run using one of the NR FP competition red
assays from Invitrogen. The compound library was tested at 10 μM
in singlet in a 20 μl assay in a 384-well black Nunc polypropylene
plate (cat# 267461). The screen was carried out on a Thermo-CRS
platform and read on Envision plate readers (Perkin Elmer). 24,256
hits were identified in the primary assay based on 3� inter-quartile
range standard deviation (IQR-SD) above the median. Next, an
interference screen (counter-screen) would be performed to deter-
mine if the hits are selective or just interfering in the assay. For
direct FP competition assays, there are no good options for a
counter-screen. For this NR FP assay, the total fluorescence inten-
sity (FLINT) was calculated from the S and P channel fluorescence
and used for the calculation of a new quality control (QC) parame-
ter, mP/total FLINT. We found that total fluorescence intensity of
the bound probe is about 2� that of the free probe in this assay,
resulting in a relatively constant mP/total FLINT regardless of the
free and bound states of the probe. When mP/total FLINT is
significantly below the median of the screen, the sample well likely
contains a fluorescent compound. When mP/total FLINT is sig-
nificantly above the median, the sample well either has a fluorescent
quencher or has under-delivery of the probe. We did not identify
many fluorescent compounds, likely due to the fact that the red
probe was used in the assay. By applying a 3� IQR-SD cutoff above
the median for mP/total FLINT, we were able to eliminate 22 % of
the primary hits due to fluorescence quenching or probe under-
delivery. The remaining primary hits were tested in a confirmation
assay in triplicate and a large majority of hits (74 %) were confirmed
as active. Total fluorescence intensity has also been reported as a
QC parameter for FP screens [19].
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2.2 FP as a Detection

Method in Enzymatic

Assays

Another application of FP assays in HTS is its use as a detection
method in enzymatic assays. The detection methods can be divided
into two types: (1) direct measurement of the product formation,
(2) measurement of the product via FP competition. The pros and
cons of these two types are discussed. Since these assays still mea-
sure FP, the standard practices for selection of the probe concentra-
tion, determination of Kd between the probe and the detection
macromolecule, selection of the detection macromolecule concen-
tration, optimization of reader protocols, optimization of plate,
buffer, and other assay parameters as described earlier for direct
FP competition assays (Subheading 2.1) still apply.

2.2.1 FP Method That

Directly Measures the

Product

The IMAP kinase and PDE assays (Molecular Devices) are examples
of FP assays that directly measure the product of an enzyme reac-
tion. In an IMAP kinase assay, the fluorescently labeled phospho-
peptide product is detected by IMAP beads (IMAP beads serve as
the macromolecules). The advantages of assays such as IMAP
include: (1) measures the product directly; the signal increases
with the product; (2) compound potency (%inhibition and IC50)
does not change significantly with the assay conversion rate when
the conversion rate is not greater than 50 % [20]; and (3) an
interference assay is available to remove false positive hits due to
interference with the detection system. The latter is easily accom-
plished by using the detection reagents plus the substrate and the
product mixed at a ratio that mimics the amount of product formed
during the assay. The disadvantages of IMAP assay include: (1) use
of labeled substrate instead of the “native” substrate; (2) the assay
requires relatively higher conversion (20–50 %) of substrate than
conventional functional assays using more traditional detection
schemes to achieve a reasonable assay mP window.

2.2.2 FP Method That

Measures the Product via

Competition

Transcreener PDE assay (Bellbrooke), PolarScreen kinase FP assay
(Invitrogen), and PI3K FP assay (Echelon Biosciences) are exam-
ples of assays that measure the product via competition. In a Tran-
screener PDE assay, the product (GMP or AMP) is detected by
competition with the fluorescently labeled probe for binding to the
antibody. The advantages of competition detection assays such as
Transcreener include: (1) uses the non-labeled substrate; (2) inter-
ference assay is available to remove false positive hits due to inter-
ference with the detection system (using the detection reagents plus
the substrate and the product mixed at the assay conversion ratio).
The disadvantages of competition detection assays include: (1)
measures the product through competition; the signal decreases
with increasing product; (2) it is difficult to accurately determine
the Km for the substrate because the product standard curve is
nonlinear due to nonlinear competition detection of the product;
(3) the assay window is typically selected between the EC50 and
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EC90 of the enzyme dose titration curve; however, compound
potency (%inhibition and IC50) can change significantly with the
assay conversion rate. These disadvantages are universal to all com-
petition detection assays, and by no means unique to FP competi-
tion detection assays. For example, in a simple rapidly reversible
competition model, the observed compound potency (IC50) deter-
mined from the competition assay deviates from the true IC50

(50 % inhibition of the enzyme activity) [21]. The observed com-
pound IC50 is 2� the true IC50 when the assay is conducted at
EC50. However, the observed IC50 is 10� the true IC50 if the assay
is performed at EC90. The actual assay is a compromise of an
acceptable assay signal window and workable assay sensitivity,
knowing the caveat that a larger assay signal window comes at the
price of possibly not identifying weakly active compounds.

2.3 Determination of

Binding Mechanism

from FP Competition

Binding Assay

The compound binding mechanism can be derived from a com-
pound dose titration in a FP competition binding assay [18].
Figure 6 shows three of the most common mechanisms for com-
pound binding: competitive, uncompetitive, and noncompetitive
binding. The α value in Fig. 6 describes cooperativity between the
probe binding and the inhibitor binding in a noncompetitive mech-
anism. A plot of the fraction bound versus compound concentra-
tion in Fig. 7 shows the diagnostic displacement curves of
compounds that bind competitively, uncompetitively, or noncom-
petitively to the macromolecule target [18]. A competitive inhibi-
tor fully displaces the probe resulting in a decrease in the fraction of
ligand bound with increasing inhibitor concentration. In contrast,
an uncompetitive compound increases the fraction of bound ligand
resulting in a higher polarization value. The displacement of probe

Fig. 6 Three common mechanisms for compound binding: (a) competitive mechanism; (b) uncompetitive
mechanism; (c) noncompetitive mechanism where the α value describes cooperativity between the probe
binding and the inhibitor binding. In a noncompetitive mechanism, α ¼ 1 represents no cooperativity between
the probe binding and the inhibitor binding, α > 1 represents negative cooperativity (the inhibitor binds
weaker to the receptor-probe complex than to the free receptor), while α < 1 represents positive coopera-
tivity (the inhibitor binds stronger to the complex than to the free receptor). R is the receptor, L is the probe,
and I is the inhibitor
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by a noncompetitive compound is more complex and is dependent
upon the degree of cooperatively. When the compound reduces
(α > 1), increases (α < 1), or has no effect on probe affinity
(α ¼ 1), the resulting fraction bound will decrease, increase, or
not change, respectively (Fig. 7).

2.4 Limitations

of Steady-State FP

Measurements

As with any technique, fluorescence polarization has its share of
limitations. General FP complications include interactions between
the fluorescent probe and the compound, compound aggregation,
scattered light, sample turbidity, plate or buffer polarization, com-
pound fluorescence, fluorescence quenching due to various factors,
and instrument detector saturation. Probe-target (or compound-
target) interactions may also not fully mimic the native interactions,
in cases including labeled probes having altered affinity/binding
mode relative to unlabeled counterparts; using mutant enzymes in
place of active enzymes; multiple enzyme conformations; and
enzymes with multiple substrates. In addition, nonideal FP data
can result from steady-state FP measurements of systems that pos-
sess multiple fluorescence lifetimes and/or multiple rotational cor-
relation times and thus complex exponential decays, which may
only be accurately determined by time-resolved FP measurements.
Finally, because the FP assay signal window does not change signif-
icantly with the G factor and the starting polarization value is in
practice set arbitrarily, the standard S/B parameter no longer indi-
cates the robustness of the assay. For FP assays, the meaningful
statistical parameters are assay signal window (mP) and Z 0.

Fig. 7 Theoretical plots of competitive (▼), uncompetitive (∇), and
noncompetitive (α ¼ 1 (●), 3 (○) and 0.33 (■)) inhibitors. The receptor and
probe concentrations are 53.7 nM and 10 nM, respectively. The Kd for the probe
is 20 nM. The Ki for compounds in cases of competitive and uncompetitive
mechanisms is 100 nM, while the Ki values in cases of noncompetitive
mechanism are 100 and 100α nM
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3 Notes

1. Fluorescence polarization measurements on commercial fluo-
rescence plate readers follow one-photon excitation, which has
a maximum anisotropy of 0.4. Anisotropy values higher than
0.4 indicate misalignment in the instrument or the presence of
scattered light. Excitation with two photons or multiple
photons by picosecond or femtosecond laser sources uses dif-
ferent photo-selection processes, which can lead to a maximum
anisotropy greater than 0.4 [22].

2. The common practice is to set the instrument to 27 mP for
1 nM fluorescein and to subtract the background fluorescence
(buffer only) from the IS and IP values as the background
fluorescence is often polarized. I recommend adjusting the G
factor of the instrument such that the probe mP is between 50
and 100 mP instead. Empirical results have shown that a FP
assay signal window (probe bound minus probe free) does not
vary significantly with the G factor. A higher initial mP for the
probe can avoid situations in screens where polarization values
are close to zero or turn negative. When the assay fluorescence
intensity S/B is low (<20), background fluorescence due to
buffer should be subtracted from the IS and IP values during
calibration, and buffer only controls added to the assay plate.
There are some commercial FP assays that have a FLINT S/B
as low as 5. These assays are much more prone to larger CVs
when implemented in screens without designated buffer only
wells. If the probe concentration yields a fluorescence intensity
S/B > 50, background effects are minimized and background
subtraction is not required.

4 Summary

Fluorescence polarization is a powerful technique for the study of
biomolecular interactions in solution, and has been widely used in
biochemical high-throughput screens. This chapter reviewed three
representative steady-state FP applications and good practices in
the development and execution of FP-based HTS assays. After hits
are obtained from FP-basedHTS assays, a good practice is to always
confirm the hits in a secondary assay. For direct FP competition
binding assays, an orthogonal functional assay may be used. For FP
detection assays, a second functional assay that employs a different
detection method is recommended.
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Scientifiques et Industrielles XXII, 2–41

11. Lakowicz JR (1999) Introduction to Fluores-
cence. In: Lakowicz JR (ed) Principals of

fluorescence spectroscopy, 2nd edn. Kulwer Aca-
demic/Plenum Publishers, New York, NY,
pp 1–23

12. Cantor CR, Schimmel PR (1980) Biophysical
chemistry. Part II: Techniques for the study of
biological structure and function. W. H. Free-
man, Oxford, pp 454–465

13. Lakowicz JR (1999) Time-dependent anisot-
ropy decays. In: Lakowicz JR (ed) Principals of
fluorescence spectroscopy, 2nd edn. Kulwer
Academic/Plenum Publishers, New York, NY,
pp 321–345

14. Mackman N (2004) Role of tissue factor in
homeostasis, thrombosis and vascular develop-
ment. Arterioscler Thromb Vasc Biol
24:1015–1022

15. Shirk RA, Vlasuk GP (2007) Inhibitors of Fac-
tor VIIa/Tissue Factor. Arterioscler Thromb
Vasc Biol 27:1895–1900

16. Dennis MS, Eigenbrot C, Skelton NJ, Ultsch
MH, Santell L, Dwyer MA, O’Connell MP,
Lazarus RA (2000) Peptide exosite inhibitors
of factor VIIa as anticoagulants. Nature
404:465–470

17. Huang X (2003) Fluorescence polarization
competition assay: the range of resolvable
inhibitor potency is limited by the affinity of
the fluorescent ligand. J Biomol Screen
8:34–38

18. Huang X (2003) Equilibrium competition
binding assay: inhibition mechanism from a sin-
gle dose response. J Theor Biol 225:369–376

19. Turconi S, Shea K, Ashman S, Fantom K, Earn-
shaw DL, Bingham RP, Haupts UM, Brown
MJB, Pope A (2001) Real experiences of
uHTS: a prototypic 1536-well fluorescence
anisotropy-based uHTS screen and application
of well-level quality control procedures. J Bio-
mol Screen 6:275–290

FP-based HTS Assays 129



20. Wu G, Yuan Y, Hodge CN (2003) Determin-
ing appropriate substrate conversion for enzy-
matic assays in high-throughput screening.
J Biomol Screen 8:694–700

21. Unpublished results

22. Lakowicz JR, Gryczynski I, Gryczynski Z,
Danielsen E (1992) Time-resolved fluores-
cence intensity and anisotropy decays of 2,5-
diphenyloxazole by two-photon excitation and
frequency-domain fluorometry. J Phys Chem
96:3000–3006

130 Xinyi Huang and Ann Aulabaugh



Chapter 8

Time-Resolved Fluorescence Assays

Chen-Ting Ma and Eduard A. Sergienko

Abstract

Fluorescence-based detection techniques are popular in high throughput screening due to sensitivity and
cost-effectiveness. Four commonly used techniques exist, each with distinct characteristics. Fluorescence
intensity assays are the simplest to run, but suffer the most from signal interference. Fluorescence polariza-
tion assays show less interference from the compounds or the instrument, but require a design that results
in change of fluorophore-containing moiety size and usually have narrow assay signal window. Fluorescence
resonance energy transfer (FRET) is commonly used for detecting protein-protein interactions and is
constrained not by the sizes of binding partners, but rather by the distance between fluorophores. Time-
resolved fluorescence resonance energy transfer (TR-FRET), an advanced modification of FRET approach
utilizes special fluorophores with long-lived fluorescence and earns its place near the top of fluorescent
techniques list by its performance and robustness, characterized by larger assay window and minimized
compound spectral interference. TR-FRET technology can be applied in biochemical or cell-based in vitro
assays with ease. It is commonly used to detect modulation of protein-protein interactions and in detection
of products of biochemical reactions and cellular activities.

Key words TR-FRET, Time-resolved fluorescence resonance energy transfer, Protein-protein
interaction, Enzyme activity assay, Product detection

1 Introduction

In modern drug discovery, high throughput screening (HTS) of
hundreds of thousands of compounds occur routinely against
targets of interest, and an important aim has been to develop
HTS-ready assays that are inexpensive, simple, and robust, yielding
minimal false positives/negatives. Fluorescence-based techniques
are very popular among HTS assays due to ease of use and high
sensitivity. They encompass a large group of diverse approaches.
Fluorescence intensity assays rely on generation of fluorescent
molecular species (fluorophores) from nonfluorescent species
(known as fluorogenes) in the course of the assay. Fluorophores
absorb at excitation wavelength and then emit light at a higher
wavelength; the difference in wavelength or frequency between
excitation and emission spectra is known as Stokes shift.

William P. Janzen (ed.), High Throughput Screening: Methods and Protocols, Methods in Molecular Biology, vol. 1439,
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The minimal concentration of a fluorophore in the assay is defined
by it brightness; one needs to overcome stray light generated in the
detection instrument by light reflection, scattering, or bleed-
through between excitation and emission channels. The higher
the Stokes shift is the larger separation between the excitation and
emission channels could be achieved and, therefore, the smaller
potential effect of these optical artifacts would be. While still in
everyday use, fluorescence intensity assays are the most prone
among fluorescent assays to optical interference suffering from
signal interference by colored and fluorescent compounds, as well
as from instrument-generated noise, such as light scatter in the
emission channel or bleed-through from the excitation light.

Another popular HTS format is fluorescence polarization (FP)
that is typically utilized to assess binding in biological systems (see
Chapter 3). These assays are usually very inexpensive requiring only
a low-molecular weight fluorescently labeled tracer (e.g. small-
molecule ligand or peptide with molecular weight usually below
5 kDa) and a purified receptor, but require instruments with ability
to generate highly polarized light and to measure the intensity of
the polarized and depolarized lights. The signal obtained in the FP
assays is based upon the ratio of polarized and depolarized light
intensity values and correlates with the change in rotational speed
of the tracer molecular movement that in its turn correlates with
degree of its binding to the receptor molecule. A large difference in
molecular sizes between the tracer and the receptor are required to
generate a usable assay window. Therefore protein-protein interac-
tions, where both binding partners are of comparable size, cannot
be measured with this technique. In another common type of FP-
based applications, a fluorophore is modified during the course of
an assay to result in a significant size change of fluorophore-
containing molecule; the change in molecular weight is then
assessed through fluorescence polarization signal. Generation of
small molecule products, e.g., nucleotides or phosphorylated pep-
tides, could be assessed through the use of competition with a
fluorescently labeled analog of the product from its complex with
a large molecule, e.g., a specific antibody or a resin with affinity to
phosphate groups. As in any fluorescent assay, the brightness of
fluorophore that correlates with the efficiency of light absorption
and emission defines the concentrations of assay components;
the brighter the fluorophore is the lower the concentrations of
the tracer, and indirectly of the receptor as well, could be used
in the assay. Although FP assays are characterized with inherently
low signal to background ratios (S/B), they are able to compensate
for this apparent deficiency by relying on ratiometric readout that
overcomes minor instrument-associated noise and signal variations
generated by liquid dispense variations. At the same time, FP assays
commonly relying on low concentrations of fluorophores are
acutely sensitive toward compound optical interference and light
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scattering caused by precipitation/aggregation; hits identified in
FP assays commonly need reconfirmation in an orthogonal format,
e.g., another ratiometric assay modality, such as FRET or TR-
FRET.

Fluorescence resonance energy transfer (FRET) and time-
resolved fluorescence resonance energy transfer (TR-FRET) assays
offer an alternative homogenous format that accounts for and
largely bypasses background fluorescence from assay buffer and
reagents. The concept of the FRET assay, first introduced by
Förster in 1959, is based on the quantum phenomenon where a
fluorescent donor molecule absorbs light and instead of emitting
light, nonradiatively transfers energy to a proximal fluorescent
acceptor molecule with excitation frequency matching that of the
donor emission. In turn, the acceptor emits at a wavelength specific
to this fluorophore [1], and the signal measured in both acceptor
and donor emission channels is utilized to calculate FRET signal,
also referred to as FRET ratio. FRET signal normally does not
depend on the molecular weight of the fluorophores, as long as
the two fluorophores could come in close proximity. Distance
diminishes energy transfer efficiency to the sixth power, resulting
in working distances in the 10–100 Å range, making FRET an ideal
technique for intramolecular and intermolecular interactions [1].

FRET assays are usually based on common high-quantum yield
fluorophores such as small-molecule fluorescent dyes or fluorescent
proteins. Selection of fluorophores for pairing in a FRET assay is
guided by their spectral properties. The main requirement is that
emission spectrum of the donor fluorophore overlaps with the
excitation spectrum of the acceptor molecule. The degree of over-
lap is directly proportional to the resonance energy transfer that can
be achieved. At the same time, excitation spectra of the donor and
acceptor should be significantly different; a large overlap between
the excitation spectra will result in a larger fluorescence signal
component independent of the proximity distance between the
two moieties, i.e., the assay background signal. Most common
small-molecule fluorophores, such as derivatives of fluorescein,
rhodamine, or proprietary dyes as well as fluorescent proteins
have low Stokes shifts and very broad spectra resulting in high
background values and therefore, low signal to background ratio.

A modification of a FRET assay, sometimes referred to as
quenching resonance energy transfer (QRET), utilizes a quenching
molecule instead of an acceptor and can achieve slightly higher S/B
values than standard FRET assays. Due to the described drawbacks,
FRET assays are usually utilized as a last resort when no other
approaches are available; in most assays, transformation into a
TR-FRET format is possible and would commonly result in supe-
rior sensitivity and assay robustness.

Commercially available rare earth lanthanides such as Terbium
Tb3þ or Europium Eu3þ bound to a chelate or cryptate organic
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molecule are most common donors used in TR-FRET assays. They
provide bright fluorophores with lifetimes 1–2 ms, allowing for a
delay of 50–150 μs between the excitation and measurement of the
emission signal, thus the time-resolved part [2–4]. This delay
ensures that background fluorescence characterized with nsec and
μsec lifetimes is largely decayed. Another advantage over FRET
assays is lanthanide’s narrow peaks in fluorescence emission spectra
that provide basis for additional significant boost in S/B by selec-
tion of appropriate narrow-band excitation and emission filters.
Ratiometric readout of acceptor emission and donor emission can
minimize the impact of liquid-handler and plate reader errors by
normalizing fluorescence output against donor emission. In addi-
tion to calculating TR-FRET signal, fluorescence detected in the
donor emission channel is commonly used to detect compounds
that optically interfere with the assay, thus, reducing the false
positive rate [5].

TR-FRET assay has been in use for the last two decades, with
applications involving detection of protein and small-molecule
moieties, protein-protein interactions, assembly of cell-surface
receptors, enzymatic assays, as well as biomarker detection [1–6].
We exemplify in this chapter the assay development and optimiza-
tion process for TR-FRET assays detecting both protein-protein
interactions and determining enzyme activity (see Note 1). For the
former, we have chosen to illustrate the assay optimization process
for binding of SUMO to SUMO-Interaction-Motif (SIM) contain-
ing peptide [7–9], and cullin neddylation, specifically tailored to be
sensitive to Ubc12 enzyme activity, for the latter [10, 11].

2 Materials

Prepare all solutions using ultrapure water (prepared by purifying
deionized water to attain resistivity greater than 18.0 MΩ cm at
25 �C) and analytical grade reagents. Prepare all reagents at room
temperature and store as indicated. Diligently follow all waste
disposal regulations when disposing waste materials.

1. 1 M HEPES pH 7.5 and pH 7.8: Add 150 ml water to glass
beaker. Weigh 47.7 g HEPES and add to beaker. Dissolve
HEPES powder and pH to 7.5 or 7.8 in separate beakers with
concentrated NaOH. Add water to bring volume up to 200 ml.
Pass through 0.22 μm filtration unit. Store at 4 �C.

2. 1 M DTT: Add 7.5 ml water to glass beaker. Weigh 1.54 g
dithiothreitol (DTT) and add to beaker. Dissolve DTT powder
and add water to bring volume up to 10 ml. Do not use pH
meter. Pass through 0.22 μm filtration unit. Freeze in aliquots
and store at �20 �C.
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3. 10 % Tween 20: Add 9 ml water to 15 ml disposable conical
tube. Snip off the tip of 1 ml pipette tip and use the truncated
tip to transfer 1 ml of Tween 20 detergent to conical tube.
Aspirate and dispense several times to clear Tween 20 from the
tip. Pass the solution through a 0.22 μm syringe filter into a
new 15 ml conical tube. Store at 4 �C for no more than
2 months.

4. Tb-anti-GST and Tb-anti-FLAG: Store frozen aliquots at
�80 �C. Store thawed aliquot on ice and flash freeze the
remaining amount at end of assay day.

5. GST-SUMO3: Store frozen aliquots at �80 �C. Store thawed
aliquot on ice and flash-freeze the remaining amount at end of
assay day.

6. Fluorescein-peptide (f-S2): Sequence: Fluorescein-(carboxy-
aminohexanoic acid linker)-KGDVIDLTIE. Weigh 1 mg f-S2
powder and add to 1.6 ml Eppendorf tube. Add appropriate
amount of DMSO to resuspend at 1 mM concentration, and
mix by vortexing. Store at �80 �C in smaller aliquots. Store
thawed aliquot at room temperature and flash freeze the
remaining amount at end of assay day.

7. 3 M NaCl: Weigh 35.1 g NaCl and add to beaker. Dissolve
NaCl powder and add water to bring volume up to 200 ml.
Pass through 0.22 μm filtration unit. Store at 4 �C.

8. 0.5 M TCEP.

9. 1 M MgCl2: Add 75 ml water to glass beaker. Weigh 20.3 g
MgCl2 hexahydrate and add to beaker. Dissolve MgCl2 powder
and add water to bring volume up to 100 ml. Pass through
0.22 μm filtration unit. Store at 4 �C.

10. Ubc12.

11. Fluorescein-labeled Nedd8 (fluo-Nedd8).

12. His-tagged NAE1: (recombinant expression) E1-enzyme for
neddylation cascade.

13. FLAG-tagged SCF (FLAG-SCF): (recombinant expression)
Cullin complex.

14. SUMO-SIM Assay Buffer: Mix 600 μl of 1 MHEPES, pH 7.5,
12 μl of 1 M DTT solution, 6 μl of 10 % Tween 20 solution,
and 11.38ml water in a 15ml disposable conical tube, followed
by thorough mixing by vortexing or serological pipette. Pre-
pare this Assay Buffer fresh for every assay day.

15. 4 nMTb-anti-GST solution: Dilute 2.2 μl of 3700 nMTb-anti-
GST solution in 2 ml Assay Buffer in 2 ml Eppendorf tube. Mix
by pipetting.

16. 40 nM diluted GST-SUMO3: Dilute 2.7 μl of 14.6 μM GST-
SUMO3 solution in 1000 μl Assay Buffer in a 1.6 ml Eppen-
dorf tube. Mix by pipetting.
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17. Cullin neddylation Assay Buffer: Mix 300 μl of 1 M HEPES,
pH 7.8, 200 μl of 3 M NaCl solution, 12 μl of 1 M MgCl2
solution, 24 μl of 0.5 M TCEP solution, 6 μl of 10 % Tween 20
solution, and 11.46 ml water in a 15 ml disposable conical
tube, followed by thorough mixing by vortexing or serological
pipette. Prepare this Assay Buffer fresh for every assay day.

18. 2 nMTb-anti-FLAG and 20 nMUbc12mixed solution: Dilute
10.3 μl of 171 nM Tb-anti-FLAG solution and 11.3 μl of
3120 nM Ubc12 solution in 859 μl of Assay Buffer.

19. 1 μM diluted FLAG-SCF solution: Dilute 2.2 μl of 215 μM
FLAG-SCF solution in 237.8 μl of Tb-anti-FLAG/Ubc12
mixed solution.

20. 5 mM ATP solution: Dilute 110 μl of 40 mM ATP solution in
770 μl of Assay Buffer.

21. Activated NAE1 is prepared by preincubation of NAE with
Nedd8 and ATP. The solution contains 2 μM NAE1, 4 μM
fluo-Nedd8 and 5 mM ATP. Dilute 1.2 μl of 790 μM fluo-
Nedd8 solution and 24 μl of 20 μMNAE1 solution in 215 μl of
5 mM ATP solution.

22. 1536-well white polystyrene, HiBase, flat-bottom, square well
assay plate.

23. Agilent Bravo Automated Liquid Handling Platform.

24. P30 and P10 pipette tips in 384-well racks.

25. 384-well, deepwell, polypropylene plate.

26. VIAFLO electronic multichannel pipette.

27. PHERAstar plate reader or other TR-FRET compatible reader.

3 Methods

Carry out all procedures at room temperature unless otherwise
specified.

3.1 SUMO to SIM

Containing Peptide

Protein-Protein

Interaction Screen

1. Transfer 18 μl of 4 nM Tb-anti-GST solution to eight adjacent
wells each in two adjacent columns in a new 384-well interme-
diate polypropylene plate (see Note 2).

2. Transfer 11 μl of 40 nM diluted GST-SUMO3 to eight adja-
cent wells in a column in a new 384-well intermediate polypro-
pylene plate. Prepare parallel column without GST-SUMO3,
i.e., only containing 11 μl of Assay Buffer.

3. Prepare 36 μM diluted f-S2 peptide solution by diluting 3.6 μl
of 1 mM f-S2 stock in 96.4 μl Assay Buffer in well A1 of new
intermediate 384-well polypropylene plate. Perform threefold
serial dilutions to reach the following concentrations: 9, 3, 1,
0.33, 0.11, 0.037, 0.012, and 0 μM. If twofold serial dilutions
were performed, more concentrations and wells should be
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tested to achieve the same approximate range of concentra-
tions. Take half of the volume of all the wells with VIAFLO
multichannel electronic pipettor and transfer to adjacent col-
umn. Wrap the intermediate plate, plus lid, in aluminum foil to
avoid photo-bleaching.

4. Spin down the f-S2 peptide, the GST-SUMO3, and the Tb-
anti-GST intermediate plates at 182 � g for 1 min. Use the
Bravo liquid handler and two columns of unused P30 tips
to aspirate 13 μl from the Tb-anti-GST plate and dispense
3 μl into quadruplicate wells in the 1536-well assay plate
(see Note 3). With new P10 tips, aspirate 7 μl from the GST-
SUMO3 plate and dispense 1.5 μl into quadruplicate wells in
the 1536-well assay plate.

Spin down the lidded assay plate. Incubate for 60 min.

5. With new P10 tips, aspirate 7 μl from the f-S2 plate and
dispense 1.5 μl into quadruplicate wells in the 1536-well assay
plate. Spin down the lidded assay plate. Incubate for 60 more
minutes.

6. Read immediately on the PHERAstar plate reader with TR-
FRET optical module (ex337/em520/em490) with delay of
100 μs and integration time of 200 μs. Seal the plate to prevent
evaporation if additional reads at later times are desired.

7. Start the data analysis by plotting ratiometric data (FI 520/FI
490) of acceptor and donor channels. Perform background
subtraction by subtracting no-GST-SUMO3 control data
from GST-SUMO3 data for each f-S2 concentration
(Fig. 1a). Fit the background-subtracted data to the Hill equa-
tion. If the Hill coefficient is 1 � 0.2, use Michaelis-Menten
equation instead. Remember to include a constant offset term
in the equation if background subtraction does not move the
starting data point to a corrected TR-FRET ratio of nearly 0.

8. Continue data analysis by calculating S/B for every f-S2 con-
centration. This is done by dividing the ratiometric data of
GST-SUMO3-containing sample data by no-GST-SUMO3
sample data. Most successful TR-FRET assays require an
assay window or S/B of 2.0 or higher (Fig. 1b). The f-S2
concentration with highest S/B should be chosen for
subsequent assays and optimizations, in this case 1 μM was
chosen. This concentration is usually within twofold of the
EC50 value calculated in step 7.

9. Repeat steps 2 through 8 for the titration of Tb-anti-GST
while holding f-S2 at 1 μM (shown in Fig. 1b) (see Note 4).
(Optional) Repeat steps 2 through 8 for titration of GST-
SUMO3 while holding f-S2 at 1 μM and Tb-anti-GST at
optimal concentration. While anti-GST antibodies usually
show high picomolar affinity, Tb-anti-His would require
more His-SUMO3 due to poorer binding affinity.
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Fig. 1 (a) Sample titration of fluorescent peptide. Changes in ratiometric TR-FRET signal, with multiplier of
10,000 applied, are plotted against fluorescein-S2 peptide concentration. No-enzyme background (~) is
subtracted from GST-SUMO3 signal (●), and the background-subtracted value (■) is fitted to Hill equation.
Assay window is 22,000 � 1100, Hill coefficient 0.98 � 0.057, and EC50 2300 � 290 nM. (b) Sample
Signal/Background plot. GST-SUMO3 signal is divided by no-enzyme background to yield Signal/Background
(S/B) ratio, presented in line plot. Maximum value is observed at 1 μM of f-S2 peptide.
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3.2 Cullin

Neddylation Enzymatic

Assay

1. Transfer all 240 μl of 1 μM diluted FLAG-SCF solution to well
A1 of new intermediate polypropylene plate and perform two-
fold serial dilutions of 120 μl horizontally (A2, A3, etc.) to
achieve 2, 1, 0.5, 0.25, 0.125, 0.0625, 0.03125, and 0 μM
FLAG-SCF, using Tb-anti-FLAG/Ubc12 mixed solution to
achieve constant Tb-anti-FLAG and Ubc12 concentrations.
Then populate the seven rows beneath the first row with
14 μl of each SCF concentration so that a matrix of 8 � 8 is
available. Wait 60 min with foil wrap to prevent photo-
bleaching. This is the SCF plate.

2. Transfer all 240 μl of the activated NAE1 solution to well A1 of
a new intermediate polypropylene plate and perform twofold
serial dilutions of 120 μl vertically (B1, C1, etc.) to achieve 4, 2,
1, 0.5, 0.25, 0.125, 0.06125, 0 μM fluo-Nedd8, using 5 mM
ATP solution to achieve constant ATP concentration. Then
populate the seven columns to the right of the first column
with 14 μl of each fluo-Nedd8 concentration so that a matrix of
8 � 8 is available. Wait 60 min with foil wrap to prevent photo-
bleaching. This is the fluo-Nedd8 plate (see Note 5).

3. Spin down the fluo-Nedd8 and the SCF intermediate plates at
182 � g for 1 min. Use Bravo liquid handler and eight col-
umns of unused P10 tips to aspirate 9 μl from the fluo-Nedd8
plate and dispense 2 μl into quadruplicate wells in the 1536-
well assay plate. Repeat with the SCF plate (see Note 6). Spin
down the lidded assay plate.

4. Immediately after spin, read on the PHERAstar plate reader
with TR-FRET optical module (ex337/em520/em490) with
delay of 100 μs and integration time of 200 μs. Use kinetic
mode with 5 min intervals and 120 min total time course.

5. Start the data analysis by plotting ratiometric data (FI 520/FI
490) of acceptor and donor channels. Look for linear regions of
the progress curve, in this case closer to 1 h, and calculate the
slope for each well. This is proportional to the enzymatic
steady-state rate and can be used directly without converting
to specific activity or turnover number. Plot fluo-Nedd8 on the
x-axis. Perform background subtraction by subtracting no-SCF
control data from all other data for each fluo-Nedd8 concen-
tration and fit the data to Hill equation (Fig. 2a). If Hill
coefficient is 1 � 0.2, a simple Michaelis-Menten equation
would be sufficient. If too much of the protein binding to the
Terbium donor is added, in this case FLAG-SCF complex, the
“hook effect” may be observed (see Note 7), represented by a
negative linear slope in the plotting equation (Fig. 2b). Choose
optimal SCF and fluo-Nedd8 concentrations based on assay
window and relative EC50 values (see Note 8).
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Fig. 2 (a) Sample matrix titration of fluo-Nedd8 and cullin complex (FLAG-SCF). Enzymatic rate in terms of
ratiometric TR-FRET signal change per unit time, with multiplier of 10,000 applied, are plotted against fluo-
Nedd8 concentration. No-SCF background is already subtracted from all data sets, and the background-
subtracted value is fitted to Hill equation. Only the 125 nM SCF dataset is shown. Assay window is 37 � 5.9,



6. Repeat steps 2 through 5 for titration of Tb-anti-FLAG and
NAE1 while holding FLAG-SCF at 125 nM and fluo-Nedd8 at
180 nM (shown in Fig. 2a, b) (see Note 8).

4 Notes

1. Many examples of binding assays exploring protein-protein
interactions through TR-FRET detection can be found in the
PubChem Bioassay section (PubChem AIDs 602429, 631,
2152, etc.). There are also many examples of enzymatic assays
utilizing TR-FRET detection of substrate disappearance or
product formation in the PubChem Bioassay section (Pub-
Chem AIDs 485273, 651699, 588664, etc.).

2. If there are unused wells remaining after dilution, intermediate
plates and assay plates can be reused. One or two empty col-
umns should serve as a sufficient spacer to reduce cross-
contamination.

3. The 4� GST-SUMO solution, the 2� Tb-anti-GST solution,
and the 4� f-S2 solution are mixed and thus diluted, so the final
concentrations of protein and peptide reagents in the assay well
are less than the concentrations described in Subheading 3.

4. Sometimes, lanthanide labeling efficiency of the anti-GST/
His-label antibody can vary and excessive donor antibody may
result in higher background values. Thus, the optimal amount
of the antibody should be determined experimentally; it could
be less than 2 nM final concentration.

5. Although, NAE1 concentration is halved each time a serial
dilution occurs; the high ATP and NAE1 concentrations, and
the pre-incubation will pre-load NAE1 with fluo-Nedd8 in the
first 1-2 min after mixing. The rate-determining step of the
overall reaction is controlled by the E2 enzyme Ubc12.

6. The 2� fluo-Nedd8 solution and the 2� SCF solution are
mixed and thus diluted, so the final concentrations of protein
and peptide reagents in the assay well are ½ the concentrations
described in Subheading 3.

7. See PerkinElmer online resource guide for detailed explanation of
the Hook effect: http://www.perkinelmer.com/hk/Resources/
TechnicalResources/ApplicationSupportKnowledgebase/Alpha
LISA-AlphaScreen-no-washassays/hook-effect.xhtml

�

Fig. 2 (continued) Hill coefficient 0.77 � 0.27, and EC50 88 � 41 nM. (b) Sample Matrix Titration focusing
on SCF. Enzymatic rate in terms of ratiometric TR-FRET signal change per unit time, with multiplier of 10,000
applied, are plotted against FLAG-SCF concentration. The dataset is fitted to Michaelis-Menten equation with
negative slope for donor dilution effects. Only the 250 nM fluo-Nedd8 dataset is shown. Assay window is
44 � 0.008; slope is �0.021 � 0.00072; and EC50 is 55 � 0.27 nM
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8. No more than 10 % of the substrate should be consumed to
maintain steady-state condition. Thus, when the assay window
is too small, for example at time ¼ 0 and the end of the linear
region of progress curve, an increase in the lowest substrate
concentration within the assay would allow more product con-
version and thus a larger assay window. Usually, the EC50 or
Km is chosen as the appropriate concentration for substrate
concentration in enzymatic activity assays, but twofold EC50
is also acceptable for maximizing the enzymatic rate or assay
window. Take into consideration that the EC50 for one
substrate may change with the concentration of the second
substrate.
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Chapter 9

Protein Kinase Selectivity Profiling Using Microfluid
Mobility Shift Assays

Peter Drueckes

Abstract

Biochemical selectivity profiling is an integral part of early drug development. Typically compounds from
optimization phase are regularly tested for off-target activities within or across target families. This article
presents workflow and critical aspects of biochemical protein kinase profiling based on microfluidic mobility
shift assays.

Key words Kinase, Selectivity profiling, Microfluidic mobility shift assay, Compound preparation

1 Introduction

Protein kinases belong to the most important families of pharma-
ceutical targets. However, it took several scientific break-through,
from the discovery of protein phosphorylation as regulatory mech-
anism [1, 2], to become a highly investigated class of drug targets.
Despite initial doubts about the general “druggability” of this
target class [3], several inhibitors had been described [4] and
helped to better understand the roles and functions of kinases.
Finally, the clinical success and subsequent approval of Gleevec
(imatinib) in 2001 demonstrated protein kinases as valid drug
targets. By now, 28 small-molecule protein kinase inhibitors have
been approved by the FDA and many more have entered clinical
studies [3, 5].

One hallmark of protein kinases as target family is that they
share a highly conserved binding site for ATP. While this provides a
well-defined pocket that can be targeted and explored by medicinal
chemistry, the high degree of structural similarity between different
family members also raises concerns about the selectivity of inhibi-
tors and thus, the safety of drug candidates. This question is
addressed throughout the development of kinase inhibitors and
starts early in the drug development process, typically by testing
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candidate compounds in panels of biochemical kinase assays. The
size, composition, and assay technology of this selectivity testing
can vary largely depending on the purpose, resources available, and
stage in drug discovery. Many of these assays are also available as
service by CROs, offering additional options and flexibility for
groups with limited internal resources [6].

Biochemical kinase profiling became a quasi-standard within
the pharmaceutical industry. Still, it needs to be clear that, as it is
only one part of integrated drug discovery efforts, the value of
profiling data has to be seen in the context of other information,
such as data from cellular assays and pharmacokinetics.

Hand in hand with the growing interest in protein kinases, the
number and variety of available tools and assay technologies to
study kinases have increased. To provide a comprehensive overview
of the available methods is out of scope for this article. However,
several excellent reviews have been published on the topic [7, 8].

While, most available assay technologies can be used for
profiling, some technologies are better suited for profiling, depend-
ing on assay conditions and reagent or reader requirements.
Profiling usually involves parallel testing the same compounds in
several assays, typically using different kinases. The objective for
running those assays is to provide data that are able to guide the
medicinal chemistry efforts by predicting cellular potency and
selectivity. While it is not possible to simulate the full complexity
of a cellular environment in single biochemical readouts, relevant
cellular assays can be used as guidance during assay development
and optimization.

