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Three-Dimensional Graphs

In most cases, 3-dimensional (3D) graphs are distracting to the reader and can be difficult to interpret due to the
added complexity or distortion that can occur. They are often used in business publications and newspapers but
should be avoided in scientific data presentations. A simple, classic example is shown in Figure 30 using a
standard bar graph and a 3-D bar graph generated with Microsoft Excel. In the example, both samples 2 and 4
have median values above 100% of the control in the standard bar graph. However, in the 3-D bar graph, it
appears that samples 2 and 4 do not reach the 100% of control level based on the axis scale lines for the graph.
While this is a matter of perspective, it can lead to incorrect analysis and conclusions.
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Figure 30. Standard and 3D bar graphs.
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(A) (Typical bar graph) and (B) (3-D bar graph) are from the same data. Five different samples were tested for activity against a
control. Blue bars are total activity and grey bars are nonspecific activity. Bars are the median of 8 technical replicates from the same
run.

Graphing/Statistical Software Programs

This chapter asserts no preference in software used for creating graphs or statistically analyzing data. Specific
programs cited are at the discretion of the authors, based on experience. Some notable software programs for
graphing or statistical analysis include, but are not limited to, the list below.

GraphPad Prism
JMP

KaleidaGraph
MATLAB

Microsoft Excel
Minitab

Origin

R Statistical Package
SAS

ScreenAble
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SigmaPlot
SPSS

Stata

Tables

It is important to note that graphs and tables may lead to completely different interpretations, even with the
same data set. Each has a purpose, depending on how the data will be used and who the consumers of the data
will be. Large tables do not work well in a presentation setting and graphs may not provide the level of detail
required for a further calculation or show exact values and differences when analyzing data.

Tables should not contain so much data that they are hard to follow. Likewise, tables should not have print that is
so small that it is difficult to read. Conversely, simple tables with only a few values may be less effective.

Considerations for tables include:

o Include a legend/caption where needed to describe or define any abbreviations, etc.

o Include units with the table (e.g. as part of the header title for the column)

 Use a minimum number of significant digits that are consistent throughout the table

« Shading rows or columns can help improve readability

 Use lines to separate sections; do not overuse lines within the table

o Include only essential data

 Be clear, concise and legible

o There should be adequate space within the table for clarity

« Use caution with word wrapping, especially when it only occurs in a couple of table cells

Some examples of tables appear earlier in this chapter.

Interactive Data Visualization

Visual inspection of graphic displays can identify natural groupings of data points suggestive of correlations in
the underlying data. Modern computer graphics interfaces often have the capability to use a computer’s mouse
or other pointing device to select one or more data points in a graphic for further investigation. Some of the
more commonly encountered types of these tools are discussed below.

Data Hints

The data or chart “hint” is often used to describe the action that occurs when the mouse hovers over, or is clicked
on, single points (e.g. scatterplot) or specific sub-plot regions of a multi-plot display. Typically, this is used to
display an informational child window near the selected point/region. An example of a chart hint is shown in
Figure 31. If a data grid is visible in the application, then a useful side effect would be to select (highlight) the
row of interest.
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Figure 31. The result of a chart hint action on a multi-panel CRC plot.

In this example, hovering over the curve provides a value for each of the parameters listed as a quick reference to the underlying data
row contents. The availability of hints for graphics is typically indicated by a hand with pointing finger cursor.

Brushing Data

Data brushing refers to using the pointer in a click-and-drag fashion to define a region that encompasses one or
more data points of interest on a chosen graphic. The selected points/region are subsequently “highlighted” (e.g.
using color or plot characters) in the selection plot device in order to focus subsequent User attention. Typically,
graphic plots using other variables/responses are similarly updated and the relevant data grid rows are selected.
For maximal utility, this should be a two-way process and the ability to highlight graph points from row
selections of data displayed in grids following complex sorting operations should also be available.

Context Menus

Many graphics displays allow the development of menu functionality for common operations such as copying,
printing and file creation to be readily available to the user. The content of these menus can be programmatically
linked to the type of plot and the data under consideration. Plot scaling can be keyed to mouse behavior (e.g.
mouse wheel) and, for 3-dimensional graphics, useful behaviors such as rotational direction and speed can be
intuitively linked to gestural pointer actions. Figure 32 demonstrates the concept of a context menu.
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kg Select for Copy Ctrl+C
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Plot Axes Ctrl+4
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Figure 32. Example of a Context Menu associated with a 3D graphics display.

Several options for rotational control, plotting of axes etc. can be accessed using either the pointer or keyboard shortcut combinations.
Options with checkboxes are those that have an on/off toggle function.

Databases

A well designed and properly implemented Relational Database Management System (RDBMS) (53) is a
valuable tool not only for the storage of information but also for promoting both reproducibility of experiments
and consistent, appropriate data reporting. A database offers a number of advantages when compared to flat files
such as spreadsheets:

« Data Safety and Integrity. Built in features of the database automatically back up data and track any
changes made to the data. In the event of errors, changes can be rolled back

« Data Consistency. Much of the data in spreadsheets is repeated and subject to errors in data entry such as
typographic errors or cut and paste errors. A structured data model eliminates this redundancy and
provides tools to validate data entries. Additionally, having all the data in one place simplifies the
identification of systematic shifts or random errors in the data.

« Change Management. Results can be recalculated automatically from the original primary data to explore
new models or allow for changes in methodology. Explanations of any changes along with a record of
when and who made the change(s) are also systematically captured.

« Data Analysis and Reporting. Structured reports ensure that data is always presented in a consistent
manner with proper mathematical and statistical treatment, regardless of the sophistication of the user,
while still allowing for export and exploration of the data to other tools. Best practices, such as those
described in this chapter, can be incorporated into these reports. Reporting of both primary and derived
data has also become more common for both publication and funding and has been demonstrated to
enhance both transparency and reproducibility.

There are numerous commercial and open source implementations of RDBMS technologies. All of them feature
some implementation of standardized Structured Query Language (SQL) commands for obtaining results for
data reporting purposes. For maximal data integrity and control of data flow, the chosen system should also
feature a procedural language for sophisticated development and implementation of the automated processes
discussed above. Most commercially available Laboratory Information Management Systems (LIMS) use
RDBMS technology to provide much of their functionality and represent a path to obtain the benefits of a
relational database without the need to directly manage one.
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Abstract

Ontologies are important tools to organize information and formalize knowledge in a subject domain. In this
chapter, the authors introduce Bioassay Ontology (BAO), the first ontology to describe and categorize chemical
biology and drug screening assays and their results. BAO has been applied to standardize, organize and annotate
assays and screening results to enable analysis and information extraction across multiple and diverse data sets,
with the goal to infer new knowledge about the molecular mechanism of action of small molecules in the assay
model systems. The authors provide an overview of BAO and present several applications, including the
annotation of a large number of HT'S assays and an assay annotation tool (BioAssayAnnotationTemplate). BAO
has also been used in a software tool (BAOSearch) to enable query and exploration of assay experiments and
results via a simple user interface. BAO is an evolving ontology with a growing nymber of applications and user
community.

Introduction

High-throughput screening (HTS) of small molecules is one of the most important strategies to identify novel
entry points projects for drug discovery projects (1). For several decades, HTS and ultra-high throughput
screening (uHTS) have primarily been in the realm of the pharmaceutical industry, where huge amounts of data
have been generated using these technologies. In 2003, NIH made HTS accessible to public sector research via
the Molecular Libraries Program (MLP), the aim of which is to advance translational research (2). MLP projects
leverage innovative assay technologies to develop compounds, termed chemical probes, which are effective at
modulating specific biological processes or disease states via novel targets. The program has established publicly
funded screening centers, along with a common screening library (the Molecular Libraries Small Molecule
Repository, or MLSMR) and a data repository, PubChem (3). One of the visions of the MLP is to generate a
complete data matrix screening the same compound library across a large and diverse biological space, thereby
producing the most comprehensive public chemical biology data resource.