Features expected from any assay technology and particularly
required for profiling are robustness and flexibility with regard to
assay conditions. Profiling assays can run for extended periods and
are expected to deliver comparable results over time. For monitor-
ing purpose, it is recommended to run reference compounds for
each assay to control plate-to-plate variability and trends over time.
Setting up kinase panels for compound profiling requires sufficient
flexibility with regard to the assay conditions to allow biologically
relevant assays and at the same time keep overall similar and defined
conditions that allow comparison and interpretation of the results
from different assays. Therefore, the number of specific reagents
needed for individual assays (e.g., antibodies) should be minimized.
A much discussed topic is the choice of the ATP concentration. A
widely applied approach is to adjust the ATP concentration in each
assay to the individual apparent KM of the enzyme under the
chosen conditions. This leads to standardized assay sensitivity
toward inhibitors across all assays. Alternatively, the preference
maybe to run all assays at rather high ATP concentrations in order
to simulate competition closer to the estimated ATP concentration
in cells. However, some assay technologies have limitations with
regard to the tolerated ATP concentration.
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Different preferences and different prerequisites lead to differ-
ent compromises and setups, and the chosen conditions must be
taken into account when interpreting the results.

Aspects of kinase profiling not covered in the article are for
example potency and selectivity assessment with regard to different
kinase conformations, as well as “kinetic profiling” also looking at
on- and off-rates of inhibitors [3, 9, 10].

We have chosen to use a microfluidic mobility shift technology,
originally developed by Caliper technologies [11] (now part of
PerkinElmer). Two types of readers are available in our profiling
laboratory: the LC3000, a stand-alone reader with plate stackers
and environmental controls, and the EZ-reader II, a smaller desk-
top instrument for single plates integrated in small lab automation
systems.

The basic assay principle of this technology is based on the
separation of phosphorylated and unphosphorylated peptides in
an electric field due to their charge difference (more precisely
charge over mass z/m difference) introduced by the kinase. Typi-
cally, kinase reactions are performed in regular 384 well micro-
plates. This can be done with multiple plates on any automated
liquid handling system. Kinase reactions are stopped and trans-
ferred to the reader (endpoint determination), or run continuously
with the plate in the reader and repeated sampling (kinetic mode).
The separation and detection are done in a microfluidic chip with
4 or 12 sippers (Fig. 1). For sampling, the plate is placed under-
neath the chip and lifted up until the sippers are submerged in
the assay solution in the plate wells. A small volume (in the nano-
liter range) is taken up by the sippers and transported into the flow
cell of the chip. The transport and separation of molecules of

Fig. 1 Image of a 12-sipper Labchip
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different z/m ratios is achieved by a combination of continuous
flow and electric field. The peptides used for kinase assays typically
carry a fluorescent tag and their migration is monitored by laser
excitation. For each well, the intensities of product peak (phospho
peptide) and substrate peak (unphosphorylated peptide) are
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Fig. 2 (a) Illustration of flow, separation, and detection of fluorescently labeled peptides in a microfluidic
channel. Peptide substrates (blue) carrying a fluorescent label (yellow) are transported through the microfluidic
system by constant flow. An electric field is applied to one part of the capillaries separating molecules with
different charge/mass ratios, e.g., phosphorylated vs. unphosphorylated peptides. Each peptide is detected by
laser- or LED-induced fluorescence. (b) Image of the detection output of repeated sampling from a kinase
reaction (kinetic mode) showing the increase of the product peak (left peak) and decrease of the substrate
peak (right peak)
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determined. The turnover of the enzymatic kinase reaction is
expressed as product-sum ratio (p/(p þ s)) (Fig. 2a, b) [12].

We found the microfluidic mobility shift technology well suited
for large-scale profiling of kinase inhibitors. The main advantages of
the used method are the robustness of this assay, achieved by the
separation and ratiometric quantitation of product and substrate,
the fact that no further reagents are needed and the possibility of
running continuous kinetic measurements. On the other hand, one
drawback of the method is the limitation to peptide substrates that
may not be available or feasible for each kinase.

Larger data sets as generated from testing many compounds
across broad kinase panels can be visualized as so called “heat
maps.” Assay data are organized in tables assay ID vs. compound
ID with color coded potency data. This visualization supports, e.g.,
the identification of specific (A) vs. promiscuous inhibitors (B)
(Fig. 3).

Continued running of compounds across enzymatic panels
under defined assay conditions quickly generates consistent, large
data sets that can serve as valuable source for data mining. Several
groups have published in-silico approaches trying to identify gen-
eral principles for the explanation and better prediction of kinase
inhibitor selectivity [13–15].

Fig. 3 Example for a heat map visualization showing examples for specific inhibitors (a) and promiscuous
inhibitors (b). IC50 values representing high potency are colored in red, IC50 values representing low or no
potency and colored in green
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2 Materials

1. Kinases: Many kinases can be obtained from commercial
sources. They can carry tags for affinity purification, however,
it is preferred to use proteins with cleaved tags in order to avoid
potential interference with, e.g., activity or activation. Some
kinases with special features, e.g., a defined phosphorylation
state were prepared in-house.

2. Substrates: Substrate peptides were usually ordered as custom
synthesis from external vendors with either Fluorescein isothio-
cyanate (FITC) or 5-Carboxyfluorescein (5FAM) dye, joined
via an aminohexanoic (Ahx) linker to the N- or C-terminus of
the peptide. Some substrates may require additional modifica-
tions, such as phospho-amino acids for “pre-phosphorylation.”
Peptides containing cysteine or methionine are sensitive to
oxidation and therefore impurities. Those amino acids may be
substituted on a case by case basis, if no impact on biological
activity is apparent (see Notes 1–3).

3. Compounds: Compounds were usually received as 10 mM
stock solutions in DMSO. Test solutions were prepared by
serial dilutions of the stocks in 90 % DMSO to cover the
desired concentration range (see Note 4). Compounds were
typically tested as 8-point dilutions with 10 μM as highest
tested concentration. 50 nl of the prediluted compound solu-
tions were transferred to the corresponding wells of the empty
assay plate prior to addition of assay solutions using an Echo
555 (Labcyte).

4. Assay buffer: 50 mM HEPES, pH 7.5, 1 mM DTT, 0.02 %
Tween 20, 0.02 % BSA, 10 mM beta-glycerophosphate, 10 μM
sodium orthovanadate. The concentrations for the kinase, ATP,
and peptide substrate, as well as for MgCl2 and MnCl2 were
adjusted to conditions optimal for the individual kinase. ATP
concentrations were adjusted to the apparent KM for ATP for
the respective kinase. Assay concentrations for the peptide
substrate were adjusted to the apparent KM for the substrate
peptide for the respective kinase if lower than 2 μM or set to
2 μM as the maximal arbitrary concentrations.

5. 2� enzyme mix: 2� assay concentration of kinase in 50 mM
HEPES, pH 7.5, 1 mM DTT, 0.02 % Tween 20, 0.02 % BSA,
10 mM beta-glycerophosphate, 10 μM sodium orthovanadate.

6. 2� substrate mix: 2� assay concentration of peptide, ATP, and
MgCl2/MnCl2 in 50 mM HEPES, pH 7.5, 1 mM DTT,
0.02 % Tween 20, 0.02 % BSA, 10mMbeta-glycerophosphate,
10 μM sodium orthovanadate.
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7. Stop buffer: 100 mM HEPES pH 7.5, 5 % DMSO, 10 mM
EDTA, and 0.015 % Brij 35.

8. Run Buffer: 100 mM HEPES pH 7.5, 5 % DMSO, 10 mM
EDTA, and 0.015 % Brij 35, 0.1 % PerkinElmer coating
reagent CR-3, 50 μM PerkinElmer coating reagent CR-8.
Typically, 200 ml of running buffer was prepared and supplied
in the appropriate reservoir of the reader for circulation in the
chip and system.

9. Wash Buffer: 0.001 % Pluronic F68 and 10 % Isopropanol in
Milli-Q water.

10. Plates: Assays are performed in black low volume 384 well
plates. Compound dilutions were done in V-bottom 96-well
polypropylene plates. 384-well polypropylene plates were used
for compound master plates.

11. Reader and chips: Plates with terminated kinase reactions were
read in either a Labchip 3000 system or in an EZ-reader II.
Both instruments were loaded with a Labchip 12-sipper chip
allowing the analysis of 12 samples in parallel. Individual
separation protocols were developed for each substrate peptide
and optimized for the best combination of peak resolution and
reading time (see Notes 1–3).

12. Automation: All assays and protocols can be done also
manually; however, the majority of profiling assays are done
on automated liquid handling systems. A typical setup consists
of a 16-channel Nanodrop express (Innovadyne) for contact-
free reagent dispensing, an incubator STX40ICBT (Liconic
Instruments), and a Twister II robotic arm (Perkin Elmer).

3 Methods

1. Compound Preparation: All containers used for handling com-
pounds including matrix tubes and plates were barcoded and
registered in internal databases to allow status tracking at any
time. Compounds were typically received as 10 mM stock
solutions in 100 % DMSO in 1.4 ml Matrix tubes. Tubes
were stored at 2 �C or at �20 �C for longer storage.

(a) Pre-dilution plates: Four 96-well polypropylene plates
were used to prepare serial dilutions of the test com-
pounds. Each plate contained ten test compounds on the
plate positions A1-A10, one standard compound at A11,
and one DMSO control at A12. Rows B to Hwere used to
prepare serial dilutions of the test compounds in 90 %
(v/v) DMSO, by applying either a semi-log or 1:5 dilu-
tion depending on the desired concentration range.
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(b) Master plates: 100 μl of all individual compound solutions
including standard compound and controls of the 4
“pre-dilution plates” were transferred into one 384
“master plate.” The final layout of the plate contains 8-
point serial dilutions for 40 test compounds in the col-
umns 1–20, four 8-point serial dilutions reference com-
pounds in the columns 21 and 22, and DMSO controls in
the columns 23 and 24. The DMSO controls in the last
two columns are used for high and low controls of the
assay.

(c) Assay plates: Identical “assay plates” were prepared by
dispensing 50 nl of compound solutions from the “master
plates” into empty 384-well “assay plates” with an Echo
555 workstation. Other volumes may be dispensed for
different concentration ranges. Typically, one assay plate
is prepared for each enzyme/assay in the panel and one
kinase is run per plate. Assay plates with pre-dispensed
compound solutions are considered “ready-to-use,” how-
ever, can be stored over night at 4 �C if sealed or lidded.
Each plate is used for one kinase assay.

2. Manual Assays: The manual procedure is used for assay devel-
opment and small campaigns with a limited number of targets.
Pipetting steps are performed manually with electronic hand
pipettes. Incubations for endpoint determinations were per-
formed in an incubator at 30 �C and plates subsequently trans-
ferred to a PerkinElmer LC3000 for reading. For kinetic
measurements, plates were incubated in the PerkinElmer
LC3000 workstation. Kinase reactions were prepared in 384
standard volume plates by the following sequence:

(a) 0.1 μl Compound.

(b) 9 μl 2� peptide/ATP solution.

(c) 9 μl 2� enzyme solution.

(d) Incubate for 60 min at 30 �C.

(e) 70 μl stop/run buffer.

3. Automated Assays: The automated procedure is used for in-
vitro kinase panel profiling with higher throughput. Compared
to the manual procedure, the pipetting volumes were reduced
by 50 % or modified according to automation requirements.
Incubation time and temperature were kept identical. Liquid
handling and incubation steps were done on a PerkinElmer
Staccato workstation equipped with an Innovadyne Nanodrop
Express. Between pipetting steps, tips were cleaned in wash
cycles using wash buffer. Plates with terminated kinase reac-
tions were transferred to the PerkinElmer LC3000
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workstations for reading. Kinase reactions were prepared in
384 low volume plates by the following sequence:

(a) 0.05 μl Compound.

(b) þ4.5 μl 2� peptide/ATP solution.

(c) þ4.5 μl 2� enzyme solution.

(d) Incubate for 60 min at 30 �C.

(e) þ16 μl stop/run buffer.

4. Assay Development: A typical assay development consists of
several steps and helps to define and optimize assay parameters
such as enzyme concentration, substrate concentrations for
ATP and peptide, and buffer composition. For automated
testing of compound solutions, it is also advisable to test for
DMSO tolerance and protein stability over time. Some assay
parameters are kept constant, if possible, for reasons of auto-
mation and comparability. In our setup, those are for example,
reaction time and temperature, buffer pH, detergent. It
should, however, always be kept in mind that compromising
on important biological parameters should be avoided in order
to maintain biological relevance.

Except for the titration of Mg/Mn, all assays during assay
development are typically done manually in kinetic mode. This
ensures the linearity of the reaction and is particularly relevant
with regard to stability and Michaelis-Menten kinetics.

(a) Enzyme Titration: To determine the necessary enzyme
concentration for further experiments, a serial dilution of
the kinase is done in a standard buffer containing 0.5 mM
ATP and 10 mM MgCl2. This is usually done as manual
assay in kinetic mode. The aim is to use the lowest possible
enzyme concentration as it determines the theoretical
sensitivity of the assay. A reasonable starting point for
further experiments is the enzyme concentration achiev-
ing 10–20 % turnover in 60 min.

(b) Mg/Mn Titration: Protein kinases depend on the
presence on bivalent cations for the coordination of ATP.
Therefore, kinase assays usually contain either Mg2þ or
Mn2þ or a mixture of both. The best concentration for a
given kinase is determined by running assays with a
2-dimensional dilution of MgCl2 vs. MnCl2 at 0–10 mM
(Fig. 4). Whenever possible, the preference should be
given to MgCl2 alone for physiological reasons.

(c) KMDeterminations: Once the final buffer conditions have
been defined, the apparent Michaelis-Menten constants
for the substrates are determined under those conditions.
First, a twofold serial dilution of ATP is tested at 2 μM
constant peptide concentration and the ATP concentration
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is determined leading to half-maximal activity. Second, a
twofold serial dilution of the peptide is tested at the previ-
ously determined KM for ATP. Both titrations are done in
kinetic mode to ensure the linearity of kinase reaction over
time under the chosen conditions (Fig. 5). It should be
noted that the analysis of the peptide titration is more
difficult, since using variable concentrations of the labeled
peptide leads also to variable peak sizes for substrate and
product in the detection.

(d) DMSO Sensitivity: Once the assay conditions have been
defined, the kinase reaction is tested under increasing
concentration of DMSO (Fig. 6). This test is again per-
formed in kinetic mode, to ensure that the enzyme reac-
tion is stable over time at the desired DMSO
concentration. A high sensitivity of an assay to DMSO
can limit the maximal compound concentration that can
be tested.

5. Data Analysis.

(a) Kinetic Data: Product-sum-ratios from different time
points were exported from the reader software and
imported to GraphPad Prism (Version 6.04; GraphPad
software). Kinetics for, e.g., different enzyme or substrate
concentrations were analyzed by linear regression.
Obtained slopes are used as read-out for enzyme activity.
Apparent KM values for substrates were determined by
plotting slopes vs. substrate concentration and analyzed
in GraphPad Prism by nonlinear regression using the
equation (Eq. 1):

Fig. 4 Two-dimensional Titration of MgCl2 vs. MnCl2. Increasing concentrations of MgCl2 and MnCl2 and
pipetted into the columns and rows of a 384-well micro plate generating mixtures of different Mg/Mn ratios.
Buffer, ATP, peptide substrate, and kinase are added to start the kinase reaction. After 60 min incubation at
30 �C, the reactions are stopped and the plate analyzed in the reader. Enzymatic activity at the respective
conditions is shown as percent turnover
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V ¼ Vmaxñ S½ �= S½ � þKMð Þ ð1Þ

(b) IC50 determination of kinase inhibitors: Product-sum-
ratios from endpoint determinations were exported from

Fig. 5 Example for the determination of the apparent KM values for ATP and peptide. Upper panel shows the
linear kinetics of kinase reactions at different substrate concentrations (left: ATP, right: peptide). The lower
panel shows the nonlinear fitting of the resulting slopes and the resulting KM values

Fig. 6 Example for the determination of the DMSO sensitivity. Different DMSO concentrations are tested in
kinetic mode and the slopes are determined. %Activity at different DMSO concentrations is calculated relative
to 0% DMSO set to 100% Activity
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the reader software and converted to percent inhibition
using the high and low controls as reference (Eq. 2).

%inh ¼ �100� PSRsample � PSRLC

� �
= PSRHC � PSRLCð Þ ð2Þ

PSR: product-sum ratio p/(p þ s).

LC: low control.

HC: high control.

IC50 values were calculated, using the standard Novartis
in-house assay data analysis software (Helios software
application, Novartis Institutes for BioMedical Research,
unpublished) using the methods described by Normolle,
Formenko et al., Sebaugh, Kelly et al., and Kahm et al.
[16–20] (see Notes 5 and 6).

c. Assay quality and consistency was monitored by calculat-
ing Z 0 as plate-based quality parameter [21] and reference
inhibitors on each plate (Fig. 7a, b) (seeNote 7). Z 0 values
were calculated according to Eq. 3:

Z 0 ¼ 1� 3� SDHC þ SDLCð Þ= MEANHC �MEANLCð Þð Þ ð3Þ

SD: standard deviation.

MEAN: arithmetic mean.

LC: low control.

HC: high control.

Fig. 7 Example for QC monitoring of assay plates from one kinase assay. The data are taken from a period of
about 4 months. Panel (a) shows IC50 values of the reference compound staurosporine across several assay
plates. Panel (b) shows the Z 0-values for the same plates
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4 Notes

1. It is advisable to order the labeled substrate peptides HPLC
purified at the highest possible purity, e.g., �90 %. Problems
can arise, if even small contaminants of 10 % or less that also
carry the fluorescent label co-migrate with the product peak. If
it is not possible to separate those two peaks by adapting the
separation conditions, this will have a negative impact on the
minimal turnover, necessary for robust determination of the
product peak.

2. Since the separation of substrate and product (unphosphory-
lated vs. phosphorylated peptide) is controlled by the z/m
ratio, size and net charge of the substrate peptides should be
considered during substrate design. Smaller peptides are pref-
erable over large ones and good net-charges for the substrate
are close to plus one or zero.

3. Multiple phosphorylation sites should be avoided, since this
could lead to more than one substrate peak and interfere with
the analysis.

4. Compound preparation has a big impact on assay quality. It is
recommended to perform all compound dilutions in 90–100 %
DMSO in order to avoid precipitations in intermediate
DMSO/water mixtures. Dispensing of compounds directly
from DMSO solutions might require low-volume dispensing
technologies, such as the Labcyte Echo or the Hamilton Hum-
mingbird, to keep the final DMSO concentration within the
determined DMSO tolerance of the assay. 100 % DMSO solu-
tions are prone to water uptake and require additional measures
such as environmental controls or lidded containers. Use of
90 % DMSO limits further uptake of water and provides a
stable condition for compound dilutions.

5. The specific details of all assays are captured in an in-house assay
registration database, linking the reported results to the applied
assay conditions and allowing a better interpretation and
understanding of the data.

6. Single point vs. IC50: Since potencies of individual inhibitors
often vary between different kinases, compounds are usually
tested as dose-responses (yielding IC50 values for each com-
pound) to allow better comparison than percent inhibition at a
single concentration (Fig. 8). For large sets of compounds, it
can be more economically to pretest at a single concentration
(e.g., 10 μM) and retest only active compounds as dose
response.
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7. High and low controls: High controls (maximal enzymatic
activity) contain typically all assay reagents as in the other
wells, but only DMSO instead of a compound solution. Nega-
tive controls (no enzymatic activity) can be achieved by omit-
ting the kinase. However, we prefer to use all reagents
including kinase with pre-dispensed EDTA stop solution.
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Chapter 10

Screening for Inhibitors of Kinase Autophosphorylation

Bianca Heedmann and Martin Klumpp

Abstract

Autophosphorylation of kinases influences their conformational state and can also regulate enzymatic
activity. Recently, this has become an area of interest for drug discovery. Using Alk2 as an example, we
present two protocols — one based on phosphate-binding Alphascreen beads, the other on coupled
luminescence measurements of ADP formation — that can be used to screen for inhibitors of
autophosphorylation.

Key words Kinase, Autoactivation, Autophosphorylation, Alphascreen, Luminescence, ADP-Glo,
Alk2, Assay development, High-throughput screening

1 Introduction

Kinases are one of the most prominent target classes in modern
drug discovery and numerous assay formats to measure their activ-
ity and screen for their inhibitors have been described [1, 2]. The
main components of these assays typically are the kinase itself, ATP
as the phosphate donor and a second substrate (protein, peptide, or
low-molecular weight metabolite) that acts as phosphate acceptor.
A special situation arises when kinase autophosphorylation, which
often is a critical regulatory mechanism and therefore of therapeutic
relevance, needs to be investigated because the target then assumes
the roles of enzyme and substrate simultaneously, thus complicat-
ing the development of sensitive and meaningful screening assays.

Although the search for inhibitors of kinase-catalyzed protein
phosphorylation has become routine [3], the autoactivation of
kinases only recently started to be explored as a possible target of
drug discovery efforts [4, 5], despite being studied in academia
since decades [6, 7]. A major driving force for considering kinase
autoactivation as an intervention point for the treatment of disease
seems to be the quest for selectivity [8]. Whereas the active con-
formations of different kinases have similarly structured catalytic
sites, their inactive conformations show much more variability and
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thus represent a higher chance to achieve specificity over other
kinases [9]. Therefore, rather than just complicating assay develop-
ment and screening [10], the auto-activation of therapeutically
relevant kinases offers specific and novel opportunities for drug
discovery. As classical enzyme activity assays are biased toward
identifying inhibitors of active kinase conformations, alternative
approaches need to be explored. Here, we describe two assay pro-
tocols that we have used to measure autophosphorylation of Alk2
[11, 12] as well as inhibition thereof.

The protocol we present in Subheading 3.1 is based on direct
detection of phosphorylated Alk2 with an Alphascreen readout. In
Alphascreen [13] assays, light-induced release of singlet oxygen
from so-called donor beads can trigger chemiluminescence at a
shorter wavelength if appropriate acceptor beads are in close prox-
imity (<~200 nm). As the distance constraints are less strict than
the Förster radius that limits time-resolved fluorescence energy
transfer (TR-FRET) assay setups, where typical radii are in the
range of 4–6 nm, Alphascreen assays are not restricted to small
peptide substrates in the same way as TR-FRET [14] or fluores-
cence polarization [15] assays, and therefore can be applied to
intact proteins. For measurements of kinase activity, biotinylated
substrates bind to streptavidin-coated donor beads while so-called
phosphobeads coated with Lewis metal ions [16] that recognize
phosphate groups on the substrate protein are used as acceptor
beads. In principle, any protein that can be immobilized on the
donor beads, including the enzymatically active kinase itself, can
serve as the phosphate acceptor and this opens the possibility to
measure autophosphorylation. Moreover, unlike approaches that
use an antibody for detecting the autophosphorylated kinase [5],
the protocol presented in Subheading 3.1 is not restricted to a
specific target but should be transferable to other kinases that
undergo autophosphorylation.

While this approach is a valuable tool for screening LMW
compounds at a fixed concentration of kinase (at least once assay
conditions have been thoroughly optimized, e.g., by recording
time courses at different enzyme concentration), it can be challeng-
ing to use this assay format for rapid characterization of unknown
enzyme samples. The main reason is the so-called hook effect [17],
which results in decreasing Alphascreen signal at high kinase con-
centrations (Fig. 1). In addition, the dual role of Alk2 as substrate
and enzyme in this setup makes it impossible to run the assay with
an excess of substrate over enzyme, which is the basis for the
assumptions made in applying the Michaelis-Menten and Briggs-
Haldane equations [18].

There are several mechanisms through which Alk2 autopho-
sphorylation activity can be inhibited — on the one hand direct
inhibition of the activated kinase (exemplified by the reference
inhibitor LDN-193189 [19], Fig. 2a) and on the other hand a
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Fig. 1Measuring autophosphorylation of Alk2 with an Alphascreen readout. (a) The indicated concentrations of
biotinylated Alk2 (aa 172–499) were incubated with 3 μM ATP for the indicated time, after which the reaction
was stopped by addition of staurosporine. Following addition of acceptor and donor beads as described,
phosphorylation was determined by measuring chemiluminescence on an appropriate reader with Alphasc-
reen option (see Note 10). (b) The signal measured after 80 min of enzyme reaction is plotted as a function of
kinase concentration and clearly passes a maximum, indicating the typical “hook effect” [17]
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Fig. 2 Inhibition of Alk2 autophosphorylation by different mechanisms. (a) Alk2 autophosphorylation in the
presence of the LMW inhibitor LDN-193189 [19] was measured by Alphascreen over time as described (left );
and the signal measured after 80 min was plotted as a function inhibitor concentration (right ). (b) Alk2 autopho-
sphorylation in the presence of the allosteric regulator FKBP12 [20] was measured by Alphascreen over time as
described (left ); and the signal measured after 80 min was plotted as a function inhibitor concentration (right )



shielding of the not-yet active kinase from becoming phosphory-
lated (exemplified by the physiological regulator FKBP12 [20],
Fig. 2b). The IC50 values measured for unknown compounds
may reflect one or the other of these phenomena, or an aggregate
of both. Note that the time courses at intermediate concentrations
of the LMW inhibitor LDN-193189, which do not completely
suppress enzyme activity, reveal a clear “lag phase,” presumably
reflecting a gradual acceleration as autoactivation progresses. On
the other hand, above a certain compound level, the activity is
suppressed completely instead of gradually leveling off. Together,
this translates into a very steep transition of the dose-response
curves (hill slope around -3) and presumably reflects a bimolecular
autophosphorylation reaction, in which different Alk2 molecules
act as enzyme and as substrate. Filtering of HTS hits based on the
slope of the dose-response curve must therefore be applied with
great caution. In contrast, FKBP12 inhibits Alk2 much more grad-
ually (hill slope around -1.5).

Like any other readout, Alphascreen is affected by compound
interference. Therefore, we recommend measuring enzyme activity
or inhibition in several different assay formats as a basis for sound
decisions. As an alternative readout for following the autopho-
sphorylation reaction as well as its inhibition, we present in Sub-
heading 3.2 a protocol for luminescence-based measurements of
ADP formation in a coupled enzyme assay [21]. Whereas the rate of
signal increase clearly depends on the amount of Alk2 (Fig. 3a),
enzyme activity is not significantly influenced by addition of the
known Alk2 substrate [22] Smad1 (Fig. 3b). This demonstrates
that the reaction setup, which is not constrained to any particular
kinase or substrate, primarily measures autophosphorylation and
therefore is suitable as an orthogonal assay to the Alphascreen-
based protocol. Whereas compounds that inhibit in only one of
the assays are likely to be readout artifacts, those that show up in
both readouts have a high probability of being true inhibitors of the
enzyme reaction (Fig. 4).

2 Materials

1. Alk2: The experiments and protocols presented here used
recombinant, purified Alk2 (amino acids 172–499,
corresponding to the GS-rich region and the kinase domain,
which together are also known as the cytoplasmic domain
[23]). For the autophosphorylation assay, the protein had
been biotinylated in vivo using an Avi-tag [24] attached to
the C-terminus (see Note 1). Protein identity and phosphory-
lation state were verified by Liquid Chromatography coupled
to Mass Spectrometry (LC-MS, see Note 2).
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2. Autophosphorylation assay reaction buffer: 25 mM Tris–HCl,
pH 7.2, 10 mM MgCl2, 3 mM MnCl2, 0.02 % Tween 20 and
0.5 mM DTT, which was added freshly. For removal of dust
and precipitates, the buffer was filtrated with 0.22 μM filters
before use.

3. Autophosphorylation assay stop buffer: 80 μM staurosporine
in 10 mM Tris–HCl pH 7.0, 100 mM NaCl, 0.1 % Tween 20.

4. ADP formation assay reaction buffer: 25 mM Tris–HCl at
pH 7.2, 10 mM MgCl2, 3 mM MnCl2, 0.02 % [v/v] Tween
20 and 0.5 mM DTT, which was added freshly. For removal of
dust and precipitates, the buffer was filtrated with 0.22 μM
filters before use.

5. PhosphoSensor Acceptor Beads (PerkinElmer No. 6760147)
and Streptavidin Donor Beads (Perkin Elmer No. 6760007B)
were obtained as part the PhosphoSensor Detection Kit
(Perkin Elmer Cat. No. 6760307D/M/R).

6. ADP-Glo reagent and the Kinase Detection reagent were
obtained as part of the ADP-Glo™ Kinase Assay (Promega
Cat. No. V9103).
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Fig. 3 Measuring substrate-independent ADP formation catalyzed by Alk2 with an ADP-Glo readout. In white
384-well plates (see Note 4), the conversion of 3 μM ATP to ADP was measured with the help of the
luminescence-based ADP-Glo assay [21] in a reaction volume of 7 μl. The reaction was stopped by adding 4 μl
ADP-Glo Reagent. After incubation of 40 min at room temperature, 8 μl of Kinase Detection Reagent was
added and after an additional incubation of 25 min at room temperature luminescence was measured as
described (see Note 10). (a) ADP formation by the indicated concentrations of Alk2 was followed over time. (b)
ADP formation by 30 nM Alk2 was followed over time in the presence or absence of different concentrations of
Smad1’s MH2 domain, which is a physiological substrate of Alk2 [22]
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3 Methods

3.1 Alk2

Autophosphorylation

Assay

1. Preincubate 100 nl (see Note 3) of 2 mM LMW
(low-molecular weight) compound (dissolved in 90 %
DMSO) or serial dilutions thereof in white 384-well microtiter
plates (see Note 4) with 3 μl (see Note 5) of 60 nM Alk2 (see
Note 6) autophosphorylation assay reaction buffer for 10 min
at room temperature.

2. Start the autophosphorylation reaction by adding 3 μl of 6 μM
ATP in reaction buffer and incubate at room temperature for
120 min.

3. Stop the autophosphorylation reaction by adding 2 μl of stop
buffer (see Note 7).

4. Initiate detection of autophosphorylated Alk2 by adding 3 μl of
a pre-mix containing 148 μg/ml PhosphoSensor Acceptor
Beads (see Note 8) and 74 μg/ml Streptavidin Donor Beads
in stop buffer and incubate at room temperature in the dark (see
Note 9) for 4 h.

5. Measure (chemi)luminescence on an appropriate Alphascreen-
compatible reader (see Note 10).

This corresponds to concentrations of 30 nM Alk2 and 3 μM
ATP during the 120 min enzymatic reaction.

3.2 Alk2 ADP

Formation Assay

1. Preincubate 50 nl (see Note 3) of 2 mM test compound
(dissolved in 90 % DMSO) or serial dilutions thereof in
white 1536-well microtiter plates (see Note 4) with 1.6 μl (see
Note 5) of 20 nM (see Note 6) Alk2 in ADP formation assay
reaction buffer.

2. Start the autophosphorylation reaction by adding 1.6 μl of
10 mM ATP in reaction buffer and incubate for 60 min at
room temperature.

3. Stop the enzyme reaction by adding 2 μl ADP-Glo reagent and
incubate at room temperature for 30 min.

4. Initiate detection by adding 4 μl Kinase Detection reagent
(diluted by a factor of 2.3) and incubate for 30 min at room
temperature.

5. Measure luminescence on an appropriate reader (see Note 10)
with the emission filter LUM WL ¼ 400–700 nm with a Tmin

of 65 %, a top mirror dedicated for luminescence measure-
ments and a measurement time of 0.1 s.

This corresponds to concentrations of 10 nM Alk2 and 3 μM
ATP during the 60 min enzymatic reaction.
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4 Notes

1. Although the assay principle does not depend on how the
kinase is bound to the donor beads, the extremely high affinity
of the biotin-streptavidin interaction makes it relatively resis-
tant to false-positive hits from compound interference (biotin
or its analogs of course do show an effect but can be easily
recognized). We therefore prefer site-specific biotinylation of
the kinase [24] to immobilizing a GST fusion on GSH-coated
beads [25] when screening unknown compounds.

2. Measuring self-activation of kinases by means of autophosphor-
ylation inherently necessitates that the original, non-
phosphorylated material is not completely inactive but shows
some basal kinase activity. This may result from an inherent
equilibrium between conformations with different activity that
shifts under the influence of (auto)phosphorylation. Such a
mechanism has been described for Alk2 [26] and is compatible
with both “cis” and “trans” autophosphorylation [27, 28].
Alternatively, the basal kinase activity may reflect trace amounts
of phosphorylated kinase molecules that act as “seeds” for
triggering a cascade of activation between different molecules,
which implies that phosphorylation has to happen in “trans.”
In any case, we advise to check the phosphorylation state of the
enzymematerial to be used in the autophosphorylation assay by
determining its exact molecular mass by LC-MS. Ideally, sam-
ples should be compared before and after incubation with ATP
to verify enzymatic activity.

3. Transfer of compound stock solutions in DMSO can be per-
formed with the help of a sub-microliter liquid handling system
such as the Hummingbird (Genomic Solutions) or the Echo
Liquid Handler (Labcyte) to avoid the need for intermediate
dilution plates. If the latter have to be used, e.g., due to lack of
appropriate equipment, compound solubility has to be closely
monitored to avoid precipitation at intermediate DMSO levels.

4. The protocols described in this manuscript represent the most
miniaturized variants of the respective screening assays that we
have applied, and in our hands produced Z0 [29] values of 0.5
or higher. For measurements in other plate formats, volumes
can be increased proportionally.

5. Dispensing of reagents into microtiter plates can be accom-
plished using solenoid dispensers such as the Synquad (Carte-
sian Technologies) or dispensers based on SMLD microvalves
such as the Certus (Gyger) or Preddator (Redd and Whyte).
For dispensing in 384-well and larger formats, the Multidrop
Combi Reagent Dispenser (Thermo Scientific) or manual
pipetting are also an option.
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6. All enzyme concentrations are nominal, i.e., based on the total
protein concentration as measured in the respective batch of
purified protein. Due to batch-to-batch variations with regard
to specific enzyme activity, they need to be fine-tuned for each
individual batch.

7. The metal chelate coating of the acceptor beads may be sensi-
tive to EDTA, which is commonly used as a stop reagent for
kinase assays. Therefore, known kinase inhibitors are preferable
for stopping the enzyme reaction. If no LMW inhibitor is
available, EDTA concentrations need to be carefully optimized
so that a useable assay window is maintained.

8. The phosphate-binding acceptor beads are coated with a metal
chelate, which binds phosphate groups rather indiscriminately
[16]. While this makes the assay protocol generic for different
kinases, it also confers vulnerability to interference by other
phosphate-containing assay components. For example, the
amount of nucleotides that can be added to the assay may be
limited and needs to be carefully titrated. To some extent, this
limitation can be overcome by increasing the concentration of
acceptor beads. In order to maintain an appropriate ratio of
donor to acceptor beads, this necessitates cross-wise titration of
both bead types. What cannot be compensated in this way,
however, is the high concentration of phosphate in PBS
(phosphate-buffered saline) or similar buffers which have to
be avoided as the high concentrations of free phosphate other-
wise would compete off the phosphorylated reaction product.

9. The Alphascreen reagents used in the autophosphorylation
protocol, in particular the donor beads, are sensitive to light.
Therefore, avoid repeat measurements and keep stock solutions
in nontransparent vessels (or wrap them using aluminum foil)
and incubate assay plates in the dark. If necessary, perform the
experiments under monochromatic (green or yellow) light.
Further information on the properties of the various reagents
is available in the vendor manual.

10. Several vendors provide readers suitable for measurements of
chemiluminescence with (Alphascreen) or without stimulation
by light. Examples are the BMG Pherastar, the PerkinElmer
Envision, or the TECAN Infinite readers. Note that lumines-
cence readings are not absolute values but just relative numbers
as they depend on reader geometry and filter setup.
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Chapter 11

A Fluorescence-Based High-Throughput Screening Assay
to Identify Growth Inhibitors of the Pathogenic Fungus
Aspergillus fumigatus

Thomas M. Smith, Daryl L. Richie, and Jianshi Tao

Abstract

Due to the advancements in modern medicine that have resulted in an increased number of immunocom-
promised individuals, the incidences and the associated mortality of invasive aspergillosis have continued to
rise over the past three decades despite appropriate treatment. As a result, invasive aspergillosis has emerged
as a leading cause of infection-related mortality in immunocompromised individuals. Utilizing the resazurin
to resorufin conversion fluorescence readout to monitor cell viability, herein, we outline a high-throughput
screening method amenable to profiling a large pharmaceutical library against the clinically relevant but less
frequently screened fungal pathogen Aspergillus fumigatus. This enables the user to conduct high-
throughput screening using a disease-relevant fungal growth assay and identify novel antifungal chemotypes
as drug leads.

Key words Aspergillus fumigatus, Fungus, Antifungal, Resazurin, High-throughput screening (HTS)

1 Introduction

Aspergillus fumigatus is a ubiquitous saprophytic fungus that
propagates itself by releasing conidia into the atmosphere after
physical disturbance of its environment [6, 7]. The unavoidable
inhalation of conidia is without consequence in most healthy indi-
viduals due to clearance by innate immune responses. However,
A. fumigatus is capable of causing a variety of diseases including
life-threatening invasive infection in people with various health
problems [3, 8, 9]. Severe neutropenia is the predominate risk
factor for developing invasive aspergillosis with hematopoietic
stem cell transplant and solid organ transplant recipients at greatest
risk [4, 9]. However, the patient population considered at risk for
invasive aspergillosis continues to expand due to the increasing use
of aggressive and intensive chemotherapeutic regimens [2, 4, 5].
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Currently, the generally accepted first-line therapy for invasive
aspergillosis is voriconazole due to better tolerability and improved
survival in comparison with amphotericin B [10]. With the limited
treatment options the mortality rate associated with invasive asper-
gillosis remains unacceptably high, reflecting the need for novel
chemical matter with new mechanisms of action [1]. To maximize
the opportunity to identify such inhibitors, we outline a high-
throughput assay amenable to screening upwards of a million com-
pounds against the clinically relevant mold pathogen A. fumigatus.
By running a phenotypic assay for compounds that directly affect
the growth of a disease-associated organism, one will increase the
probability of finding both novel chemical matter for lead develop-
ment and identifying targets of interest. In use as part of an anti-
fungal effort at the Novartis Institutes for BioMedical Research,
this miniaturized high-throughput assay enabled the screening of
the entire Novartis low-molecular-weight compound collection
(~1.4 million wells) against A. fumigatus to identify novel inhibi-
tory chemotypes with desired antifungal spectrum.

1.1 Assay Overview The fungal cell growth assay was developed by using high-density
1536 well (1536w) plates and incorporating a fluorescence-based
readout using the reduction of resazurin to resorufin [11]. The
“resazurin reduction test” has historically been used to monitor
microbial contamination of milk [12], and has since been devel-
oped into sensitive bioassays for assessing cell viability and cytotox-
icity in a number of cell types including bacteria, yeast, protozoa,
and cultured mammalian and piscine cells [13–16]. In these assays,
resazurin (blue and nonfluorescent) is reduced to resorufin (pink
and highly fluorescent) in metabolically active cells, and the fluo-
rescence has been shown to be proportional to the number of viable
cells in a population [13]. Since the use of resazurin for monitoring
fungal growth has been described and validated for Aspergillus
species, including A. nidulans and A. fumigatus, and in small-scale
screening for antifungal compounds [17–19], herein we provide
the user with a 1536w plate-based format assay, giving the flexibil-
ity for easily screening upwards of a million compounds for inhibi-
tor identification. An overview of the assay details is shown in
Fig. 1.

2 Materials

2.1 Scientific

Equipment

1. Heraeus Incubator BB6220, Thermo Fisher Scientific (Wal-
tham, MA, USA).

2. Sorvall RC-4 Centrifuge, Thermo Fisher Scientific (Waltham,
MA, USA).
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3. Flexdrop IV Liquid handler, Perkin Elmer, Inc. (Waltham,MA,
USA).

4. EnVision 2102 Multilabel Reader, Perkin Elmer, Inc. (Wal-
tham, MA, USA).

2.2 Reagents 1. RPMI-1640 growth media preparation: Powdered RPMI-
1640 with glutamine and phenol red without bicarbonate is
buffered with 0.165 mol/L 3-[N-morpholino] propanesulfo-
nic acid (MOPS). Weigh 10.4 g of powdered RPMI-1640 and
dissolve in 900 ml of distilled water. Add 34.53 g of MOPS
(0.165 mol/L) and stir until dissolved. While stirring adjust
pH to 7.0 at 25 �C using sodium hydroxide pellets and bring
media up to a final volume of 1 L (see Note 1). Filter sterilize
and store at 4 �C until use.

2. Amphotericin B preparation: Amphotericin B stock solution is
used as an aqueous stock at 250 μg/ml or 20� the concentra-
tion used during the screening assay. The control solution is
stored frozen at �20 �C, and with protection from air and
light, the product remains active for 5 years. On the day of
screening, a working stock solution is prepared by 20-fold
dilution into RPMI-1640 growth media to a final concentra-
tion of 12.5 μg/ml.

3. Resazurin preparation: Resazurin is prepared as a sterile
300 mM or 3750� stock solution, 75 mg/ml, in RPMI-1640

Fig. 1 Schematic of the resazurin-based Aspergillus fumigatus growth assay.
Resazurin (blue and nonfluorescent) is reduced to resorufin (pink and highly
fluorescent) during oxidation-reduction reactions in the living Aspergillus cells. In
the optimized growth assay, there is a direct correlation between the reduction
of resazurin and the quantity/proliferation of living cells
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and stored at 4 �C, protected from light. The stock solution
is added to RPMI-1640 growth media as described in the
high-throughput screening protocol.

3 Methods

3.1 Preparation of

Aspergillus fumigatus

Seed Stocks for

Storage

1. Using an inoculum loop, streak Aspergillus fumigatus (ATCC
MYA-3627) culture onto a Potato dextrose agar (PDA) slant
(Becton Dickinson #297241) and incubate at 35 �C until
adequate sporulation is obtained (2–5 days, see Note 2).

2. Harvest the conidia by adding 5 ml of sterile distilled water to
the surface of the slant and lightly brushing the surface with a
sterile swab.

3. Use a transfer pipette and filter the conidial suspension through
autoclaved miracloth into a 50 ml conical tube to remove
hyphal debris.

4. Centrifuge the conidial suspension to pellet the conidia and
decant the water. To wash, resuspend the pellet into 5 ml of
fresh sterile water, vortex, and repeat the centrifugation.
Repeat for a total of three washes.

5. Following the final wash, resuspend the conidia in a 10 %
glycerol solution, aliquot 50–100 μl into cryovials, and store
at �80 �C until use. Use these as seed cultures to inoculate
subcultures for the preparation of larger batches of conidia for
high-throughput screening.

3.2 Preparation of

Conidial Working

Stock for

High-Throughput

Screening

1. Thaw the seed stock vials of A. fumigatus ATCCMYA-3627 at
room temperature and subculture onto PDA slants. Incubate at
35 �C until adequate sporulation is obtained (2–5 days, see
Note 2).

2. Harvest the conidia by adding 5 ml of sterile distilled water to
the surface of the slant and lightly brushing the surface with a
sterile swab.

3. Use a transfer pipette and filter the conidial suspension through
autoclaved miracloth into a 50 ml conical tube to remove
hyphal debris.

4. Centrifuge the conidial suspension to pellet the conidia and
decant the water. To wash, resuspend into 5 ml of fresh sterile
water, vortex, and repeat the centrifugation. Repeat for a total
of three washes (see Note 3).

5. Following the final wash, the conidia are resuspended in 5 ml
sterile distilled water and the conidia counted using a
hemocytometer. The working conidial suspension is kept at a
stock concentration of 106 conidia/ml at 4 �C until use.
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Conidia were in stasis in water at 4 �C and diluted into
room-temperature RPMI-1640 media just prior to use, so
that screening was carried out at a final concentration of
105 conidia/ml (see Note 4).

3.3 High-Throughput

Screening Protocol in

1536w Format

1. Obtain 1536w plates with compounds of interest in DMSO
pre-plated to the desired concentration as assay-ready plates (see
Note 5).

2. Preparation of active control [low-growth-activity baseline con-
trols; RPMI media þ conidia þ amphotericin B (seeNote 6)]:

3. To room-temperature RPMI-1640 media, dilute amphotericin
B 20-fold to a final concentration of 12.5 μg/ml.

4. Dilute resazurin 3750-fold to the solution to a final concentra-
tion of 80 μM.

5. Add conidia to a final density of 105/ml (see Note 7).

6. Mix thoroughly and add to a dispensing bottle on the Flexdrop
liquid handler (for active control columns 47–48).

7. The bottle is swirled routinely throughout the dispense (see
Note 8).

8. Preparation of neutral control [high-growth-activity controls;
RPMI medium þ conidia] and samples for compound testing:

9. To room-temperature RPMI-1640 media, dilute resazurin to a
final concentration of 80 μM.

10. Add conidia to a final density of 105/ml.

11. Mix thoroughly and add to dispensing bottle on the Flexdrop
(for columns 1–44: sample columns; neutral control columns
45–46 contain DMSO only, not compounds).

12. Once bottles are attached, prime each bottle, load plates, and
start dispensing 8 μl/well to Greiner 1536w black assay-ready
compound plates.

13. After reagents have been dispensed, manually lid and centrifuge
the plates at room temperature for 1 min at 600 rpm in a
Sorvall RC-4 centrifuge.

14. Place lidded plates into a loading rack in a 35 �C humidified
Heraeus Incubator BB6220.

15. Incubate overnight for 14–16 h (ensure log phase growth,
see Note 9).

16. Read on EnVision plate reader, fluorescence at 544 nm excita-
tion and 590 nm emission (see Note 10).

Using the above conditions, we were able to screen a total of
~1.49 million wells of the Novartis compound libraries at 40 μM
compound concentration over a period of 14 days, with a median
Z 0 for the entire HTS of 0.66.

High throughput screening of Aspergillus fumigatus 175



4 Notes

1. Sodium hydroxide pellets were used in place of the suggested
1 mol/L sodium hydroxide solution. We found that the use of
the sodium hydroxide pellets allowed us to more efficiently
obtain the desired pH.

2. Harvesting the conidia on day 2 while they are less hydrophobic
results in easier manipulation of conidia for suspension. Addi-
tionally, extended incubation times can result in decreased
germination rates.

3. To avoid premature germination of the conidia it is important
to complete all washes to remove residual nutrients present in
the preparation.

4. In our hands, assay variation was not observed with working
stocks stored at 4 �C in sterile distilled water up to 4 weeks.
However, it is recommended to determine conidial germina-
tion rates/viability of the working stocks before screening as
follows: Resuspend conidia assay medium at a final concentra-
tion of 1 � 105–5 � 105 in a 50 ml conical and vortex for 15 s.
Add 200 μl of the conidial suspension to wells A1–A3 in a 96-
well flat-bottom plate and incubate at 35 �C, since higher
temperatures or increased conidial densities have been shown
to be associated with lower germination rates in Aspergillus
[20]. After 6–7 h of incubation, calculate the percent germina-
tion over time for 100 conidia analyzed microscopically in
triplicate. A conidium is scored as germinated if the length of
the extended germ tube is equal to or greater than the length of
the initial conidium. Score the percent germination every hour
until at least a 90 % germination rate is observed.

5. DMSO tolerance was evaluated up to 4 % concentration in the
assay and found to be acceptable for screening, although we
found that the time to reach stationary phase was delayed as the
DMSO concentration increased. We recommend for the user
to evaluate DMSO concentrations as appropriate in the initial
growth assessment assay depending upon their final choice in
the assay.

6. For control inhibitor compounds during HTS, the user can
choose from several well-characterized antifungal agents (see
Table 1). In our screen, we choose amphotericin B to be
included as the active control, at a final inhibitory concentra-
tion of 12.5 μg/ml (13 μM).

7. The growth inhibition assay was initially tested in 1536w plate
formats at two dilutions (105, 106 conidia/ml). We found that
the growth kinetics at 106 conidia/ml were too rapid to be
feasible for HTS and higher inoculum concentrations could
give an adequate resazurin reduction signal despite significant
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growth inhibition. This resulted in an uncoupling of growth
stage from resazurin conversion to resorufin (544 nm excita-
tion and 590 nm emission). Compounds that may encompass
similar mechanisms to echinocandins where germination
occurs but significant growth inhibition results in small,
rounds, compact hyphal forms could be overlooked as inactive
against A. fumigatus. Hence all screening was carried out with
conidial concentrations of 105 conidia/ml.

8. We have found that the conidial culture tends to settle during
the time it takes to dispense stacks of plates; thus we routinely
swirl the bottle to maintain a good suspension while the Flex-
Drop is dispensing conidia to wells.

9. A typical growth curve of A. fumigatus is shown in Fig. 2.
During screening, plates were read between 14 and 16 h
which gave a good window between control wells.

Table 1
Reference compound EC50 values for 1536w Aspergillus fumigatus assay

Compound EC50 (μM)

Amphotericin B 3.8

Caspofungin 0.018

Ketoconazole 27.1

Nystatin 0.99

Fig. 2 Aspergillus fumigatus growth rates in 1536w plate format. The growth rate of A. fumigatus in RPMI
media is measured by monitoring resazurin reduction fluorescence (Ex 544 nm, Em 590 nm) over time (blue
circles). A. fumigatus incubated with 12.5 μg/ml of the inhibitor amphotericin B (red squares) show minimal
growth during this time period. Similarly, RPMI media without added cells shows minimal change in
fluorescence over the time period of the assay (green triangles)
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10. One initial concern that arose due to the fluorescence-based
nature of the assay was the potential for significant interference
from fluorescent compounds. Specifically, what percent of the
hits were due to compound interference with the fluorescent
readout. To examine this, Aspergillus plates were incubated
overnight in RPMI-1640 and 80 μM resazurin under the
same growth conditions used to run the assay. The conditioned
media andA. fumigatus conidia were then transferred to a fresh
set of compound containing plates, and the fluorescence deter-
mined as before. We found that few of our hits identified at
40 μM compound (~1.6 %; data not shown) were found to be
causing fluorescent interference in the growth assay.
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Chapter 12

Mycobacterium tuberculosis High-Throughput Screening

E. Lucile White, Nichole A. Tower, and Lynn Rasmussen

Abstract

High-throughput screening is a valuable way to identify hit compounds that combined with a robust
medicinal chemistry program could lead to the identification of new antibiotics. Here, we discuss our
method for screening large compound libraries with virulentMycobacterium tuberculosis, possibly one of the
more difficult bacteria to use because of its slow growth and assignment to Biosafety Level-3 by the CDC
and NIH. The principles illuminated here, however, are relevant to the execution of most bacteria high-
throughput screens.

Key words Mycobacterium tuberculosis, Mtb, H37Rv, Tuberculosis, TB, High-throughput screening,
HTS, Antitubercular, Antibacterial, Antimicrobial, Antibiotics

1 Introduction

Notwithstanding recent improvements in either the prevention or
treatment of tuberculosis (TB), its resurgence has led to an intensi-
fied effort in the development of treatments for Mycobacterium
tuberculosis (Mtb). The global burden for TBTuberculosis (TB),
according to the World Health Organization (WHO) in 2010,
accounted for 8.5–9.2 million new cases and 1.2–1.5 million deaths
(including deaths from TB among HIV-positive people) [1]. thus
making TB the second leading cause of death from an infectious
disease worldwide (after HIV, which caused an estimated 1.8 mil-
lion deaths in 2008) [2]. The renewed interest in this disease has
impacted not only the diagnostics and therapeutics areas but also
the tools and technologies used to develop therapeutics. Aided by
technologies such as high-throughput screening (HTS) and medic-
inal chemistry, rapid evaluation of potential antimicrobials has
increased dramatically. It is especially desirable to identify new
types of TB drugs acting on novel drug targets with no cross-
resistance to existing drugs or interfering interactions with
antiretrovirals.
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The Southern Research High Throughput Screening Center
team has screened >1.2 million compounds in single-dose screens
and 70,000 compounds in dose-response in an in vitro assay against
Mtb H37Rv adapted from the microdilution alamarBlue (AB)
broth assay originally reported by Collins and Franzblau [3].
This method has been established as our standard operating proce-
dure for end point determination and enumeration of potential
inhibitory compounds against Mtb H37Rv since 2004 [4–6].
Recently, we have improved the assay by using Promega’s BacTi-
ter-Glo™ Microbial Cell Viability (BTG) end point reagent.

Laboratory manipulations with Mtb require meticulous atten-
tion to detail and all the parameters involved due to the pathoge-
nicity of the organism (seeNote 1) but also due to the sensitivity in
growth of the organism. The screening assay as described here is
robust and reproduces consistently if variables in the assay are
accounted for and controlled. Subheading 3 contains three main
parts, i.e., preparation of the components, execution of the Mtb
assay, and execution of a counter-screen in mammalian cells. The
discussion in Subheading 4 details some of the problems encoun-
tered and solutions.

2 Materials (See Note 2)

2.1 Media/Broth

and Agar Plates

(See Note 3)

1. 10� ADC (albumin, dextrose, catalase) (see Note 4): Weigh
out 25 g BSA, 10 g glucose, and 0.015 g catalase. Bring the
total volume up to 500 mL with Milli-Q water and dissolve dry
components. Filter sterilize through a 0.2 μm 500 mL filter
flask. Store at 4 �C up to 1 week.

2. 5 % Tween 80 solution: In a 100 mL glass flask with a stir bar,
weigh out 0.5 g Tween 80. Bring total volume to 10 mL with
Milli-Q water and dissolve, with heat if necessary.

3. 20 % Glycerol solution: In a 100 mL glass flask with a stir bar,
weigh out 2 g of glycerol. Bring total volume to 10 mL with
Milli-Q water and dissolve, with heat if necessary.

4. 7H9 Media/broth: Weigh 4.7 g Middlebrook 7H9 broth base
into a 2 L glass flask with a stir bar. Add 880 mL of Milli-Q
water and stir on a stir plate to dissolve. Add 10 mL of Tween
80 solution and 10 mL of glycerol solution. Autoclave the 7H9
solution for 20 min at 121 �C. The media will appear slightly
cloudy at this time but will clear up as it cools. Allow the 7H9
solution to cool until it has reached room temperature.

5. H9 Media/broth: Add 100 mL of the 10� ADC solution
(item 1) to the 7H9 solution. Filter through a 0.2 μm 1 L
filter flask.
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6. 7H11 agar plates: In a 2 L flask, dissolve 21 g of 7H11 agar
base in 890 mL Milli-Q water. In a 100 mL glass flask, weigh
out 2 g of glycerol. Add approximately 10 mL Milli-Q water
and dissolve, with heat if necessary. Add back to broth base.
Autoclave for 20 min at 121 �C. Allow the 7H11 to cool to
55 �C and add 100 mL Middlebrook OADC (oleic, albumin,
dextrose, catalase) and mix. Aliquot 30 mL of 7H11 agar into
sterile Petri plates carefully to prevent air bubbles from form-
ing. Let the plates cool to room temperature and allow the
plates to remain at room temperature overnight to dry and to
check for contamination. Store plates for long term at 4 �C
inverted in a sealed plastic bag up to 1 month.

7. Tryptic soy agar (TSA) plates: Weigh 40 g of dehydrated media
(TSA) and bring up to 1 L with Milli-Q water. Autoclave at
121 �C for 20min. Allow to cool to 45–50 �C.Dispense 30mL
into sterile Petri dishes carefully to prevent air bubbles from
forming. Let the plates cool to room temperature. Allow the
plates to remain at room temperature overnight to dry and to
check for contamination. Store plates for long term at 4 �C
inverted in a sealed plastic bag for up to 1 month.

2.2 alamarBlue

Assay

1. 18.2 % Tween 80 solution: Weigh 18.17 g Tween 80 into a
200 mL glass flask. Dilute the Tween 80 with 100 mL of Milli-
Q water. Autoclave at 121 �C for 20 min. 18.2 % Tween 80
may be kept for up to 2 months.

2.3 Mammalian Cell

Cytotoxicity Assay

1. Cryopreservation media: 95 % Heat-inactivated FBS and 5 %
DMSO.

2.4 Equipment Where two pieces of equipment are indicated, one is located in the
BSL-2 laboratory and one in the BSL-3.

1. Beckman Coulter Biomek FX.

2. Two—Thermo Matrix WellMates, with standard bore cassette.

3. Two—Incubators in which the humidity level can be con-
trolled to 95 % or higher.

4. Two—PerkinElmer EnVision Multilabel Plate Readers.

3 Methods

Carry out all procedures at room temperature unless specified
otherwise. In order to maintain sterility, all preparations should
be carried out in a biological safety cabinet (BSC).

3.1 Stock Mtb H37Rv

Preparation

All work with Mtb H37Rv occurs in a certified biological safety
cabinet (BSC) within a BSL-3 laboratory (see Note 5).
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3.1.1 Subculture Growth 1. Inoculate 5 mL of 7H9 media in a screw cap 50 mL conical
tube with 0.2 mL of thawed Mtb H37Rv (ATCC 27294) from
American Type Culture Collection. Loosely screw conical cap
back on and cover cap with parafilm to allow for adequate gas
exchange while preventing evaporation during incubation.

2. Incubate the subculture in a ~90 % humidified incubator at
37 �C without CO2. Gently swirl the culture daily to mix the
media.

3. Monitor the growth for turbidity. Take OD615 of subculture
(pipette 66 μL of culture into Corning 384-well black clear
bottom plate and read absorbance on EnVision using 615 nm
filter.)

4. After about 7–8 days, the OD615 should be approximately 0.2
OD or a #1 on the McFarland turbidity standard.

3.1.2 Preparation

of Stock Mtb H37Rv

1. Inoculate 30 mL of 7H9 with 1.5 mL (5 %) of the subculture
in a 250 mL vented cap flask. The total volume may be adjusted
depending on the amount of the stock desired considering that
only 1/2 to 2/3 of the final volume will be collected.

2. Incubate flask in humidified incubator at 37 �C without CO2.

Swirl the culture daily to mix. Monitor the growth for
turbidity.

3. Take OD615 of the subculture (pipette 66 μL of culture into
Corning 384-well black clear bottom plate and read absor-
bance on EnVision using 615 nm filter).

4. After about 2–3 weeks, the OD615 should be approximately
0.6–0.8 (4–8 � 107 CFU/mL) or a #3–4 on the McFarland
turbidity scale.

5. Streak out the culture from each flask onto a TSA plate to check
for bacterial contaminants (see Note 6) before the cultures are
combined.

6. Incubate overnight at 37 �C without CO2 and check the plates
for any growth.

7. If the cultures do not show any sign of contamination based on
the TSA plates, combine the cultures and allow them to sit at
ambient temperature for an hour.

8. Large clumps of bacteria will settle to the bottom of the flask.
Remove the top 1/2 to 2/3 of the culture into a fresh flask or
conical tube. Aliquot 1 mL of the culture into 2 mL cryovials
and freeze at �80 �C.

9. Streak the pooled culture that remains onto TSA plates and
incubate overnight at 37 �C without CO2 to check for
contamination.
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3.1.3 Stock Titration 1. After at least 24 h, thaw three of the frozen aliquots. Do not
combine aliquots.

2. Create a 1:10 dilution of each aliquot in 7H9 media.

3. Continue 1:2 serial dilution for ten dilutions.

4. Plate 100 μL of each dilution onto the 7H11 agar plates.

5. Place plates in polyethylene plastic bags (2 plates/bag).

6. Secure loosely and incubate inverted in a humidified incubator
at 37 �C without CO2 for ~21 days and monitor for colony
growth and contamination.

7. Count the colonies after 21–28 days. Accurate counts can be
made in the range of 30–300 colonies per plate.

8. Determine the average CFU/mL of the triplicate aliquots.

3.2 Mtb Microtiter

Plate Assay

3.2.1 Media Preparation

1. Prepare 7H9 media at least 24 h prior to compound and Mtb
H37Rv addition. (Media may be prepared up to a week in
advance and stored at 4 �C.) The amount of 7H9media needed
is ~36 mL per microtiter plate (see Note 7), i.e., 12 mL for the
addition of the bacteria and 24 mL for preparation of the
compounds.

2. Place 10mL of prepared media in a 50 mL conical and incubate
in a humidified incubator overnight at 37 �C without CO2.
Check for contamination in the media by turbidity.

3.2.2 Compound Addition

to Assay and Control

Microtiter Plates

1. Compound addition occurs in a BSL-2 laboratory in a BSC.
Barcoded assay plates containing the compounds are prepared
the day that the bacteria will be added to the plates.

2. Test compounds which are in 100 % DMSO are diluted with
7H9 media at twice the screening concentration. DMSO is
maintained at a constant 2 % concentration. The screening
concentration is dependent upon the composition of the com-
pound library and the resources to follow up on hits. For
chemically diverse libraries, we have used 10 μg/mL and
10 μM.

3. Control compound stocks are 2.5 mg/mL amikacin and
10 mg/mL ethambutol dissolved in sterile Milli-Q water.
Add DMSO to a final concentration of 2 %. Aliquots are frozen
at �80 �C for single use (see Note 8).

4. The Biomek FX is used to add 25 μL of test compound, control
compound, or media to each well of the 384-microtiter plate
(Fig. 1). It usually takes 4–41/2 h to add compounds and
controls to 100 microtiter plates.

3.2.3 Control Plates 1. Each assay run contains one plate of uninoculated medium,
two plates of Mtb inoculated medium, and two other plates
containing ethambutol or amikacin at their approximate MIC
and 20 times the MIC.
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2. Media-only microtiter plate contains media used in the
compound addition and plating of the bacteria (uninoculated).
This plate is used to ensure media sterility at all stages of the
assay. Read the absorbance at 615 nm on the Perkin Elmer
EnVision.

3. The growth control/coefficient of variation (CV) plates con-
tain Mtb H37Rv in media plus 1 % DMSO in all 384 wells.

4. The ethambutol control plate is included to confirm that a
contaminating organism is not present after incubation since
mycobacteria are susceptible to ethambutol but most other
organisms are not. Columns 1 and 2 contain 1 % DMSO in
7H9 media and columns 23 and 24 contain Mtb H37Rv in
media plus 1 % DMSO. The remaining 320 wells are equally
divided between 0.5 and 10 μg/mL ethambutol.

5. The amikacin control plate is included to measure the consis-
tent response of the mycobacterium to a known inhibitor
throughout the multiple runs of a screening campaign. Col-
umns 1 and 2 contain 1 % DMSO in 7H9 media and columns
23 and 24 contain Mtb H37Rv in media plus 1 % DMSO. The
remaining 320 wells are equally divided between 0.13 and
2.5 μg/mL amikacin in media plus 1 % DMSO.

3.2.4 Mtb H37Rv

Addition

1. Transport assay plates into the BSL-3 facility for addition of the
mycobacterium.

2. Inside a BSC, thaw frozen stocks of H37Rv, pipette to mix, and
inoculate the 7H9 media with a final in well dilution of
1–2 � 105 CFU/mL (see Note 9).

3. Place the inoculated media on a stir plate and allow the media
to mix.

4. Carefully place the sterile WellMate cassette on the WellMate
Dispenser. Make sure to keep the tips and tubing ends sterile.

Fig. 1 The layout of the 384-well microtiter plate used in the Mycobacterium tuberculosis assay. B contains
only media, 1 % DMSO, and Mtb H37Rv and serves as the 100 % growth control. Amikacin is included in the
positive control wells in every assay plate at two concentrations. The high concentration, 2.5 μg/mL,
completely inhibits Mtb growth and is used instead of uninoculated medium as background (A1). The low
concentration of amikacin, 0.13 μg/mL, is the approximate MIC (A2) and is used to monitor assay perfor-
mance. The test compounds (C) are in the remaining 320 wells
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Prime the WellMate by pumping uninoculated 7H9 media
through the WellMate cassette and allow to sit in the lines for
1–2 min. Dispense an additional 5–10 mL through the lines.

5. Dispense 50 μL of uninoculated 7H9 media to one blank
384-well plate. This will be the control plate to monitor con-
tamination and a negative end point control.

6. Dispense 25 μL of uninoculated 7H9 media to one empty
384-well plate. Observe any tips that may not be dispensing
accurately.

7. Dispense 25 μL of diluted Mtb H37Rv (Subheading 3.2.4,
step 2) to the CV plate. This will act as your CV plate to
check WellMate dispensing for plating the bacteria and for the
end point addition at the beginning of the run. Visually check
that the WellMate dispensed into the center of each well.

8. Continue to dispense the diluted Mtb H37Rv to every well of
the assay plates (test compounds plus ethambutol and amikacin
control plates) using the Matrix WellMate.

9. After dispensing to ten plates (seeNote 10), tap the sides of the
plates to flatten the meniscus and knock any droplets of media
on the sides into the assay wells and transfer the plates to the
incubator.

10. Dispense 25 μL of uninoculated 7H9 media to a second empty
384-well plate. Observe any tips that may not be dispensing
accurately.

11. Dispense 25 μL of diluted Mtb H37Rv (Subheading 3.2.4,
step 2) to the CV plate. This will act as your CV plate to
check that the WellMate is still dispensing accurately at the
end of the run.

12. Incubate plates, stacked 2–3 high, in humidified incubator at
37 �C without CO2 for 7 days.

It takes a single experienced operator ~1.5 h to execute a 100
plate run.

3.2.5 alamarBlue End

Point Addition

1. Calculate the amount of alamarBlue needed for the run (4 mL
for 384-well test plates).

2. Combine two parts of alamarBlue to 1.5 parts of 18.2 % Tween
80 (see Note 11).

3. Set up a new sterile WellMate cassette head on the dispenser
and prime it with the alamarBlue/18.2 % Tween 80 solution.

4. Remove the assay plates from the incubator.

5. Starting with one of the Mtb CV plates, add 9 μL of the
alamarBlue/18.2 % Tween 80 solution to every well.
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6. Visually check the CV plate for dispensing to the center of each
well.

7. Continue to add the solution to the assay plates. If all of the
dispense steps have gone smoothly, then alamarBlue is added to
the second CV plate at the end. If there has been a dispense
issue either when the bacteria or end point reagent was added,
then the second CV plate is moved to that place in the line. Tap
the sides of the plates to flatten the meniscus and knock any
droplets on the sides of the wells into the assay wells.

8. Incubate plates (stacked 2–3 high) in humidified incubator for
1 day at 37 �C without CO2.

9. After 24 h, check that the bacteria control wells have turned
pink (see Note 12).

10. Seal the plates with the aluminum foil seals. Bottom read the
plates on the Perkin Elmer EnVision plate reader using the
fluorescence setting with a 535 nm excitation and a 590 nm
emission. If the bottom read is not an available option, then
seal the plates with clear seals and top read (see Note 13).

3.2.6 Alternate End

Point—BacTiter Glo™
End Point Addition

(See Note 14)

1. Calculate the amount of BacTiter Glo™ needed for run (12mL
for 384-well plate) (see Note 15).

2. Equilibrate the twoBacTiterGlo™ reagents to roomtemperature
(seeNote 16).

3. Mix the BacTiter reagent bottles as instructed by the manufac-
turer and combine in a flask. Protect the container from light by
wrapping the container with foil.

4. Remove the media only plate and check that there is no turbid-
ity in the media or indication of contamination.

5. Remove one Mtb CV plate from the incubator and allow it to
equilibrate to room temperature.

6. Add 25 μL of BacTiter Glo™ to the Mtb CV plate.

7. After 10 min, seal the plate with a clear top seal.

8. Monitor the signal of the CV plate using the Perkin Elmer
EnVision on the standard luminescence setting at 0.1-s-
integration time. Read the plate every 5 min until the maxi-
mum signal is achieved and the signal begins to drop.

9. Based on the time to reach the maximum signal, calculate the
timing from the WellMate dispense to the EnVision read to
determine the number of plates that may be batched together
in one dispense before the plates need to be read to capture the
maximum signal.
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10. Equilibrate the compound plates to room temperature and
dispense 25 μL of BacTiter Glo™ to the assay plates, seal,
incubate at room temperature, and read as in step 8.

3.2.7 Dose-Response

Assay

Hits are picked from the original compound plates and screened in
a dose-response assay using a stacked-plate method wherein
each compound dilution is inter-plate rather than intra-plate [4].
Compounds screened in dose-response are tested in 10 twofold
dilutions.

3.2.8 Preparation

of Mammalian Cell Stocks

Using mammalian cells from frozen stocks facilitates the mamma-
lian cell cytotoxicity assay by dissociating compound preparation
from cell production.

1. Harvest Vero cells using TrypLE Express.

2. Collect the Vero cells in a 50 mL conical tube and centrifuge at
340g for 10 min.

3. Resuspend the cells in 20 mL c-MEM and determine cell
concentration.

4. Centrifuge the cells at 340g for 10 min.

5. Resuspend the cells in cryopreservation media at
1.2 � 107 cells/mL.

6. Aliquot 1 mL of cells into the 2 mL cryovials.

7. Rate freeze the cells at 1 �C/min and then transfer to liquid N2

for long-term storage.

3.2.9 Mammalian Cell

Cytotoxicity Assay

(See Note 17)

1. Hit compounds from the single-dose Mtb screen are screened
using a stacked-plate method using the same 10 twofold dilu-
tions as the Mtb assay.

2. 5 μL of compounds in c-MEM þ 1.25 % DMSO are added at
5� concentration to columns 3–22 of each Corning 384-well
assay plate.

3. Columns 1 and 2 contain 5 μL of c-MEM þ 1.25 % DMSO
and columns 23 and 24 contain 5 μL of 500 μM hyamine in
c-MEM þ 1.25 % DMSO.

4. Determine the amount of media (c-MEM) required for the
assay assuming 36 mL per plate.

5. To the required volume of MEM add heat-inactivated FBS
(final concentration 10 %) and P/S (final concentration 1 %).
Mix.

6. Thaw the required number of aliquots of Vero cells rapidly in
warm water.

7. Wash the cells by diluting in c-MEM and centrifuge at 340g for
10 min. Remove the supernatant.
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8. Resuspend the cells in c-MEM and count using Trypan blue
exclusion to determine cell viability.

9. Adjust to 125,000 cells/mL with c-MEM in a flask.

10. Stir on a stir plate for 5 min.

11. Prime the Wellmate with c-MEM þ 1.25 % DMSO.

12. Plate 5 μL/well into two CV plates. Carefully place the cassette
lines into the stirring cells. Prime the lines with cells and plate
20 μL/well into all columns of the CV plates. Ensure that there
are no dispense problems. Continue dispensing 20 μL of cells
to the assay plates containing 5 μL of compound.

13. Incubate at 37 �C and 5 % CO2 with ~90 % humidity for 72 h.

14. Calculate the amount of CellTiter Glo™ needed for the run
(12 mL for one 384-well plate).

15. Equilibrate the two CellTiter Glo™ reagents to room
temperature.

16. Follow the manufacturer’s instructions for mixing the CellTiter
Glo™ reagents and combine into a flask (this method follows
the manufacturer’s instructions using a 1:1 end point addi-
tion). Protect the container from light by wrapping the con-
tainer with foil.

17. Bring the CV plates to room temperature.

18. Add 25 μL of CellTiter Glo to the plates.

19. After 10 min, read the plates on the Perkin Elmer EnVision
using the standard luminescence setting at 0.1-s integration
time.

20. Ensure that there is not a dispense issue with the cassette head.
If there is not, proceed with the compound assay plates.

21. Equilibrate the assay plates to room temperature.

22. Dispense 25 μL of CellTiter Glo to 10 of the assay plates.

23. Incubate at room temperature for 10 min.

24. Read on the Perkin Elmer EnVision as above.

25. Continue the process in groups of ten plates.

3.3 Data Analysis 1. Data from the microtiter plates is exported outside of the BSL-
3 from the Perkin Elmer EnVision as individual .csv files named
by the plate barcode. The data files are imported into
IDBS Activity Base for data analysis and association with com-
pound ID.

2. Results for each well are expressed as percent inhibition (%
Inhibition) calculated as: 100 � ((Median Cell Ctrl-High
Dose Ctrl Drug) � (Test well-High Dose Ctrl Drug))/
(Median Cell Ctrl-High Dose Ctrl Drug).
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3. Thirty-two control wells containing Mtb only and 24 wells
containing Mtb and 2.5 μg/mL amikacin are included on
each assay plate and are used to calculate Z 0 value [7] for each
plate.

4. Any compound with an inhibition of �90 % is defined as a hit
in the single-dose screen.

5. The dose-response data is analyzed using a four-parameter
logistic fit (Excel Fit equation 205) with the maximum and
minimum locked at 100 and 0. From these curves, Mtb IC90

and IC50 values can be calculated and CC50 values for Vero cell
cytotoxicity.

During the course of a screening campaign, the median values
for the Mtb control wells, 2.5 μg/mL amikacin, 0.13 μg/mL
amikacin, and Z0 value are graphed for each individual plate. This
information on plate-to-plate and batch-to-batch variability is used
to identify problems in the assay.

4 Notes

1. Mtb has been classified as a biosafety level 3 (BSL-3) agent by
the Centers for Disease Control (CDC) and should be handled
accordingly. We recently published a paper on the general safety
procedures we use for HTS in containment [8]. Although the
CDC has established some general rules for the handling of
BSL-3 agents, each institution’s biosafety committee will estab-
lish its own rules under these guidelines for handling a specific
agent in its BSL-3 facility. Consequently, we have not provided
details related to the regulatory and safety handling of this
pathogen and refer the reader to this publication for general
details and their institutional biosafety committee for detailed
guidance.

For efficiency, all work such as preparing the end point
reagents that does not involve Mtb is performed at BSL2.

2. Table 1 contains information on the sourcing of materials that
we have used successfully in HTS campaigns since, in our
experience, the source for all of these components may be
critical for a reproducible and robust HTS. If other sources
are used they should be evaluated for their effect on the growth
of H37Rv and their effect on the efficacy of know Mtb inhibi-
tors. In either case, reagents should be purchased from one lot
in sufficient quantity to execute the entire HTS campaign.

3. Other media/broths can be used to grow mycobacteria.
Another common broth is 7H12 which is 7H9 broth supple-
mented with 0.1 % casitone, 5.6 μg/mL palmitate, 0.5 %
bovine serum albumin, and 4 μg/mL catalase. These media
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formulations along with others were empirically determined
to be best suited to growing mycobacterium in vitro many
decades before current drug discovery initiatives began
[9, 10]. Unfortunately, their composition can have a devastat-
ing effect on the drug discovery process [11].

4. Alternatively, Middlebrook 10 % ADC enrichment can be pur-
chased form Becton Dickinson. The quality of the bacteria
stock and the assay both rely on consistency in the media and
the components that make up the media. The 10� ADC solu-
tion is a critical component in the media and dramatic variation
in assay performance may be attributed to this component.
There are differences from lot to lot in commercially purchased
ADC, so our preference was to control this up front by

Table 1
Sources for materials used in successful HTS campaigns

Product Manufacturer Catalog number

7H11 agar base Difco 283810

alamarBlue Life Technologies DAL1100

Amikacin sulfate Sigma-Aldrich A1774

BacTiter Glo Promega G8233

Bovine serum albumin Sigma-Aldrich A7638

CellTiter Glo Promega G7573

DMSO Sigma-Aldrich 8418

Eagle’s minimal essential media (MEM) American Type Culture Collection (ATCC) 30-2003

Ethambutol dihydrochloride Sigma-Aldrich E4630

Fetal bovine serum (FBS) Life Technologies 16140-063

Glucose Sigma-Aldrich G7528

Glycerol Fisher Scientific BP229-4

Middlebrook 7H9 broth base Difco 271310

Middlebrook OADC Fisher Scientific 211886

Mycobacterium tuberculosis H37Rv ATCC 27294

Penicillin/streptomycin Life Technologies 15140-122

Sodium chloride Fisher Scientific S271

TrypleE Express Life Technologies 12604013

Tryptic soy agar (TSA) Sigma-Aldrich 22091

Tween 80 Sigma-Aldrich P1754

Vero cells ATCC CCL-81
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generating our own. In this reagent, the BSA has proven to be
the most critical feature. Begin by testing a lot of BSA prior to
purchasing and upon confirmation of consistent data then
purchase sufficient amount of that lot of BSA for all future
studies. The 10� ADC and media may be made up to a week
in advance but fluctuations in performance have been noted
after storage for a week. Additionally, it should be noted that
Tween 80 will produce inconsistent results as the component
ages. Therefore, replace the Tween 80 if a colorimetric change
from pale yellow to dark yellow/orange is detected. Autoclav-
ing the various media solutions in a container at least two times
the volume of the media is also recommended not only to
ensure that media is not lost to “boiling over” but also to
ensure that media reaches a high enough temperature through-
out to ensure a sterile culture.

5. The quality of the stock of Mtb is critical to ensuring reproduc-
ible and consistent results during screening. Again media prep-
aration is key to this process. Due to the length of time required
to generate the bulk culture, incubation in an upright humidi-
fied incubator is preferential to a water bath shaker due to the
increased potential for contamination from a heated water bath.
Furthermore, the propensity for Mtb to aggregate increases
even with slow rotation in a shaker. Setting up the cultures in
vented flasks substantially larger than the volume of the bulk
culture allows adequate aeration and gently swirling the culture
daily allows for adequate mixing of the media. Once the stock
culture has been created and frozen, randomly selected vials are
used to test for sterility and to calculate the stock Mtb
concentration.

6. Mtb grows poorly on TSA which supports the growth of most
potential contaminating microorganisms.

7. An experienced operator can easily run 100 plates in one run.
However, we suggest that smaller batches, i.e., 50 plate
batches, should be run until everyone is comfortable with
work in the BSL-3.

8. These stocks are not stable for extended lengths of time. New
stocks should be made periodically.

9. Due to the length of time for Mtb culturing and potential
variability from one culture to the next, frozen stocks are used
in the screen. This decreases the potential for any variants in
batches of a large screening campaign which may not be evident
until the end of the screen. The total 384-well assay volume for
each well is 50 μL which provides adequate media to sustain the
culture. The volume also decreases the edge effect from dehy-
dration of the outer wells over the 7–8-day incubation period.

Mycobacterium tuberculosis 193



10. Handling the plates in batches of ten is somewhat arbitrary and
depends on whether there is a single operator or additional
people to move plates from the hood to the incubator. Groups
of plates are moved into the incubator as the run proceeds in
order to make space in the BSC.Media and bacteria are at room
temperature but are not affected the same way as mammalian
cells by exposure to room temperature and no added CO2.

11. The 18.2 % Tween 80 solution and alamarBlue, 1.5:2 solution,
are critical. As previously noted, fluctuations may occur due to
the Tween 80 over time and alter the permeability of the
bacteria to the alamarBlue.

12. The conversion from blue to pink may fluctuate depending on
the length of time the plates are outside of the incubator during
the addition of the alamarBlue mixture.

13. The Perkin Elmer EnVision will read fluorescence intensity,
produced from alamarBlue, either from the top or bottom of
the plate. However, the signal is more robust if the plates are
sealed with an aluminum foil seal and read from the bottom.

14. BacTiter Glo™ end point reagent provides a simple mix, plate,
and read luminescence end point. This reagent has several
advantages over the alternative alamarBlue end point. The
first is a shortened assay length, 7 days versus 8 days. The
second is the decreased number of steps that the plates are
handled by the screener. This decreases the potential to intro-
duce contamination into an already lengthy assay and increases
the safety of the procedure for the screener. Table 2 contains a
comparison of EC50, EC90, and MIC values of known inhibi-
tors of Mtb.

Table 2
Comparison of EC50, EC90, and MIC values of know inhibitors of TB

AlamarBlue (AB) Bac Titer-Glo (BTG)

Compound
EC50
(μg/mL)

EC90
(μg/mL)

MIC
(μg/mL)

EC50
(μg/mL)

EC90
(μg/mL)

MIC
(μg/mL)

Rifampicin 0.02 0.02 0.16 0.02 0.03 0.04

Pyrimethamine 25.09 28.00 100.00 24.27 46.37 100.00

Isoniazid 0.19 >5.00 NA 0.13 0.20 0.31

Ethambutol 3.45 >200.00 NA 1.50 1.64 6.25

Cycloserine 24.76 28.01 100.00 23.55 26.38 100.00

Amikacin 0.12 0.14 0.16 0.07 0.12 0.16
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15. This method will add 25 μL/well of BacTiter Glo™ across the
plate. This is a modification from the manufacturer’s instruc-
tions to accommodate the allowable volume per well in a
384-well plate.

16. It is important for this reagent that both the plates and the
BacTiter Glo™ reagent are at room temperature to decrease
temperature-based fluctuations in the data.