The ability to identify suitable leads for novel probes or drug development candidates requires carefully designed
screening campaigns. Such campaigns are typically a series of assays performed to select a suitable class of
compounds that show the desired biological effect, and to establish that the observed effect is based on a
perturbation of the biological system by the small molecule (and not, for example, due to interference with the
assay system). It is particularly desirable to establish the molecular mechanism of action (MOA) of a lead
compound. A screening campaign typically includes primary screens (screening a large number of compounds
very fast), confirmatory screens (replicates), concentration response screens, and various types of secondary
assays, such as orthogonal or counter assays. If suitable compound series are identified, SAR (structure activity
relationship) studies are performed, and a project can then move forward onto lead optimization. In the context
of the MLP, it should be noted that the NIH Chemical Genomics Center (NCGC) developed an innovative
screening protocol combining primary and concentration response screening, called quantitative HTS (qHTS)
(4). Using the qHTS approach, an entire compound library is screened at several concentrations, enabling the

Author Affiliations: 1 Center for Computational Science, University of Miami Miller School of Medicine. University of
Miami, Florida. 2 Department of Molecular and Cellular Pharmacology, University of Miami Miller School of Medicine.
University of Miami, Florida.
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identification of SAR directly from the primary screening results; thus, the discovery process is accelerated,
while also producing a more information rich data matrix. For assays run at the MLP and deposited to
PubChem, the results and conclusions from a screening campaign are in most cases deposited as a separate
“assay” called the “summary assay”. However, in PubChem, it is not easy to retrieve all assays from a campaign
together with their particular purpose (primary, confirmatory, secondary) and various other important
characteristics, because relationships between assays to describe campaigns and other critical metadata are not
captured in a way that would allow systematic querying.

Similarly to the HTS datasets produced in the pharmaceutical industry, the public sector screening data are
considered a valuable resource, which has received wide-spread attention. However, their diversity and quantity
also present enormous challenges to organizing, standardizing, and integrating the data to maximize their
scientific, and ultimately, their public health impact. In response to calls for HTS standards (5), we have taken
the initiative in defining a knowledge model and terminology to describe bioassays, such as those produced by
the MLP and deposited into PubChem. A recent report describing Minimum Information About a Bioactive
Entity (MIABE) (6) further emphasizes the need for controlled terminologies and standardized approaches to
describe chemical biology assays and their outcomes. We are working towards establishing a community
standard to formally describe probe and drug discovery assays and screening results. Our approach is similar to
the one taken in other fields such as microarray experimentation, where minimum information specifications
(Minimum Information About a Microarray Experiment or MIAME 2.0), multiple data models (MicroArray
Gene Expression Object Model or MAGE-OM) and the MGED (Microarray and Gene Expression Data)
ontology (7) have been developed and incorporated into Web Services such as the Gene Expression Omnibus (8)
to facilitate data exchange. Having such standards in place and implemented in an appropriate informatics
infrastructure (9) will facilitate a) the re-use of assay results beyond an individual project (screening campaign)
for the purpose of identifying compounds based on established or hypothesized molecular MOA; and, b) the
evaluation of screening results in the context of all available information, for example to remove promiscuous
compounds, or to perform global analyses of chemical versus biological space. Comprehensive and standardized
assay annotations will also facilitate the design of screening campaigns and aid in the development and
implementation of new assays. Here, we focus on the Bioassay Ontology (BAO, http://bioassayontology.org/) to
formally describe and categorize biological screening assays and their results.

Ontologies have been used in biology to organize information within a domain, and to a lesser extent, to
annotate experimental data. The most successful and highly-used biomedical ontology is the Gene Ontology
(GO) (10), which consists of terms to describe gene product biological processes, cellular localization and
molecular function. Several hundred ontologies are hosted by the Open Biological and Biomedical Ontologies
(OBO) Foundry (102, counted on 4/15/2011) (11) as well as the National Center for Biomedical Ontologies
(NCBO, 263 ontologies counted on 4/15/2011) (12), centered on domains ranging from African traditional
medicine to Zebrafish anatomy. However, no public ontology to describe assays in the drug and probe discovery
domain exists. Moreover, there is no ontology to describe the screening outcomes. The most obvious reason for
this is that HTS datasets have not been publically accessible until recently, with the establishment of PubChem.
We created the BioAssay Ontology (BAO) for the purpose of standardizing, organizing and semantically
describing these biological assays and screening results. The BAO is under active development, and we refer the
reader to our website (http://bioassayontology.org/) and the BAO Wiki (http://bioassayontology.org/wiki), which
contain the most current information related to this project.

In this article, we briefly discuss the main concepts required to describe important details of bioassay
experiments and screening results. Then, we report the development of the ontology (BAO) and provide an
overview/outline of the BAO with examples of how some of the concepts are implemented in the BAO; we also
discuss related resources incorporated into the BAO. Subsequently, we describe applications of the BAO. Most
importantly, the annotation of assays including the annotation process, statistics of the distribution of assays in
PubChem based on the main BAO concepts, and an example of a screening campaign using the BAO are
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described. We also show how BAO annotations can be leveraged to analyze data across many assays to derive
novel insights that are not readily obtained from any individual screening campaign. The BAO supports
inferences within the functionality of Web Ontology Language (OWL) 2.0, raising the possibility of formally
reasoning across the data, with several possible applications. To simplify assay annotations and to enable a large
community to annotate assays, we generate a prototypical annotation template. Finally, we briefly describe
BAOSearch, a Semantic Web software application to explore screening assays and results in the context of BAO.
Figure 1 shows a high level overview of the contents of this chapter

The BAO to organize screening assays, results and campaigns

Organizing bioassays into interpretable categories

One of the goals of the BAO was to organize assays by several main concepts describing their most important
characteristics, and enabling the meaningful categorization of assays, for example, by biology or technology.
Such a classification of assays enables the identification of related or similar assays, either for the purpose of data
analysis or assay development. These main categories were determined based on competency questions such as:

i.  What is known about the biological target of the assay?

ii.  Was the assay performed on a purified protein or in a cellular system (assay format)?
iii. What are the characteristics of the perturbing agent (e.g. small molecule)?

iv.  How was the perturbation converted into a detectable signal?

v.  What was the physicochemical method on which the detection is based?

To answer such questions across a large and diverse assay space, we organized the BAO into the main hierarchies
describing assay format, design, target, and detection technology (described in Overview of BAO). For example,
cell-based assays can be divided into the following broad categories, based on the assay design: reporter-gene,
viability, cell morphology, redistribution (protein/second messenger/metal/dye redistribution), membrane
potential, binding, second messenger (CAMP, calcium), and enzymatic assays. To illustrate this further, assays
utilizing luciferase technology can be classified into subcategories, such as luciferase reporter gene, viability,
adenosine triphosphate (ATP)-coupled, luciferin-coupled, and luciferase enzyme activity assays. All of the main
BAO concepts can also be further specified. For example, to describe a permanent cell line, it will be relevant to
describe growth mode (adherent or in suspension), cell line culturing components (including the culture
medium and assay medium), cell line modifications (such as transfection or viral transduction), and transfection
attributes (DNA construct and transfection agent) used to modify a cell-line. Having such information about cell
lines used in assays would make it possible to delineate the role of the different attributes to the outcome of an
assay, and thus, would facilitate assay design and optimization.