17. Normally, hits from the antimicrobial HTS are also evaluated in
a mammalian cell cytotoxicity screen to ensure that the com-
pounds are not cytotoxic to all cells. Historically, the cell line
(Vero) most frequently used has been a kidney epithelial cell
line derived from an African green monkey. We have also used
THP and HepG-2 cells which may be more physiologically
relevant.
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Chapter 13

Identification of State-Dependent Blockers
for Voltage-Gated Calcium Channels
Using a FLIPR-Based Assay

Alberto di Silvio, JeanFrancois Rolland, and Michela Stucchi

Abstract

The FLIPR (Fluorescent Imaging Plate Reader) system has been extensively used in the early stages of
drug discovery for the identification of small molecules as a starting point for drug development, and for
the pharmacological characterization of compounds. The main application of the system has been the
measurement of intracellular Ca2+ signals using fluorescent calcium indicators.
This chapter describes the application of a protocol for the study and characterization of state-dependent

blockers of Voltage-Gated Calcium Channels (VGCC) on the FLIPRTETRA.
The cell line suitable for the application of the protocol, and described hereafter, co-expresses the human

CaV1.2 channel and the human inward rectifier K+ channel Kir2.3. The presence of Kir2.3 allows the
modulation of the plasma membrane potential and consequently of the state of the CaV1.2 channel by
changing the extracellular K+ concentration. In this way, CaV1.2 activity can be measured at different
membrane voltages, corresponding to either the resting or partial inactivated state, by loading the cells with
a calcium probe in extracellular low or high potassium buffer.

Key words State-dependent blockers, Voltage-gated calcium channel, Calcium fluorescent dye,
FLIPR

1 Introduction

Ion channels belong to a large family of proteins that form pores in
cellular membranes allowing the passage of ions down their elec-
trochemical gradient. They react to membrane potential changes
(voltage-gated), mechanical stress (mechano-sensitive), and/or
chemical signals (ligand-gated) [1–3].

The “gold standard” technique for the study of voltage-gated
channels is electrophysiology (patch clamp). The development of the
patch clamp technique [4], which was acknowledged by the 1991
Nobel Prize in Physiology andMedicine, led to a great improvement
in ion channel function understanding and pharmacology. However,
the application of manual patch clamp to the screening of large
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compound collections has been hampered by the intrinsic low
throughput nature of the technique. Moreover, traditional electro-
physiology is labor-intensive and requires very sophisticated skills. To
overcome these limitations, over the last 15 years, different auto-
mated electrophysiology instruments with improved throughput
have been developed [5]. However, although the throughput has
been increased, the high cost associated with these automated sys-
tems is not compatible with the testing of a hefty number of chemical
compounds. Hence, alternate techniques are needed to perform a
primary selection of a more reasonable number of compounds to
enter the “electrophysiological funnel.”

Many efforts have been made to develop surrogate techniques
that could allow the screening of ion channels against a larger
number of compounds. These technologies fall in two main
categories: nonfunctional (i.e., ligand binding assays and liquid
chromatography mass spectrometry) or functional assays (i.e., flux
and fluorescence assays) [6].

Fluorescence-based assays have become the most commonly
used in high throughput screening for ion channel drug identifica-
tion. In particular, fluorescent indicators allowing the measurement
of the increase of cytosolic calcium concentrations are used for the
study of voltage-gated calcium channels.

Voltage-gated calcium channels open in response to membrane
depolarization allowing calcium to enter the cells. They mediate
various cell functions such as contraction, neurotransmitter release,
and signal transduction [7]. In fluorescence-based assays, the
activation of these channels is triggered by the application of a buffer
containing a high potassium concentration, thus inducing a depo-
larization. However, a major issue when measuring the activity of
voltage-gated ion channels using a fluorescence indicator is repre-
sented by the absence of control of the plasma membrane potential.
A smart approach to circumvent this limit was developed for the first
time approximately 10 years ago [8]. The method employs the co-
expression of a voltage-gated channel together with an inward
rectifying potassium channel (Kir). The Kir channel keeps the cells
hyperpolarized by shifting the plasma membrane potential close to
the equilibrium potential for potassium (i.e., around �80 mV)
when incubated in physiological extracellular solution. Under this
condition, any increase in extracellular potassium concentration will
change the ionic equilibrium and lead to a depolarization (Fig. 1).
Different extracellular potassium concentrations are used to modu-
late the membrane potential and promote the conformational
changes of the channel (from a closed/resting to a partial inacti-
vated and to an open/conducting state).

In this chapter, we will describe how to set up a fluorescent-
based assay protocol suitable for the identification of state-
dependent blockers of a voltage-gated calcium channel (CaV1.2)
on the FLIPRTETRA.
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2 Materials

2.1 Cell Line

and Culture Medium

1. Human embryonic kidney 293 (HEK-293) cells stably
co-express the α1c, α2δ1, and β3 subunits of the human
L-type CaV1.2 together with the K+ inward rectifier channel
Kir2.3.

2. Cells are cultured in EMEM Minimum Essential Medium
Eagle with Earl’s salts Balanced Salt Solution supplemented
with 10 % fetal bovine serum, 2 mM L-glutamine, 1 % of
penicillin/streptomycin, 0.2 mg/mL of G418, 2.5 μg/mL of
zeocin, and 5 μg/mL of hygromycin B for selection.

2.2 Reagents

and Buffers

1. “K0-Na150-Ca2” buffer: 150 mM NaCl, 2 mM CaCl2,
10 mM glucose, 10 mM Hepes, pH 7.4 (see Note 1). For
1 L solution, add 200 mL of ultrapure water (prepared by
purifying deionized water to reach a resistivity of at least
18 MΩ cm at 25 �C) to a 1 L graduated glass beaker. Add
8.76 g NaCl, 2.38 g Hepes, 0.29 g CaCl2 � 2H2O, and
294.04 g glucose. Add ultrapure water to a volume of
900 mL. Mix with a magnetic stir bar and adjust the pH to
7.4 with 5 M NaOH. Transfer to a 1 L graduated cylinder and
make up to 1 L with ultrapure water. Do not autoclave. Filter
with a 0.22 μm filter membrane and store at 4 �C (seeNote 2).

2. “K150-Na0-Ca2” buffer: 150 mM KCl, 2 mM CaCl2, 10 mM
glucose, 10 mMHepes, pH 7.4 (seeNote 1). For 1 L solution,
add 200 mL of ultrapure water (prepared by purifying

Fig. 1 Experimental and theoretical linear relationships between the extracellular
potassium concentration and the plasma membrane potential of the HEK-293/
Kir2.3 cell line. The black and red symbols represent the measured membrane
potential obtained in current-clamp experiments (average � SEM; n ¼ 4) and
the theoretical values calculated with the Goldman-Hodgkin-Katz equation,
respectively
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deionized water to reach a resistivity of at least 18 MΩ cm at
25 �C) to a 1 L graduated glass beaker. Add 11.18 g KCl,
2.38 g Hepes, 0.29 g CaCl2 � 2H2O, and 294.04 g glucose.
Add ultrapure water to a volume of 900 mL. Mix with a
magnetic stir bar and adjust the pH to 7.4 with 5 M NaOH.
Transfer to a 1 L graduated cylinder and make up to 1 L with
ultrapure water. Do not autoclave. Filter with a 0.22 μm filter
membrane and store at 4 �C (see Note 2).

3. Assay buffer for resting state: 146mMNaCl, 4 mMKCl, 2 mM
CaCl2, 10 mM glucose, 10 mM Hepes, pH 7.4, obtained by
combining the required amount of “K0-Na150-Ca2” and
“K150-Na0-Ca2” buffers so that the final osmolarity on the
cells is not altered. To prepare 1 L of a 4 mM K+ assay buffer
mix 26.7 mL of “K150-Na0-Ca2” with 973.3 mL of
“K0-Na150-Ca2.”

4. Assay buffer for partial inactivated state: 125 mM NaCl,
25 mM KCl (or X mM KCl, X to be calculated according to
Note 3), 2 mM CaCl2, 10 mM glucose, 10 mM Hepes,
pH 7.4, obtained by combining the required amount of “K0-
Na150-Ca2” and “K150-Na0-Ca2” buffers so that the final
osmolarity on the cells is not altered. For instance, to prepare
1 L of a 25 mM K+ assay buffer, mix 166.7 mL of “K150-Na0-
Ca2” with 833 mL of “K0-Na150-Ca2.”

5. Assay buffer for target activation: “K150-Na0-Ca2” buffer.

6. Fluo-8 No Wash (Fluo-8 NW) Ca2+-sensitive dye: thaw all the
kit components at room temperature before use. Resuspend
the lyophilized Fluo-8 NW dye in 200 μL DMSO into the vial
and mix them thoroughly by pipetting up and down exten-
sively. To prepare 100 mL of working solution (see Note 4),
add 5 mL of pluronic-F127 component to 95 mL of the proper
assay buffer and 100 μL of dye. Mix well. Pluronic-F127 helps
to improve dye solubility. The dye solution can be prepared few
hours in advance and kept at room temperature in the dark (or
under sodium light, the dye is light sensitive) until usage. Best
performance is achieved with freshly prepared dye solution,
although dye can be used several hours after dilution in assay
buffer (at room temperature and protected from light). Other
fluorescent calcium dyes, such as Fluo-4 AM, Fluo-4 NW,
and others could be used following the manufacturer indica-
tion (see Note 5).

7. Reference blocker, isradipine: prepare 10 mM stock solution in
100 % DMSO by dissolving 10 mg of powder in 2.69 mL of
DMSO. Prepare aliquots, protect from light, and store at
�20 �C.
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3 Methods

1. Twenty-four hours prior to the experiment, wash cells with
PBS and detach them from the tissue culture flask by trypsini-
zation (enzyme-free dissociation buffer might be used instead).

2. Count the cells and resuspend them in growthmediumwithout
antibiotics at the required number of cells per volume. Usually
10,000–15,000 cells are seeded in 25 μL volume per well in a
384-well poly-D-lysine-coated plate (see Note 6).

3. Store the plate in an incubator (37 �C, 5 % CO2).

4. Twenty-four hours after seeding, carefully remove the culture
medium by flicking the cell plate or with the help of a cell
washer. Make sure the wells are dry and the medium has been
completely removed to avoid poor loading due to dye hydroly-
sis by the serum.

5. Add 20 μL/well of Fluo-8 NW working solution to the cell
monolayer by using a multidrop dispenser or a multichannel
electronic pipette. Make sure to keep the cell monolayer undam-
aged while adding the dye. The dye solution has been prepared
in the appropriate buffer for studying the target in either its
resting (assay buffer for resting state) or partially inactivated
state (assay buffer for partial inactivated state). The proper K+

concentration to be used to produce the half inactivation of the
target is determined by running a test plate (see Note 3).

6. Incubate the cells for about 1 h at room temperature (see Note
7). During incubation, the dye uptake by the cell and its de-
esterification in the cytoplasm occur.

7. Prepare the test compound plate to be used for injection on the
cells loaded with the dye (seeNote 8). Depending on the aim of
the experiment, compounds can either be analyzed at a single
or at several different concentrations (dose-response curve,
DRC) in single or replicate points. Compounds will be
prepared at a stock concentration which allows then to reach
the desired final well concentration once injected by the
FLIPRTETRA on the cell plate. For instance, to prepare the
DRC plate for isradipine and/or test compounds, use a 96-
well polypropylene plate as support. For a 10-point DRC with
10 μM as top compound concentration and half logarithmic
dilution steps, start diluting 2 μL of a 10 mM stock solution
into 8 μL of DMSO. Hence, compounds are 2 mM concen-
trated. Then, serially move 3.2 μL into 6.8 μL of DMSO until
all the ten concentrations to be tested are obtained. To each
compound and concentration, add 265 μL of proper assay
buffer (for resting or for partial inactivated state) in order to
produce the 5� concentrated working solutions in 2.5 %
DMSO. Mix well and transfer into a 384-well polypropylene
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plate (V bottom), with the help of a multichannel pipettor or a
96-pipettor head. In this way, a quadruplicate data point can be
obtained for each compound and concentration (Fig. 2). Run
this procedure with any compound that needs to be tested,
adjusting the volumes according to the stock concentrations
and to the concentration range you want to test. It is recom-
mended to prepare the compound plate under sodium yellow
light to protect any photosensitive compound from light. Make
sure to include on the compound plate the appropriate negative
and positive controls.

8. Prepare the activator plate by filling a 384-well polypropylene
plate (V bottom) with the assay buffer for target activation.

9. On the FLIPRTETRA, read the basal RFU values of the assay
plate with the excitation/emission pair 470_495 nm LEDs
(for Fluo-8 NW excitation) and 515_575 nm emission filters
(see Note 9). Adjust the FLIPRTETRA settings in order to have
basal fluorescence counts around 5000–10,000 RFUs. If the
FLIPRTETRA is equipped with an EMCCD camera, start from a
basal fluorescence around 500–1000 RFUs.

10. Define the dedicated protocol on FLIPRTETRA:

(a) Assign the plate to position: the assay plate to the “read
position,” compound plate to the “source plate 2,” and
the activator plate to the “source plate 3.” The “load tips
position” can be used to put a reservoir with a 50 %
DMSO/water solution for washing tips after compound
injection.

Fig. 2 Scheme of test compound plate preparation. Test compound dose-response curves are first prepared in
100 % DMSO in a 96-well polypropylene plate. After dilution in the suitable assay buffer, all the compounds/
concentrations are transferred into a 384-well polypropylene plate thus obtaining quadruplicate data points
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(b) First injection: 5 μL of the 5� concentrated compounds,
incubate for 5–10 min and record the emitted fluores-
cence. Make the FLIPR acquire samples every 1 s during
the first minute after injection and every 2–5 s in the
remaining minutes before KCl (assay buffer for target
activation) addition. This helps to better define the kinetic
shape immediately after compound injection.

(c) Wash tips first with water, then with a 50 % DMSO/water
solution in the reservoir and last with water again.

(d) Second injection: 25 μL of assay buffer for target activa-
tion (75 mM KCl final in well and isotonic with Na+) to
activate the target. Measure the emitted fluorescence for
two additional minutes and again acquire samples every 1 s
during the first minute after injection and every 2–5 s in
the remaining minute. This helps to better define the
target activation kinetic immediately after its onset. Wash
tips with water.

11. For data analysis: compute the response value by considering
the delta between the Max RFU value after the second injec-
tion and the RFU mean immediately before the second injec-
tion. Divide this delta by the basal value which is measured at
the first time point of the kinetic (ΔF/F0) (Fig. 3).

12. Use a software like Graphpad or Genedata to draw the dose-
response curve and to calculate the IC50 (Fig. 4).

Fig. 3 Kinetic traces recorded by the FLIPRTETRA and response value computation. Calcium responses in the
presence of different isradipine concentrations were monitored on the FLIPRTETRA in HEK-293 cells stably
transfected with the CaV1.2 together with Kir2.3. The compounds injection occurs few seconds after the
beginning of the measurement. After the desired incubation time (usually 3–5 min), the target activation buffer
(75 mM KCl, final in the wells) is added to the cells and the emitted fluorescence is recorded for additional
11000–12000. The response value is computed as ΔF/F0 where ΔF is the difference between the maximum
peak recorded after target activation and the fluorescence measured at the few time points before activation
buffer injection. F0 is the fluorescence recorded at the first time point
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4 Notes

1. Magnesium is not included in the buffers, in order to avoid the
possible inhibition of Kir2.3 channel (see Ref. 9).

2. Alternatively, the “K0-Na150-Ca2” and “K150-Na0-Ca2”
buffers can be prepared starting from salts stock concentrations
(i.e., 4 M NaCl, 3 M KCl, 1 M CaCl2, 1 M glucose, and 1 M
Hepes all prepared in ultrapure water). For instance, to obtain
1 L of “K0-Na150-Ca2,” add 37.5 mL of 4 M NaCl, 2 mL of
1MCaCl2, 10 mL of 1M glucose, and 10 mL of 1MHepes to
900 mL of water in a beaker and adjust the pH to 7.4 with 5 M
NaOH. Transfer to a 1 L graduated cylinder and make up to
1 L with water. Filter with a 0.22 μm filter membrane, do not
autoclave, and store at 4 �C.

3. To determine the proper K+ concentration of the assay buffer
for the half inactivation, an “inactivation curve” should be
tested before starting the experiment. To do that, incubate
cells with Fluo-8 NW dye made up in assay buffers containing
KCl at different concentrations (1, 4, 10, 15, 20, 25, 30, and
50 mM, all concentrations must be isotonic with NaCl). Acti-
vate the target on the FLIPRTETRA by injecting 75 mM K+

buffer (assay buffer for target activation), compute the
response values as described in Subheading 3, and draw a
dose-response curve with the help of a software like Graph-
pad or Genedata. The KCl concentration yielding a half
response with respect to the 1–4 mM KCl condition is the
one that should be used to assay the target in its half inactivated
state (Fig. 5).

Fig. 4 Isradipine dose-response curve in different K+ concentrations. Calcium responses were monitored on
the FLIPRTETRA in HEK-293 cells stably transfected with the CaV1.2 together with Kir2.3. Cells were loaded at
RT with Fluo-8 NW solubilized in buffer containing different KCl concentrations (4–10–15–20–25 mM). Five
minutes after the addition of the CaV 1.2 blocker isradipine in the proper K+ buffer (4–10–15–20–25 mM),
channels were activated with the activation buffer (75 mM K+, final in the wells)
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4. Usually, the protocol suggested for the preparation of the dye
working solution by the manufacturer can be tailored by reduc-
ing the final dye concentration without losing sensitivity. It is
considered good practice to compare the different dye solu-
tions by checking the assay performance and quality in the
different conditions. Further, when preparing a large batch of
dye solution to be used for a huge number of plates, it is
important to verify the dye stability over time.

5. With cell lines different from HEK-293 and/or with other
Ca2+-sensitive dyes (such as Fluo-4 AM), it might be necessary
to add probenecid (0.5–5 mM) to block the anionic pumps,
endogenously expressed in the cells, that would extrude the
dye from the cytoplasm.

6. Poly-D-lysine-coated plates can be either purchased or prepared
by the operator according to the following procedure:

(a) Starting from a 1mg/mL stock solution, dilute the poly-D
lysine to 50 μg/mL in sterile H2O.

(b) Add 25 μL/well of the diluted solution to a 384 MTP.

(c) Incubate for 300 at 37 �C or overnight at room
temperature.

Fig. 5 K+ inactivation curve. Calcium responses were monitored on the FLIPRTE-
TRA in HEK-293 cells stably transfected with the CaV1.2 together with Kir2.3.
Cells were loaded at RT with Fluo-8 NW solubilized in buffer containing different
KCl concentrations (1–4–10–15–20–25–30–50 mM, isotonic with Na+). The
target was activated by the injection of the activation buffer. The K+ concentra-
tion giving the half inactivation of the channel is retrieved by considering the max
kinetic peak after KCl injection, computing it as ΔF/F0 (Fig. 3) and drawing a
dose-response curve with a suitable software (such as Graphpad or Genedata).
The calculated “IC50” value is the K

+ concentration to be used to assay the target
in its half inactivated state
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(d) Discharge the poly-D lysine solution, and rinse twice with
50 μL/well of sterile PBS to carefully remove any trace of
residual poly-D-lysine since it can affect cell viability.

(e) Dry the plate by placing it open under a laminar flux hood.

7. The incubation with the Fluo-8 NW dye can be carried out
at either room temperature or 37 �C. The advantage of the
incubation at RT is the reduction of possible plate effects
due to temperature drift across the plate that may occur when
the assay plate is taken out from the 37 �C incubator before the
reading on the FLIPRTETRA. It is advisable to test both experi-
mental conditions and check which one gives the best assay
quality, especially with those dyes with which the 37 �C incu-
bation is recommended (Fluo-4 AM).

8. The preparation of the compound plate might take consider-
able time; therefore, make sure to have it ready in due time (i.e.,
prepare it in DMSO before dye loading and dilute it in buffer
during dye loading—it is recommended to add the buffer right
before the injection on the cells).

9. These settings are chosen when using calcium-sensitive dyes
such as Fluo-4 NW, Fluo-4 AM, or Fluo-8 NW. Different
calcium indicators can require different LEDs/filters pairs
since excitation and emission wavelength might change.
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Chapter 14

A Luciferase Reporter Gene System for High-Throughput
Screening of γ-Globin Gene Activators

Wensheng Xie, Robert Silvers, Michael Ouellette, Zining Wu, Quinn Lu,
Hu Li, Kathleen Gallagher, Kathy Johnson, and Monica Montoute

Abstract

Luciferase reporter gene assays have long been used for drug discovery due to their high sensitivity and
robust signal. A dual reporter gene system contains a gene of interest and a control gene to monitor non-
specific effects on gene expression. In our dual luciferase reporter gene system, a synthetic promoter of
γ-globin gene was constructed immediately upstream of the firefly luciferase gene, followed downstream by
a synthetic β-globin gene promoter in front of the Renilla luciferase gene. A stable cell line with the dual
reporter gene was cloned and used for all assay development and HTS work. Due to the low activity of the
control Renilla luciferase, only the firefly luciferase activity was further optimized for HTS. Several critical
factors, such as cell density, serum concentration, and miniaturization, were optimized using tool com-
pounds to achieve maximum robustness and sensitivity. Using the optimized reporter assay, the HTS
campaign was successfully completed and approximately 1000 hits were identified. In this chapter, we
also describe strategies to triage hits that non-specifically interfere with firefly luciferase.

Key words Cell-based assay, Dual luciferase reporter gene assay, Firefly luciferase, Renilla luciferase,
High-throughput screening, Hit triage

1 Introduction

Cell-based assays have long been recognized as a promising strategy
in drug discovery. This is due to the fact that cell-based assays better
mimic the physiological contexts and represent more relevant
mechanisms than cell-free systems [1]. Cell-based reporter gene
systems are an attractive option to study gene regulation and other
cellular responses [1–3]. Early reporter gene systems, such as chlor-
amphenicol acetyltransferase (CAT), alkaline phosphatase (AP),
and β-galactosidase (β-gal), used colorimetric detection assays.
Other reporter genes, such as green fluorescent protein (GFP),
use fluorescence as the detection signal. These detection systems
are less robust, insensitive, and can be prone to background inter-
ference. Bioluminescence reporter genes, on the other hand, have
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several favorable features: they are very robust and sensitive, have
no endogenous activity, show stable enzyme activity and signal,
utilize a simple assay protocol, and have relatively low cytotoxicity.
Several common luminescence reporter genes are firefly luciferase,
Renilla luciferase, aequorin, and Gaussia [2]. These reporter gene
products have different features and hence usages as reviewed in ref.
[2]. Firefly luciferase has been engineered to be stable and have
robust activity [4]. Its activity requires luciferin, ATP, and Mg2+

[5]. Renilla luciferase catalyzes the oxidative decarboxylation of
coelenterazine in the presence of dissolved oxygen to produce
blue light [6–8]. The reaction ofRenilla luciferase does not require
cofactors such as ATP or Mg2+. The different conditions of these
two enzymes enable the possibility to measure their activities
sequentially, as described in the protocol section.

One important application of a reporter gene system is to study
promoter activity of a target gene, as well as factors regulating the
promoter activity [1, 8, 9]. A relatively simple single gene reporter
system can be designed in which the promoter and/or other regu-
latory elements of a target gene are constructed to control the
expression of the reporter luciferase. The reporter gene DNA con-
structs are then delivered into mammalian cells. As a result, the
luciferase reporter activity can reflect the promoter activity. Stable
cell lines harboring the reporter gene are preferred for assay devel-
opment and high-throughput screening (HTS) because they typi-
cally have consistent and homogenous activity. However, it can be
time consuming to generate stable cell lines. To allow for quicker
analysis, transient transfection of selected cells with the reporter
gene DNA can be employed.

Though very sensitive and robust, a single luciferase reporter
gene system may be prone to some general non-specific effects on
gene expression. A dual reporter gene system allows measurement
of expression of the gene of interest and expression of a control
gene in the same cell context. Through normalizing with the
control gene activity, a number of non-specific effects can be
excluded, such as transfection efficiency, general gene regulation,
and cytotoxicity. The dual reporter genes can be in two separate
DNA constructs and delivered into cells via co-transfection, or the
two reporter gene cassettes can be tandemly configured in a single
construct. Firefly luciferase and Renilla luciferase are commonly
employed to build a dual reporter system [10, 11]. This is mainly
because they use different substrates and their activities can be
measured sequentially. Despite these favorable features, dual
reporter gene systems may not be amenable toHTS. The sequential
measurement of two luciferases is more labor and time intensive,
and can potentially increase assay variability. When testing hundreds
of thousands or millions of compounds in an HTS, it is advanta-
geous to reduce the number of assay steps to as few as possible. A
risk–benefit analysis must be conducted to decide whether to use a
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dual or single reporter gene system for HTS. The former is labor
intensive and more costly up front, but screening data can be
normalized to eliminate several undesired effects. The latter is a
simpler process, but results have to be carefully managed through a
triage system to eliminate false positives. No matter which assay
format is used, there will be non-specific interference, resulting in
false positive hits. For example, it has been reported that chemical
compounds can modulate cytoplasmic levels of firefly luciferase in a
manner not specific to the target of interest [9, 12–15]. In the
report of Auld et al. [16, 17], luciferase inhibitors appeared to be
reporter gene activators due to their abilities to bind and stabilize
the enzyme. This underscores the importance of validating HTS
hits with strategic triage assays to confirm on target specificity.

Our team aims to increase γ-globin gene expression to replace
malfunctioned β-globin in sickle cell patients. One of our strategies
is to use a reporter gene assay to identify γ-globin gene activators.
In this chapter, we describe our gamma-globin activator HTS work
as an example to illustrate a firefly luciferase reporter assay develop-
ment, optimization, HTS process, and hit triage. Our dual lucifer-
ase reporter gene construct contains a synthetic promoter sequence
of the human γ-globin gene placed directly upstream of a firefly
luciferase gene, followed downstream by a β-globin gene promoter
sequence and Renilla luciferase as a control gene. F-36P cells were
electroporated with the constructs to generate a stable cell line (the
stable cell line generation is not described here). The firefly lucifer-
ase assay alone was optimized for HTS based on the fact that the
Renilla luciferase had very low activity, rendering it unsuitable for
data normalization. Additionally, the dual luciferase measurement
was labor intensive and not practical for HTS. Instead, we per-
formed a triage assay after HTS to exclude false positives.

In brief, the methods described below include four major parts:

1. Dual luciferase activity measurement.

2. Firefly luciferase assay optimization for HTS.

3. HTS campaign and outcomes.

4. Confirmation of HTS hits and triage assays.

2 Materials

1. F-36P stable cell line harboring the dual reporter gene system
was maintained in complete culture medium, RPMI-1640 with
20 % FBS and supplements (1 % GlutaMax, 10 ng/mL recom-
binant human GM-CSF, 1 mM sodium pyruvate).

2. The supplement recombinant human GM-CSF, was reconsti-
tuted from lyophilized protein to 0.1 mg/mL in sterile PBS.
Aliquots were stored at �80 �C and freeze-thaws were limited.
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3. Hemin as a tool compound, its stock solution was prepared in
DMSO at 10 mM or as needed.

4. Hydroxyurea as a tool compound, the stock solution was
prepared in DMSO at 100 mM or as needed.

5. A known luciferase binding small molecule, prepared in house.

6. Dimethyl sulfoxide.

7. Dual-Glo® Luciferase Assay System (Promega Corp.).

8. Renilla-Glo® Luciferase Assay System (Promega Corp.).

9. Steady-Glo® Luciferase Assay System (Promega Corp.).

10. Non-lysis assay substrate D-Luciferin, prepare 5 mM D-Lucif-
erin stock solution in RPMI-1640. Mix well and use fresh.

11. HERAcell® 240 CO2 tissue culture incubator (Thermo Fisher
Scientific, Inc.).

12. Vi-CELL® Cell Viability Analyzer (Beckman Coulter, Inc.).

13. Echo® Liquid Handler (Labcyte, Inc.).

14. Multidrop™Combi Reagent Dispenser (Thermo Fisher Scien-
tific, Inc.).

15. Multidrop™ standard dispensing cassette (Thermo Fisher Sci-
entific, Inc.).

16. Multidrop™ metal tip small tube cassette (Thermo Fisher
Scientific, Inc.).

17. 384-well compound plate for compound preparation.

18. 384-well cell culture regular volume plate

19. 384-well cell culture small volume plate.

20. 1536-well cell culture plate with lid.

21. EnVision® Multilabel Plate Reader (PerkinElmer).

22. ViewLux® uHTS Microplate Imager (PerkinElmer).

3 Methods

3.1 Dual-Glo®

Luciferase Activity

Measurement

Our original plan for HTS was to measure γ-globin promoter-
controlled firefly luciferase and β-globin promoter element-
controlled Renilla luciferase. Utilizing electroporation, we
transfected F-36P cells with the dual reporter gene plasmid (as
shown in Fig. 1) and performed stable monoclonal selection.
We analyzed F-36P monoclones with Dual-Glo® Luciferase Assay
System. In this section, we describe the procedures to measure the
firefly and Renilla luciferase activity in a 384-well plate format.
These data provided initial information to select the monoclonal
stable cell lines as well as the final HTS assay format.
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3.1.1 Compound Plate

Preparation and Cell

Treatment

1. In a 384-well compound plate, add stock tool compound
solutions in DMSO to column 1 or 13, then perform threefold
serial dilutions in DMSO to sequential columns, skipping col-
umn 6 and 18, for a total 11 doses (see Note 1).

2. Use an Echo® to transfer 133 nL from the prepared com-
pound source plate to a 384-well cell culture large volume
plate.

3. Transfer freshly cultured F-36P cells from the selected mono-
clone to a 50 mL conical tube, centrifuge at 300 x g for 5 min
(see Note 2).

4. Remove medium and resuspend cells in 10 mL of RPMI-1640
with 10 % FBS and supplements (see Note 3).

5. Count cell density and viability using a Vi-CELL®.

6. Dilute cells to 2.5 � 105 cells/mL in RPMI-1640 with 10 %
FBS and supplements.

7. Sterilize a standard dispensing cassette attached to a Multi-
drop™ Combi by soaking the lines with 70 % ethanol or iso-
propanol for 10 min. Rinse with sterile PBS or assay medium
(see Note 4).

8. Prime and dispense the cell solution at 40 μL/well to the assay
plate stamped with compounds.

9. Allow plates to rest at room temperature for 30 min.

10. Incubate plates in an incubator at 37 �C with 5 % CO2 for 72 h
(see Notes 5 and 6).

3.1.2 Dual-Glo

Luciferase Activity

Detection

1. After incubation, remove assay plates from the incubator to
equilibrate to room temperature for 30 min. This reduces
variation caused by uneven temperature of plates.

2. According to the Dual-Glo® Luciferase Assay System manual,
prepare firefly luciferase reagent by combining one bottle of
Dual-Glo® Luciferase Buffer with one bottle of lyophilized
Dual-Glo® Luciferase Substrate and mix well (see Note 7).

3. Using the Multidrop™ Combi and a standard dispensing cas-
sette, add 20 μL/well of prepared firefly luciferase substrate

+ pCDN* backbone vector  5.8Kb  = Total construct size 15Kb

3.1Kb 1.9Kb 322bp1.4Kb 815bp2.2Kb 

µLCR γ-globin promoter Firefly luciferase 3’E -globin promoter Renilla luciferase

Fig. 1 Schematic of the dual luciferase reporter gene construct
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solution and incubate at room temperature in the dark
for 20 min.

4. Read luminescence with the EnVision®Multilabel Plate Reader
within 45 min (see Note 8).

5. Prepare Dual-Glo® Renilla luciferase reagent by diluting the
Dual-Glo® Stop and Glo® Substrate 1:100 with Dual-Glo®

Stop and Glo® Buffer and mix well (see Note 9).

6. Using the Multidrop™ Combi and a separate standard dis-
pensing cassette, add 20 μL/well of Dual-Glo® Renilla lucifer-
ase solution and incubate at room temperature in the dark for
20 min. Read luminescence on EnVision®.

7. For Renilla luciferase activity measurement alone, replace the
Dual-Glo® Luciferase Assay System with the Renilla-Glo®

Luciferase Assay System and follow the manual accordingly.

Figure 2 shows the results of dual luciferase activity measure-
ment with one representative F-36P clone. Figure 2a is the firefly
luciferase activity signal after 72 h hemin treatment, while Fig. 2b
shows the residual firefly luciferase signal after quenching (without
addition of Renilla luciferase substrate). The data clearly demon-
strate that γ-globin promoter-controlled firefly luciferase activity
(Fig. 2a) is very high, resulting in significant residual signal almost
equivalent to the Renilla luciferase levels alone, as shown in
Fig. 2c. This situation was true for all of the clones we analyzed.
Due to the substantial residual signal remaining from the firefly
luciferase after quenching, normalization with Renilla luciferase
activity became less advantageous. In addition, extra steps to mea-
sure the Renilla luciferase activity would be more labor intensive
and increase probability of errors during the HTS process. There-
fore, we decided to forgo the dual reporter assay and focus on the
firefly luciferase activity.
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3.2 Firefly Luciferase

Reporter Assay

Development for HTS

It is known that γ-globin has very low expression in adult blood
cells. Our main goal to achieve therapeutic benefit is an up-
regulation of γ-globin to at least 120–150 % vs. baseline (100 %).
As indicated in the above section, our tool compounds showed
mild activation with a modest signal window (signal/background
around 2). To increase the robustness for HTS, we used tool
compounds to identify conditions that would maximize the assay
window and minimize variability. For a cell-based assay, several
factors are in the scope of optimization, such as cell density,
serum concentration, cell passage number, DMSO tolerance, and
compound treatment time. In addition, we often prepare large
supplies of frozen cells that can ensure a sufficient amount of cells
with consistent activity throughout the entirety of the HTS. In the
following section, we describe the optimization of a few factors
leading up to HTS. Based on the results from Subheading 3.1
which was performed in 384-well large volume plates, we began
to miniaturize the assay by titrating several conditions in 384-well
small volume plates, and then ultimately transferred the assay to
1536-well plate for final optimization and validation.

3.2.1 Cell Density

Titration in 384-Well Plates

1. Using an Echo®, stamp 33 nL of compounds to 384-well small
volume plates.

2. Prepare cell solution as described from steps 3 to 5 in
Subheading 3.1.1.

3. Dilute cells in RPMI-1640 with 10 % FBS and supplements
to desired cell densities: 5 � 105, 2.5 � 105, and 1.25 �
105 cells/mL.

4. Using a Multidrop™ Combi with a metal tip small tube cas-
sette, dispense 10 μL/well of cell solution to a 384-well plate
previously stamped with compounds.

5. Incubate plates for 72 h in a tissue culture incubator at 37 �C
with 5 % CO2.

6. After incubation, let plates equilibrate at room temperature for
30 min.

7. Prepare Steady-Glo® Luciferase Assay System according to the
manufacturer’s instructions.

8. Using a separate cassette, dispense 5 μL/well of reconstituted
Steady-Glo® reagent.

9. Incubate for 20 min at room temperature in the dark. Read
luminescence signal with EnVision®.

3.2.2 Serum Titration

in 384-Well Plates

1. Similarly to steps 3–5 in Subheading 3.1.1, reconstitute cells to
desired cell density (5 � 105 cells/mL) in RPMI-1640 with all
of the supplements but no serum.

2. Add serum to different concentrations: 10 %, 5 %, 2.5 %, and
1.25 %.
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3. Dispense cell solutions at 10 μL/well to 384-well culture plates
stamped with tool compounds.

4. Perform the treatment and detection as described in
Subheading 3.2.1.

3.2.3 DMSO Titration

in 1536-Well Plates

After the cell density and serum titration in 384-well small volume
plates, we transferred the assay to 1536-well plates. The volume of
cells dispensed to each well was halved (from 10 to 5 μL) in
1536-well plates to test cell density and serum based on the data
from 384-well plates. The data were very consistent between
384-well and 1536-well plates. Our next step was to test DMSO
tolerance and frozen cell activity in 1536-well format.

1. Using an Echo®, transfer 15 nL of tool compounds to
1536-well culture plates.

2. Transfer freshly cultured F-36P cells to conical tubes. Centri-
fuge cells and resuspend to 5 � 105 cells/mL in RPMI-1640
with 5 % FBS and all supplements.

3. Add DMSO to cell solutions to concentrations of 0 %, 0.2 %,
0.45 %, 0.7 %, 1.2 %, and 1.7 %.

4. Using a Multidrop™ Combi with a sterilized small tube cas-
sette, dispense cell solutions at 5 μL/well to 1536-well plates
stamped with tool compounds. Together with the DMSO
introduced by compound solutions, the final DMSO levels
were 0.3 %, 0.5 %, 0.75 %, 1 %, 1.5 %, and 2 %.

5. Incubate the plates for 72 h in a tissue culture incubator at
37 �C with 5 % CO2.

6. After incubation, bring plates out, remove the lids from the
plates, and allow plates to equilibrate to room temperature for
30 min.

7. Prepare Steady-Glo® Luciferase Assay System according to the
manufacturer’s instructions.

8. Using a Multidrop™ Combi with a small tube cassette
attached, dispense 3 μL/well of reconstituted Steady-Glo® at
medium dispensing speed (see Note 10).

9. Incubate for 20 min at room temperature in the dark. Read
luminescence signal with EnVision®.

3.2.4 Comparison

of Freshly Cultured Cells

with Cryopreserved Cells

in 1536-Well Plates

1. Using an Echo®, transfer 15 nL compounds to 1536-well
culture plates.

2. Quickly thaw cryopreserved cells in a 37 �C water bath.

3. Wash cells once with RPMI-1640 containing 5 % FBS and
supplements (see Note 11).

4. Reconstitute cells in the same medium, count cell density and
viability using a Vi-CELL®.
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5. Dilute cells to 5 � 105 cells/mL in the same medium.

6. With similar steps as described in steps 3–5 in Subhead-
ing 3.1.1, prepare fresh cell solution at 5 � 105 cells/mL in
RPMI-1640 with 5 % FBS and all supplements.

7. Dispense both cell solutions to 1536-well plates stamped with
tool compounds.

8. Perform the treatment and detection as described in the
previous section.

Cell density affects signal window, sensitivity, and cytotoxicity
tolerance. Figure 3 shows that the tool compound hydroxyurea
had a greater signal/background with the highest cell density
(5 K cells/mL). As a result, we selected the cell density of
5 � 105 cells/mL (5 K cells/10 μL/well for the 384-well plate
format, 2.5 K cells/5 μL/well for the 1536-well plate format).

Serum affects cell viability, proliferation, and biological signal-
ing pathways. It may also affect the binding affinity of compounds
and reduce hit identification. As a result of these conflicting out-
comes, the amount of serum to use becomes a balance between
these aspects. In Fig. 4, hemin shows a higher response with lower
serum concentrations, while hydroxyurea has a higher response
with higher serum concentrations. Although not tested, we
assume that serum proteins bound to hemin and reduced its
potency. For hydroxyurea, higher serum concentrations ensured
cell viability and possibly cell proliferation, resulting in higher
activity. Based on the responses of these two tool compounds,
we selected 5 % FBS as our final serum concentration to balance
the serum effects.
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Fig. 3 Cell density titration testing firefly luciferase activity in 384-well plates.
Cells were resuspended to three densities, then plated at 10 μL/well, and treated
for 3 days before the measurement of firefly luciferase activity
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A DMSO titration was performed to determine assay tolerance
to solvent. Our compound library is dissolved in neat DMSO to
1 mM concentration and introduces 0.5–2 % DMSO to our assays
depending on the final compound concentration. Figure 5 shows
that DMSO levels greater than or equal to 1 % had a negative effect
on the signal/background. Therefore, we chose to limit DMSO to
0.5 % in this assay.

One may have noticed that data from Fig. 5 had lower signal/
background when compared with Fig. 4. This might be due to the
cell passage effect since the cells used for DMSO titration had high
passage numbers (around 22 passages). In addition, we noticed
that cells that were scaled up for cryopreservation in large flasks
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(3 L) had lower responses to tool compounds. Ultimately, we had
success generating fit for purpose frozen cell batches using earlier
passage cells (the process to scale up began from an earlier stock at
passage 11).

Several batches of frozen cells were prepared and their
responses in the assay were compared to freshly maintained cells
at similar passage numbers. Figure 6 demonstrates that frozen
cells had comparable tool compound responses as fresh cells. All
of the HTS batches were similarly validated with tool compounds.
With the final optimized 1536-well assay conditions (2.5 K cells/
5 μL/well, 5 % FBS, 72 h treatment, 0.5 % DMSO), we tested the
tool compounds to validate a frozen batch of cells. Figure 7 shows
that both hemin and hydroxyurea had expected dose–response
curves. Hemin had a higher and less variable signal/background,
as well as a high signal plateau which is ideal for a high control.
Therefore, we used hemin at the plateau concentration (15 μM) as
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Fig. 7 Tool compound responses with frozen cells under final HTS assay conditions in 1536-well plate format

A Reporter Gene Assay for HTS of Activators 217



the high control for the HTS. With these finalized conditions, we
tested assay performance with a 10 K compound validation set.
The data demonstrate acceptable robustness (S/B around 3, Z 0

around 0.6, seeNote 12) and coefficient of variation less than 10 %.
The hit cut-off value was set at 145 % with the control DMSO set
at 100 % (see more discussion in Subheading 3.4).

3.3 HTS Campaign

and Outcomes

We performed the HTS with the optimized and validated firefly
luciferase assay in 1536-well format. The screening library, consist-
ing of approximately 1.8 million diverse small molecules, was
screened one time at 5 μM. To accommodate the 3 day treatment,
our campaign was scheduled for cell plating on Monday, Tuesday,
and Friday while detection and plate reading occurred on Thursday,
Friday, and Monday. The protocol below is an example of a 200
plate run, a typical daily batch size in our facility.

3.3.1 Compound

Stamping

Using an Echo®, transfer 25 nL of 1 mM compound stock solution
to 1536-well plates. Columns 11 and 12 had DMSO only; columns
35 and 36 were left empty (see Note 13). Seal plates and store at
4 �C until ready for use. Plates should be equilibrated to room
temperature prior to adding cells.

3.3.2 Cell Plating

and Treatment

1. Quickly thaw frozen cells in a 37 �C water bath, then transfer
cells to 50 mL conical tubes.

2. Slowly add RPMI-1640 with 5 % FBS and all supplements at a
ratio of around 10 mL of medium per 1 mL thawed cells.
Gently pipette up and down to mix.

3. Centrifuge at 200 � g for 4 min.

4. Remove supernatant and add about the same amount of culture
media. Gently pipette up and down to break up cell pellet and
reduce cell aggregation (see Note 14).

5. Further dilute cells with media to achieve a cell concentration
of approximately 1–2 � 106 cells/mL and mix thoroughly.

6. Count cell density and viability using a Vi-CELL®.

7. Dilute cells to 5 � 105 cells/mL into a sterile container (a glass
bottle). Calculate the amount of cell solutions required for
plating. Always keep at least 200 mL of dead volume. For two
hundred 1536-well plates, approximately 1.75 L cell solution
would be required.

8. Transfer 99 mL of cell solution to another container and add
the high-control hemin to achieve a final concentration of
15 μM at 0.5 % DMSO.

9. Using a Multidrop™ Combi with a small tube cassette, dis-
pense 5 μL/well of cell solution prepared in step 7 to 1536-
well plates stamped with compounds (prepared in Subhead-
ing 3.3.1), skipping columns 35 and 36 (see Note 15).
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10. Using another small tube cassette, dispense 5 μL/well of cell
solution with the high control (prepared in step 8) to columns
35 and 36.

11. Place lids on microtiter plates, centrifuge plates at 200 � g for
1 min in a table top centrifuge.

12. Allow plates to rest at room temperature for 30 min.

13. Place plates in a 37 �C, 5 % CO2 incubator for 72 h.

3.3.3 Firefly Luciferase

Detection

1. After 72 h treatment, remove plates from the incubator and
remove lids and equilibrate at room temperature for 30 min.

2. Prepare 1 L of Steady-Glo® substrate solution following the
manufacturer’s instructions.

3. Using a Multidrop™ Combi with a small tube cassette,
dispense 3 μL/well of Steady-Glo substrate solution using
medium dispensing speed.

4. Centrifuge the plates at 200 � g for 1 min in a table top
centrifuge.

5. Incubate for at least 10 min at room temperature, shielded
from light.

6. Read luminescence signal with a ViewLux® (see Note 16).

Figure 8a is a flow chart showing the HTS process. Among a
total of 1350 plates screened, only a few plates had failed Z 0 values
(below 0.4). Figure 8b shows the assay performance (the inset) and
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Fig. 8 HTS process flow chart (left panel ), hit distribution (right panel ), and assay performance (inset ). For the
hit distribution, the black area highlighted the hits with responses above 145 %. In the inset graph, each bar
represents the average of Z 0 value from a batch of 32 plates
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the distribution of hits. With the cut-off value of 145 %, approxi-
mately 31,000 compounds were identified (the dark area in Fig. 8b)
and followed up with our triage assay as described below.

3.4 Confirmation of

HTS Hits with Triage

Assays

As discussed in Subheading 1, some firefly luciferase inhibitors can
appear to be activators in cell-based firefly luciferase reporter gene
assays. It is therefore very important to have an effective triage
strategy to eliminate these false positives. We used a non-lysis
substrate system (no detergent) to test the HTS hits, and then
compare the activity with the lysis substrate (Steady-Glo) activity
to identify potential false positives. Our rationale is that firefly
luciferase binders stabilize the enzyme and increase the protein
concentration [1–6]. In the Steady-Glo® substrate system, the
strong detergent used to lyse cells would dissociate the inhibitor
and the enzyme, resulting in higher activity. In the non-lysis sub-
strate system which has no detergent, the luciferase-inhibitor com-
plex would remain intact, rendering the enzyme incapable of
turning over the luciferin substrate. Compounds active in the lysis
format, but inactive in the non-lysis format would be considered
false positives. We tested our hypothesis with the validation set
(diverse set of 10 K compounds) as well as a known luciferase
binders. Data demonstrated that both systems were necessary to
select true hits.

Compounds, including the validation set of 10,000 com-
pounds and HTS hits of 31,000 compounds, were tested at
5 μM. The validation set was run in triplicate (standard process
for HTS validation), while the HTS hits were tested in duplicate.

3.4.1 Cell Lysis System

with Steady-Glo

The Steady-Glo® Luciferase Assay System (with lysis) was per-
formed the same as described in Subheading 3.3.

3.4.2 Non-Lysis

Substrate System Activity

Measurement

1. Compound preparation and cell treatment were the same as in
Subheadings 3.3.1 and 3.3.2.

2. Following treatment, remove plates from the incubator and
equilibrate without lids at room temperature for 30 min.

3. Prepare 0.266 mM D-Luciferin solution by diluting the 5 mM
D-Luciferin stock solution (see Subheading 2) in room temper-
ature RPMI-1640.

4. Using aMultidrop™Combiwith a small tube cassette, dispense
3 μL/well of 0.266 mM D-Luciferin. The final D-Luciferin
substrate concentration was at 0.1 mM (see Note 17).

5. Centrifuge plates at 200 � g for 1 min in a table top centrifuge.

6. Incubate for at least 10 min at room temperature, shielded
from light.

7. Read plates on a ViewLux® (see Note 18).
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3.4.3 Full Dose Curve

Confirmation

1. Compounds active in both lysis and non-lysis systems were
further analyzed in full dose curves in duplicate. Cells were
treated with compounds at top concentration of 50 μM, three-
fold serial dilutions to 11 points (see Note 1).

2. The firefly luciferase activity detection was performed in both
lysis and non-lysis substrate systems, as described above.

Figure 9 shows the activities of two tool compounds in both
the lysis and non-lysis substrate systems. Data clearly showed that
hemin, a biologically relevant γ-globin activator, was active in both
systems but the luciferase binder was only active in the lysis
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Fig. 9 Comparison of two tool compounds in the lysis and non-lysis substrate systems

Fig. 10 Comparison of lysis and non-lysis substrate systems. Left panel: validation set compounds were
analyzed in triplicate and averaged in each symbol. The open circles were inactive compounds, or only active
in one system. Solid circles were compounds active in both systems. Right panel: HTS hits were analyzed in
duplicate and averaged. Large, closed circles were active in both systems (>138 % response) while small,
open circles were inactive or only active in one system
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substrate system. The validation set analysis (Fig. 10, left panel) also
supported the observation. The hit rates for the lysis and non-lysis
assay formats were 6 % and 3 %, respectively, while the hit rate for
compounds active in both assay formats was 0.4 %. The hit rates for
each system were unusually high, indicating non-specific hits for
both systems. The hit rate for actives in both systems was 0.4 %,
which was in a reasonable range for HTS. Taken together,
data indicated that both assay formats would be essential for HTS
hit triage.

Approximately 31,000 HTS hits went through the triage pro-
cess in duplicate. As shown in Fig. 10, right panel, a large part of
HTS hits were either inactive or only active in one assay. Approxi-
mately 1660 compounds were active in both systems. These 1660
compounds were further confirmed in full dose curve analysis with
both luciferase detection systems. In our dose curve analysis, most
compounds showed bell-shaped dose curves which complicated the
determination of hit confirmation. Our strategy was to select com-
pounds with two consecutive doses showing a response above
140 %. With this selection, 1072 compounds were confirmed in
both systems in dose responses.

In summary, this chapter describes the development and strat-
egy for a firefly luciferase reporter gene HTS to identify γ-globin
gene activators. We started from characterization of cell clones,
selection of the assay format and optimization, and then HTS
process and hit triage. We used tool compounds for assay optimi-
zation, a validation set to assess assay robustness, hit rate, and hit
triage strategy. From this example, we learned several invaluable
points for future utilization of reporter gene systems in drug dis-
covery (see Note 19).

4 Notes

1. A typical 384-well compound source plate contains compounds
in DMSO at desired concentrations. Column 6 has DMSO as
the basal control; column 18 has the high-control compound.
The top concentrations can be decided based on the potency
reported in literature, or determined with initial experiments.
The compound dose curve should cover a broad range which is
typically obtained with threefold serial dilution for 11 doses.
Under some circumstances, twofold serial dilutions with 20 or
more doses can be used to determine more accurate dose
response. The Labcyte Echo® Liquid Handler was used to
transfer compounds to the destination plate wells. The amount
to be transferred was calculated based on the volume of cell
solution to generate the desired final concentrations.

2. Transient expression of a reporter gene in cells can be used for
assay development and screening. One should be aware that
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different batches of transfection may have different expression
level, resulting in variation of reporter gene activity. Therfore, it
is recommended to prepare sufficient cells from a few large
batches to reduce variation. Alternatively, as in our system, a
monoclonal stable cell line can be generated. After the trans-
fection and monoclonal preparation, we obtained a few clones
for characterization. We used tool compounds to test their
responses to select a suitable clone for assay development and
HTS. We used freshly cultured cells at early passages for assay
development. Meanwhile, we prepared frozen cells of charac-
terized cells at early passages to ensure cell supply.

3. Different cell lines use different culture medium. Our culture
medium for F-36P cells was RPMI-1640 with 20 % FBS and
supplements (1 % GlutaMax, 1 mM sodium pyruvate and
10 ng/mL recombinant GM-CSF). The assay medium was
initially RPMI-1640 with 10 % FBS and supplements, then
optimized to RPMI-1640 with 5 % FBS and supplements.
FBS from different sources can have significant effects on
some targets and should be tested.

4. Multidrop™Combi Reagent Dispensers and cassettes were used
to dispense solutions to 384-well and 1536-well plates. To
dispense cell solutions, the cassettes can be disinfected by soak-
ing the tubes in 70 % ethanol and priming several times with
70 % ethanol. Seperate cassettes are used for different solutions.
To dispense small volume (below 15 μL), use small tube cas-
settes. To dispense large volume (at or above 20 μL), use stan-
dard cassettes.

5. Compound treatment time is a critical parameter to evaluate
during assay optimization. It is related to the target biology
pathway and cytotoxicity. For our target, we intensively opti-
mized the treatment time with other assays which were not
described in this chapter. We selected the treatment time
based on the optimal response and minimal cytotoxicity.

6. Wells on the edges of microtiter plates, particularly for 1536-
well plates, have more evaporation after a long period of incu-
bation at 37 �C, generating significant differences of assay
signal (edge effects). Special efforts can be applied to reduce
edge effects. Besides adding enough H2O to the reservoir,
minimizing incubator door opening is helpful. Letting plates
stand at room temperature for 30 min after cell addition can
also reduce edge effects. During the HTS campaign with a large
number of plates, we stacked 3–4 plates and placed wet paper
towels under the bottom plates.

7. Follow the kit instructions. Bring kit components to
room temperature prior to preparation. The buffer may be
stored at room temperature. However, the substrate should
be kept at �80 �C. Reconstituted Steady-Glo® may be frozen
at �80 �C and reused one or two times.
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8. An EnVision® luminescence reading protocol should be opti-
mized following the manufacturer’s optimization wizard.
Luminescence signal is stable for a couple of hours, but should
be read as soon as possible.

9. To measure the remaining firefly signal after quenching, the
Stop and Glo® solution was added to the cells without Renilla
substrate. We initially had variable and low signal of Renilla
luciferase activity with the Dual-Glo® luciferase activity mea-
surement. The variation was suspected to come from the inter-
ference of residual signal from the firefly luciferase. Hence, we
decided to measure the residual signal after the quench but
without Renilla luciferase substrate. We also used a Renilla-
Glo® kit to measure the Renilla luciferase activity alone. The
data from Fig. 2b and c demonstrated this possibility.

10. Do not cover the plates with lids after addition of Steady-Glo®.
We found that liquid in some plates wicked up onto the lid,
causing cross contamination and increased variation. Instead of
putting a lid, stack plates on top of each other and place an
empty plate on the top. Using the medium dispensing speed
setting with the Multidrop Combi rather than a high speed
setting can reduce foaming and bubbles.

11. We typically prepare cryopreserved cells in 90 % FBS and 10 %
DMSO at cell density of 10–20 million cells/mL. Cells can be
washed once with a ratio of 10 mL medium to 1 mL cell
solution.

12. Refer to [18] for detailed explanations of a few statistical para-
meters commonly used in HTS assays.

Z 0 values are used to indicate assay robustness features. It is
calculated as below:

Z 0 ¼ 1 � 3x[(Standard deviation of high control + Standard
deviation of low control)/(average of high signal � average
of low signal)].

A screening assay should always include a high control and a
low control with pharmacologically relevant tool compounds.
The controls are important to determine pharmacological
responses, assay performance, and the cut-off value. However,
for an activator assay, if no relevant tool compound is available,
the high control can be omitted since the activation can be
measured in relation to the basal level (DMSO control).

13. A typical 1536-well plate has the low control in columns 11 and
12 and the high control in columns 35 and 36. The high-
control compounds can be transferred with an Echo® Liquid
Handler to the wells. Alternatively, the compound can be added
directly to an aliquot of cell solution to reach the desired con-
centration. The cell solutionwith the high-control compound is
then dispensed to the wells. The latter option may have lower
variation.
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14. Cell aggregation significantly affects variation, particularly for
adherent cells. Adherent cells should be well dissociated. Cell
solutions should be gently but thoroughly pipetted up and
down to reduce aggregation.

15. Use a sterile magnetic stir bar to keep cells in suspension during
the long dispensing process for several hundreds of plates. It
may be necessary to replace the dispensing cassette after a
hundred of plates, particularly if there is a sign of clogging.

16. EnVision® Multilabel Plate Readers typically have greater sen-
sitivity than the ViewLux Microplate Imager. We chose to use
EnVision® to read luminescence signal during assay develop-
ment. For HTS, due to the required increased throughput,
ViewLux® Microplate Imagers are preferred due to faster read
time relative to EnVision®. The ViewLux® read protocol
should be optimized with a full plate with high signal for
flatfield correction, well location, binning, speed, etc.

17. For the non-lysis system, the substrate D-Luciferin was recon-
stituted in RPMI-1640 without detergent. D-Luciferin is per-
meable to intact cells to interact with free luciferase. The
concentration of D-Luciferin in the non-lysis system was
titrated. The conditions used in this chapter had the optimal
signal/background. Steady-Glo® Luciferase Assay System uses
detergents to lyse cells which can dissociate compounds bind-
ing with luciferase as well.

18. In the non-lysis system, the signal is lower than the Steady-
Glo® Luciferase Assay System. The exposure time for plate
reading with ViewLux® may need to be increased.

19. From this reporter gene HTS, a few points are worthy of
further discussion. One has to be aware that reporter gene
assays are subject to many known or unknown mechanisms of
modulation. It is very critical to understand what liabilities may
be present in the system and have a triage strategy to eliminate
false positives. In our case, the non-lysis system effectively
identified luciferase binders. It is also important to realize that
the reporter gene assay system may not closely recapitulate
in vivo biology, particularly if the cell line used is not represen-
tative of the cell type(s) involved in the disease state. It is
necessary to use more biologically relevant (and often lower
throughput) secondary assays to confirm the triaged hits.
Indeed, the majority of the hits did not show expected response
in assays with physiologically relevant primary cells. This indi-
cates the importance of developing HTS assays with more
physiologically relevant cell systems. Newer technologies,
such as genome editing, can build reporter genes in primary
cells or disease relevant cells. With the advancement of new
technologies, we hope to continue to leverage the power of
luciferase reporter systems in drug discovery.
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Chapter 15

A High-Throughput Flow Cytometry Assay
for Identification of Inhibitors of 30,50-Cyclic
Adenosine Monophosphate Efflux

Dominique Perez, Peter C. Simons, Yelena Smagley,
Larry A. Sklar, and Alexandre Chigaev

Abstract

Assays to identify small molecule inhibitors of cell transporters have long been used to develop potential
therapies for reversing drug resistance in cancer cells. In flow cytometry, these approaches rely on the use of
fluorescent substrates of transporters. Compounds which prevent the loss of cell fluorescence have typically
been pursued as inhibitors of specific transporters, but further drug development has been largely unsuc-
cessful. One possible reason for this low success rate could be a substantial overlap in substrate specificities
and functions between transporters of different families. Additionally, the fluorescent substrates are often
synthetic dyes that exhibit promiscuity among transporters as well. Here, we describe an assay in which a
fluorescent analog of a natural metabolite, 30,50-cyclic adenosine monophosphate (F-cAMP), is actively
effluxed by malignant leukemia cells. The F-cAMP is loaded into the cell cytoplasm using a procedure based
on the osmotic lysis of pinocytic vesicles. The flow cytometric analysis of the fluorescence retained in
F-cAMP-loaded cells incubated with various compounds can subsequently identify inhibitors of cyclic AMP
efflux (ICE).

Key words Cyclic AMP, Fluorescent substrates, High-throughput flow cytometry, Efflux inhibitors,
ABC transporters

1 Introduction

ATP-binding cassette (ABC) transporters are often associated with
multidrug resistance in relapsed cancers. ABC transporters are also
implicated in the initiation and progression of metastatic malignan-
cies due to their increased expression in cancer stem cells [1, 2].
As a result, the development of novel approaches to study ABC
transporter activity to identify small molecule modulators or inhi-
bitors is vital for translation to cancer therapy. Previously, high-
throughput assays for transporter inhibition have relied upon the
use of inside-out vesicles containing specific transporters, or of
cancer cell lines which have been induced or engineered to acquire
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drug resistance [3–6]. In both cases, these approaches have been
largely dependent on measuring the intracellular fluorescence of
synthetic substrates remaining in cells after exposure to com-
pounds. While several small molecules identified in this manner
were capable of reducing the multidrug resistance of cancer cells
in vivo, few of these molecules have been successful in clinical trials
[4, 7, 8]. This may be due in part to the limitations of these
transporter efflux assays.

Often, synthetic fluorescent dyes known to be substrates of a
particular transporter are used as probes to screen for hit com-
pounds. A major limitation of this technique is the considerable
similarity in cell transporter structures, and therefore substrates are
capable of being effluxed by a multitude of transporters [9]. Thus,
the inhibitory compounds identified in these assays fail to exhibit
specificity toward the originally investigated transporter. Other
attempts at measuring efflux of cellular metabolites have used
radioactive conjugates of substrates to evaluate changes in intracel-
lular concentrations. However, this results in lower throughput
data collection [10]. The approach described here differs from
earlier methods because it uses a fluorescent conjugate of a natural
metabolite of cell membrane transporters, 30,50-cyclic adenosine
monophosphate (cAMP), and measures its efflux from cells
through unmodulated, endogenously expressed transport proteins,
allowing for thousands of samples to be measured in a short period
of time.

The cAMP signaling pathway has been a focus of cancer research
due to its relationship to multiple intracellular signaling compo-
nents and, specifically, to programmed cell death, apoptosis. Exist-
ing evidence indicates aberrant cAMP regulation in malignant cells
in comparison to normal, healthy cells [11]. It has long been known
that increased concentration of intracellular cAMP is capable of
triggering cell death in certain cancer cells [12]. Typically, such
research has relied upon modulation of the major cAMP-
synthesizing enzymes adenylate cyclases (AC) or of the phospho-
diesterases (PDEs) that hydrolyze cAMP to increase cytosolic cAMP
and reduce cancer cell survival [11, 13]. Until recently, an additional
step of the cAMP signaling pathway that could be targeted for drug
discovery was overlooked: cAMP efflux by ABC transporters. The
approach described here utilizes high-throughput flow cytometry
for measurement of the efflux of a fluorescent cAMP analog
(F-cAMP, Fig. 1) from leukemic cells. This assay assesses the ability
of cells to efflux cAMP through their endogenously expressed trans-
porters rather than through analysis of the activity of specific protein
targets. It thus allows themeasurement of the inherent efflux poten-
tial of a cancer cell.

As a proof of this concept, we demonstrate the accumulation
and release of F-cAMP with flow cytometry (Fig. 2). We present
here the results of a high-throughput screen (HTS) for the
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identification of ICE from two libraries: the SPECTRUM Collec-
tion (2320 compounds—60 % drugs, 25 % natural products, 15 %
bioactive components) and the Prestwick Chemical Library (~1200
previously FDA-approved drugs). The acute myelogenic leukemia
(AML) cell line U937 was screened according to the methods
described in this chapter, and the cells were incubated with com-
pounds overnight (~18 h; Figs. 3 and 4). From this screen, 51 hits
were identified as having F-cAMP fluorescence � 2 standard devia-
tions above the plate mean negative control values (Fig. 4).
These hits were validated by testing the compound F-cAMP efflux
inhibition in eight-point dose–responses ranging from 60 μM to
9 nM (Fig. 5a). For this validation, the F-cAMP mean or median
fluorescence intensity (MFI) values were normalized based on
F-cAMP fluorescence at time ¼ 0. The dose–response curves
were fit with sigmoidal curves, and those compounds which
exhibited EC50 values < 30 μM and had well-behaved sigmoidal
dose–response curves were selected for further validation (Fig. 5b).
This yielded eight compounds of interest (artemisinin, partheno-
lide, patulin, quinalizarin, harmalol, pyrithione zinc, clioquinol,
and cryptotanshinone). Bioinformatics analysis of the compound
structures allowed for the identification of three additional related
small molecules: artesunate, artemether, and dihydroartemisinin.
The 11 compounds of interest were tested in dose–response in flow
cytometric apoptosis and cell cycle secondary assays to measure the
effects of ICE on U937 cell vitality after overnight incubation
(Fig. 6). Additional CellTiter-Glo® viability measurements found
that six of the hit compounds (artesunate, dihydroartemisinin,
clioquinol, cryptotanshinone, parthenolide, and patulin) were
selectively inhibitory to leukemia cells at EC50 concentrations

F-cAMP:  Alexa Fluor® 488 8-(6-Aminohexyl)
aminoadenosine 3´,5´-Cyclicmonophosphate
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Fig. 1 Structure of the fluorescent cAMP analog (F-cAMP) used in this assay,
Alexa Fluor®488 8-(6-aminohexyl) aminoadenosine 30,50-cyclicmonophosphate,
bis(triethylammonium) salt
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much lower than those determined for healthy human primary
blood mononuclear cells (PBMCs; data not shown). Subsequent
testing of the hit compounds to determine mechanisms of action
confirmed that the molecules work by modulation of the cAMP
pathway and induce programmed cell death. Thus, the utility of the
F-cAMP efflux assay approach to identify ICE for leukemia thera-
peutics has been validated.
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Fig. 2 Cell line MK571 optimization and determination of cell F-cAMP efflux ability. (a) Example of MK571
optimization assay results. Data shown were obtained using the acute myeloid leukemia (AML) cell line U937
loaded with F-cAMP and incubated overnight (~16 h) in appropriate concentrations of positive control MK571.
Data were fit with a sigmoidal dose–response formula, and constrained with top ¼ 100 and bottom ¼ 0 to
determine the EC50 of inhibition by MK571 . (b) Determination of ability of AML cell line MV411 to efflux
F-cAMP. Data shown are raw FL-1 MFI values collected from control and treated samples. (c) Normalized data
for the assay data shown in (b). Cell line autofluorescence was subtracted from sample MFI’s and normalized
such that F-cAMP MFI at time 0 ¼ 100 %. These data indicate that MV411 cells lose ~8.5 % of F-cAMP
through passive leakage (4 �C) and ~45 % by active efflux (37 �C). The positive control with MK571 limited
F-cAMP loss to 13 %. Error bars in (b) and (c) indicate the data mean � standard error of the mean (SEM)
from three independent experiments
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Fig. 3 Sample configuration for a 384-well compound mother plate, as described in Note 15. Solubilized
reagents are added to the plate at a minimum volume of 6 μL. Test compounds may be used in a single-point
or dose–response manner. This plate incorporates both negative (compound solvent) and positive (MK571)
controls so that normalized ability to efflux F-cAMP and Z 0 values can be determined for each plate. If reagent
availability is limited, fewer wells per plate may be used for positive controls

Fig. 4 Sample data from a 384-well F-cAMP efflux assay plate collected as in Subheading 3.3, step 9. Data
were analyzed with HyperView software (IntelliCyt, Albuquerque, NM, USA) and time-gated to define data from
each well. (a) FSC vs SSC plot with gate around untreated (“live”) cells. (b) FL1-H histogram. (c) Time vs FL1-H
plot from one 384-well plate. (d) A magnified row from the time vs FL-1H plot in (c), indicating controls and the
potential hit compound clioquinol
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2 Materials

All solutions should be prepared following proper aseptic techniques.
Dispose of waste materials according to appropriate regulations.
All fluid component handling and storage is done in polypropylene
tubes: 1.7 mL microcentrifuge, 15 mL conical, 50 mL conical. Cells
are grown and incubated in a humidified 37 �C, 5 % CO2 incubator
unless otherwise specified.

2.1 Components

for Fluorescent Cyclic

AMP Loading

1. 50 mL NF-RPMI: RPMI-1640, 5 mg/L phenol red, 2 mM
L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin,
10 mM HEPES. No fetal bovine serum (FBS).

2. 50 mL cRPMI: RPMI-1640, phenol red, 2 mM L-glutamine,
100 U/mL penicillin, 100 μg/mL streptomycin, 10 mM
HEPES, and 10 % heat-inactivated fetal bovine serum (FBS;
see Note 1).

Fig. 5 Sample data from hit compound dose–response validation. (a) Magnified time vs FL1-H plot for an
F-cAMP efflux 8-point dose–response for the hit compound of interest, clioquinol, including negative and
positive controls. (b) Graph of normalized response for the data shown in (a). Sample FL1-H MFI were
normalized such that F-cAMP fluorescence at the time of compound addition (time¼ 0)¼ 100 %. Data were
fit by sigmoidal curves with Hill slope ¼ 1 and top < 250. Graph, fit, and EC50 determination were done with
GraphPad Prism 5.01 software (GraphPad Software, Inc., La Jolla, CA, USA)
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Fig. 6 Impact of ICE hit compounds, after overnight incubation, on U937 leukemia cell vitality in flow
cytometric secondary assays. (a) Dose-dependent effects of the identified ICE on apoptosis. Bars indicate
the percentages of cell populations which stained double-positive with Annexin V-PE and 7-AAD, indicating
that late apoptotic events had occurred. (b) Effects of ICE on U937 cell cycle. The bars indicate the
percentages of the cell population in each phase of the cell cycle, as determined by propidium iodide (PI)
DNA staining. The gating was done on PI histograms as follows: G1/G0: DNA ¼ 2n, S: 2n < DNA < 4n, G2/M:
DNA ¼ 4n, Apoptosis (A): DNA < 2n. Error bars in both graphs indicate the data mean � SEM from three
independent experiments
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3. Fluorescent cAMP analog (F-cAMP), Alexa Fluor®488
8-(6-aminohexyl) aminoadenosine 30,50-cyclicmonophosphate,
bis(triethylammonium) salt (see Fig. 1 and Note 2).

4. Hypertonic solution: 10 % w/v polyethylene glycol (PEG),
500 mM sucrose in NF-RPMI. 0.1 g poly(ethylene glycol)
(PEG) 1000, 0.17 g sucrose, 0.9 mL NF-RPMI. In a 15 mL
conical tube, add 0.9 mL NF-RPMI, then weigh and add 0.1 g
PEG and mix thoroughly by vortexing (see Note 3).

5. In a sterile tissue culture hood, push the hypertonic solution
through a 3–10 mL syringe fitted with a 0.2 μm nylon mem-
brane filter (Pall Corporation) and transfer into a sterile 1.7 mL
microcentrifuge tube.

6. Hypotonic solution: 40 % purified, deionized water, 60 %
cRPMI. Add 1 mL sterile water to 1.5 mL cRPMI in micro-
centrifuge tube. Mix by light vortexing. Filter-sterilize as in
Subheading 2.1, item 5.

7. Cells known to efflux cAMP, 1–2 � 107 in a 50 mL conical
polypropylene tube (see Note 4).

8. 1.7 mL microcentrifuge tube.

9. Centrifuge(s) with capacity for 50 mL conical and 1.7 mL
microcentrifuge tubes.

10. T-75 tissue culture flask for F-cAMP-loaded cell equilibration.

2.2 cAMP Efflux

Assay Components

1. 1 mL untreated cells (no F-cAMP loaded) at �4 � 105/mL
for autofluorescence testing.

2. F-cAMP-loaded cells from Subheading 2.1.

3. Sterile 12-well cell culture plate with lid (or other means of
covering for incubation).

4. 20 mL cRPMI.

5. �60 μL 30 mM MK571 positive control, solubilized in
dimethyl sulfoxide (DMSO).

6. �80 μL DMSO.

7. Flow cytometer with 488 nm laser, 530/30 bandpass optical
filter (or similar), and multiwell plate auto-sampling capabil-
ities. This assumes the use of an Alexa Fluor(r) 488-conjugated
cAMP. If the F-cAMP that you use involves another fluoro-
phore, use an appropriate flow cytometer configuration.

8. Fifteen sample tubes for flow cytometer.

2.3 High-Throughput

Screening

Components

1. 1 mL untreated cells (no F-cAMP loaded) at�4 � 105/mL for
autofluorescence testing.

2. F-cAMP-loaded cells from Subheading 2.1.
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3. Multiwell plates, preferably 384-well, for compound mother
plates and the high-throughput F-cAMPefflux assay (seeNote5).

4. Compound mother plates: 384 well plates which contain posi-
tive and negative controls, as well as compounds of interest to
be tested in the high-throughput F-cAMP efflux assay.

5. �110 μL 10 mM MK571 positive control per compound
mother plate.

6. �225 μLDMSO negative control per compound mother plate.

7. Proper seals (e.g., DMSO resistant adhesive foil microplate
seals) and storage equipment, such as desiccators and/or
�20 �C freezer, for the compound mother plates (see Note 6).

8. Liquid dispensing equipment: this can either be an automated
system or multichannel pipettors capable of delivering 5 μL
volumes to wells in 384-well plates (see Note 7).

9. 100 nL pintool or analogous compound transfer equipment
(see Note 8).

10. 384-Well plate lids or seals for the assay plates (see Note 9).

11. Multiwell plate vortexer.

12. Flow cytometer with 488 nm laser, 530/30 bandpass optical
filter (or similar), and multiwell plate auto-sampling capabil-
ities (see Subheading 2.2, step 7).

13. Software which can resolve data from individual wells after
high-throughput flow cytometry analysis.

3 Methods

3.1 Loading F-cAMP

into Cells

1. Centrifuge cells at 160 � gmax for 10 min and remove
supernatant.

2. Wash/remove serum from cell medium: Resuspend cells in
1 mL NF-RPMI with slow pipetting, add an additional
19 mL NF-RPMI, gently mix, and centrifuge for 10 min.
Discard supernatant.

3. While cells are centrifuging, prepare the F-cAMP loading solu-
tion. In a microcentrifuge tube, add 200 μL hypertonic solution
and 10 μL of 5 mM F-cAMP (250 μM final).

4. Again resuspend the cells in 1 mL NF-RPMI with slow pipet-
ting and transfer to a 1.7 mL microcentrifuge tube.

5. Centrifuge the cells at ~120 � gmax for 2 min and remove the
supernatant.

6. Gently resuspend the cells in the 210 μL of F-cAMP loading
solution (see Subheading 3.1, step 3).

Fluorescent Cyclic AMP Efflux Assay 235



7. Incubate the cells with F-cAMP loading solution at room
temperature for 10 min, with gentle mixing by hand or light
vortexing 1–2 s ~120 � g max every 3 min during this incuba-
tion (see Note 10).

8. Centrifuge the cells ~120 � gmax for 2 min, remove the super-
natant, and resuspend the cells in 1 mL of hypotonic solution.

9. Incubate the cells in hypotonic solution for 2 min at room
temperature, with gentle mixing at 1 min.

10. Centrifuge the cells ~120 � gmax for 2 min, remove the super-
natant, and gently resuspend the cells in 1 mL of cRPMI.

11. Transfer the 1 mL of resuspended cells to a T-75 tissue culture
flask containing 24 mL cRPMI and gently mix. If 107 cells were
used for the F-cAMP loading, then this gives a final concentra-
tion of 4 � 105 cells/mL.

12. Place the T-75 flask in the incubator to allow the F-cAMP-
loaded cells to recover for 30–120 min (see Note 11).

3.2 Optimization

of F-cAMP Efflux

Positive Control

and Determining Cell

F-cAMP Efflux Ability

This protocol will allow for optimization of the F-cAMP efflux assay
and conditions. This step should be performed before the high-
throughput F-cAMP efflux assay is attempted. Once the positive
control and incubation time(s) are determined for a particular cell
line, this step may be skipped.

1. Add 500 μL cRPMI to eachwell of a 12-well tissue culture plate,
then add 500 μL of F-cAMP-loaded cells to all wells and mix by
gentle pipetting (final concentration ¼ 2 � 105 cells/mL).
Save two 1 mL samples of F-cAMP-loaded cells for control
purposes, to be used in Subheading 3.2, steps 5–8.

2. Add DMSO and 30 mM MK571 to the wells (Table 1) for
n ¼ 2 for each concentration tested and mix by gentle pipet-
ting (seeNotes 12 and 13). Do not exceed a final concentration
of 1 % DMSO per sample, as this can be toxic to cells.

Table 1
Volumes of MK571 and DMSO added to each 1 mL well containing F-cAMP-loaded cells to give final
DMSO concentration ¼ 1 %

Final conc. MK571 (μM) 30 mM MK571 (μL) DMSO added (μL)

0 – 10.0

10 1.0 9.0

25 2.5 7.5

50 5.0 5.0

75 7.5 2.5

100 10.0 –

236 Dominique Perez et al.



3. Incubate the lidded tissue culture plate overnight (16–24 h)
under normal cell culture conditions (see Note 14).

4. Run control samples immediately after the plate is placed in the
incubator, to collect fluorescence data to be used for normalization
of the treated samples (time ¼ 0 MFI).

5. Run untreated, non-F-cAMP-loaded cells on the flow cyt-
ometer, using the 488 nm laser for excitation and collecting
fluorescence data with a 530/30 bandpass optical filter. Collect
� 3000 events. Create an FSC vs SSC density plot and set a
“live cell” gate on the major population of the cells. Then,
create an FL-1 channel histogram based on the live cell gate.
Data from this untreated sample will provide the baseline/
autofluorescence of the cell line.

6. Run a 1 mL sample of the F-cAMP-loaded cells through the
flow cytometer with the same settings and parameters detailed
in Subheading 3.2, step 5. Ensure that the FL-1 channel histo-
gram does not go off scale; adjust settings so that the entirety of
the histogram is visible (see Note 15). This sample will serve as
the “100 % F-cAMP fluorescence” control for time ¼ 0 of the
assay.

7. Place the remaining 1 mL sample of F-cAMP-loaded cells at
4 �C for the duration of the MK571 optimization plate incuba-
tion time.

8. After incubation, run the 4 �C-incubated F-cAMP-loaded cell
sample in the flow cytometer under the same settings used in
Subheading 3.2, step 5. This will provide ameasurement for the
F-cAMP “passive efflux” ability of the cell line (seeNote 16).

9. Gently mix the contents of each well in the MK571 optimiza-
tion plate by pipetting, collect individual samples, and interro-
gate with the flow cytometer (see Note 17). Set a gated event
count limit for each sample of � 1000 events.

10. To process the F-cAMP efflux data, use MFI values from data
collected in Subheading 3.2, steps 5–8.

11. Subtract the autofluorescence MFI value (Subheading 3.2,
step 5) from the MFIs of all of the F-cAMP-loaded samples,
including the F-cAMP fluorescence control collected at
time ¼ 0 (Subheading 3.2, step 6).

12. Divide the MFIs from each sample by the MFI collected
from the 100 % F-cAMP fluorescence/ time ¼ 0 control
(Subheading 3.2, step 6). This will indicate the percentage of
F-cAMP remaining within the cells under each condition.

13. Fit the MK571 dose–response data with a variable slope sig-
moidal dose–response equation constrained with “bottom”
equal to 0 and “top” equal to 100 (fluorescence at initial
staining). This will determine the EC50 of MK571 for cAMP
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efflux inhibition. Example data from an overnight MK571
optimization assay with U937 cells are shown in Fig. 2a.

14. Once an optimal MK571 concentration is determined for a
particular cell type, the assay described here may be used to
determine the efflux ability of F-cAMP-loaded samples at other
iterations or incubation times. Example data from an assay to
determine the MV411 leukemia cell line cAMP efflux ability is
shown in Fig. 2b. The MV411 F-cAMP efflux assay data nor-
malized according to Subheading 3.2, steps 11 and 12 is
shown in Fig. 2c.

3.3 High-Throughput

F-cAMP Efflux Assay

The following protocol is designed for a 384-well high-throughput
assay (see Note 18). For information on modifications which
may be done to conduct the assay in 96-well plates (see Note 19).
If no adjustments were made to the protocol completed in Sub-
heading 3.1 (25 mL F-cAMP-loaded cells at 4 � 105 cells/mL),
then this protocol will allow for the creation of 10, 384-well assay
plates.

1. Create a compound mother plate with solubilized compounds
at 100� final assay concentration. Dedicate wells for negative
control (compound solvent) and positive control (MK571;
see Notes 20 and 21 and Fig. 3 for example plate map).
Alternatively, an acoustic dispenser may be used to deliver
compounds directly to assay plates in Subheading 3.3, step 3,
and if so, the creation of separate compound mother plates is
not necessary.

2. Dispense 5 μL cRPMI to all wells of the 384-well assay plates
with a liquid handler or multichannel pipettor.

3. With a 384-well pintool (or other similar liquid transfer equip-
ment), transfer 100 nL from the compound mother plates to
the assay plates (see Note 8).

4. Dispense 5 μL F-cAMP-loaded cells to the negative and posi-
tive control, and compound-treated wells in the assay plates
(see Note 21). If the added cells were originally at a density
of 4 � 105/mL, then this provides a final cell density of
2 � 105/mL, or 2000 cells/10 μL final volume well. Save
two, 1 mL aliquots of excess F-cAMP-loaded cells for flow
cytometer optimization and fluorescence testing.

5. Seal the assay plates and store upside down in the incubator for
desired incubation time (see Note 9).

6. Conduct cytometer optimization and fluorescence testing
according to Subheading 3.2, steps 5–7.

7. After assay plate incubation, run the 4 �C-incubated F-cAMP-
loaded cell “passive efflux” sample as in Subheading 3.2, step 8.
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8. Vortex (2000 rpm) each F-cAMP efflux assay plate 15 s before
running samples through the high-throughput flow cytometer
(see Note 22). Add an FL-1 vs time density plot to the
cytometer collection parameters to allow for well data separa-
tion during analysis.