Describing screening outcomes/results

Another important question to analyze assay results is: How were the results reported/quantified? Although the
BAO covers many assay types, including endpoint and kinetic assays and the corresponding outcomes, we
specifically focused on describing the most important HTS types, such as single concentration response type and
concentration response assays. Typical endpoints of assays include IC5q, EC5, and percent inhibition, percent
activation, respectively (described in the Overview of BAO section). Further specifications about assays
endpoints, for example the curve fit method or normalization, are also described.

Describing screening campaigns

To describe screening campaigns, we need concepts to describe the assay stage (primary, confirmatory,
secondary), the measurement throughput quality (single concentration, concentration response, single
measurement, and multiple replicates), a campaign name, and relationships to define how one assay is related to
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Figure 1. Chapter overview: Development and applications of the Bioassay Ontology (BAO) to describe and categorize high-
throughput assays.

another in a screening campaign, including typical confirmatory and counterassays. These annotations are
needed to define business rules to aggregate assay results across an entire screening campaign. Moreover, in
combination with the assay categories above, the overarching goal is to enable the meaningful aggregation of
assay outcomes across many campaigns to identify compounds with known or likely molecular mechanism of
action (MMOA).

Ontology development and overview of the BAO

Ontology Development

During the last 10 years, tremendous progress has been made in developing Semantic Web (13) technologies
with the goals being the formalization of knowledge, linking information across different domains, and
integrating complex, diverse, and large data sets. Semantic Web technologies can solve many data integration
problems, because they formally define semantics and support descriptive formal knowledge representations
(14). Ontologies, like controlled vocabularies and thesauri, describe what things mean by linking terms to a
human-readable definition. As such, ontologies are used for sharing knowledge in a common language, as well as
to organize that knowledge. Beyond controlled vocabularies and thesauri linking terms to human-readable
definitions and Uniform Resource Identifiers (URIs), ontologies can be used to formalize knowledge in explicit
(logical) axioms defining classes, their properties and relationships. Thus, ontologies enable a computational
system to reason formally on the content, with the potential to discover new knowledge by inference or to
identify possible sources of errors.

The BAO was constructed using Protégé version 4.1 (15) in the OWL 2.0 (16), which supports description logic
(DL). A number of available plugins were used throughout the development process, including OWLViz2 (17)
and OntoGraf (18) for visualization, and DL reasoning engines HermiT (19) and Pellet (20). Our ontology
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development follows established ontology engineering methodologies using a combination of top-down
(domain expert-driven) and bottom-up (data-driven) approaches (21). The BAO is instantiated in a well-
specified syntax and designed to share a common space of identifiers. The ontology has a formally specified and
clearly delineated content. All terms in the ontology have textual definitions. The BAO is developed using
version control and the derived products; for example, an annotation tool or BAO annotated content (described
in Application of the BAO) are developed to correspond to a specific BAO release. In the development of the
BAO, we also make use of existing ontologies and database (described in Integration of BAO with Existing
Ontologies and Databases). The BAO (v1.4b1158) has SROIQ(D) (22) expressivity and consists of 1035 classes,
47 object properties (relations), 9 data properties, and 27 individuals (not including individuals from annotated
assays or endpoints).

Overview of BAO

In the following, we use ‘single quotes’ to denote BAO classes and italic font to denote the relationships in the
BAO. The main class hierarchies in the BAO include format], ‘design, ‘meta target, ‘detection technology’ and
‘endpoint, which were described in a recent publication (23). ‘Format’ and ‘perturbagen’ have direct relationships
to ‘bioassay’; ‘meta target, ‘detection technology’, ‘design; and ‘endpointare linked to ‘bioassay’ via ‘measure
group. ‘Measure group’ is a concept created to group experimental outcomes into sets, and thus enables the
modeling of multiplexed and multi-parametric assays. Each BAO class hierarchy includes multiple levels of sub-
classes and is also linked to a corresponding specification class hierarchy (Figure 2). Specification classes contain
additional details and attributes about a specific BAO assay component class. In addition, the BAO includes
general assay specifications such as footprint (plate density), assay conditions (including pH, incubation time),
readout content, quality measurement (including z-factor, z'-factor, signal to noise, coefficient of variation),
measurement throughput quality, and assay stage to describe campaigns, among others.

As the BAO is under active development, we want to refer readers to the BAO website (http://
bioassayontology.org/) for the most current classes and their exact definitions. Here, we briefly define the main
class hierarchies. ‘Assay format’ is a conceptualization of assays based on the biological and/or chemical features
of the experimental system, and includes several broad categories: ‘biochemical format, ‘cell-based format, ‘cell-
free format, ‘tissue-based format, ‘organism-based format, and ‘physicochemical format’ ‘Assay design’ describes
the assay methodology and implementation of the way in which the perturbation of the biological system is
translated into a detectable signal. Specifically, the ‘assay design’ is organized into various types of reporters,
including ‘binding reporter’, ‘conformation reporter, ‘enzyme reporter, ‘inducible reporter, ‘membrane potential
reporter, ‘morphology reporter, ‘redistribution reporter, and ‘viability reporter’ (Figure 2A). Each of these have
several subclasses and attributes (specifications); for example, luciferase reporter gene assays (‘luciferase
induction’) that were analyzed below are a subclass of reporter gene assays, and several assay kits are available to
quantitate that, as described in the corresponding specifications. The BAO describes the physicochemical
method of signal detection used in bioassays as ‘detection technology’. It includes ‘spectrophotometry,
‘fluorescence, Tuminescence, ‘radiometry; ‘label free, and ‘microscopy’. Assay ‘meta target’ describes what is
known about the biological system and/or its components interrogated in the assay (and influenced by the
perturbagen). ‘Meta target’ can be directly described as a ‘molecular target’ (e.g. a purified protein or a protein
complex), or indirectly by a ‘biological process’ or event (e.g. ‘regulation of transcription’). In the case of cell-
based assays, the BAO defines important attributes of a ‘permanent cell line’ in an assay (Figure 2B). The BAO
cell line specifications include: ‘growth mode, which describes whether it grows ‘adherent’ or in ‘suspension’; a
‘cell line culturing component’ that includes the ‘culture medium’ and ‘assay medium’; a ‘cell line modification’
that describes the type of modification that the cell line underwent, e.g. ‘transfection, ‘viral transduction, etc.;
and ‘transfection attributes, namely the ‘DNA construct’ and the ‘transfection agent’ used to modify a cell-line.

An assay ‘endpoint’ describes a quantitative or qualitative result of the bioassay. The main classes that we
identified are concentration- and response-type endpoints. Simple examples include ‘ICsg, ‘ECs5¢), and ‘percent
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inhibition, ‘percent activation, respectively. In the BAO, the concept ‘endpoint’ is described using DL by
classifying them (among others) into ‘response’ and ‘perturbagen concentration’ endpoints, and formalizing how
these are related. Endpoints are linked to what type of change they quantify, such as ‘inhibition’ or ‘activation,
and the BAO also formalizes relationships between different types of endpoints; for example, the fact that an
ICs5¢ corresponds to the perturbagen concentration at which 50 percent response (and specifically inhibition) is
observed. This allows the querying of screening results by a mechanism of action, such as inhibition or
activation, or a query based on type of results (IC5q, EC5q vs. percent inhibition, activation) and the retrieval of
semantically equivalent results (described in Inference and Reasoning Using the BAO) (23).

In addition to annotating individual assays, the BAO is also suited to defined screening campaigns. As
mentioned above, the BAO includes classes to define a campaign name (purpose), an ‘assay stage’ (‘primary,
‘confirmatory, ‘secondary’) and a ‘measurement throughput quality’ including ‘single concentration single
measurement’ (which we also define as HTS), ‘single concentration multiple replicates, ‘concentration response
single measurement’ (defined as qHTS), and ‘concentration response multiple replicates. Relationships to define
how one assay relates to another in a screening campaign include ‘is confirmatory assay of, ‘has confirmatory
assay’, ‘is counter assay of , ‘has counter assay’, ‘uses orthogonal technology to’, and ‘uses same technology as’, etc.
Relationship characteristics are also defined; for example, the inverse relationships are ‘is confirmatory assay of’
and ‘has confirmatory assay’. Based on these classes and relationships, it is possible to define business rules to
aggregate results within one screening campaign, and potentially across many campaigns, to prioritize
compounds of a known or hypothesized MMOA. Table 1 shows examples of sets of assays comprising screening
campaigns (partial view) and their (informal) BAO annotations and relationships.
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Figure 2. (A) Illustration of the major BAO class hierarchies, including the top level classes of ‘assay design. (B) The ‘cell line’ concept
and its corresponding specification class hierarchy.

Table 1. Partial (informal) view of BAO annotations and relationships to describe assays related to the screening campaigns,
“Identification of inhibitors of Kruppel-like factor 5” and “Novel allosteric modulators of the M5 muscarinic receptor.”

Screen. campaign "Identification of inhibitors of Kruppel-like factor 5"

AID 1700 1973 1825

Assay Stage Primary Assay Confirmatory Assay Secondary Assay

Relationship has confirmatory assay 1973, has primary assay 1700 has primary assay 1700
has counter assay 1825

Assay Measurement Single concentration single Concentration response multiple Single concentration single

Throughput Quality measurement replicates measurement

Endpoint % Inhibition IC59 % Inhibition

Assay Format Cell-based format Cell-based format Cell-based format

Assay Design Luciferase induction Luciferase induction Viability reporter, ATP content

Meta Target Regulation of transcription Regulation of transcription Cell death

Detection Technology Luminescence Luminescence Luminescence

Measured Entity Luciferase Luciferase ATP

Screen. campaign "Novel allosteric modulators of the M5 muscarinic receptor”

AID 2665 2194 2206

Assay Stage Primary Confirmatory Secondary

Relationship has confirmatory assay 2194, has primary assay 2665 has primary assay 2665
has counter assay 2206

Assay Measurement Single concentration single Concentration response multiple Concentration response multiple

Throughput Quality measurement replicates replicates

Endpoint Maximal activation ECsg ECsq

Assay Format Cell-based format Biochemical format Cell-based format
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Table 1. continued from previous page.

Assay Design Calcium redistribution Radioligand binding Calcium redistribution

Meta Target Muscarinic acetylcholine receptor ~ Muscarinic acetylcholine Muscarinic acetylcholine
M5 receptor M5 receptor M1

Detection Technology Fluorescence intensity Scintillation counting, filter assay Fluorescence intensity

Measured Entity Calcium (3H)-NMS Calcium

Integration of BAO with existing ontologies and databases

We analyzed existing biomedical ontologies with respect to their coverage of concepts required to describe HTS
assays performed for probe and drug discovery projects. Although no resource existed to describe the
experiments and data types, including biochemical and cell-based assays of various technologies and assay
designs using small molecules, a number of existing ontologies and bioinformatics databases contain
information that are needed to define parts of concepts related to HTS. We leverage these existing resources in
the BAO. For example, GO (10) ‘biological process’ and Cell Line Ontology (CLO) (24) ‘cell lin€’ classes, along
with additional parameters, are used in the BAO ‘meta target’ and ‘meta target specifications. CLO is currently
being extended as a collaborative effort to cover cell lines relevant for biological screening (25). Organism names
associated with targets were imported from NCBITaxon (26). Protein target names and IDs were referenced
from UniProt (27). From Unit Ontology (UO) (28), ‘concentration unit, ‘time unit, and ‘length unit’ terms were
imported into the BAO. The Ontology for Biomedical Investigation (OBI) also includes relevant information,
although it describes different types of experiments (29). We are also currently working on importing the disease
terminology from the human disease (DOID) ontology, which would facilitate linking targets studied in a
bioassay directly to a disease (30).

We have used standard practices that allow modular reuse of external ontologies. Towards this, we have used two
methods: OntoFox (31) and the module and axiom extraction facilities built into the OWL3 API (32). We have
added the additional general concept inclusion axioms (GClIs) to the BAO to bridge the host concepts and the
imported axioms, and we checked the safety and the satisfiability of the knowledge base using the HermiT
reasoned in Protégé.

Application of the BAO

Expert annotation of PubChem assays using the BAO

Annotation Process

Using the BAO, a large number of assays were annotated by domain experts (Ph.D. biologists with expertise in
HTS). To aid in manual annotation, assays were first clustered based on textual descriptions. We achieved this by
initially generating a text fingerprint from all words used in title, description, protocol, and source using the
Pipeline Pilot 8.0 (Accelrys, San Diego, CA) text analytics component collection. The assay “documents” were
then clustered based on the fingerprints using the Tanimoto similarity metric. This method grouped together
similar assays very effectively; for example, assays from the same screening campaign, by center, or assays with
the same procedure or assay design, such as NCGC toxicity assays, were grouped together. Following cluster
preprocessing, assays were manually annotated by assay format, design, detection technology, and other BAO
categories, which included over 100 distinct concepts. The assay annotations from each assay were cross-
checked, and then loaded into a Resource Description Framework (RDF) triple store. Screening outcomes
(endpoints) were loaded into a relational database.
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Statistics of PubChem Assay Categories

Using BAO annotations, assays can be readily categorized. We performed statistics on the 1,008 PubChem assays
that we manually curated so far (Figure 3). For categorizations based on ‘assay stage’ there were: 286 primary
assays, 425 confirmatory assays, 242 secondary assays, and 55 summary assays. In terms of ‘assay format, the
majority of assays were of ‘cell-based format’ [548] or ‘biochemical format’ [372]. There are also a few assays
having ‘organism-based format’ [13], ‘cell-free format’ [12], and ‘tissue-based format’ [8]. The ‘assay design’ was
curated as ‘binding reporter’ [241], ‘enzyme reporter’ [227], ‘inducible reporter’ [212], ‘redistribution reporter’
[117], “viability reporter’ [91] and a few ‘membrane potential reporter’ [59] and ‘conformation reporter’ [5]
types. Assays were annotated with the following ‘detection technologies’: ‘fluorescence’ [553], luminescence’
[342], ‘spectrophotometry’ [39], radiometry’ [11], ‘label free technology’ [6], and ‘microscopy’ [1]. A high level
‘bioassay type, based on compound properties and processes that are interrogated in the assay, was assigned to
PubChem assays as follows: ‘functional’ [722], ‘binding’ [193], and ADMET" [33]. The types of assay
classifications given above are relevant to interpret screening results; for example, biochemical assays provide
direct evidence of the mechanism of action (e.g. inhibition of an enzyme), while activity in cell-based assays
implies that a compound is cell permeable.

Annotating Screening Campaigns Using the BAO

In addition to the above annotations, the BAO can be used to group assays into screening campaigns and to
organize them by assay stage, measurement throughput quality, and various assay relationships, among other
categories. Table 1 provides a partial (informal) view of the BAO annotations and relations of a screening
campaign to identify inhibitors of Kruppel-like factor 5 performed at the Scripps Research Molecular Screening
Center (33).

Cross Assay Data Analyses Using the BAO

In the following example, we leveraged BAO annotations of PubChem assays to elaborate on compounds that
are promiscuously active in assays that employ a luciferase-based design, which is one of the most widely used
assay technologies. We were also interested in suggesting possible mechanisms underlying their promiscuous
activity (34). Luciferase-assays were classified into five subcategories:

1. Reporter gene assays: use the luciferase gene downstream of a promoter of interest. The amount of
luciferase expressed is quantified by the intensity of light (luminescence) produced in the presence of
substrates, ATP and luciferin.