9. Use high-throughput flow cytometry analysis software to iden-
tify cells and FL-1 MFI from individual wells (see Fig. 4 for
example data).

10. To analyze well/compound data, exclude samples with <50
events. Normalize data according to Subheading 3.2, steps 11
and 12 (seeNote 23). Calculate the Z 0 values for each plate for
quality control purposes. Assay plates which indicate a Z 0 factor
of �0.3 should be considered acceptable [14]. Hit compounds
may be determined per the user’s preference. We identified hits
as samples with MFI values �2 standard deviations above the
plate mean negative control values.

11. To further validate sample data and decrease the number of
false-positive hits, compounds were assayed in a high-
throughput dose–response assay. Plates were set up as in the
HTS, with the exception that the plate formats contained 10-
well dose–responses for each hit compound, at final concentra-
tions ranging from 30 μM to 4 nM.

4 Notes

1. If the cells used in this assay are typically cultured in another
medium, please substitute that medium for all instances of
cRPMI in this protocol.

2. Other fluorescently-conjugated cAMP may be utilized, but
fluorophores conjugated to cAMP at sites which do not
mimic the molecule shown in Fig. 1 have not yet been validated
nor tested for this assay.

3. Dissolving PEG 1000 in NF-RPMI may be somewhat difficult.
Continue vortexing and tilting tube back and forth. If the PEG
still does not readily enter solution, wait a few hours or over-
night for the flakes to dissolve. Otherwise, placing the tube in a
37 �C water bath for 5–15 min may help.

4. We have tested F-cAMP loading in leukemia cell lines, at num-
bers up to 18 � 106 under the conditions described in this
method. For adherent or other cell types, it would be best to
optimize the assay starting at 107 cells and gradually testing
other cell counts and F-cAMP concentrations to suit your
needs. If the assay volumes and/or cell densities that you
require are higher than those described in this protocol, adjust
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the component volumes and cell numbers loaded with F-cAMP
accordingly (see Note 19).

5. You will need at least 10, 384-well plates for the cAMP assay,
and a number of plates to create compound mother plates.
The high-throughput F-cAMP efflux assay protocol described
here is for a small assay volume (10 μL). It would be best to
have small volume flat-welled plates or conical wells for these
assay plates. In our experience, this assay has worked with both
polystyrene and polypropylene multiwell plates.

The compound mother plates need to have the same well
format as the assay plates (e.g., 384 wells). The compound
mother plates should have well structures optimized for the
transfer of small volumes of reagents. We found that wells with
conical bottoms were optimal for our 100 nL compound trans-
fers by pintool.

6. The compoundmother plates may be saved and reused if stored
properly. The plates should be foil-sealed, preferably after being
flushed with nitrogen gas to remove excess oxygen and mois-
ture from the wells. The plates can be stored at �20 �C (typi-
cally best for long-term compound storage, avoiding several
freeze-thaws) or in a climate-controlled, low humidity, high-
nitrogen desiccator. Plates stored in a desiccator may be stable
for up to 3 months, depending on the properties of individual
compounds.

7. Take note of the “dead volume” specifications of your liquid
dispensing equipment. When following the described protocol,
ensure that the volumes of the reagents used are adjusted to
meet these minimum requirements before beginning the high-
throughput F-cAMP efflux assay.

8. The wells in this assay will have a final volume of 10 μL
F-cAMP-loaded cells in culture medium. A compound delivery
of 100 nL will result in a DMSO concentration below 1 %. If a
100 nL pintool or equivalent is unavailable, then intermediate
compound dilution plates will need to be prepared to allow for
1 μL volumes to be transferred to assay wells while maintaining
DMSO at �1 %.

To prepare intermediate compound dilution plates, stock
from the compound mother plates is diluted 1:10 in culture
medium. This is accomplished in additional 384-well plates, by
combining 9 μL of culture medium with 1 μL of the well
contents from the compound mother plates. Mix well contents
thoroughly by pipetting or plate vortexer before making 1 μL
transfers from the intermediate compound dilution plates into
the assay plates (Subheading 3.3, step 3).

9. Depending on the optimal culturing conditions for the cell line
tested, the assay plates may be incubated with fitted lids or

240 Dominique Perez et al.



sealed with gas-permeable, solid polymer, or foil seals. Take
into consideration that the assay plates will contain small
volumes (10.1 μL final), and incubation with lids or gas-
permeable seals may result in some evaporation of well
volumes, especially on the edges of the assay plates. We found
that leukemia cell line responses to the F-cAMP efflux assay
were best when non-permeable seals were used on the assay
plates. Gas permeable plate covers seemed to decrease cell
viability, as evidenced in population shifts on flow cytometer
FSC vs SSC density plots when plates were analyzed after
incubation.

10. We have not tested the sensitivity of F-cAMP-loaded cells
incubated and equilibrated in full-light conditions. We recom-
mend incubating the cells in the dark to minimize the potential
for ambient light to reduce treated cell MFI’s.

11. It is possible for the cells to be used in the efflux assay immedi-
ately, but because the plasmamembranes have been subjected to
stress from the osmotic lysis of pinocytic vesicles in the F-cAMP
loading procedure, it would be beneficial to allow the mem-
brane integrity to be regained before proceeding. This step
allows the cells to recuperate before testing with compounds.
Different cell lines will recover at different rates. Check the cells
with a light microscope to determine whether the cells appear
healthy and rounded before advancing to the efflux assay.

12. MK571 is a known inhibitor of ABC C-family transporters
(also known as multidrug resistance proteins), and it is often
used as a positive control for cAMP efflux. The concentrations
tested here are used to generate a dose–response curve to
determine the EC50 of MK571 cAMP efflux inhibition. Alter-
native concentrations may also be tested. With U937 cells, we
determined an MK571 EC50 of ~40 μM, and used a final
concentration of 100 μM in our HTS assays to ensure effective
cAMP efflux inhibition (Fig. 2a).

13. Because this optimization step does not require many F-cAMP-
loaded cells, multiple plates, MK571 concentrations, and incu-
bation times may be tested as well.

14. The MK571 optimization incubation time should match the
incubation time in which the HTS assay will be conducted. We
have performed this assay at various times from 16 to 48 h.
Please note, however, that cells which do not actively efflux
cAMP well, or incubation time that is too short may not
produce data with significant effects or dose-dependent efflux
inhibition by MK571. Incubation times which are too long
(~48 h) could lead to increased levels of apoptosis, depending
on the sensitivity to the cells to high concentrations of MK571.
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15. If the FL-1 channel cytometer settings had to be adjusted in
this step, run the untreated, non-loaded cells (Subheading 3.2,
step 5) again to ensure proper assessment of the cell line
autofluorescence for the assay readings.

16. For some cell lines, incubation at 4 �C can cause apoptosis,
and this is evident in shifting of the population on the FSC vs
SSC plot. Only use data from events which fall within the “live
cell” gate created with the untreated/ autofluorescence cells.

17. All or partial aliquots of the wells may be collected during this
step. If only a few hundred microliters of each well are sampled,
this allows for the remainder of the plate to continue to be
incubated, allowing for aliquots to be collected at multiple time
points.

18. All plate setup and compound handling for HTS can be done in
ambient conditions outside of a tissue culture hood.

19. Considerations for completing the high-throughput F-cAMP
efflux assay in 96-well plates:

(a) The compound mother plates and assay plates should have
the same well configurations, to ease compound transfer.

(b) Assays conducted in 96-well plates typically require higher
minimum volumes per well for samples to be collected by
high-throughput flow cytometry. These minimum
volumes are contingent on the geometry of the plate
wells, of course, but it can be expected that the wells
would require �50 μL final volumes.

(c) While the volume per well can vary from the 10 μL final
volume described in this protocol, it is ideal to maintain
final well concentrations of �1 % DMSO and >2 � 105

cells/mL.

20. In this step, any number of compound mother plates may be
created for use with the ten assay plates. Therefore, individual
compound mother plates may be used multiple times to
increase the sample size tested per compound, or each assay
plate may be tested with different compound mother plates.
For our tests to identify “inhibitors of cAMP efflux”, our
compound mother plates consisted of 6 μL final volume per
well. There were 10 mM DMSO-solubilized compounds in all
wells in columns 3–22, the negative control was in columns
1–2, and the positive control was in column 23 of the 384-well
plate (Fig. 3). Alternatively, if compounds of interest are
already known, the compound mother plate can be made to
test the compounds in dose–response, with negative controls in
columns 1 and 13, and dose series in columns 2–10 and 12–22.
The MK571 positive control can be incorporated into the plate
as a dose–response series, or as few wells in column 23 at a static
concentration.
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21. For example, if the compound mother plates were set up as
shown in Fig. 3, F-cAMP-loaded cells would be added to all
wells in columns 1–23 of the assay plates. Because column 24
would not have any compound or cells added, these wells
would serve as “wash” wells.

22. In our assay, we used flow cytometers configured with Hyper-
Cyt® autosampling systems (IntelliCyt), with peristaltic pump
speeds at 15 rpm, and aspiration for 1 s/well (up times between
wells could be set from 300–500 ms). This allowed for approx-
imately 2 μL (~400 cells) to be sampled from each well.

23. In some instances, the positive and negative control data may
indicate a gradient of MFI values dependent on well position
on the plate. In such cases, it would help to normalize F-cAMP
efflux for the samples on a per-row basis (e.g., using only the
positive and negative control MFI values from Row H to
normalize the Row H sample MFIs).
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Chapter 16

High-Throughput Cell Toxicity Assays

David Murray, Lisa McWilliams, and Mark Wigglesworth

Abstract

Understanding compound-driven cell toxicity is vitally important for all drug discovery approaches. With
high-throughput screening (HTS) being the key strategy to find hit and lead compounds for drug discovery
projects in the pharmaceutical industry [1], an understanding of the cell toxicity profile of hit molecules
from HTS activities is fundamentally important. Recently, there has been a resurgence of interest in
phenotypic drug discovery and these cell-based assays are now being run in HTS labs on ever increasing
numbers of compounds. As the use of cell assays increases the ability to measure toxicity of compounds on a
large scale becomes increasingly important to ensure that false hits are not progressed and that compounds
do not carry forward a toxic liability that may cause them to fail at later stages of a project. Here we describe
methods employed in the AstraZeneca HTS laboratory to carry out very large scale cell toxicity screening.

Key words Toxicity, Cell-based assays, Phenotypic, High-throughput screening, HTS, Resazurin,
Apoptosis

1 Introduction

With the increasing use of cell-based assays in high-throughput
screening [2] the need to measure the toxicity of large numbers
of compounds has grown. This is for two key reasons. The first is
the desire to rule out false positives due to the killing of the cells
rather than inhibiting the target or pathway of interest. The second
is the objective of annotating compounds and compound series as
to whether they appear to have a toxic liability. This enables project
teams to make choices of what series to progress. It is also apparent
from studies on historical projects that a key reason for failure of
compounds in the clinic is toxicity [3] and to flag this as early as
possible in drug discovery projects will enable the right decisions to
be made to ensure that this liability is reduced and thereby improve
the attrition rate. Within HTS at AstraZeneca, we carry out a
variety of assays to measure the toxicity of compounds to ensure
we have the most confidence in the data and that any compounds
labeled as toxic really are toxic. We carry out initial screening using a
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CellTiter-Blue® (also known as alamarBlue® or resazurin) cell
viability assay. Resazurin is metabolized by viable cells to highly
fluorescent resorufin and so any cell death will reduce this conver-
sion compared to control. This is a well-published assay [4–7] that
also has the advantages of being low cost and easily put onto
laboratory automation being a single addition and read. It also
gives us the ability to detect both toxic and cytostatic compounds,
but does not distinguish between them. In order to provide further
mechanistic information, we utilize a number of orthogonal assays
which also confirm the toxicity of a compound [8]. The first
orthogonal assay is a cell membrane integrity assay for which we
use the CellTox™ Green reagent from Promega [9, 10]. This is
again a single addition assay amenable to being run on automated
platforms and is based on the principle that cells with compromised
membranes cannot exclude the CellTox™ Green dye that then
binds to the DNA in the cell and fluoresces. There are other
membrane integrity assays available with many being based around
release of lactate dehydrogenase (LDH) [11–13]. This orthogonal
assay confirms that the compound is toxic and allows the separation
of toxic and cytostatic compounds, in combination with the Cell-
Titer-Blue® screening data. Where further detail is required on the
mechanism of toxicity then we run a four-parameter apoptosis assay
on a high-throughput flow cytometer, the Intellicyt iQue®

Screener, although any flow cytometer can be used [14]. We use a
kit supplied by Intellicyt but there are other kits from, for example,
Promega, that can measure similar parameters using a standard
plate reader (e.g. Promega ApoTox™ Glo assay, ApoLive Glo™
Multiplex assay, Mitochondrial ToxGlo™ assay, etc.). The four-
parameter apoptosis assay measures caspase 3/7 activation, phos-
phatidylserine flipping via Annexin V binding, membrane integrity
(live/dead cells), mitochondrial integrity, and total cell counts
[14]. This gives a very comprehensive view of the mechanism of
toxicity and allows comprehensive profiling of compounds.

In this chapter, we describe the methods for these assays. We
describe their use with THP-1 cells which we use as a standard cell
line for measuring toxicity across different compounds to allow
comparisons to be made. Of course, we also measure toxicity in
the actual cell types used in a particular assay and any of the
methods described here can be used with most mammalian cells,
both adherent or suspension cell lines, with the relevant assay
optimizations. Adherent cells are more difficult to use in flow
cytometry and have to be removed from the plate surface before
being assayed (not described in these methods) or the aforemen-
tioned alternative plate-based techniques could be used.

In the materials and methods, we have described the use of the
specific reagents and equipment we routinely use in our laboratory.
The reader should note that alternative equivalent reagents and
equipment should generate comparable data.
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2 Materials

All reagents to be prepared in Type 1 ultrapure water (e.g. MilliQ
water) unless indicated otherwise. Compounds to be dissolved in
analytical grade dimethyl sulfoxide (DMSO) and kept at �20 �C.
Follow all local safety rules and local rules when disposing of liquid
mammalian waste and other waste products.

2.1 Cell Culture

Components for All

Three Toxicity Assays

1. Cell culture medium: RPMI-1640 medium with phenol red,
10 % v/v fetal calf serum, 200 mM L-Glutamine.

2. Cell plating medium: RPMI-1640 medium, phenol red free,
10 % v/v fetal calf serum, 200 mM L-Glutamine, 100 U/mL of
Penicillin Streptomycin.

3. THP-1 monocytic cell line.

4. Dulbecco’s Phosphate-Buffered Saline.

5. 1700 cm2 roller bottles for large-scale cultures.

6. 4 mL sample cup for counting cell suspension density.

7. Vi-Cell XR Cell Viability analyzer (Beckman Coulter Ltd, High
Wycombe, UK) (see Note 1).

8. 50 mL centrifuge tubes with flat caps.

9. 500 mL large-volume centrifuge tubes.

10. Multidrop™ Combi Reagent Dispenser with two different-
sized cassettes used dependent on assay volumes dispensed;
standard tube dispensing cassette, and small tube metal tip
dispensing cassette (Fisher Thermo Scientific UK Ltd, Lough-
borough, UK).

11. 50 mL reagent reservoir.

12. Water bath.

13. Water bath treatment to stop algal and bacterial growth. We
routinely use SigmaClean® but any equivalent reagent can be
used.

14. 1, 10, 25, and 50 mL disposable Stripettes®.

15. Class 2 Biological Safety Cabinet.

16. Roller bottle incubator maintained at 37 �C in a 95 % humidi-
fied atmosphere of 5 % v/v CO2/95 % v/v air set to 110 rpm
(see Note 2).

17. Incubator maintained at 37 �C in a 95 % humidified atmo-
sphere of 5 % v/v CO2/95 % v/v air for plates.

18. Optical Microscope.

19. Centrifuge for tissue culture vessels and plates.
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20. 70 % v/v ethanol solution: Prepare 100 mL using 30 mL
100 % ethanol to 70 mL distilled water.

21. 2 % Virkon® disinfectant cleaner. Add 2 mL Virkon® to 98 mL
water. Any other suitable disinfectant can be used.

2.2 Assay Ready

Plate Generation

1. Labcyte Echo® 555 instrument (Labcyte Europe, Dublin,
Ireland).

2. Puromycin dihydrochloride used as inhibitor control com-
pound. Dissolve in DMSO and store at �20 �C (see Note 3).

3. DMSO used as vehicle control.

4. 384-Well polypropylene v-bottom microtiter plates.

2.3 CellTiter-Blue®

Components

1. CellTiter-Blue® Viability Reagent (Promega UK Ltd, South-
ampton, UK). To be stored at �20 �C unless diluted. Diluted
stock to be prepared on the day of assay. Stable for ~7 h. Any
source of resazurin can be used.

2. 384 assay: make 1:8 dilution of CellTiter-Blue® Viability
reagent in assay dilution buffer (see Note 4).

3. 1536 assay: make 1:16 dilution of CellTiter-Blue® Viability
reagent in assay dilution buffer (see Note 4).

4. Resorufin reagent. Dilute in assay dilution buffer to the empir-
ically determined concentration and use on the day of
preparation.

5. Assay dilution buffer: RPMI-1640 medium, phenol red free,
10 % v/v fetal calf serum, 200 mM L-Glutamine.

6. 384-Well solid black plates or 1536-well solid black plates with
lids (see Note 5).

7. Plate seals.

8. Pipettes and pipette tips.

9. Fluorescence plate reader.

10. Puromycin dihydrochloride used as inhibitor control com-
pound. Dissolve in DMSO and store at �20 �C (see Note 3).

11. DMSO used as vehicle control.

2.4 CellTox™ Green

Components

1. CellTox™ Green Express Cytotoxicity Assay (Promega UK
Ltd, Southampton, UK). Store at �20 �C. On day of assay
dilute reagent 1:500 in assay dilution buffer to give a final
dilution of 1:1000 in the assay plate.

2. Assay dilution buffer: RPMI-1640 medium, phenol red free,
10 % v/v fetal calf serum, 200 mM L-Glutamine.

3. 384-Well solid black plates with lids (see Note 5).

4. Plate seals.

248 David Murray et al.



5. Pipettes and pipette tips.

6. Fluorescence plate reader.

7. Puromycin dihydrochloride used as inhibitor control com-
pound. Dissolve in DMSO and store at �20 �C.

8. DMSO used as a vehicle control.

2.5 Intellicyt

MultiCyt 4-Plex

Apoptosis Kit

Components

1. Multicyt 4-Plex Apoptosis Screening kit (Intellicyt, Albu-
querque, USA).

2. Assay dilution buffer: RPMI-1640 medium, phenol red free,
10 % v/v fetal calf serum, 200 mM L-Glutamine.

3. 384-Well polypropylene V-bottom plates with lids.

4. Puromycin dihydrochloride used as inhibitor control com-
pound. Dissolve in DMSO and store at �20 �C (see Note 3).

5. DMSO vehicle control.

6. Intellicyt iQue® Screener HD high-throughput flow cytometer
system (Intellicyt, Albuquerque, USA) or equivalent.

3 Methods

Three toxicity assays were used to evaluate cytotoxicity of AstraZe-
neca compound collections. Different assay formats were deployed
for the level of throughput required for the specific assay. The
CellTiter-Blue® assay was developed in both 1536 and 384 assay
formats, CellTox™ Green and the Intellicyt Multicyt 4-plex Apo-
ptosis assays in 384-well format only. To ensure that the data
generated are as comparable as possible across assays and to simplify
laboratory logistics all three employ the same generic protocols for
the following:

1. Routine cell culture.

2. Cell culture preparation and cell plating.

3. Generation of assay ready compound plates.

All generic protocols will be described in the initial Methods
sections.

3.1 Routine Cell

Culture Method

All cell culture procedures performed in a biological safety cabinet
whilst practising routine aseptic techniques.

For cell waste decontamination, waste is placed in 2 % Virkon®

or equivalent for 15min before putting to drain. Refer to local rules
for waste disposal methods prior to cell culture work.

1. THP-1 cells were passaged every 2–3 days depending on the
density of the cell suspension. Cells should not exceed
1.5 � 106 cells/mL in a growing culture; if so these cells
should be discarded as assay response will be impaired.

High-Throughput Cell Toxicity Assays 249



2. Fill water bath to 5 cm deep with distilled water treated with
SigmaClean® or equivalent. Pre-heat water to 37 �C.

3. Pre-warm cell culture medium by placing in the 37 �C water
bath 20–30 min prior to use.

4. Collect growing cultures of THP-1 cells in 1700 cm2 roller
bottles from incubator, aseptically transfer the roller bottle(s)
into the biological safety cabinet.

5. To obtain a viable cell count from the growing cell culture
remove 1 mL of cell culture with a 1 mL Stripette® and dis-
pense into a 4 mL sample cup. Determine viable cell number
per mL using a Beckman Vi-cell XR cell viability cell analyzer or
equivalent. Cells are not suitable for the assay if a growing
culture density >1.5 � 106 cells/mL has been reached.

6. Carefully pour 500 mL of cell culture medium into a new
1700 cm2 roller bottle. Transfer required volume of THP-1
cell suspension from the growing culture for a starting growth
density of 0.4 � 105 cells per mL. Cell cultures are then main-
tained at 37 �C in a 95 % humidified atmosphere of 5 % v/v
CO2/95 % v/v air in a roller bottle incubator set to 110 rpm.

3.2 Cell Culture

Preparation and Cell

Plating

All cell culture procedures performed in a biological safety cabinet
whilst practising routine aseptic techniques.

For cell waste decontamination waste is placed in 2 % Virkon®

or equivalent for 15min before putting to drain. Refer to local rules
for disposal methods prior to cell culture work.

1. Fill water bath to 5 cm deep with distilled water treated with
SigmaClean® or equivalent reagent. Pre-heat water to 37 �C.

2. Warm cell culture and cell plating medium by placing in the
37 �C water bath 20–30 min prior to use.

3. Collect growing cultures of THP-1 cells in 1700 cm2 roller
bottles from roller bottle incubator. Aseptically transfer the
roller bottle into the biological safety cabinet.

4. Pour cells into 500 mL centrifuge tube with plug seal cap. Spin
tubes at 300 � g for 3 min in a bench top centrifuge to pellet
the cells.

5. Remove supernatant using 50 mL Stripette® being careful to
not dislodge cell pellet. All waste to be placed into a 2 %
Virkon® waste pot or another relevant decontamination
route. Re-suspend cells in 200 mL Dulbecco’s Phosphate-
Buffered Saline. Spin tubes at 300 � g for 3 min in a bench
top centrifuge.

6. Remove Dulbecco’s Phosphate-Buffered Saline using a 50 mL
Stripette® being careful to not dislodge the cell pellet. All waste
to be placed into a 2 % Virkon® waste pot.
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7. Re-suspend cells in 30 mL cell plating medium and transfer to a
sterile 50 mL centrifuge tube with flat cap.

8. To obtain a cell count remove 1 mL of cell culture with a 1 mL
Stripette® and dispense into a 4 mL sample cup. Determine cell
number per mL using a Beckman Vi-cell XR cell viability cell
analyzer or equivalent. Cells are not suitable for the assay if a
growing culture density >1.5 � 106 cells/mL has been
reached.

9. Dilute cells to the required density in cell plating medium for
the chosen assay (a) CellTiter-Blue®, 250,000 cells/mL, (b)
CellTox™ Green, 625,000 cells/mL, (c) 4-plex Apoptosis
assay, 1 million cells/mL.

10. Set up Multidrop™ Combi by attaching appropriate-sized
Multidrop™ cassette to dispense cells into assay plates. Stan-
dard volume cassette for dispense volumes ranging from 20 μL
to >200 μL. Low-volume cassette for dispense volumes
<20 μL.

11. Sterilize theMultidrop™Combi cassettes before use with cells.
Prime 20 mL of 70 % v/v ethanol through tubing leaving for
15 min followed by 20 mL of cell plating medium to rinse out
70 % v/v ethanol and coat the tubes before passing through
cell suspension. All waste collected for disposal into 2 %
Virkon®.

12. Transfer cell suspension using a Multidrop™ Combi on fast
dispense speed setting to the relevant assay ready plate (a)
1536-well CellTiter-Blue®, 1000 cells per well in 4 μL
medium, (b) 384-well CellTiter-Blue®, 10,000 cells per well
in 40 μL medium, (c) 384-well CellTox™ Green, 12,500 cells
per well in 20 μL medium, (d) 384-well 4-plex Apoptosis assay,
20,000 cells per well in 20 μLmedium. Place a lid on each plate
(see Note 6).

13. Incubate lidded assay plates at room temperature for 15 min to
equilibrate temperature across the plate which will minimize
edge effects before incubating at 37 �C in 5 % v/v CO2/
95 % v/v air in humidified incubator. For incubation times
see relevant assays sections.

3.3 Preparation

of Assay Ready

Screening Plates

(ARPs)

Preparation of compound plates for assay can be achieved in many
different ways from manual handheld pipette through to fully
automated systems, providing that the concentration of compound
and vehicle are within acceptable limits. However, AstraZeneca
deploys a system of assay ready plates for high-throughput and
concentration response screening that utilizes automated com-
pound storage alongside acoustic dispense, to ensure the highest
quality and reproducibility possible [15]. Test compounds are
retrieved from long-term automated storage in a climate-controlled
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environment and plated into master-plates. Compounds are
pre-dispensed in nanoliter volumes into assay plates prior to the
addition of cells or reagents removing the need for pre-dilution
steps of compounds dissolved in 100 % v/v DMSO (see Note 7).
Assay ready plates are generated via acoustic dispensing from the
master-plate stocks using a Labcyte Echo® 555 instrument or
equivalent. All test compounds prepared in 100 % v/v DMSO at
10 mM unless otherwise stated.

1. For the 1536 primary screen transfer 20 nL of compound to
each well of a 1536-well solid black plate giving a final DMSO
concentration of 0.5 % v/v in the assay.

2. For concentration response screening the volume of compound
transferred to each well is assay dependent (see below for
volumes). Each compound is dispensed to create 10 point CR
curves with a final compound concentration range between
100 μM and 5 nM. Backfill wells where necessary with the
appropriate volume of DMSO to ensure a consistent final
screening concentration of 1 % v/v DMSO.

3. 384-Well CellTiter-Blue®—400 nL compound; 40 μL of cell
suspension added.

4. 384-Well CellTox™ Green—200 nL compound; 20 μL cells
suspension.

5. 384-Well Apoptosis assay—200 nL compound; 20 μL cell
suspension.

6. All ARP plates have specific wells assigned for assay controls.
These control compounds enable analysis of interplate and
intraplate variation and calculation of Z0 values [16] plus they
are also used for setting the normalization window. The posi-
tioning of these control compounds are dependent on the assay
format used (see Note 8).

7. 384-Well assay format has 32 control wells in total, 16 wells
assigned to each control.

8. Neutral control (DMSO)—A11, B11 to H11 then I12, J12
to P12.

9. Inhibitor control (puromycin)—I11, J11 to P11 then A12,
B12 to H12.

10. 1536-Well assay format has 128 control wells, 64 wells assigned
to each control.

11. Neutral control (DMSO)—A21, A22 to P21, and P22 then
Q23, Q24 to AF23, and AF24.

12. Inhibitor control (puromycin)—A23, A24 to P23, and P24
then Q21, Q22 to AF21, and AF22.
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3.4 Cytotoxicity

Assays

When developing cytotoxicity/cell viability assays there are a
number of parameters that need to be considered for overall assay
performance and quality.

1. Relevant cell type.

2. Cell number per well.

3. Reagent concentration and volumes to be added including
DMSO sensitivity.

4. Compound incubation times.

5. Linearity of response/signal and data is proportional to cell
toxicity and cell number.

All the cytotoxicity/viability methods described here have been
optimized using the chosen THP-1 monocytic cell line with 48 h
compound exposure unless indicated otherwise. THP-1 is used as a
reference cell line to allow compound comparisons to be made
across projects. Assays on other cell types are carried out within
our laboratory and the user needs to ensure that the assay is
optimized for each cell type used for at least the five parameters
listed above.

All of these assays are suitable for running on automated
screening platforms found in high-throughput screening labora-
tories (see Note 9).

3.5 CellTiter-Blue®

Method

CellTiter-Blue® (Promega registered trade name for alamarBlue®

or resazurin) is a homogeneous fluorescent assay for measuring the
viability of cells. Living cells are able to convert the redox dye,
resazurin, to the highly fluorescent resorufin (Fig. 1). Non-viable
cells lose metabolic capacity and do not generate resorufin. Whilst
we have used CellTiter-Blue® any resazurin preparation can be used
but the user must determine the dilution of reagent needed and any
other experimental parameters.

This assay was developed in both 1536-well and 384-well assay
formats and each format will be described within this section.
1536-Well format was deployed for high-throughput primary
screening (see Note 10) and 384-well format for concentration
response curves for further annotation of compounds.

1. Refer to generic protocols for cell culture and cell preparation
and cell plating.

2. Incubate lidded assay plate(s) for 15 min at room temperature
to equilibrate the plate temperature before transferring the
lidded (see Note 10) plate(s) to 37 �C, in a 5 % v/v CO2/
95 % v/v air humidified incubator for 48 h.

3. After 48 h incubation with compound, prepare CellTiter-Blue®

solution for the relevant assay format.
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4. 384 assay format: using a Multidrop™ Combi (small
volume cassette used at fast speed setting) add 8 μL of diluted
CellTiter-Blue® Viability reagent (see Note 4).

5. 1536 assay format: using a Multidrop™ Combi (small
volume cassette used at fast speed setting), add 2 μL of diluted
CellTiter-Blue® Viability reagent (see Note 4).

6. Incubate the assay plate(s) for a further 2 h at 37 �C, in a 5 %
CO2 v/v/95 % v/v air humidified incubator.

7. Centrifuge plate(s) at 300 � g in a bench top centrifuge for
1 min so cells settle to the bottom of the plate.

8. Read assay plate(s) on a fluorescence plate reader at λex 540 nm
� 20 nm; λem 590 nm � 20 nm (see Note 11).

3.6 Compound

Fluorescence Quench

Assay for

CellTiter-Blue®

In order to help determine if compounds are false positives due to
quenching of the fluorescence of resorufin we had duplicate copies
of compound plates made and used the second copy to determine
any quenching at the concentration response stage of screening.
Resorufin was added to give equivalent measured fluorescence seen
in the neutral control wells in the CellTiter-Blue® assay. If no
quench is seen, there will be no significant change in detected

Fig. 1 Schematic diagram illustrating the principle of the CellTiter-Blue® cell viability/cell toxicity assay
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fluorescence across the range of compound concentrations.
If quench is seen (indicated by a compound concentration-
dependent decrease in fluorescence), this should be taken into
account when assessing if a compound is toxic or not. Confirma-
tion of toxicity in an orthogonal assay (CellTox™ Green or
Intellicyt Multicyt 4-plex Apoptosis assay) will also help deter-
mine whether or not a compound is toxic. We carried out this
assay in 384 plates only.

Refer to generic protocols for cell culture and cell preparation
and cell plating.

1. Incubate lidded assay plate(s) for 15 min at room temperature
to equilibrate the plate temperature before transferring the
lidded plate(s) to 37 �C, in a 5 % v/v CO2/95 % v/v air
humidified incubator for 2 h to equilibrate temperature.

2. After 2 h incubation with compound prepare a resorufin solu-
tion at the empirically determined concentration.

3. 384 assay format: using a Multidrop™ Combi (low volume
cassette used at fast speed setting) add 8 μL of resorufin.

4. Incubate the assay plate(s) for a further 2 h at 37 �C, in a 5 %
CO2 v/v/95 % v/v air humidified incubator (see Note 12).

5. Centrifuge plate(s) at 300 � g in a plate centrifuge for 1 min so
cells settle to the bottom of the plate.

6. Read assay plate(s) on a fluorescence plate reader at λex 540 nm
� 20 nm; λem 590 nm � 20 nm.

3.7 CellTox™ Green

Method

This assay detects changes in membrane integrity as a result of
incubating THP-1 cells with potentially cytotoxic compound(s)
leading to cell death. In this assay, a proprietary cyanine dye
is used that is excluded from cells with an intact cell membrane.
If a cell dies through a cytotoxic insult the membrane is compro-
mised and DNA is released to which the dye binds. Once bound
to DNA the dye fluoresces giving an increase in fluorescence
proportional to cytotoxicity (see Note 13).

1. Refer to generic protocols for cell culture and cell preparation
and cell plating.

2. Incubate lidded assay plate(s) for 15 min at room temperature
to equilibrate the plate temperature before transferring lidded
plate(s) to 37 �C, in a 5 % v/v CO2/95 % v/v air-humidified
incubator for 48 h.

3. After 48 h incubation with compound equilibrate assay plates
for 30 min at room temperature.

4. During this incubation prepare a 2� diluted stock of CellTox™
Green reagent in assay dilution buffer. Dispense 20 μL of
CellTox™ Green reagent to each well using a Multidrop™
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Combi with a standard volumeMultidrop cassette on fast speed
to give a final 1:1000 dilution.

5. Shake assay plate for 15 min on an orbital shaker shielded from
light for optimal staining of cells.

6. Read assay plate(s) on a fluorescence plate reader at λex 485 nm
� 20 nm; λem 535 nm � 20 nm.

3.8 Intellicyt

MultiCyt 4-plex

Apoptosis Assay

Method

This flow cytometry method was used to further annotate a selec-
tion of compounds that were identified as cytotoxic from the
CellTiter-Blue® and CellTox™ Green screens. As shown in
Fig. 2, compounds were tested against four different apoptosis
endpoints (Caspase 3 and 7 activation, binding of annexin-V,
membrane integrity, and mitochondrial depolarization) to ascer-
tain the mechanism of toxicity (see Note 14). Although we used
the Intellicyt iQue any flow cytometer can be used.

1. Refer to generic protocols for cell culture and cell preparation
and cell plating.

2. Incubate lidded assay plate(s) for 15 min at room temperature
to equilibrate the plate temperature before transferring lidded
plate(s) to 37 �C, in a 5 % v/v CO2/95 % v/v air-humidified
incubator for 24 h (see Note 15).

3. Prepare the Intellicyt MultiCyt 4-plex Apoptosis kit
(see Note 16). Thaw all kit reagents at room temperature.
Once thawed, gently vortex tubes then centrifuge to bring all
reagents to the bottom of the tube.

4. Add the following volumes of the kit reagents to make a
2� staining cocktail stock in cell plating media. Vortex staining
cocktail before use. Volumes are for one 384-well plate.

Fig. 2 Schematic diagram illustrating the four parameters of apoptosis measured in the Intellicyt MultiCyt
4-plex assay
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(a) Culture media—7.1 mL.

(b) Caspase—16 μL.
(c) Annexin—8 μL.
(d) Viability—80 μL.
(e) Mitochondrial damage—8 μL.
(f) 10� buffer—800 μL.

5. Add 20 μL of 2� staining cocktail stock to each well of a 384-
well plate. Shake plate vigorously to ensure thorough mixing.
The plate shaker on the iQue® Screener HD was used for this
step (15 s at 2800 rpm) but similar vigorous plate shakers will
suffice.

6. Incubate assay plate for 1 h at 37 �C, in a 5 % v/v CO2/
95 % v/v air-humidified incubator.

7. Place plate on iQue® Screener HD and read. Refer to Intellicyt
instruction manual for setting up the instrument and defining
experiment with sample data. Intellicyt also supply pre-defined
analysis templates for this assay that can be downloaded from
their website. Other flow cytometers can be used.

3.9 Example Data The figures in this section show some data from all three assays
described in this chapter. All the data shown come from a primary
screen of approximately 390,000 compounds and the follow-up
concentration response assays and illustrate the type of data that can
be achieved with these assays (Figs. 3, 4, and 5).

4 Notes

1. Any method of counting cells can be used. It is very important
to assess the number of viable cells and not just an absolute cell
count. Cultures with significant numbers of non-viable cells
should be discarded.

2. THP-1 cells are grown in a roller bottle incubator set to
110 rpm. This enables the cell suspension to maintain a level
of viability at �95 % over 40+ passages. THP-1 cells can also be
grown in a static flask or bottle but this may affect the viability
and the number of passages that can be achieved. Cells should
be discarded if viability drops below 85 %.

3. Puromycin was used as the inhibitor control where it is added at
50 μM (approximately 50-fold above its IC50) to ensure cell
death. Any known cytotoxic compound can be used in place of
puromycin such as staurosporine ormenadione. Compounds can
have different time courses of toxicity and this should be taken
into account when choosing an inhibitor control compound.
Choice of inhibitor control compound should not affect assay
performance if it is used at the correct concentration and time.
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4. We have found that the CellTiter-Blue® reagent can be diluted
much more than stated in the Promega assay protocol where
they state that 20 μL of neat reagent be added to 100 μL of cell
media in 96-well plates and 5 μL neat reagent to 25 μL of media
in 384-well plates. This will be very assay dependent particu-
larly on the cell type being used and will vary from laboratory to
laboratory. The user must do the relevant checks to ensure any
dilution used gives a robust, linear signal whilst allowing the
reagent to go as far as possible.

5. If an adherent cell line is used black μClear plates with transpar-
ent well bottoms can be used.

6. Cells should be gently stirred with a sterile stirrer bar when
plating to reduce plate to plate variability by maintaining a
homogenous cell suspension.

7. Users should not see any difference between using assay ready
plates and plates prepared using more conventional methods
where a solution of compound is diluted stepwise prior to
adding to the plate. It is important that the DMSO concentra-
tion is 1 % v/v or lower as DMSO in higher concentrations is
potentially toxic.

Fig. 3 Histogram of a primary screen of approximately 390,000 compounds tested at 50 μM in the CellTiter-
Blue® assay against THP-1 cells. Activity of compounds is normalized using robust Z scores where a Z score of
1 indicates a compound with an activity 1 robust standard deviation from the median of all compound wells on
a plate. Negative Z scores indicate an active compound in this assay. Approximately 4 % of compounds tested
were found to be active in this assay. This is representative of other diversity sets from our experience
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8. It is important to consider carefully where to place control wells
on the plates. It is quite common to see control wells placed on
the outermost columns but this is not recommended as these
wells will be affected by any edge effect which in turn will lead
to incorrect normalization of the data. We place the control
wells in the middle of the plate to minimize any effect of edge
effects. Ideally controls could be dispersed across more of the
plate but this is difficult to achieve with more traditional liquid
handling equipment and adds complexity although we do
employ such layouts for some concentration response screens.

9. In our laboratory we used Agilent Biocel automation platforms
(Santa Clara, CA, USA) for the high-throughput assays. For
lower throughput follow-up orthogonal assays we ran the
assays at manual workstations with stackers on the plate readers.

Fig. 4 Concentration responses for four representative compounds from the screen described in Fig. 3.
The curves show the activity in the CellTiter-Blue® assay and the Intellicyt Multicyt 4-plex apoptosis assay.
Graph a shows the confirmation of a non-toxic compound in all assay formats. Graphs b, c and d show
compounds of varying toxicity confirmed in both assays. While very toxic compounds are often equipotent
across assays (c), other compounds (b, d) show increased potency across early markers of toxicity (Capsase
and Annexin)
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10. Due to the small volumes in a well of a 1536-plate users may
well have problems with evaporation of the well contents over
the extended incubation times employed in cytotoxicity assays
despite the plates having lids placed on them. This evaporation
will increase salt concentrations in the media causing cell death
leading to potential false positive results. We have found that
using an adhesive plate seal will minimize such evaporation. We
have had success with both impermeable seals and gas-
permeable hydrophobic seals. Alternatively we have excluded

Fig. 5 Concentration responses for two active compounds from the screen described in Fig. 3. The curves
show the activity in the CellTiter-Blue® and CellTox™ Green assays. Graph a shows a compound where
the CellTox™ Green assay confirms the toxicity of the compound seen in the CellTiter-Blue® assay.
Graph b shows a compound where it looks toxic in the CellTiter-Blue® assay but is inactive in the CellTox™
Green assay at all compound concentrations except for 100 μM. It is likely that the compound is cytostatic
rather than toxic as no quench in the CellTiter-Blue® assay was detected (data not shown)

260 David Murray et al.



the use of the outermost wells of the 1536 plates leaving them
filled with just media. We have not seen these issues in 384-well
plates. Allowing plates to sit at room temperature for 15 min
can help reduce plate edge effects [17] although we have found
this not to be the case with all assays. We have also found that
edge effects can also be worse depending on how many plates
are loaded into an incubator and counter-intuitively have found
that often more plates loaded can lead to worse patterns and
edge effects. We have not investigated this further but make
this observation to help the reader investigate their own plate
pattern issues.