2. Viability assays: estimate the proportion of living cells in an assay by measurement of ATP content in a
luciferase-catalyzed reaction

3. Adenosine triphosphate (ATP)-coupled assays: measure the residual amount of ATP (e.g, after a kinase
reaction) by a coupled luciferase reaction.

4. Luciferin-coupled assays: measure the amount of luciferin generated after detoxification by cytochrome
P450 enzyme activity

5. Luciferase enzyme activity assays: quantify the luciferase enzyme activity by the amount of light produced
in a biochemical reaction.

Figure 4 illustrates the promiscuity of compounds in these five types of assays tested at either a single
concentration or concentration-response. The promiscuity index (PCIdx) was simply defined as the ratio of the
number of assays in which a compound was found active, and the number of assays in which it was tested.

Centered on this analysis, compounds can be classified based on their likely mechanism of promiscuity, and this
mechanism can be related to their chemical structure. For example, we looked specifically at compounds most
frequently active in luciferase reporter gene assays and analyzed their promiscuity in the other types of assays
using luciferase (Figure 5). Two clusters emerged, one in which compounds were also active in the majority of
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Figure 3. PubChem Assay counts based on BAO annotations of assays by ‘assay stage’ (A) ‘assay format’ (B), ‘assay design’ (C), and
‘detection technology’ (D) of 1,008 assays.

viability assays and which are therefore likely toxic, and another where compounds are active in luciferase
enzyme inhibition assays and whose activity is therefore likely related to interference with the luciferase enzyme.
Several chemotypes were identified, which were consistent with the respective proposed mechanisms (34).

In other examples, as the BAO allows the annotation of important reagents used in an assay, it may thus be
applied to identify and analyze the influence of subtle differences in the assay conditions, e.g., the presence of
‘detergent’, ‘reducing agent, etc. In PubChem AIDs 584, 585, 1002 and 1003, compounds were screened to
identify AmpC beta-lactamase inhibitors, both in the presence and absence of 0.01% Triton X-100. These assays
were performed at the NCGC, where they used the aggregation profiling approach to identify sensitivity of
aggregate formation of compounds to detergent (35, 36). In another campaign, the investigators screened for
inhibitors of caspase-1 (AIDs 888, 929) and used reagents with different redox potential to eliminate false
positives that could result from compound-generated reactive oxygen species (37, 38). In annotating PubChem
assays using the BAO, we capture these types of reagents, facilitating later identification and analysis of the
effects of those reagents on screening outcomes.

Inference and reasoning using the BAO

In addition to identifying assays and subsequently analyzing their results based on BAO class annotations (as
described above), the BAO also provides the potential to infer annotations and to identify assays and screening
results that are semantically equivalent to a query of interest, but involve query terms not explicitly matched, and
therefore could not be easily identified by a classical (relational) search. These types of functionalities are made
possible by the open-world reasoning/inference capabilities of the system. For example, the BAO formally (using
DL) defines an ICs(’ endpoint as the ‘perturbagen concentration’ that results in ‘50 percent inhibition’ As
described above, both ICs5(” and ‘percent inhibition’ are specified as quantifying ‘inhibition’ (mode of action).
These formal descriptions, among others, enable the retrieval of both IC5( or percent inhibition results in
queries for active compounds, as specified by response and screening concentration cutoffs (23). BAO inverse
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Figure 4. Compound promiscuity by luciferase assay technologies. For each compound, the Promiscuity Index versus number of tested
assays is depicted. (A, B) Adenosine triphosphate (ATP)-coupled enzyme activity (e.g., kinase activity, not viability). (C, D) Luciferase
enzyme activity. (E, F) Luciferin-coupled enzyme activity (e.g., P450). (G, H) Luciferase reporter gene assays. (I, J) Cell viability assays
(ATP coupled). (A, G, E, G, I) Concentration-response assays. (B, D, F, H, J) Single-concentration assays. Color and size indicate the
number of assays (of the particular luciferase assay type) in which a compound was active. In total, 87,615 data points with at least one
active assay are shown: (A) 3,457, (B) 5,619, (C) 2,313, (D) 3,646, (E) 3,457, (F) 5,619, (G) 14,200, (H) 36,685, (I) 1,413, (J) 11,206.
Figure reprinted from reference (34) with permission from Sage publications.

relations linking perturbagens, endpoints, and measure groups further enable the identification (by inference) of
assays that are active in a certain number of assays. Several SPARQL (Simple Protocol and RDF Query
Language) query examples are available from our website (http://www.bioassayontology.org/).

In other possible applications, reasoning can be leveraged to identify potential annotation errors, because BAO
axioms do not allow all possible combinations of annotations. In a simple example, ‘cell-based format’ may be
associated with specific subclasses of ‘assay design’ such as ‘inducible reporter, ‘viability reporter’, or
‘redistribution reporter, while biochemical assays may be associated with ‘enzyme activity’. Because the various
subclasses of ‘assay design;, as well as cell-based and biochemical assays are disjointed, errors could readily be
identified via reasoning.
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Figure 5. Heat map of the 161 most promiscuous compounds in luciferase reporter gene assays, which are active in at least 5
concentration-response and 5 single concentration (luciferase reporter) assays. DR and SC denote “dose response” and “single
concentration,” respectively. Shown are the promiscuity indices of all compounds in the different luciferase assay categories for both
concentration-response and single concentration assays, respectively, clustered by their PCIdx profiles. Two groups of promiscuous
reporter gene compounds were apparent, suggesting the mechanism for reporter gene assay promiscuity; this mechanism is one in
which compounds were also active in viability assays (red shade) and the other where compounds were also active in luciferase enzyme
assays (blue shade). Figure reprinted from reference (34) with permission from Sage publications.

Assay Annotation Tool to facilitate adaptation of the BAO

To enable biologists to report sufficiently annotated and standardized screening data using the BAO, we
developed a proto-typical Excel-based annotation tool called the BioAssay Annotation Template (BAT) (39, 40).
To create the BAT, we first generated a BAO-derived dictionary file in which the major BAO class hierarchies are
flattened out. The resulting BAO-derived dictionary file includes all the leaf nodes of the BAO with a label/name
that reflect the original BAO hierarchy. The IDs of these terms correspond to the original BAO leaf nodes (Figure
6). This flattened version of the BAO was then used in RightField (40), an open-source tool for adding ontology
terms to Excel spreadsheets, to generate an annotation template by mapping BAO terms to corresponding Excel
cells and exposing them as drop down menus. The Excel-based BAT includes the metadata field names to be
annotated with the corresponding BAO terms. It is organized by the main BAO categories. For many of the
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annotation fields, the template specifies a range of allowed terms from the BAO, which are presented as a drop-
down list/menu. To illustrate the use of BAT to annotate data, we illustrate the annotation of a PubChem assay
(partial view, Table 2).

As the BAO is version controlled, any BAT corresponds to a specific BAO release. Because the BAO leaf node
IDs correspond to the dictionary terms, annotations made based on a previous version of the BAT can (in most
cases) be mapped to an updated version. This is critical, because the terminology will likely be optimized over
time and new terms may be added corresponding to new assay designs, technologies, etc. We envision the BAO
to be established as a standard to describe probe and drug discovery assays, and we will maintain the BAO in the
public domain. BAO-derived products, such as dictionary files and an annotation tool (conceptually similar to
BAT) will thus enable the community to annotate assays using the same centrally and publically maintained
terminology, identified by BAO IDs, since the derived products correspond to a specific recent release of the
BAO.
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reflect the original class BAO hierarchy.
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Table 2. Partial view of annotation of a PubChem assay (AID1700) using BAT

BAO Concept BAO Annotation Terms

id specification: bioassay id: pubchem aid 1700

\bioassay specification: screening cam paign name |dentification of inhibitors of Krippel-like factor 5

hioassay specification: assay title Prim ary cell-based high throughput screening assay to
identify inhibitors of Kriippel-like factor 5 (KLF5)

hioassay specification: assay stage primary

hioassay specification: bioassay type functional

hioassay specification: assay measurement thraughput guality singe concentration single m easurem ent

\bioassay specification: assay measurement type endpoint assay

bioassay specification: content readout type singe readout

hioassay specification: assay readout method regular screening

hioassay specification: pubchem specification: assay source The Scripps Research Institute Molecular Screening Center

assay format cell-based format

assay format detail: assay phase characteristic heterogeneous assay

metatarget: biological process target regul ation of transcription

metatarget: permanentcell line |IEC-6

metatarget detail: cell line specification: cell modification stable trandfection

metatarget detail: cell line specification: transfection specification: dna construct |luciferase gene with Kruppel-like factor 5-promoter

assay design luciferase induction

assay design detail: measured entity luciferase

assay design detail: signal direction signal decrease

assay design detail: assay kit information: name Steadylite-HTS reagent

assay design detail: assay kit information: manufacturer Perkin Elmer

perturbagen small molecule

perturbagen detail: compound library MWILSMR

detection technology luminescence

detection technology detail: detection instrumentation Viewlux CCD imager

detection technology detail: detection instrumentation manufacturer Perkin Elmer

endpoint percent inhibition

endpoint detail: pubchem tid 1

endpoint detail: response endpoint: response unit percent

endpoint detail: screening concentration 5

endpoint detail: screening concentration: concentration linit micromolar

endpoint detail: curve fit specification: number concentration values 1

endpoint detail: curve fit specification: number replicates 1

endpoint detail: endpoint mode of action inhibition

BAOSearch software application

We have developed a prototype Semantic Web software application, BAOSearch (41). BAOSearch is a web-based
application for querying, browsing and downloading small molecule bioactivity data by using concepts defined
in the BAO. BAOSearch is available at http://baosearch.ccs.miami.edu/. BAOSearch is a multi-tier, web-based,
AJAX-enabled application written primarily in Java and built following a RESTful Web Services paradigm
(Representational State Transfer (REST)), which is a software architecture for multi-platform on-demand
content delivery (42, 43); all data are stored in MySQL. SPARQL Database (SDB (44)) is used for the triple-store
to store asserted and inferred assay annotations encoded in OWL. Numerical data associated with screening
results and chemical structure information are stored in the associated relational schema and accessed using
Hibernate (45) in order to enable fast searching of these types of data. The free-text search functionality is
enabled using the Lucene text search library (46, 47). This is done using a modified version of the VIVO indexer
(48, 49), which pulls new annotations from the triple-store, adds associated information from the BAO based on
the subsumption hierarchies, and then processes this information using the Lucene library to build the free-text
search indexes. This is illustrated in Figure 7, where a query was run (by concept search) for identifying
biochemical assays having IC5g endpoints of less than 10 micromolar concentration. The endpoints that satisfy
the set search criteria were categorized based on the major BAO concepts, namely, ‘assay design; ‘detection
technology, ‘assay format’ and ‘meta target, as displayed in the results page.
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Figure 7. BAOSearch facilitates querying, browsing and downloading of small molecule chemistry and bioactivity data by using
concepts defined in the BAO.

Summary and conclusion

Large amounts of data are generated by HTS in private and public organizations. Nevertheless, large scale
screening capabilities have so far not translated to increased numbers of approved drugs (50). One likely reason
is that available data is used inefficiently. It remains a challenge to effectively translate increasing amounts of data
into actionable knowledge; at the very least, this is the case for the current public domain data. To address this
challenge, we have developed the BioAssay Ontology (BAO) to describe biological assays and their outcomes by
concepts that are relevant to interpret, analyze and integrate screening data. The BAO addresses: 1) development
of standardized terminology and uniform standards to report HTS and lower throughput probe and drug
discovery assays and results; and 2) a semantic description of bioassays and their results to formalize domain
knowledge and to facilitate semantic integration with diverse other resources (10, 25, 26, 28). We have used the
BAO to annotate PubChem assays, provide statistics, and show that BAO concepts are useful to categorize and
analyze screening results (34). Beyond individual assay and results, the BAO also describes screening campaigns.
The BAO supports inferences within the functionality of OWL 2.0, raising the possibility to formally reason
across the data with potential to discover novel insights or detect possible errors sources and inconsistencies by
inference. We are developing the BAO into a community standard to describe assays and their results, with the
goal of enabling the integration of diverse datasets and facilitating the interpretation and global comparison and
analysis of assay experiments and screening outcomes. The BAO also includes information to enable linking
external content, such as pathway databases. The overarching goal of the BAO is to better organize the available
assay space in the context of bioinformatics and chemical biology resources, and in doing so, to enable inference
or prediction of MMOA of small molecules based on the corpus of available screening data. The BAO will thus
enable the biological research community to better utilize increasingly large and diverse chemical biology
screening datasets to develop and test scientific hypotheses. We also see potential for the BAO to facilitate cross-
disciplinary collaborations, for example, among screening biologists, chemical biologists, engineers, medicinal
chemists, and cheminformaticians, because the BAO provides formal definitions (including relationships) of
concepts that relate to several disciplines.

The BAO is openly available and under active development. For the most current release and a wide variety of
information related to the BAO project, we refer to our website (http://www.bioassayontology.org/) and Wiki
(http://www.bioassayontology.org/wiki). We continue to annotate assays develop software tools related to the
BAO. Our BAOSearch Semantic Web application makes it very easy to query, search, explore, and download
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BAO-annotated assays, standardized screening results, and chemical structures. It is available at http://
baosearch.ccs.miami.edu/.
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Glossary of BAO terms (partial list)

As the definition of terms will evolve, be optimized over time, and BAO terms will evolve over time, we are
maintaining a glossary of BAO terms on our BAO Wiki: http://bioassayontology.org/wiki/index.php/
BAO_Glossary. Here, we provide a current partial list of the most important BAO terms.

Absorbance wavelength — In absorbance measurements, it is the wavelength at which light is absorbed by a
biological entity or a dye.

Assay biosafety level — The level of biocontainment required to isolate hazardous biological agents in an
enclosed facility; it ranges from the lowest biosafety level of 1 to the highest at level 4.

Assay design — The underlying method (technology) and assay strategy used to determine the action of the
perturbagen in the assay system.

Assay footprint — This describes the physical format, such as plate density, in which an assay is performed; this
is generally a microplate format, but it can also be an array format.

Assay format — Assay Format is a conceptualization of assays based on the biological and/or chemical features
of the experimental system.

Assay kit information — ManufacturerInformation about the name of the company that created the kit/
component used in the assay.
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Assay kit informationName — The title of the kit/biologicals used in the assay.

Assay measurement throughput quality — Describes the quality of the measurements performed on each
sample, such as single concentration, single repetition, concentration-response, multiple repetitions, etc.

Assay measurement type — This describes whether a change in an assay is measured once at one fixed end-
point or over a period of time at several time points.

Assay medium — The cell culture broth used while performing an assay on cells; it is optimized for each assay
type. Some interfering additives such as serum, growth factors, buffers, amino acids, antibiotics, etc. might be
eliminated in this medium.

Assay phase characteristic — Refers to whether all assay components are in solution or in solid phase, which
determines their ability to scatter light.