11. Fluorescent compounds can be a problem in this assay as they
will mask any change in fluorescence and be potential false
negatives. To detect fluorescent compounds plates can be
read before adding the CellTiter-Blue® reagent.

12. Once resorufin is added the plates could be read straight away
but we decided to keep this assay consistent with the conditions
employed in the CellTiter Blue® assay once the detection
reagent is added.

13. Further details of the CellTox Green™ kit and assay
principle can be found on the Promega website (https://www.
promega.com/products/cell-health-and-metabolism/cytotoxic
ity-assays/real-time-cytotoxicity-assay/celltox-green-cytotox
icity-assay/?activeTab¼1). Other types of membrane integrity
assay are available and should be able to be substituted although
we have not used any of them and cannot therefore make any
recommendations.

14. There are other similar apoptosis assays commercially available
with some assays requiring the use of a plate reader rather than
a flow cytometer. These should be able to be substituted but we
have not used any of them and so cannot therefore make any
recommendations.

15. We found the optimal incubation time with compounds was
24 h in this assay. The Multicyt 4-plex Apoptosis kit measures
early events in a cell starting to undergo apoptosis and a time
course showed 24 and 48 h data to be equivalent for early
markers of apoptosis across a number of compounds (data
not shown). If using a 48 h incubation very toxic compounds
can cause complete lysis of cells leading to clogging of the
iQue® flow cytometer fluidics.

16. Intellicyt (http://www.intellicyt.com) provides comprehensive
protocols with the MultiCyt kits and these should be used as
the basis for setting up the assay. Intellicyt also provides analysis
templates for their kits.
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Chapter 17

BRET: NanoLuc-Based Bioluminescence Resonance
Energy Transfer Platform to Monitor Protein-Protein
Interactions in Live Cells

Xiu-Lei Mo and Haian Fu

Abstract

Bioluminescence resonance energy transfer (BRET) is a prominent biophysical technology for monitoring
molecular interactions, and has been widely used to study protein-protein interactions (PPI) in live cells.
This technology requires proteins of interest to be associated with an energy donor (i.e., luciferase) and an
acceptor (e.g., fluorescent protein) molecule. Upon interaction of the proteins of interest, the donor and
acceptor will be brought into close proximity and energy transfer of chemical reaction-induced lumines-
cence to its corresponding acceptor will result in an increased emission at an acceptor-defined wavelength,
generating the BRET signal. We leverage the advantages of the superior optical properties of the NanoLuc®

luciferase (NLuc) as a BRET donor coupled with Venus, a yellow fluorescent protein, as acceptor. We term
this NLuc-based BRET platform “BRETn”. BRETn has been demonstrated to have significantly improved
assay performance, compared to previous BRET technologies, in terms of sensitivity and scalability.
This chapter describes a step-by-step practical protocol for developing a BRETn assay in a multi-well
plate format to detect PPIs in live mammalian cells.

Key words Bioluminescence resonance energy transfer (BRET), Nanoluc luciferase (NLuc), Hippo
signaling pathway, YAP-TEAD interaction, Ultra high-throughput screening (uHTS)

1 Introduction

Bioluminescence resonance energy transfer (BRET) is a naturally
occurring phenomenon existing in some marine species such as
Aequorea, where radiation-less transfer of energy is observed from
an activated bioluminescent donor (e.g., photoprotein aequorin) to
its associated green fluorescent protein (GFP). This natural physical
process has been engineered to monitor direct molecular interac-
tions, due to its stringent distance requirement (�10 nm) to allow
efficient energy transfer [1–3]. In principle, the photons from the
light-emitting donor can excite an acceptor fluorophore by reso-
nance energy transfer if the donor and acceptor fluorophore are in
close proximity with proper orientation and have appropriate
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overlap between the donor emission and acceptor excitation
spectra. Several versions of BRET have been reported by combining
various donor and acceptor pairs [2–4]. Previously described BRET
systems include BRET1 and BRET2, which use Renilla luciferase
(RLuc) as BRET donors [4]. These systems have revolutionized the
way we study PPIs, especially in live cells. Here we describe a
working protocol of a Nanoluc luciferase (NLuc)-based BRET
platform.

Nanoluc luciferase is a luminescent protein engineered from
the luciferase of a luminous deep-sea shrimp, Oplophorus gracilir-
ostris [5]. It has been shown that NLuc is the smallest (19 kDa) and
brightest luciferase to date, with superior stability, glow-type lumi-
nescence, and narrow emission spectrum [5]. These improved
properties of NLuc allowed us to generate a new BRET platform
for PPI detection, termed BRETn to stand for NanoLuc-based
BRET. For the BRETn PPI biosensor design, NLuc was used
instead of the conventional RLuc as a BRETn donor. Venus [6],
a yellow fluorescent protein variant, serves as a BRETn acceptor.
The interaction of NLuc-fused protein X and Venus-fused protein
Y brings the donor and acceptor into close proximity, leading to
energy transfer of the luminescence signal from NLuc to Venus
upon substrate, furimazine, and oxidation (Fig. 1). The emission
signal of Venus can then be used as a measurement of BRET signal
for detection of PPIs (Fig. 1).

The performance of BRETn has been demonstrated as a PPI
biosensor for pathway profiling and PPI modulator screening [7].
The improved properties of BRETn enable miniaturization of the
assay to a 1536-well plate uHTS format for large-scale screening.
The following protocol describes a general step-by-step procedure
for developing a BRETn assay to monitor PPIs in live cells.
The results of BRETn assay development for monitoring the YAP-
TEAD interaction [8–10], a key PPI involved in the Hippo signal-
ing pathway, are presented as a case study. The Hippo signaling
pathway plays a critical role in normal physiology, such as the
control of organ size during development. Its dysregulation has

Fig. 1 Schematic illustration of BRETn design. NLuc and Venus are genetically fused to the N-terminal end of
each protein of interest, X and Y, respectively. BRET signal can be detected when NLuc and Venus are brought
into close proximity upon interaction of protein X and Y
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been associated with tumorigenesis in a range of cancer types
[8–10]. Targeting the YAP-TEAD interaction has been suggested
to be a promising strategy for treatment of YAP-addicted cancers
[11, 12]. However, no specific YAP-TEAD small molecule inhibi-
tors are currently available [11, 12]. In order to better understand
the function of the YAP-TEAD interaction, a highly sensitive
BRETn assay for discovery of interaction disruptors has been
designed and optimized. Small molecule chemical probes that dis-
rupt the YAP-TEAD interaction will enable physiological studies
and have potential for anti-cancer therapeutic development. Using
the YAP-TEAD interaction as a model system, a detailed protocol
for a BRETn assay for monitoring PPIs in live cells is described.
While this chapter uses YAP-TEAD as an example, the procedure
described in this chapter can be readily adapted and applied to other
molecular interactions.

2 Materials

2.1 Plasmids

for NLuc-tagged

TEAD2 and

Venus-tagged YAP1

Construction (see Note

1)

1. Entry vector with TEAD2 in pDONR221.

2. pENTR/D-TOPO vector.

3. TOPO® Cloning kit.

4. Gateway pDEST26 Vector.

5. pFUW vector.

2.2 Other Reagents 1. Cell culture media: 1� Dulbecco’s Modified Eagle Medium
(DMEM) without phenol red indicator, supplemented with
4 mM L-glutamine, 4.5 g/L glucose, 1 mM sodium pyruvate,
100 U/mL penicillin, 100 mg/mL streptomycin, and 10 %
fetal bovine serum.

2. HumanEmbryonic Kidney 293T (HEK293T) cells (seeNote2).

3. Polyethylenimine (PEI) transfection reagent stock solution
(see Note 2): dissolve PEI (1 mg/mL) in deionized water at
80 �C with stirring. Adjust solution to pH 7.2 using 0.1 M
HCl at room temperature. Filter-sterilize, aliquot, and store at
�20 �C.

4. Nano-Glo® luciferase assay system (Promega, Madison, WI).

5. Plate (see Note 3): 1536-well solid bottom white plate and
clear bottom black plate and 384-well polypropylene plate.

6. Plate reader for BRET signal measurements (see Note 4): for
YAP-TEAD BRETn assay development, BRETn signal mea-
surement was performed using 460 and 535 nm emission
filters.
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3 Methods

3.1 Plasmid

Construction

NLuc-tagged TEAD2 and Venus-tagged YAP1 were constructed
using Gateway® cloning system as described [7] (seeNote 1). Entry
vector with TEAD2 in pDONR221 was purchased. Entry vector
with YAP1 was cloned into pENTR/D-TOPO vector using PCR
and TOPO® Cloning kit. The NLuc coding sequence (Promega,
Madison, WI), along with a linker (see Note 1), was inserted into
the pDEST26 (Invitrogen) to generate Gateway®-based NLuc
destination expression vector. The Venus coding sequence, along
with a linker (see Note 1), was inserted into the pFUW vector
(Emory University) to generate the Gateway®-based Venus desti-
nation expression vector. NLuc-TEAD2 and Venus-YAP1 expres-
sion plasmids were constructed by performing LR reactions
between corresponding entry and destination vectors using LR
Clonase™ II enzyme mix.

3.2 Plating Cells HEK293T cells (2000 cells in 4 μl per well (see Note 3)) were
dispensed into a 1536-well plate. Cells were plated side by side
sequentially in both a solid bottom white plate and a clear bottom
black plate (see Note 3). Plates were sealed with a gas permeable
sealing membrane.

3.3 Transient

Transfection

Below we describe a typical experiment where the donor and accep-
tor expression levels are varied by serial dilution of the amount of
DNA to be transfected. This experimental setup will allow the
acceptor to saturate the donor and provide a maximal BRET signal.
A template design for a 384-well DNA plate format for orthogonal
co-transfection is shown in Fig. 2 (see Note 5).

1. Serially dilute NLuc-TEAD2 and NLuc-empty plasmid to 0.2
and 0.1 ng/mL in dH2O in sterile Eppendorf tube (seeNote 6).

2. Dilute Venus-YAP1 and Venus-empty plasmid to 40 ng/μl
with dH2O in sterile Eppendorf tube. Then serially dilute
Venus-YAP1 to 20 and 10 ng/μl, and Venus-empty to 20,
10, and 5 ng/mL using pcDNA (40 ng/μl) (see Note 6).

Fig. 2 An example 384-well plate format for DNA transfection. Various amounts of NLuc and Venus plasmids
were mixed orthogonally using multichannel pipette. The final DNA amount transfected into a single well of
1536-well cell plate is indicated
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3. Orthogonally mix 5 μl NLuc plasmids (0.1 and 0.2 ng/μl for
both NLuc-TEAD2 and NLuc-empty) and 5 μl Venus plasmids
(10, 20, and 40 ng/μl for Venus-YAP1 and 5, 10, and 20 ng/μl
for Venus-empty) according to the format as shown in Fig. 2
in a 384-well plate.

4. Dilute PEI to 60 ng/μl in cell culture media (see Note 2).

5. Dispense 10 μl/well of the 60 ng/μl PEI dilution into the
384-well DNA plate to make the final ratio of PEI:DNA ¼ 3:1.

6. Incubate the DNA:PEI mix at 25 �C for 20 min.

7. Perform forward in-well transfection using an automated liq-
uid handler. Transfer 1 μl of DNA:PEI mix from 384-well plate
into 1536-well plate in four replicates (Fig. 3). The final
amount of DNA transfected into each 1536-well is indicated
in Fig. 2. The 1536-well solid bottom white plate and clear
bottom black plate are transfected side by side.

8. Incubate cells in CO2 incubator at 37
�C for 2 days.

3.4 BRETn

Measurement

1. Load 1536-well clear bottom black plate into plate reader and
detect fluorescence signal (FI) (excitation: 480 nm, emission:
535 nm) using microplate reader software.

2. Immediately prior to the BRET measurement, prepare furima-
zine (i.e., Nano-Glo® Luciferase Assay Substrate) by diluting
the stock solution 1:100 in cell culture media (see Note 7).

Fig. 3 Schematic illustration of forward in-well transfection from 384-well DNA plate into 1536-well cell plate
in four replicates
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3. Dispense 1 μl of 1:100 diluted substrate directly into a
1536-well solid bottom white plate (cell culture media does
not need to be changed) (see Note 7).

4. Load 1536-well solid bottom white plate into plate reader
and take BRETn reading by measuring luminescence at
460 � 15 nm (I460) and 535 � 15 nm (I535).

3.5 Data Analysis 1. The BRETn signal can be determined by I535/I460.

2. The net BRETn signal is calculated by subtracting out back-
ground BRETn signal from cells transfected with donor plas-
mid only.

3. Calculate the net fluorescence intensity (FI) by subtracting out
background fluorescence from cells transfected with pcDNA
only.

4. Calculate the net I460 by subtracting out background lumines-
cence from cells transfected only with pcDNA.

5. Calculate the acceptor/donor ratio by dividing the net FI by
net I460.

6. Using graphing software, plot the acceptor/donor ratio against
the net BRETn as in Fig. 4 (seeNote 8). The data can then be fit
with a nonlinear regression model.

4 Notes

1. BRETn follows classical rules of energy transfer in that the
energy transfer efficiency is inversely proportional to the sixth
power of distance between two fluorophores, and is also

Fig. 4 BRETn saturation curve of NLuc-TEAD2 and Venus-YAP1 interaction. The
error bar represents the s.d. from four replicates. AUC values are presented as
mean � s.d. from three independent experiments
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correlated with the orientation of two fluorophores. Therefore,
it is advantageous to use peptide linkers, such as
GGGGSGGGGS used in this study, between the NLuc/
Venus tag and the proteins of interest to allow sufficient move-
ment of the tags with less steric hindrance. Moreover, there are
eight possible fusion combinations for each pair of proteins
considering different tag placements at N- or C-terminus of
the gene of interest. It is highly recommended to try all eight
pairing combinations in order to achieve a maximized BRETn

dynamic window.

2. Other cell lines and transfection reagents can be used. We
choose to use HEK293T and PEI as they yield high transfec-
tion efficiency and reproducibility at affordable cost. For cell
lines other than HEK293T cells, the amount of DNA trans-
fected and DNA/PEI ratio need to be optimized empirically.

3. Other types and formats of standard multiple well plates can be
used with the method described above and the reagent amount
suggested in Table 1. We use plates from Corning (Corning,
NY). Other plate manufacturers may be acceptable but should
be thoroughly tested prior to use.

4. We use the EnVision®Multilabel Reader (PerkinElmer) for our
BRETn assay. Other plate readers equipped with desired emis-
sion filters can be used. To collect BRETn data, we use the
Wallac EnVision Manager software (PerkinElmer). Wallac is
able to automatically calculate the BRETn signal from I460
and I535 channel, and export the data in a format that is
compatible with Microsoft Excel.

5. Controls are essential to assess the success of the BRETn assay.
Negative controls, such as NLuc-TEAD and Venus, and NLuc

Table 1
Recommended cell culture condition and DNA transfection range for performing BRETn assay in other
multiple well plates

Cell number
(per well)

Cell culture
volume (μl)

NLuc plasmid
(ng/well)

Venus plasmid
(ng/well)

1:100 diluted
substrate (μl)

384-Well 8000 50 0.1–0.2 10–40 5

96-Well 30,000 200 0.5–1 50–200 20

48-Well1 60,000 500 1–2 100–400 50

24-Well1 150,000 1000 2–5 200–800 100

6-Well1 600,000 2000 10–20 500–3000 400

1Considering the limited supplies of solid bottomwhite and clear bottom black types of 48-, 24-, and 6-well plate, as well

as the cost of luciferase substrate, it is more feasible to detach and transfer the cells into high-density plate on the day of

BRETn measurement
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and Venus-YAP1, are necessary to rule out false-positive signals
due to nonspecific energy transfer. Positive controls, such as the
NLuc-Venus fusion protein, allow the researcher to define
positive BRET signals.

6. The amount of NLuc and Venus plasmid used for transfection
needs to be determined empirically based on the PPI pairs.

7. BRETn assay can also be performed with cell lysates, instead of
live cell detection described in this study with appropriate
modifications of protocol.

8. Conventionally, BRET data was quantified solely by calculating
maximal BRET signal (BRETmax) based on nonlinear regres-
sion analysis, where BRET50 was often neglected. In this sce-
nario, in order to get precise BRETmax, the BRET saturation
curve needs to reach plateau. We employed an area under the
curve (AUC) analysis method to quantitatively compare the
BRETn signal between PPI and controls, as AUC reflects both
BRETmax and BRET50 for various PPIs [7].
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Chapter 18

Application of Imaging-Based Assays in Microplate
Formats for High-Content Screening

Adam I. Fogel, Scott E. Martin, and Samuel A. Hasson

Abstract

The use of multiparametric microscopy-based screens with automated analysis has enabled the large-scale
study of biological phenomena that are currently not measurable by any other method. Collectively referred
to as high-content screening (HCS), or high-content analysis (HCA), these methods rely on an expanding
array of imaging hardware and software automation. Coupled with an ever-growing amount of diverse
chemical matter and functional genomic tools, HCS has helped open the door to a new frontier of
understanding cell biology through phenotype-driven screening. With the ability to interrogate biology
on a cell-by-cell basis in highly parallel microplate-based platforms, the utility of HCS continues to grow as
advancements are made in acquisition speed, model system complexity, data management, and analysis
systems. This chapter uses an example of screening for genetic factors regulating mitochondrial quality
control to exemplify the practical considerations in developing and executing high-content campaigns.

Key words High-content screening, High-content analysis, Automated microscopy, RNAi, siRNA,
Functional genomics, Imaging assay, Assay development, Image analysis

1 Introduction

The emergence of cell-based screening strategies has extended the
reach of discovery biology (small and large molecule) and enabled
large-scale functional genomics with siRNA, shRNA, and now
CRISPR/Cas9 platforms. Emphasis in cell-based screening has
given way to phenotypic analyses, where the goal is to understand
how exogenous agents change complex and interconnected path-
way biology in a target agnostic manner. Since there are limits to
the biology accessible through assays on purified components such
as proteins and nucleic acids, the aim of phenotypic screening is
twofold: (1) expand the assay context to capture non-canonical
biological target-space, and (2) allow for observation of more
physiologically relevant phenomena. The original implementations
of high-throughput phenotypic screening relied upon bulk
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readouts such as well-level luminescence and fluorescence from
reporter genes or measurement technologies (e.g. ELISA).
Automated microscopy instrumentation paired with microplate
platforms has ushered in an era of phenotypic screening that queries
biological pathways on a subcellular, cellular, and cell-population
level. These approaches are rooted in quantifying phenotypes
exhibited by each individual cell within all or part of a well. When
microplate-based imaging is combined with unbiased analysis tools
and a multiparametric phenotypic assay, “high-content” screening
(HCS) can be achieved. Also referred to as high-content analysis
(HCA), the key concept is the ability to make multiple measure-
ments (Table 1) on signals encoded in the raw images of cells
(Table 2) to describe phenotypic alterations.

While relying on the tools of conventional microscopy such as
fluorescence, phase contrast, and luminescence techniques, HCS
has a strong emphasis on hardware and software automation and
throughput. This chapter discusses the practical considerations in
building assays for HCS and the types of analyses used to extract
meaningful data from such highly parallel experiments. As examples
of how HCS can be the basis of high-throughput biology, we
describe siRNA screening for genetic modulators of Parkin translo-
cation to damaged mitochondria (Fig. 1), and the subsequent
autophagic clearance of these mitochondria. Mitochondria are a
central hub of multiple biochemical and energetic processes and

Table 1
Typical types of measurements found in an HCA platform

Type of HCS readout Examples of utility in screening assays

Cell morphology Measuring toxicity of exogenous agents, changes in neurites outgrowth,
chemotaxis, differentiation, polarity, cell cycle, and cellular stress

Rare event detection Detecting non-obvious population dynamics or phenomena that a human
viewer would easily overlook due to a low occurrence within hundreds or
thousands of cells

Cell counting Cell growth, division, and viability

Total fluorescence
intensity

Measuring the expression of a target protein in a given cellular compartment.
Also useful for detecting reporter quenching and compound fluorescence

Per cell fluorescence Score for the fraction of cells positive or negative for fluorescence. Quantitate
rescue or loss of fluorescently labeled proteins

Co-localization Identify gain or loss of co-localization between labeled proteins

Protein translocation Pathway activation and cell signaling events

Nuclear intensity Cell cycle, live/dead analysis, mitotic index

Nuclear morphology Genotoxicity, apoptosis

Many other HCS readouts are possible and the choice of which to use will depend on the biology being queried and the

types of probes/reporter utilized
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their health is a key factor in a variety of human pathologies [1, 2].
One autophagic pathway that maintains the fidelity of mitochon-
dria is driven by the ubiquitin kinase PINK1 and the E3 ubiquitin
ligase Parkin. Implicated in the etiology of familial Parkinson’s
disease [3, 4], the PINK1/Parkin-mediated mitochondrial quality
control is triggered when a mitochondrion loses membrane

Table 2
Classes of fluorescent and non-fluorescent labeling strategies utilized in HCA

HCS readout tool Advantages Disadvantages

Fluorescent protein
(e.g. GFP, mCherry)

Can label specific proteins and
monitor location and intensity
(better at location than intensity)

Can suffer from poor dynamic range;
high auto fluorescence in cells can
interfere with signal. Requires
overexpression to efficiently detect
most fusion proteins

Nuclear stain (Hoechst—
Live, DAPI, DRAQ5)

Robust label of nucleus which is
essentially a required starting
point for segmentation

Choose appropriately to match with
other fluorescent tools

Cell imaging dyes (e.g.,
EdU stain, caspase
stain, nuclear stain,
live/dead stain)

Can capture a variety of cellular
processes in living cells that can
then be measured post-fixation

Difficult to multiplex and are
sometimes very expensive

Live cell imaging dyes
(e.g., mitotracker,
lysotracker)

Detects certain subcellular
structures in live cells without the
need for genetic manipulation of
cells

Autofluorescence and artifactual
labeling of other structures; care
must be taken to determine correct
concentration and washing
required. Some of these may survive
fixation, others will not. Live
imaging may limit throughput

Antibody staining Label endogenous proteins;
potential for significant signal
amplification and thus a robust
assay window

Requires high-quality
immunofluorescence (IF) antibody;
introduces much additional
handling; almost always done with
fixed samples

Brightfield/phase
contrast imaging

Offers a simple, label-free method to
identify cells and potentially
describe features such as dense
inclusions or vacuolization

A high degree of variability in white
light microscopy between cells in a
field can make analysis difficult.
Light and dark features in widefield
and phase images can be generated
by many biological structures
including debris making the
differentiation of specific biological
events more complicated

At a minimum, most HCS assays will label nuclei and a cytosolic component, so that these two basic areas in the cell may
be segmented. Up to seven different channels are possible on modern HCA instruments, but three to four different

probes is likely the most typical number
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potential and accumulates PINK1 protein on the outer mem-
brane [5]. The phosphorylation of ubiquitin by PINK1
(unknown at the time of our original study) triggers the recruit-
ment of autophagic adaptor proteins to assemble around the
damaged mitochondrion in a process greatly amplified by the con-
comitant activation and translocation of cytosolic Parkin [6–9].
Ultimately, damaged mitochondria are engulfed by autophagic
machinery and shuttled to the lysosome for destruction in a process
known as selective mitophagy. These pathway mechanics presented
an excellent opportunity to illuminate genes involved in the recruit-
ment of Parkin to depolarized mitochondrial bodies with genome-
wide siRNA screening. To determine the factors involved in the
pathway on a genomic scale, an assay was designed for HCS in
384-well plates based on earlier demonstrations of fluorescently
labeled Parkin activation and recruitment to mitochondria by the
PINK1 kinase [10, 11]. HCS presented the most direct and useful
method to evaluate genetic modulators of the PINK1/Parkin-
mediated mitophagy—not only was it able to identify genetic
modifiers of translocation, but it could also account for unwanted
pleiotropic effects on mitochondrial or cellular morphology which
would go unnoticed in single-parameter screening. Specifically, the
HCS assay we built [12] was able to:

1. Quantify the degree of Parkin translocation to damaged mito-
chondria on a per cell basis.

2. Allow for the measurement of mitochondrial clearance and
mitophagy on a per cell basis.

3. Delimit specious gene knockdowns that would obscure trans-
location by altering cell morphology.

Fig. 1 Example of Parkin translocation phenotype after mitochondrial depolarization. HeLa cells expressing
GFP-Parkin (left panel) were subjected to 10 μM CCCP treatment for 2 h to collapse mitochondrial membrane
potential (right panel). This treatment induces a rapid translocation of the GFP-Parkin to the mitochondria in a
characteristic punctate pattern. Note the loss of the strong GFP florescence from the nuclear region of the cell
in many of the cells. Images were collected using widefield fluorescence imaging at 20� magnification
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4. Identify gene knockdowns that would deplete or expand the
population of mitochondria in a given cell and therefore appear
to alter Parkin translocation dynamics.

5. Determine the toxicity of each gene knockdown by counting
nuclei/cell number.

Beyond the example presented in this chapter, HCS has proven
to be a powerful tool in the high-throughput arena. Chemical
screening with HCS assays has been used to track the behavior of
both cells [13–15] and model organisms [16, 17] exposed to
bioactive compounds, and the unbiased prediction of compound
mechanism-of-action is now possible with HCS [18–20]. More
recently, HCS has been used to characterize approved drugs that
can revert disease phenotypes [21]. Overall, the advantages of
imaging-based HCS are manifold:

1. Leverage microscopy hardware to build assays with highly
multiplexed readouts. Fluorescence microscopy is the most
common implementation of HCS, and four to seven channels
are typically available for the collection of phenotypic data.

2. HCS techniques offer the user a robust toolbox to identify,
characterize, and compensate for (or filter out) off-target
effects, reporter interference, and generally misleading activ-
ities that dominate chemical and functional phenotypic screens.
Such activities are generally removed in time-consuming sec-
ondary screens in traditional HTS campaigns.

3. Assays based on subtle and intricate subcellular phenotypes are
much more feasible in HCS because image analysis can inte-
grate a multitude of measurements including texture, intensity,
puncta, and spatial position relative to subcellular guideposts
(e.g. nucleus, cytosol, organelles, cell membrane) to character-
ize a change in the biology of interest. HCS is especially
well-suited to measure changes in cellular morphology (e.g.
neurite outgrowth) or translocation of protein signaling
components.

4. HCS enables the capture of rare events in cell populations that
would otherwise be missed in homogeneous assay formats.
This could be extremely important in experiments with limited
penetrance (e.g., heterogeneous transfection or gene editing
efficiency).

5. HCS allows for the characterization and subsequent clustering
of subtle, complex, and multiparametric phenotypes that
would not otherwise be possible [22]. This greatly enhances
our ability to identify relationships between different screening
reagents and even extends those inferences into cellular space
(e.g., pathways).

6. Images can be reanalyzed in the future for additional
characteristics.
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1.1 General

Considerations in HCS

Assay Design and

Execution

1.1.1 Start from Robust

Biology in an Appropriate

Model System

The conversion of a cellular phenotype observed in conventional
microscopy into a high-content screening assay requires a number
of considerations. As with any screening effort, the first criteria to
be considered should be robustness of the effect—small effect sizes
observed in low-throughput manual microscopy, while biologically
intriguing, are often not a good starting point for an HCS assay.
Events that require complex live-cell manipulations or hands-on
intervention, such as targeted photobleaching and photoactivation,
are non-starters. As with any high-throughput process, minimizing
the number of reagent additions and avoiding reagent additions
that must be synchronized in time with the imaging of wells is
essential for HCS tractability. While it is hard to quantify the level
of robustness required, a rather glib rule of thumb for basic HCS
explorations is often, “if you can’t see it, don’t screen it.” However,
relying on one’s eyes alone as the definitive judge of phenotypic
change is limiting since image analysis tools focusing on intricate
features such as texture, granularity, shape, and polarity are often
able to find highly significant patterns that we are unable to per-
ceive. A better guiding principle is really to understand how the
biology connects to the chosen measurements as many measure-
ments have no bearing on the particular question at hand.

Along with consideration of assay robustness, care must also be
taken when choosing a model system to serve as the screening
assay platform. When possible, one should always choose the
most biologically relevant model system such as patient primary
cells. However, not all cells are amenable to HCS workflows (e.g.,
loosely adherent, suspension, or relatively compact cells with hard-
to-distinguish organelles) and may pose challenges in adapting to
an automated microplate workflow if the culture is heterogeneous
or does not scale well to large quantities. There are technological
workarounds to enable imaging-based screens of cells that fall into
this category but issues of cost and scalability of processes such as
capturing z-stacks with many focal planes must be considered when
choosing the assay platform. The simplest cell models to adapt into
HCS are the ones where cells are highly homogenous and flat with
large cytosolic regions.

As iPSC-derived cellular systems are beginning to reach yields
tractable for microplate screening, a promising opportunity exists
for increasing physiological relevance. In utilizing the resulting cell
types, including neurons, macrophages, hepatocytes, and myo-
cytes, a major consideration is the ability to pre-differentiate the
iPSCs prior to plating in the microplates. Besides avoiding difficulty
of culturing cells for weeks in a microplate well, pre-differentiation
is important for reducing variability and maintaining tight quality
controls. Other practical concerns in looking at HCS more broadly
include transfectability and transducibility in cases where nucleic
acid based delivery is essential (siRNA, shRNA, CRISPR/Cas9,
cDNA overexpression screening, etc.). Although these
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considerations seem straightforward, prior to engineering assays it
is well worth checking the compatibility of your model system with
your planned experiment such as building stable cell lines expres-
sing multiple fluorescent reporters.

1.1.2 Controls Define the

Assay but Won’t Always

Predict the Behavior

of Bioactive Agents

in a Screen

Out of necessity, HCS assay robustness is defined by the use of
positive and negative controls, which in turn define key metrics
such as Z 0 score and control CVs. Distinct from traditional HTS
assay endpoints (single-parameter readouts such as luciferase
expression), HCS generates a multiplexed dataset which opens a
window to the wide range of effects that compounds or genetic
manipulations can have on the properties of individual cells. This is
both the inherent strength of HCS and the factor which requires
much additional care during analysis. Within pilot screening runs,
for example with small bioactive compound libraries, phenotypes
are likely to be observed which were not predicted by the initial
choice of positive and negative controls. Scientists familiar with
traditional HTS assay development may be less attuned to the
need to go through additional rounds of assay refinement after
these datasets are acquired. Throughout the process of HCS assay
development, we recommend visual inspection of actives and an
iterative process of tuning the image analysis pipeline, in order to
create more robust measures of activity or capture more relevant/
descriptive phenotypes.

1.1.3 Always Be on the

Lookout for False Positives

Related to Toxicity

Many high-content phenotypes can be influenced by cytotoxicity
from exogenous stimuli such as compounds or siRNAs. For exam-
ple, assays measuring the co-localization of labeled proteins, or
proteins and organelles, are convoluted by the rounding of
unhealthy cells. Moreover, dying or stressed cells can exhibit artifi-
cially enhanced fluorescence of reporter proteins due to the non-
specific concentration of fluorescent material. In the Parkin assay
example using HeLa cells, we often observed that siRNA treat-
ments would cause cells to become long and thin, so inclusion of
cell morphometric image analysis measures are useful to quantify
the phenomenon. When piloting high-content assays, we recom-
mend stress testing a variety of cell stimuli to understand how
unexpected cellular responses affect the robustness of the chosen
analysis methodology. Luckily, the vast toolbox of image processing
routines available in modern HCS software combined with the
flexibility of reporter tools (dyes, fluorescent proteins, label-free
brightfield imaging techniques, etc.) offers many paths to harden
assays against specious phenotypic modulation. As a starting point,
many HCS assays include nuclear staining for cell counting as a
straightforward method to identify wells with reduced cell number.
This can also help weed out false positives arising from normaliza-
tion to a very small number of unhealthy cells but additional image
segmentation guideposts can be put in place to gain a greater
understanding of cell health.
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1.1.4 Imaging Hardware:

Balancing Throughput,

Signal, and Resolution

Microscopists familiar with traditional low-throughput work on
powerful confocal systems may often desire to maintain the resolu-
tion and imaging aesthetics when moving their assays to a high-
content system. While current-generation high-content imagers
(HCIs) are equipped with impressive optical capabilities, maintain-
ing the visually stunning high magnification confocal microscopy
methods comes at the expense of throughput and signal strength,
which are likely to be critically important for the tractability of
HCS. In many cases, lower magnification images that capture
more cells (without the need for greater sampling), and thus
allow for greater statistical power in the subsequent analysis, are
more appropriate than high-resolution images capturing fewer
cells. The optical power used should be sufficient to analyze
the cellular substructures in question, but go no further: rare is
the HCS assay that requires a 100� objective; 10� is often suffi-
cient. The image analysis algorithms available in HCS software are
often able to quantify changes with much less magnification than
the human eye.

Some imaging assays require live-cell acquisition, either to
sense cellular properties destroyed in fixation (e.g. pH or redox
potential) or to measures the kinetics of cellular signaling events.
As the HCS field moves towards the use of more physiological
systems, many of the assays employed may require multiday imag-
ing to track events such as neurite outgrowth, cell health, protein
decay, etc. For such assays it is important to remember to utilize
hardware with a live-cell chamber (most next-generation high-
content imagers come equipped, but older generations often do
not), and a robotically-linked plate hotel with temperature and
CO2 capabilities. Although live-cell and time-course assays are
attractive and unavoidable for some questions, they come at an
large cost to throughput. Image acquisition can take considerable
amounts of time, ranging from minutes to hours for a 384 well
plate depending on number of wavelengths, magnification, and
fields per well. Looking forward, the throughput for these types
of experiments will scale somewhat as a function of increased acqui-
sition speed with ever-improving HCS platforms.

1.1.5 Managing

High-Content Data: Invest

in a Lot of Storage!

While data storage is an issue for all HTS campaigns, most other
HTS assay formats do not come close to the data-storage require-
ments of image-based screening. Even modestly sized high-content
imaging campaigns can generate terabytes of data rapidly (the
amount will vary depending on resolution, number of fluorescent
channels, fields captured, camera binning settings, etc.), and for a
team or institution running many such screens, the data deluge will
occur even more rapidly. The need for sufficient primary storage
capacity, backup, and comprehensive data lifecycle management
cannot be overstated. Users should coordinate with IT staff
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regarding storage needs and develop general guidelines for how
long data is kept “live” before entering an archival phase. Archiving
is never an easy decision but if cost becomes an issue, consider
storing only wells deemed “active” along with representative con-
trols. Users should also be encouraged to remove images from
optimization trials or failed experiments. A guiding principle can
be the calculated cost of generating the dataset again versus the cost
of archiving it over 5–10 years. Another core aspect of the HCS
data management is annotation of the experiments and tracking
metadata in a centralized database. Indexing the large volumes of
images and linking them to specific protocols, users, and eNote-
book entries through a metadata database is essential in building
a sustainable HCS platform and implementing a successful data
lifecycle policy.

1.1.6 Analyzing

High-Content Data: Making

a Mole-Hill from

a Mountain?

Traditional HTS campaigns generate large numerical datasets, but
analyzing high-content data is much more complex due to the need
to extract useful content from images. Analysis traditionally occurs
at two different levels: the primary analysis phase typically refers to
image segmentation, and the software for this often accompanies
the purchase of the high-content imager. In this step, the scientist
uses the different channels of data collected to define cellular and
subcellular “segments,” and then uses this segmentation to capture
intensity, morphological, and textural features relevant to the biol-
ogy of interest. Most of these approaches begin by identifying
nuclei and then working outward to define cell shape, cytosol,
and organelles/spots of interest. Within each of these regions,
different image properties can be calculated, and these values can
be recombined with standard mathematical operators to define a
vast array of potential parameters. During this analysis, it is impor-
tant to note that one can identify oddly shaped cells at the edge of
the well, fluorescent dust, and cells that are dying—these objects
can be counted and/or removed, depending on the information
that the scientist wishes to extract from each well. This step of “cell-
level” analysis is one of the main advantages that HCS provides over
traditional assay endpoints and can greatly improve data usefulness.

The user can then choose to bring a small number (e.g. one,
such as a nuclear translocation parameter) or all of the resulting
metrics into their “secondary analysis”. This step, which typically
occurs in specialized HCS analysis software, enables the calculation
of traditional HTS assay performance metrics such as Z 0 scores and
CVs. It will also quantify phenotypes of interest and potentially
identify unexpected patterns in the cellular responses. A true “high-
content” assay will make use of many different metrics to identify a
range of phenotypes that go beyond the simplicity of a single
measure of activation/inhibition around the biology of interest,
although the majority of “high-content” screens to date have been
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simpler in terms of data complexity [23]. For a given endpoint
there can be hundreds of measures applied to describe the target
phenotype but with carefully crafted assays, the four to seven
channels supported by high-content imagers allow users to con-
struct rich collections of endpoints. An example of this is the use of
DAPI staining to quantify cell survival (UV channel), GFP-fusion
proteins to track an intracellular signaling event (FITC channel), an
Alexa-594 labeled antibody to determine the internalization of a
cell surface protein, and a deep-red cellmask dye to capture changes
in cell morphology (Cy5 channel). The example illustrates how by
tracking multiple targets, one may explore how a compound or
siRNA influences both the upstream and downstream events
involved in the pathway of interest. Inclusion of additional content
can help differentiate between desirable modulation in a target
pathway and nonspecific/toxic effects by an exogenous agent.

With so many potential streams of data from each and every
cell sampled (Table 1), a major concern in HCS is that the com-
plexity of the aggregate dataset can make it very challenging to
derive meaningful conclusions in a reasonable timeframe. For this
reason, many microscopy-based assays are reduced to one or two
variables, in order to save time and produce a list of actives in a
straightforward manner. This likely also contributes to the preva-
lence of simpler imaging assays, such as total intensity measure-
ment of a single target, given that they are easier to interpret.
Image analysis algorithms that to distill the observed pheno-
typic mosaics down to a single parameter (e.g. principal compo-
nent analysis) are an attempt to overcome this challenge, but their
implementation by the broader screening community is still just
beginning.

1.2 The Anatomy

of a HCS Assay:

Segmentation Strategy

in the Parkin Assay

Example

A core aspect of HCS is the design of microscopy assays to facilitate
robust characterization of cellular phenotypes. Unlike most con-
ventional microscopy where the translation of each channel image
(DAPI, FITC, Texas Red/TxRed, Cy5, etc.) into numerical results
is a manual process, the sheer volume of images in HCS requires
that analysis be completely automated. Therefore, much attention
in HCS is given to including guideposts in the assay scheme for
image segmentation—essentially the process of helping the com-
puter locate the biology of interest. Examples of segmentation
include using a dye to stain the nuclei, cytoplasm, or cell mem-
brane, and expressing a fluorescent protein targeted to mitochon-
dria, lysosomes, or another specific cellular component. Successful
HCS assays provide sufficient context for analysis software to iden-
tify signal patterns that relate to biological processes in questions
(Table 2).
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For the Parkin assay example detailed below, there were three
core questions being asked for each cell of every well imaged:

1. Has GFP-Parkin translocated to the mitochondria of each cell
or is there inhibition of translocation?

2. How much of the mitochondrial mass is present in each cell?

3. How many cells were remaining in the well at the end of the
assay (i.e. did the siRNAs cause cytotoxity or accelerated cell
division)?

In this relatively simple example, the first guidepost for seg-
mentation needed to answer these questions is stained cell nuclei
(in the UV/blue fluorescence channel) so that the software could
identify cells (Fig. 2). The second is the RFP targeted to mitochon-
dria that occupied the Texas Red channel in order to identify the
networks in each cells. Once these segmentation tools are included
in the assay, the software can then use them to define the regions
within each cell to make measurements such as Pearson’s correla-
tions (co-localization) and total intensity.