Assay readout method — This describes the difference in the number of detection parameters used in HTS
versus HCS assays.

Assay serum — The serum used in assay medium while performing an assay on cells; it is optimized for each
assay type.

Assay source — The screening center at which the assay was performed. Most of the assays deposited in
PubChem were performed at one of the MLPCN screening centers.

Assay stage — It describes the purpose of the assay in an assay campaign. Assay stage also relates to the order of
assays in a screening campaign. For example, the primary assay, which is performed first, identifies some hits.
The primary hits are then confirmed in a confirmatory assay. Subsequent secondary assays are run to eliminate
compounds that are not of interest or to confirm hits using an alternate design/technology, or to further
characterize compounds.

Assay temperature — The temperature at which the assay was performed.
Assay title — The name of a bioassay, which is associated with each assay ID (AID).

Background control — It is the reading obtained from wells to which the sample or one of the reagents was not
added. This is subtracted from all of the experimental readings prior to further analysis.

Bioassay type — Categorization of bioassays based on the property or process that the assay is interrogating, e.g.
ADMET, functional, etc.

Biological process target — A biological process is a process of a living organism. It is a recognized chemical
reaction or molecular function with a defined beginning and an end.

b-score — It is calculated by first computing a two-way median to account for row and column effects of the
plate; then, this is divided by their median absolute deviation to standardize for plate-to-plate variability.

Buffer — A mixture of a weak acid and its conjugate base or a weak base and its conjugate acid.

Cell modification — The type of alterations performed on the cell line, which include plasmid transfection, viral
transduction, cell fusion, etc.

Coefficient of variation — Measure of the signal dispersionCV=100x[StdDev(sample)/Avg(sample)]
Cofactor — A nonprotein component of enzymes required for the enzyme's activity, e.g., coenzyme A (CoA).

Compound library manufacturer — The name of the company that synthesized a compound library.
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Compound library — The name of a perturbagen collection from one source, which can be either commercial
or academic, e.g., MLSMR, LOPAC, etc.

Concentration unit — This describes the most common unit used in calculating volumetric
stoichiometrymolarity. Units includemolar, millimolar, micromolar, nanomolar.

Content readout type — It is the throughput and information content generated in an assay. Categorizes
multiplexed (i.e. multiple targets measured simultaneously), multiparametric assays, high content (image-based)
and regular (plate reader) assays.

Coupled substrate incubation — It is the interval of time between the addition of a coupled enzyme substrate
and the reaction stopping procedure in a coupled enzyme assay.

Coupled substrate — It is an enzyme substrate whose concentration is regulated by the activity of a different
enzyme.

Culture medium — The liquid broth used to grow cells, which is optimized for each cell type and includes
additives such as growth factors, buffers, amino acids, antibiotics, etc.

Culture serum — Cultured cells require serum or growth factors for growth by cell division. Each cell type is
grown in a medium supplemented with a variable concentration of serum, which is optimized for its growth.

Curve fit model — A mathematical model/equation to which the data is fitted (using the curve fit method/
algorithm). The Hill equation is commonly used to estimate the number of ligand molecules that are required to
bind to a receptor to produce a functional effect.

Curve fit specification — input datalt identifies whether the data has been normalized (by Z and Z' factors,
signal to background, signal to noise, and coefficient of variance), or if it was an immediate readout obtained
from a HTS assay.

Curve fit specification — number concentration valueslt is the number of concentrations at which the
perturbagen is screened to obtain the curve fit endpoint.

Curve fit specification — number replicateslt is the number of replicate measurements (repetitions) per
concentration value used in the curve fit procedure.

Detection instrumentation manufacturer — The name of the company that created the detection
instrumentation.

Detection instrumentation — Lists the type of equipment used for measurement/readout from an assay, e.g.
FLIPR, ViewLux plate reader, PHERAstar, etc.

Detection technology — The physical method (technology) used to measure/readout the effect caused by the
perturbagen in the assay environment.

Detergent — A surfactant used in biological assays to lyse the cells and tissues by solubilizing the membrane
lipids, and to unfold the proteins by disrupting the bonds.

Disposition — This describes the status of a tissue, and whether it is from a normal or a diseased tissue.

DMSO — It stands for dimethyl sulfoxide, which is a common organic solvent used to solubilize the chemical
compounds prior to their addition to an assay; it is often used as a control.

DNA construct — A brief description of the recombinant DNA created by the insertion of a gene or siRNA
encoding DNA of interest into a vector. It includes information on the type of vector, the type of promoter, the
selectable markers, etc.
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Dye — Molecules used as optical probes, which have fluorescence/colorimetric properties.

EC number — A unique identifier of an enzyme based on the chemical reaction that it catalyzes. It is created by
the Enzyme Commission.

Emission wavelength — For fluorescence measurements, it is the wavelength at which an excited fluorophore
emits fluorescence.

Endpoint mode of action — This refers to the effect of the perturbagen on the target of an assay, and whether it
brings about inhibition, activation, cytotoxicity, etc.

Endpoint — An abstract concept representing a measurement or parameter quantifying or qualifying a
perturbation.

Entrez gene accession number — A unique identifier of a gene, e.g., GeneBank ID.

Enzyme activity measurement — The different methods by which an enzyme function can be measured, such
as product formation or substrate depletion.

Enzyme reaction — The interval of time during the enzyme activity measurement in a kinetic assay.
Excitation wavelength — For fluorescence measurements, it is the wavelength at which a fluorophore is excited.

Growth mode — Refers to the manner in which cells grow in culture, either in suspension (without being
attached to a surface) or adherent (cells requiring a surface, such as tissue culture plate).

High control — The high control contains the substrate titration without inhibitor to reflect the maximum
activity at each substrate concentration.

Inducer — An inducer is a molecular entity that is required to initiate a biological process, e.g., interferon-
gamma is an inducer of the transcription factor STAT-1.

Inhibitor reagent — A known blocker of a target used to lower the activity of that target prior to screening for
selective activator compounds of that target.

Interaction — The molecule or entity to which the protein binds in a binding reaction, e.g. protein, DNA, RNA,
etc.

Low control — The low control contains the substrate titration without enzyme or substrate and without
inhibitor. The low controls should reflect the signal expected for no enzyme activity at each substrate
concentration.

Measure group — It is an abstract concept to group and link multiple (different) sets of experimental results to
one bioassay. Measure groups thus facilitate the description of multiparametric (or multiplexed) assays that
measure more than one effect of the perturbagen on the system that is screened. They would also facilitate the
definition of profiling assays, e.g. assays that test compounds against multiple (protein) targets.

Measured entity — A molecular entity, which is the output of a biological reaction or process that is quantitated
either directly (by the presence of a tag or probe) or indirectly in a coupled reaction.

Metal salt — An ionic compound (principally consisting of Na, K, Li, Ca, and Mg as cation) that is used as an
additive in an assay.

Mode of perturbagen introduction — The reagent used to introduce siRNA into the cell, e.g. lipofectamine,
Fugene, etc.
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Molecular target — It is either a protein or a nucleic acid of interest, which is modulated by a perturbagen in an
assay.

Monoclonal antibody — Highly specific antibodies produced by the clones of a single hybrid cell, which is
generated by the fusion of a B cell with a tumor cell. They recognize a unique epitope of an antigen.

NCBI taxonomy ID — The unique identification number pertaining to the classification of an organism. It is
obtained by referring to the NCBI taxonomy database.

Negative control — The control is used to determine the base-line to compare the effect of the test perturbagen.
Often the negative control is the solvent (e.g. DMSO) in which the perturbagen was dissolved.

Normalized percent inhibition — Data normalization obtained by dividing the difference of mean of the
positive controls and sample measurement by the difference of the mean of the positive controls and mean of the
negative control.