Pilot screens—A key aspect to any HTS, let alone HCS, screen-
ing campaign is to ensure that the assay is reproducible. We recom-
mend pilot screens employing several plates’ worth of reagents
(e.g., compound or siRNA) to be tested in replicate under opti-
mized screening conditions. Ideally, replicates would be screened
on both the same (technical replicates) and different days
(biological replicates). Although there is no standard benchmark,
a good assay would exhibit a Pearson correlation of >0.8 for
biological replicates (see ref. 24 and the NIH Assay Guidance Man-
ual http://www.ncbi.nlm.nih.gov/books/NBK53196 for examples).
Pilot screens are also invaluable for a better understanding of signal
window, signal distribution, the influence of toxicity on phenotype,
and more.

2 Materials

Thematerials needed for a generalHCS assaywidely vary depending
on the biology being measured. However, like most cell-based
assays, HCS assays will begin with the generation of a cell line,
primary cells, or iPSC-derived/differentiated material appropriate
for the biological question. This implies that standard tissue-culture
and cell cultivation methods apply. Like the Parkin translocation
assay, many HCS assays involve fixing the cells in the microplates at
an assay endpoint since the biological event being measured is
transient. Additionally, fixing the cells facilitates many forms of cell
staining and immunofluorescence techniques needed to illuminate a
particular process. From the hardware perspective, there are many
options for the entire HCS workflow.When processing more than a
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Fig. 2 The segmentation path used to quantify parameters in the Parkin assay. This diagram illustrates how
the nuclear staining of the HeLa cells (DAPI channel, greyscale) is the foundation for the segmentation path for
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few plates, integrated laboratory automation for plate and liquid
handling is essential for consistent scheduling of time-sensitive
steps. In terms of software, as with NextGen sequencing, HCS is a
very data-intensive platform where each well of a screen can be
hundreds of megabytes depending on the camera technology, wave-
lengths imaged, fields per well, and z-planes captured. Before
embarking in HCS, it is strongly recommended to implement a
data management hardware and software solution. Many HCS
hardware vendors offer their own platforms typically integrated
with analysis solutions. However, open-source alternatives do exist
such as OMERO [25].

2.1 Cell Line

Generation

1. All experiments should begin with a suitable adherent cell line
for imaging such as HeLa that is mycoplasma-free and has been
identity verified. Beginning the cell line generation with a low
passage cell stock is recommended (see Note 1).

2. Appropriate culture media for the cultivation of the cell line. In
this example, HeLa cells are cultivated in DMEM medium,
ideally containing no phenol red, with 10 % certified FBS,
10 mM HEPES, 1� Non-Essential Amino Acids Solution,
1 mM Sodium pyruvate, and 2 mM L-Glutamine (or stabilized
substitute such as GlutaMAX). The same batch/lot of FBS
should be used for an entire screening campaign where
possible.

3. Retroviral or lentiviral expression plasmid in addition to
VSV-G, GAG, and POL accessory plasmids for packaging
(see Note 2).

4. HEK293T cells as a host for retroviral or lentiviral packaging.

5. Human Parkin cDNA (PARK2, GeneID: 5071, see AddGene
ID 59419, 59416, or 47560 for suitable templates).

6. cDNA for a monomeric green fluorescent protein such as
AcGFP1.

�

Fig. 2 (continued) mitochondrial (mito-dsRed) content quantification (Texas red channel, red ) and GFP-Parkin
translocation (FITC channel, green). The segmentation masks from the individual cell nuclei (dashed yellow
lines) are copied into the Texas red channel and signal thresholding algorithms segment an adjacent mass
containing the mitochondrial network (collapsed around nucleus due to mitochondrial depolarization). Once
the mitochondria mass in each cells have been segmented (area between blue dashed line and yellow dashed
lines) pixel integration of the signal allows for a quantitative measurement of mitochondrial content. For GFP-
Parkin translocation assessment, the DAPI channel nuclear masks are extended to include a small amount of
adjacent cytosol and copied into the FITC channel. Subsequently a Pearson’s correlation coefficient is
executed on each cell between the DAPI channel and FITC channel within the expanded segmentation region
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7. cDNA for a red fluorescent protein (RFP) such as dsRedEx-
press, dsRed2, or newer generation red fluorescent proteins
(see Note 3).

8. If the selected red fluorescence protein template does not
already contain a mitochondrial targeting sequence then a
DNA template encoding a canonical mitochondrial leader
sequence will be required. The first 29 amino acids of human
cytochrome c oxidase subunit 8A is an example with a seven
amino acid linker peptide (MSVLTPLLLRGLTGSARRLPV-
PRAKIHSLGDPPVAT) that was used in our dsRed2 fusion
but many other strong targeting sequences such as the
N-terminus of citrate synthase will also work.

9. Fluorescence-activated cell sorting (FACS) system capable of
sorting cells at two simultaneous wavelengths that align with
the appropriate green and red fluorescent proteins.

2.2 384-Well HCS

Assay

1. Barcoded 384-well microplates designed for high-content
imaging using plastic with low autofluorescence. In the case
of the Parkin assay, HeLa cells grow well on a standard tissue-
culture treated surface.

2. Library of siRNA reagents pre-spotted into the assay plates in a
volume of 2 μL per well. The siRNA reagent stocks were
dispensed into the dry wells at 400 nM in the Parkin transloca-
tion screens resulting in a 20 nM final concentration in the
assay. Ideally, one would use siRNAs with off-target minimizing
passenger-strand inactivation. Library plates can be spotted in
plates in advance of siRNA screening sessions and frozen at
�20 �C. Be sure to seal plates with nucleic-acid certified foil
or heat-seals before freezing (see Note 4).

3. A suitable transfection reagent for the selected cell line
(see Note 5).

4. Negative-control siRNA reagent that pairs with the reagent
chemistry used for the larger siRNA screen. These non-
targeting control (NTC) siRNAs are designed with sequences
that are not complementary to any coding sequence in the
genome of your cell line. However, given that many off-target
gene expression perturbations can occur from the siRNA seed
sequence alone, several reagents should be attempted to deter-
mine the one or two that do not interfere with the phenotypes
being measured. Match the concentration of the negative
control siRNAs with the chosen concentration of the library
siRNAs and store in a similar manner.

5. Positive control siRNA in the form of a cell-death inducing
reagent. Knockdown of genes involved in the cell-cycle such
as WEE1 or PLK1 will induce a cytotoxic phenotype in
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many cell lines. Match the concentration of the positive
control siRNAs with the chosen concentration of the library
siRNAs in a similar manner.

6. A second positive control siRNA which modifies the biology of
interest. For the Parkin assay, we utilized a PINK1 siRNA to
abrogate Parkin translocation and mitophagy. As with other
controls, match the concentration of the positive control
siRNAs with the chosen concentration of the library siRNAs
in a similar manner.

7. Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) dissolved
in DMSO or Ethanol at 10 mM. Store aliquots at �20 �C.

8. An appropriate culture medium for the screening cell line,
ideally containing no phenol red. In the Parkin assay, we use
DMEMmedium, with 10 % certified FBS, 10 mMHEPES, 1�
on-Essential Amino Acids Solution, 1 mM Sodium pyruvate,
and 2 mM L-Glutamine (or a stabilized substitute such as
GlutaMAX) (see Note 6).

9. An appropriate serum-free transfection medium for the screen-
ing cell line containing no phenol red. In the Parkin assay, we
use DMEM medium, no phenol red, 10 mM HEPES, 1� on-
Essential Amino Acids Solution, 1 mM Sodium pyruvate, and
2mM L-Glutamine (or stabilized substitute such as GlutaMAX)
(see Note 7).

10. Microscopy grade Paraformaldehyde aqueous solution, typi-
cally 16–32 % (4 % working concentration), stored at room
temperature.

11. Hoechst 33342 solution (20 mM), stored at 4 �C.

12. Phosphate buffer saline solution (1� PBS) pH 7.4 without
Calcium or Magnesium (0.22 μm filtered), stored at room
temperature.

2.3 Screening

Hardware and Imaging

1. An integrated platform including plate and liquid handling
with scheduling is recommended for medium to large-scale
HCS. Assay development and small-scale screening (<10
plates) can be processed in a batch configuration but we find
that scheduled automation allows for consistent timing of each
step needed to achieve reproducible results. Given that most
HCS campaigns utilize a fixed-cell endpoint for practicality,
including the Parkin siRNA screening described here, the fol-
lowing modules should be present in the system: (a) plate
washer, (b) bulk liquid dispensers such as peristaltic, syringe
pump, and/or flying reagent dispensers, (c) on-line incubators,
(d) a plate sealer and seal peeler, (e) a tip-based or acoustic
liquid dispenser capable of quickly performing whole-plate and
column/row-wise liquid transfers rapidly, (f) plate lidding and
de-lidding stations (g), labware holders, (h) room-temperature
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plate incubation stations, (i) HCS imager (see item 2 below) (j)
plate transport hardware such as robotic arms that connect the
system modules together (see Note 8).

2. High-content screening-capable imager equipped with an LED
or laser light source, at least four standard imaging excitation/
emission channels (e.g. DAPI, FITC, TxRED, and Cy5) with
minimally a 4� objective. The Parkin assay can be effectively
quantified with 4� or 10� objectives but to support the
multitude of biological questions asked in HCS, it is recom-
mended that the HCS system be equipped with 4�–40�
objectives. Additionally, the HCS imager should be equipped
with a laser-autofocus system and calibrated for the chosen
plate type. Importantly, to maximize the versatility of the anal-
ysis tools, the imager should support image output in 16-bit
TIFF formats (or at least conversion into 16-bit TIFF formats)
(see Note 9).

2.4 Image

Processing and Data

Analysis

1. Image-analysis software capable of supporting the plate-based
imaging datasets generated instrument by the chosen imager.
Specific to the Parkin assay, the software must facilitate the
Pearson’s correlation coefficient [26, 27] measurements in
addition to intensity measurement for each segmented cell.
The Parkin assay originally utilized Molecular Devices MetaX-
press, though open-source tools such as CellProfiler [28] are
capable of performing the analysis as well.

2. PC workstation (64-bit) or server capable of running the anal-
ysis software. The optimal specifications of this computer will
depend on the scale of the HCS. In general, a major consider-
ation that guides the optimal number of processor cores in the
workstation or server is the number of concurrent threads
supported by the analysis software. Additionally, HCS gener-
ates a large quantity of high-resolution images with a large bit-
depth. Depending on the scale of HCS screening, redundant
arrays of hard drives totaling 10–100þ TB of usable storage are
recommended. In many cases, analysis software caches image
sets into RAM to enhance processing speed so it is optimal to
operate with at least 128 GB installed.

3 Methods

3.1 Cell Line

Generation

1. Using PCR cloning methods, assemble the following construct
in a standard cloning backbone such as pBluescript or pcDNA
that is flanked on the 30 and 50 ends with restriction enzyme cut
sites compatible with the multiple cloning site in the desired
retroviral or Lentiviral transfer vector (see Note 10):

288 Adam I. Fogel et al.



Option 1: 50-GreenFluorophore-human Parkin cDNA-2A-
mito-RedFluorophore-30

Option 2: 50-GreenFluorophore-human Parkin cDNA-IRES-
mito-RedFluorophore-30

2. Once the constructs have been sequence verified, subclone into
the retroviral or lentiviral transfer vector of choice. Prepare a
“maxi” scale of high purity DNA.

3. Using HEK293T cells, prepare retrovirus or lentivirus at a
sufficient scale for transducing the chosen cell line using a
packaging system (VSV-G, Gag, Pol, Rev). HeLa cells trans-
duce relatively easily so viral supernatants from a 6-well plate
are typically sufficient assuming a typical viral titer. Protocols
and packaging systems are available from multiple manufac-
tures or from Addgene.

4. With either viral supernatants or concentrated viral particles,
determine the titer using established methods [29] and then
transduce the target cell line at various multiplicity of infection
levels (MOI, e.g. 0.1, 0.5, 1, 5 transducing units per cell).

5. In 3–7 days after transduction of the target cell line, analyze the
fluorescence of both the Parkin and the mitochondrial marker
directly in the tissue-culture vessel on a standard fluorescence
microscope to determine an MOI level that has produced an
abundance (>10 % of the population) of cells expressing a level
suitable for low-exposure detection by microscopy. The signal
from the cells will typically be quite heterogeneous in the
unsorted cells.

6. Recover the cells from optimal microscopy MOI culture and
FACS sort for cells displaying coincident GFP and RFP (or
other appropriate channels based off of chosen fluorescent
proteins) signals two to three relative fluorescent intensity
(RFI) log-units above the untransduced cell background
(see Note 11).

7. Examine the cultured cells again by fluorescence microscopy to
gauge the brightness of the fluorescent protein expression.
Repeat the FACS sorting, but this time set the gating to select
a narrow range of RFI (0.1–0.3 log-unit gate widths around
the target intensity) in both channels. The selected population
of cells should now display minimal heterogeneity in fluores-
cent protein signal (see Note 12).

8. Expand the sorted cells, periodically examining with fluores-
cence microscopy to check signal variability, until it is possible
to freeze enough aliquots to supply the entire screening cam-
paign (see Note 13).
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3.2 384-Well Plate

HCS Assay

For screening in 384-well plates, assay optimization is the first
order of business. In the case of siRNA screening, delivery of the
siRNA into the cells is performed by reverse transfection when cells
are added to the microplates. The workflow: thaw optical-grade
plates with the frozen pre-arrayed siRNA reagents, add serum- free
medium containing transfection reagent to generate complexes,
and then dispense cells in culture medium to initiate the transfec-
tion in each well. Determining the optimal transfection reagent and
the ratio of transfection reagent to siRNA is a critical step. The goal
is to maximize the number of siRNA transfected cells (determined
with cell-death inducing siRNA control reagent) while minimizing
the amount of cytotoxicity generated by the transfection process
(tracked by cell health and cell count in the untreated cells versus
the NTC-transfected cells). When an ideal transfection reagent is
titrated in the 384-well plate reverse transfections, there will be a
dose displaying maximal transfection efficiency that is lower than
the cytotoxic doses. In parallel, the imaging of the wells with the
chosen high-content imager should begin to determine how well
the assay performs in the microplate format.

1. Allow barcoded assay plates pre-arrayed with siRNA library
reagents in columns 3–22 to thaw at room temperature and
wipe away condensate. Clean plates with 70 % ethanol and
remove plate seals in a tissue-culture hood. Cover plates with
a plastic lid suitable for use with automation. At this point,
plates can be processed in the tissue hood with off-line liquid
handling or be loaded into an integrated automation system.
The following steps described are applicable to either process.

2. If control siRNA reagents have not been added during the pre-
arraying process, dispense 2 μL of 400 nM stocks into each well
of the control columns (1, 2, 23, 24). For the Parkin transloca-
tion siRNA screens, we use 16 wells of NTC and 16 wells of
PINK1 siRNA, and 16 wells of untreated cells. Optionally, the
cell-death siRNA can be added to the remaining control wells as
an indicator of transfection efficiency for each plate.

3. Add transfection reagent into serum-free transfection medium
to create a large enough batch to fill all the plates in a given
screening session. Each well of the 384-well plates receives
20 μL of this mix initiate siRNA-lipid complex formation. For
the Parkin translocation siRNA screen, a lipid-based RNAiMax
(Life Technologies) reagent was mixed at a 1:250 dilution into
our serum-free DMEM-based transfection medium. Mix the
complete transfection medium well by inversion or swirling the
container gently (see Note 14).

4. Dispense 20 μL of the complete transfection mix into each well
of the assay plates maintaining the load order of the plate series.
Dispensing of the complete transfection mix can be executed
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quickly and accurately using automated bulk reagent systems
such as those based off of peristaltic pumps (commonly referred
to as a multi-drop) or syringe pumps. Incubate plates at room
temperature.

5. Once each plate has undergone an siRNA complexing incuba-
tion period optimal for the chosen transfection reagent (30 min
for the Parkin translocation siRNA screen), deliver 20 μL of cell
suspension (37,500 cells/mL) into each well using bulk dis-
pensing instruments suitable for cell-based assays (we recom-
mend automated peristaltic or syringe pump-based systems).
The plate order for cell dispensing should follow the order that
the plates received the transfection mix (see Note 15).

6. Incubate each plate for 30–60 min at room temperature to
allow cells to begin attaching to the plate surface before trans-
ferring to the plate tissue-culture incubator (high humidity).
The room temperature pre-incubation may help prevent edge-
well effects by allowing cells to settle evenly (see Note 16).

7. After 48–72 h post siRNA transfection, plates can be inspected
to check that the >90 % (for HeLa cells, the amount of cell
death may be more or less in other cell lines due to varying
maximal transfection efficiencies) of the cells have died in the
cell death control wells. After spot-checking plates as a trans-
fection quality control measure, the final stage of the assay
begins.

8. Following the original plate load order, dispense 40 μL of
20 μM CCCP in culture medium to all the wells of each 384-
well plate using a bulk liquid dispenser. The final concentration
of the CCCP in the wells is 10 μM and causes rapid depolariza-
tion of HeLa cell mitochondrial membrane potential. Consis-
tent timing and incubation for each plate is extremely
important from this point forward (see Note 17).

9. After each plate has reached the linear range of GFP-Parkin
translocation to mitochondria, the assay is terminated by the
removal of 70 μL of liquid from the individual wells (plate
washer) and replacement with 45 μL of 4 % PFA in PBS (bulk
reagent dispenser). For our GFP-Parkin-IRES-mito-DsRed2
expressing HeLa cell line, the optimal incubation time was
determined to be 2.5 h in order to capture gene knockdowns
that could either accelerate or inhibit Parkin translocation to
mitochondria in each cell. The time course and kinetics of
Parkin translocation to depolarized mitochondria should be
validated due to variations in cell line phenotypes (seeNote 18).

10. Following the addition of chemical fixative, each plate is incu-
bated for 10–15min at room temperature. At the conclusion of
the incubation, the plate washer is again used to aspirate 70 μL
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of liquid in each well followed by two rounds of PBS washes
(80 μL/well of PBS per wash).

11. Cell nuclei staining is then executed on each plate by first
performing the same 70 μL plate-washer based aspiration on
all wells. Next, a 40 μL/well dispense of 1� PBS containing
Hoescht 33342 (5 μg/mL final concentration) is dispensed.

12. Following a 10min incubation at room temperature, each assay
plate is washed as in step 10 with 1� PBS.

13. At the conclusion of the plate processing, each plate is sealed
and stored at room temperature while in queue for imaging
(<24 h) or 4 �C for longer term storage (>24 h before imag-
ing) (see Note 19).

3.3 Screening

Hardware and Imaging

1. For plate imaging, each channel (DAPI, FITC, TxRed filter
sets) should be captured in the linear range of the camera with
laser autofocus anchoring on the nuclei (DAPI) to find the
focus. Due to variations in fluorescent protein signal, for each
screening session, control wells in representative plates are used
to adjust exposure times to achieve a consistent signal distribu-
tion across the entire screen. A few screening plates should also
be spot-checked at various well sites to ensure good focus and
exposure settings. At 10�, many large-CCD/CMOS chips can
capture most cells in a given well (384-well plate). The Parkin
assay can also be accurately analyzed at 4� as well (representa-
tive images shown in Fig. 3a). For more intricate biology cap-
tured in HCS assays, high magnification imaging (20�–60�)
typically requires the acquisition of multiple fields to capture a
statistically significant sample size. Prior to large-scale imaging,
plate calibration and autofocus accuracy should be checked and
adjusted accordingly. Often, laser autofocus-driven HCS
instruments will allow for the specification of an autofocus
offset for each channel that is not anchored to the autofocus
process. These offsets can be adjusted so that the relevant
biology (mitochondria, cytosol, etc.) is brought into focus
after the laser finds the growth surface of the plate. For HeLa
cells, a hybrid hardware-software autofocus system is not
needed but these systems can be useful for biological features
that have inconsistent positions in the z-axis (see Note 20).

2. Images captured from the wells of each barcoded plate should
follow a logical naming scheme and be tracked through meta-
data stored in a central database. Plate barcodes are used to
track plate processing throughout the screening and analysis
process in addition to connecting image sets to particular
siRNA library reagents (or compounds, biologics, etc.). As a
best practice, images from each plate should be stored in a
network location that is frequently backed-up.
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Fig. 3 Expected data from the Parkin assay used in high-content siRNA screening. (a) Representative fields
from control wells of a kinome siRNA screen imaged at 4�. Channels from the DAPI (Nuclei), FITC
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3.4 Image

Processing and Data

Analysis

1. The image processing pipeline for the Parkin assay uses two
segmentation processes to allow for the computation of all
assay parameters. The first segmentation step for each cell is
to delineate cell nuclei, and the second is identify the mito-
chondrial network that presents itself as a cohesive mass sur-
rounding the nucleus at low magnifications (4�–10�). If
imaging at higher magnifications (>10�), the second segmen-
tation step should be of cytoplasmic volume (where the mito-
chondria reside) and can be accomplished approximately by
extending a collar region from the shape of each segmented
nuclei. For more exact segmentation of cytoplasmic regions,
dyes staining the cytosol or cell membrane may be employed.
Ultimately, the cytoplasmic segmentation is meant to define
the compartment of each cell where the mitochondrial signal
intensity should be measured.

2. To build a segmentation and analysis pipeline, begin by open-
ing representative images from the NTC (high degree of trans-
location) and PINK1 siRNA (low degree of translocation)
control wells in the chosen analysis software. Next, construct
a segmentation scheme for the cell nuclei. Ideally, choose a
DAPI-channel intensity over local background that generates
segmented regions that closely follow the contours of each cell
nuclei and that can delimit closely positioned nuclei as two
separate entities. If nuclei separation proves challenging, it
may be a sign that the cells are too confluent in the wells and
the seeding density of cells at the start of the assay should be
reduced. Once an effective nuclei segmentation scheme is
found, the cell count in each well can be calculated (see
Fig. 3b top panel for example plate data from a kinome
siRNA screen) (see Note 21).

3. Quantification of the translocation of GFP-Parkin takes advan-
tage of the apparent exit of the GFP signal from the nuclear
region in non-confocal images after mitochondrial depolariza-
tion. This method is a surrogate readout for GFP-Parkin signal
concentration onto the mitochondrial puncta as the transloca-
tion time course proceeds to completion. We found that mea-
surement of GFP-Parkin signal in the region overlapping with

�

Fig. 3 (continued) (GFP-Parkin), and Texas Red/TxRed (Mitochondria) filters are shown after cells were fixed
following a 2.5 h CCCP treatment. Inset regions for each field are digitally magnified 300 % to better
demonstrate cellular phenotypes. (b) Numerical data extracts from the kinome screen plate with heatmaps.
The top heatmap is the total number of segmented nuclei per well after image analysis and the middle
heatmap is the mean mito-RFP signal per cell measured in each well. The bottom heatmap is the percentage
of cells classified as translocation positive in each well. NTC siRNAs (negative controls) were present in all
wells of column 2 and PINK1 siRNAs (positive control for Parkin translocation inhibition). Columns 1 and 24 of
the plate were untreated. Columns 3–22 contained siRNAs to various kinases in the human genome
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the nuclear stain is more resilient to changes in cell and
mitochondrial morphology from siRNA or compound treat-
ments. Essentially, the GFP-Parkin data layer from the screen
reveals what fraction of the total cells in the imaged well failed
to translocate the protein out of the region overlapping with
the nuclei. In many HCS analysis software packages, a built-in
nuclear translocation module will expedite the workflow devel-
opment. A process to perform the quantification is to map the
nuclear segmentation onto the FITC channel where the GFP-
Parkin signal is captured for each cell (Region N). Next, Region
N þ C is defined by extending Region N by growing the
nuclear segmentation shape by a pixel equivalent of 1/3rd the
width of the nucleus of the particular cell where the measure-
ment is being made. Region N þ C also includes a 3 pixel gap
extending from the edge of the nuclear segmentation mask to
prevent overlapping signal measurements. The Pearson’s cor-
relation coefficient of DAPI signal and FITC signal in Region
N þ C in each cell is calculated to assess how far the emptying
of the nuclear region has progressed [26, 27]. In the GFP-
Parkin HeLa cell system, we use a correlation coefficient of 0.4
or less to score a cell as translocation positive (cell has majority
of GFP-Parkin signal outside of the nuclear region). Likewise, a
cell with a correlation coefficient greater than 0.4 is considered
translocation negative (cell has a low difference between GFP-
Parkin inside and outside of the nuclear region). At the well
level, the aggregate percentage of cells scored as translocation
positive is the score used to compare the Parkin translocation
modulation by each siRNA reagent (see Fig. 3b bottom panel
for example plate data from a kinome siRNA screen). Gene
knockdowns that accelerate the process of GFP-Parkin translo-
cation will have a greater “% translocation positive” score than
the NTC controls. Gene knockdowns that inhibit the process
of GFP-Parkin translocation will have a lesser “% translocation
positive” score than the NTC controls (see Note 22).

4. The third measure in the analysis pipeline is to calculate the
mitochondrial mass for each cell in a given well. This process
again uses the segmentation defined by the DAPI channel
image as a starting point. Given the mitochondria cluster
around the nucleus upon CCCP treatment, cell shape or cyto-
solic volume algorithms built into most HCS analysis programs
can be used for simple segmenting of the mitochondrial mass.
Simple thresholding of the mito-RFP signal surrounding the
nuclear segmentation is how we compute the region encom-
passing the mitochondrial network in each cell. Once an
approximate region is determined, the integrated pixel inten-
sity of Texas Red filter channel (mitochondria) signal in that
region is recorded for each cell. To obtain a well score, the
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mean integrated mito-RFP signal for all cells in the captured
field(s) is calculated (see Fig. 3b middle panel for example plate
data from a kinome siRNA screen). In a similar manner to the
Parkin translocation score, the mitochondrial signal score can
be used to determine if gene knockdowns are inducing a
change in mitochondrial mass. Since higher or lower quantities
of mitochondria may interfere with the quantification of Parkin
translocation, this measure is useful to identify potentially arti-
factual results.

5. The next stage of the data analysis is in a plate-wise manner, to
normalize the computed parameters to the negative control
mean values on the plate. Therefore, the raw values for nuclei
count, % translocation positive cells, and mitochondrial inten-
sity in each well (mean of the cell population) are expressed as a
fraction or percent of the NTC siRNA well median. This allows
data from different plates to be aggregated into a master siRNA
activity list and compared easily. The data can then be con-
verted to more statistically interpretable metrics. For example,
a useful plate normalization strategy for large-scale library
screening (siRNA, small molecule, etc.) is the median absolute
deviation (MAD) method [30]. MAD scoring links the nor-
malized activity magnitude of a given well to the variation of all
wells (excluding controls) in a plate.

6. For the determination of a final list of active siRNA reagents
that cause modulation of the translocation phenotype, normal-
ized cell counts and mitochondrial signal measurements are
used to apply filters to remove those exhibiting cytotoxicity
and/or mitochondrial depletion phenotypes.

7. Once a final active siRNA list is generated, the individual
images for each of the actives should be inspected to assure
that the algorithm has called an accelerator or inhibitor of
Parkin translocation based on genuine phenotypes. There are
some cases, particularly where cell morphology is drastically
altered by siRNA-driven activity, that the processing algorithm
may incorrectly score a change in the Parkin translocation.

8. After removing specious actives from the list of siRNAs mod-
ulating Parkin translocation, the siRNA multiplicity (screening
of multiple unique reagents for each gene) in the screen is used
to determine the confidence in each gene. The more active
reagents (e.g. two out of three, or four out of five) for a given
putative genetic regulator of Parkin translocation, the greater
the chances that this gene is truly involved in the biology. For
example, top “hit” candidates can be selected by looking for
those that pass a predefined statistical threshold (e.g.,
�3MAD). For siRNA, or analogous screens using multiple
reagents per gene, the activity of unique reagents targeting a
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gene should be considered. At the most basic level, one could
require a certain fraction of reagents to cross a specified MAD
threshold for a gene to be considered a hit. A more elegant
analysis would be to consider the activity of all reagents target-
ing a gene as compared to the entire screen population (e.g.,
redundant siRNA analysis, see ref. 31) (see Note 23).

4 Notes

1. The ideal cell line for HCS is one that has a flat morphology
with a large cytosol. Many types of immortalized, iPSC/ES cell
derived, or primary cells can be used in automated microscopy,
however minimization of heterogeneity will increase confi-
dence in morphometric measurements. Additionally, tightly
adherent cells to tissue-culture plastic or coated microplate
surfaces ensure that cultures growing in each well remain intact
through liquid handling steps (e.g., washing, staining, and
fixing). For non-adherent cells or spheroid colonies, imaging
can be done with a semi-solid growth matrix or hanging drop
arrays in microplate wells and 3D imaging with z-stacks. In the
Parkin example, the cell line was also selected for the ability to
be transfected easily with siRNA reagents.

2. As an alternative to viral-based cell line engineering, the
emerging field of genome-editing offers powerful tools to
increase the physiological relevance of a cell system used for an
HCS assay. Using off-the-shelf reagents, transgenes can be
inserted at precise genomic loci such as AAVS1 and ROSA
safe-harbor regions to gain a greater control over the context
of their integration. Genome editing also allows for one to
knock-in epitope tags or fluorescent reporters in endogenous
genes (or behind endogenous promoters) to avoid overexpres-
sion artifacts. Additionally, gene knock-out tools may be partic-
ularly useful for potentiating a pathway or creating a “clean
system” to study the ability of an exogenous agent (siRNA,
compound, etc.) to rescue a phenotype. Our experience has
been that for HCS assays, fluorescent proteins inserted into
the genome as single-copy knock-ins must be chosen carefully.
Often such fluorescent protein knock-ins are not expressed at a
sufficient level to produce tractable signal-to-background ratios
for HCS microscopy. We recommend epitope tag knock-ins
when tracking endogenously expressed proteins because of the
potential for signal amplification in immunofluorescence based
HCS assays.

3. As an alternative method to segment mitochondria, immuno-
fluorescence can be performed with antibodies against mito-
chondrial proteins such as TOMM20 (outer membrane) or
Pyruvate Dehydrogenase (matrix).
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4. One of the most important principles in siRNA screening is
reagent multiplicity. We recommend using at least three unique
siRNA reagents for each gene in the library, whether it is a
targeted subset or whole genome format. Each of the reagents
should be arrayed into its own individual well. As off-target
effects dominate siRNA-induced phenotypes [32], the ideal
screen would include five to seven unique reagents per gene.
Pooled siRNA reagents (optimally with non-overlapping
sequences) can be treated as a single unique reagent and arrayed
into an additional well. For screening, siRNAs are typically used
at a final concentration of 10–50 nM, and for the original
HeLa-based screens, we found that 20 nM was optimal. Over-
all, off-target effects can be generated at nearly any concentra-
tion but it is generally regarded that the lower the
concentration of siRNA, the weaker the off-target profile.
Lower siRNA doses will often reduce the on-target phenotypes
as well, so the concentration is a balancing act. Most screens
tend toward using high siRNA concentrations to ensure knock-
down and maximize the potential of capturing any phenotype;
off-target effects are mitigated by employing multiple arrayed
reagents per gene. Chosen siRNA reagents are typically resus-
pended from lyophilized powders in water or manufacturer
supplied resuspension buffer. Be sure to use RNAse free pipette
tips, consumable reagents, resuspension reagents, labware, and
plates. It is also best to have dedicated pipetting systems for
RNA work. We recommend working with siRNA reagents in a
tissue-culture enclosure wiped down with ethanol and RNAse-
neutralizing solution to maintain sterility and to create a dedi-
cated space for RNA work.

5. During assay development, we recommended trying multiple
siRNA transfection reagents in the 384-well plate format to
assure that transfection alone is not affecting the assay in addi-
tion to achieving the highest possible efficiency. The siRNA
transfection reagents come in a variety of chemistries including
lipids, polymers, and nanoparticles, so finding the optimal
reagent that balances delivery vs. toxicity may involve screening
through multiple types.

6. For large-scale screening it is highly recommended to generate
a large batch of medium using the same lot of FBS and base
components. Store at 4 �C.

7. OptiMEM is another commonly used serum-free medium to
conduct the transfection reagent complexing but it will depend
on the transfection reagent and the cell line.

8. Besides the image acquisition (plate reading), the main
throughput bottlenecks in most high-content screens are typi-
cally the plate-washing and bulk reagent dispensing. Having
multiple liquid handling systems and HCS readers will allow
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the automated system to scale throughput and minimize plate
traffic jams. Additionally, we recommend combination plate
washers that include bulk liquid dispensing to minimize the
need for plate transit in wash-dispense steps. The combination
instruments are ideal because of efficient use of space on the
deck as well. Finally, to support the overnight incubations at
4 �C common in immunofluorescent HCS assays, dedicated
refrigerated on-line incubators can reduce the need to manually
load and unload the automated system.

9. Support for a software autofocus following the laser-based
acquisition of the plate bottom focal plane may be useful in
some assays to refine the focus on a particular biology of
interest or where there are large, 3D dimensional features.

10. Include a Kozak consensus sequence such as 50-GCCACC-30

immediately upstream of the start codon of the chosen
Green Fluorophore (addressed as GFP for simplicity). The
N-terminus of the Parkin cDNA should be fused to the Green-
Fluorophore without the presence of a stop codon between the
two proteins. Given that 2A sequences are smaller and generate
stoichiometric amounts of the upstream and downstream
translated product, we generally recommend them for multi-
cistronic overexpression constructs. However, given that
they add additional amino acids to N-terminus of the final
proteins, an internal ribosome entry site (IRES) can also be
used, although the trade-off may be poorer co-expression
efficiency. For 2A sequences, a recommended version is
GSGATNFSLLKQAGDVEENPGP [33] and should be fused
in-frame with the last codon of the Parkin cDNA, before the
stop codon. A stop codon should only be placed at the end of
the Red Fluorophore. The mito-RedFluorophore (addressed as
mito-RFP for simplicity) fusion should begin with the methio-
nine immediately after the final proline in the 2A sequence.
For an IRES option, we recommend the following sequence:

50-GCCCCTCTCCCTCCCCCCCCCCTAACGTTACTGGC
CGAAGCCGCTTGGAATAAGGCCGGTGTGCGTTTGTC
TATATGTTATTTTCCACCATATTGCCGTCTTTTGGCAA
TGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGAC
GAGCATTCCTAGGGGTCTTTCCCCTCTCGCCAAAGG
AATGCAAGGTCTGTTGAATGTCGTGAAGGAAGCAGTT
CCTCTGGAAGCTTCTTGAAGACAAACAACGTCTGTAG
CGACCCTTTGCAGGCAGCGGAACCCCCCACCTGGCG
ACAGGTGCCTCTGCGGCCAAAAGCCACGTGTATAAGA
TACACCTGCAAAGGCGGCACAACCCCAGTGCCACGTT
GTGAGTTGGATAGTTGTGGAAAGAGTCAAATGGCTCA
CCTCAAGCGTATTCAACAAGGGGCTGAAGGATGCCC
AGAAGGTACCCCATTGTATGGGATCTGATCTGGGGC
CTCGGTGCACATGCTTTACATGTGTTTAGTCGAGGT
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TAAAAAACGTCTAGGCCCCCCGAACCACGGGGACGT
GGTTTTCCTTTGAAAAACACGATGATAAT-30

11. Given various FACS sorter configurations, 3 RFI log-units may
not be optimal for strong HCS microscope signals. The corre-
lation between HCS instrument signal and FACS RFI ranges
may have to be determined empirically. Collect RFP and GFP
positive cells and culture for several passages to expand the
population.

12. An alternative to the population based cell line development is
to select individual clones and expand based off of optimal
performance in fluorescence microscopy. While this method
minimizes variability, it can introduce “clone-specific” pheno-
typic behaviors that are not ideal for screening. If clonal selec-
tion is used, multiple clones should be carefully characterized
to determine that a particular clone is not an outlier in the
biology of interest.

13. For HCS, it is important that the screening cell line be frozen in
multiple aliquots at the same passage number to ensure the
performance over the campaign. Test the final cell bank for
mycoplasma contamination and analyze the relevant phenotype
to make sure it can be generated as expected. In the case of the
Parkin assay, with standard florescence microscopy we utilize
the standard CCCP-mediated (10 μM final concentration in
culture medium) collapse of mitochondrial membrane poten-
tial [10] to induce GFP-Parkin translocation to mitochondria
in 1–3 h followed by the clearance of most mitochondrial
bodies in each cell after a 24-h incubation with CCCP.

14. For large screening sessions, determine if the transfection
reagent is stable in the chosen transfection medium over an
extended period of time.

15. When preparing the cells for final dispensing into the plates,
each source flask should be examined for contamination and
checked for normal cell morphology before harvesting. The
HeLa cultures should be 80–90 % confluent at the time of
harvesting. We recommend expanding the cell line used for
HCS in the same manner for each screening run. If the direct
dispensing method is to be used, rigorous testing must be
conducted to assure that the cell line is capable of recovering
from the shock of freeze-thaw followed by immediate siRNA
transfection. If a large batch of cells in suspension is prepared in
advance for automated dispensing, gentle stirring of the cell
suspension in the container is essential to achieving consistent
cell densities in the plates. An optimal practice for cell dispens-
ing over periods >60 min is to cool the stirring cells to prevent
further clumping of the cells (if the cells are amenable to such
temperature changes). To minimize the settling of cells in
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automated dispenser lines, the chosen system should be purged
and re-primed periodically as well. The selection of a cell seed-
ing density for a given HCS assay generally follows the optimal
cell density at the termination of the assay. Optimization of cell
seeding densities should be performed during assay develop-
ment to achieve a final cell density that is sub-confluent in
negative control wells. The goal is to find a density that will
allow for efficient segmentation of cells during the primary
analysis and interrogation of the biology in question. Addition-
ally, cell-cell contacts in confluent or even semi-confluent wells
may change the nature of receptor localization, so it is advisable
to characterize the assay performance at a range of cell
densities.

16. If using an off-line tissue-culture incubator with shelves (not
plate cassettes), do not stack plates on top of each other.

17. Depending on the cell line, CCCP may or may not be the most
effective method to trigger mitochondrial depolarization and
Parkin translocation. Alternatively, one may try mixes of oligo-
mycin to block complex V ATPase activity and valinomycin (an
alternative ionophore) or antimycin A (inhibits the electron
transport chain). Note: Ideally, the media containing mito-
chondrial membrane potential abolishing compounds should
be kept at 37 �C. This is to reduce the temperature change in
the wells after this solution is dispensed. Given that maintain-
ing liquid temperature is difficult in the lines of automated bulk
liquid dispensers, we have not encountered issues dispensing
room temperature solution into the plates and returning them
immediately to the 37 �C tissue-culture incubator.

18. To perform a mitophagy assay, plates would remain at 37 �C for
approximately 24 h, although this time should also be opti-
mized for each cell line. At the completion of the mitophagy
assay time course, >90 % of the mito-RFP signal should be
depleted from each cell and GFP-Parkin will have lost the
punctate localization. In the case that a particular cell line
exhibits a high degree of cell death during the extended mito-
phagy assay, addition of 10–20 μM Q-VD-OPh (final) in the
culture medium is typically an effective method to reduce
cytotoxicity.

19. Plates should be warmed to room temperature before imaging.
It is also advisable to clean the optical surface of the plates prior
to imaging.

20. The number of cells to acquire per well should be determined
based on the variability of the cell-to-cell phenotype, the mag-
nitude of that change, and its frequency. Statistical methods are
be employed to aid in the balance of achieving sufficiently
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powered samples sizes, minimizing the image data volume, and
increasing screening speed.

21. Due to fluctuations in fluorescent protein and dye signals
between screening runs, it is important to re-optimize the
algorithms on a run-to-run basis. Always check to make sure
your analysis pipeline is working properly by spot-checking
plate controls. Also, do not rely on the numerical outputs
alone to check algorithm performance. We suggest that
throughout the analysis process images should be examined
with segmentation overlays to assure that the algorithm is
properly capturing, the desired biology.

22. It is likely that the apparent GFP-Parkin signal in the nucleus is
due to protein in the cytosol above and below the nuclear
envelope.

23. Prior to the application of transformations such as calculating
the MAD, it is important to determine if the data is normally
distributed. If not, the application of such methods is not
appropriate. Non-parametric methodologies, such as redun-
dant siRNA analysis (screening many unique reagents that
target a given gene, each one in a separate well), are not
dependent upon normally distributed data.
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