Occluder — A compound that impedes interaction of promiscuous perturbagens with co-expressed proteins; it
is used to limit non-specific interactions of the perturbagen.

Organism name — Entity from which protein / cell line was derived.

Percent control — A measure of the compound activity calculated by dividing the raw measurement obtained
with the compound by the mean of the measurements with the controls multiplied by 100.

Permanent cell line — Immortalized cell, which has undergone transformation and can be passed indefinitely
in culture.

Perturbagen delivery — This describes whether the perturbagens are tested individually or as mixtures/pools.

Perturbagen incubation — The interval of time between the addition of a perturbagen and the measurement of
change, as observed by a detection/readout in a bioassay.

Perturbagen library type — A collection of perturbagens, e.g., compounds, siRNA, miRNA, etc., which are sold
by different vendors, or generated in academic institutions.

Perturbagen origin — The source of perturbagen, whether it is purified from a natural source or it is a synthetic
compound, etc.

Perturbagen — The agents used to alter the activity of the target of interest in a bioassay.

pH — Assay pH approximates the negative logarithm (base 10) of the molar concentration of dissolved
hydronium ions in a solution.

PMIDA PMID — (PubMed Identifier or PubMed Unique Identifier) is a unique number assigned to each
PubMed citation.

Polyclonal antibody — Antibodies produced by immunizing a mammal such as a mouse, rabbit or goat with an
antigen. They are a mixture of antibodies produced from different B cells raised against any of the different
epitopes of that antigen.

Positive control — It is a chemical compound or reagent used in each plate of an assay to normalize the
response of the test perturbagens (by plate).

Potentiator — A known activator of a target/pathway, used prior to screening the compounds for selective
inhibitor indications (e.g., forskolin is a potentiator for Gi/o pathway of G-proteins).
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Pressure — It is the force per unit area applied in a direction perpendicular to the surface of an object in an
assay.

Primary cell line — Cells that are cultured from a subject (tissue or tumor) and which are not immortalized.
They can undergo only a limited number of cell divisions prior to reaching senescence.

Protein form — It describes whether changes were introduced into a protein sequence and the type of changes,
e.g., fusion, mutation, deletion, post-translational modifications.

Protein preparation method — The method by which a protein is purified from its source.

Protein purity — The steps involved in isolating a protein from either its natural or recombinantly expressed
sources.

PubChem AID — It is the unique identification number of a bioassay.

PubChem assay comment — This is the PubChem assay statement that can be assigned by depositors to a
bioassay.

PubChem assay depositor — The organization or individual that added the assay to PubChem.

PubChem assay description — This contains the background information and rationale for performing a
bioassay, and is found on the PubChem website associated with each assay ID (AID). It also includes the assay
design and some information on the related bioassays.

PubChem assay protocol — This includes the methodology used to perform a particular bioassay and is found
on the PubChem website associated with each assay ID (AID). It includes the assay components and the order in
which they were added, the incubation times, detection method and the kit used, etc.

PubChem assay provider — The investigator who provided the assay to be run at the screening center.

PubChem summary comment — The statement deposited by the assay provider, which summarizes the
screening campaign with respect to the identification of lead compounds and chemical probes.

PubChem TID — It is an endpoint ID of a bioassay deposited at PubChem.

Redox reagent — Redox reagents either accept or donate electrons to facilitate the oxidation-reduction
reactions, e.g. dithiothreitol (reducing agent), hydrogen peroxide (oxidizing agent).

Response unit — Units of endpoints/results, which are obtained from testing perturbagen at a single
concentration, e.g., percent, count, ratio. Response endpoints quantify the magnitude of the perturbation.

Screening campaign name — A title used to describe a set of assays that are performed to achieve a screening
campaign goal, e.g., to identify leads for a drug development program.

Screening concentration — It is the concentration of the perturbagen used in an assay to elicit the biological
effect or perturbation.

Signal direction — It is the trend of measured readout signal, whether it increases or decreases in perturbagen
treated wells, as compared to the untreated or carrier-treated wells in an assay.

Signal to noise — Measure of signal strength: S/N=[Avg(pos control)-Avg(neg control)]/[StdDev(pos control)
+StdDev(neg control)]

Signal window — Difference of signal between positive and negative controls; assay dynamic
rangeSW={Avg(pos control)-Avg(neg control)-3x[StdDev(pos control)+StdDev(neg control)]}/StdDev(pos
control)
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Substrate incubation — The interval of time between the addition of an enzyme substrate and the measurement
of change, as observed by a detection/ readout in a bioassay.

Substrate — The substance on which the enzyme acts to generate a product.

Tracer — A radioisotope used as a tag in a biological assay, e.g. 3-H thymidine used as a tracer to detect DNA-
replication.

Transfection agent — The agent used to introduce the nucleic acid of interest into cells, e.g., lipofectamine,
Fugene, etc.

UniProt ID — It is a unique identifier of a protein sequence.

z factor — It describes the assay dynamic range considering range and data variation: Z=1-{3x[StdDev(sample)
+StdDev(neg control)]/[ Avg(sample)-Avg(neg control)]}. It is not to be confused with z-score.

z-prime factor — It describes the assay dynamic range considering range and data
variationZ'=1-{3x[StdDev(pos control)+StdDev(neg control)]/[Avg(pos control)-Avg(neg control)]}

Z-score — Random and systematic error can induce either underestimation (false negatives) or overestimation
(false positives) of measured signals. Z-score indicates how many standard deviations an observation is above or
below the mean. For calculating this value, the average of the plate values is subtracted from individual raw
values, and the difference divided by the standard deviation estimated from all measurements of the plate.
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Abstract

Raw data collected in screening assays should be appropriately analyzed to derive activity expressed as potency
or efficacy values of tested compounds (ICsq or ECs( values). In this chapter the authors discuss standardized
approaches to processing radioligand binding, enzyme and functional assays used in HTS and lead optimization.
Detailed account is given in processing normalizing raw data and curve fitting. A glossary is also included
defining the terms used for consistency in processing raw data in a standardized manner.

Introduction

Definitions of Result Levels

Raw data: Individual measurements as produced by the instruments used in the experiment.

Normalized well level: Individual data values that have been transformed to provide a consistent, biologically
relevant context. This is often done using vehicle and maximally efficacious compound controls. (Inhibition,
Stimulation, etc; in most cases Inhibition and Stimulation are expressed as a % of the dynamic range of the
assay)

Aggregate: median (preferred) or mean normalized well level data when replicates exist in a single run
(Inhibition, Stimulation, etc.). This level provides for a consistent determination of n as it applies to in vitro
results.

Derived data: Results calculated from groups normalized or aggregate well level data based upon the fit of this
data to a mathematical model. (ICy, Relative ICy, ECy, Kj, Ky, etc.)

Summarized data: Statistical summarization of results across multiple runs. (geometric mean ICx, Relative ICy,
K;, Kp or average Inhibition, Stimulation, etc.)

Absolute IC5¢, Relative IC50 or Relative EC5q

For assays described in this chapter, absolute IC5 (abs ICs5¢), relative IC5( (rel IC50) and relative ECs5q (rel
ECs0) are predominantly used to derive a value that can be used to compare results within and across runs in the
same assay, as well as between different assays. Abs IC5( and rel ICs( are used when different assumptions are

Author Affiliations: 1 Eli Lilly & Company, Indianapolis, IN. 2 Eli Lilly & Company, Earlwood Manor, UK. 3 Eli Lilly &
Company, Earlwood Manor, UK. 4 Amgen Inc., Boston, MA. 5 Eli Lilly & Company, Indianapolis, IN. 6 Eli Lilly & Company,
Indianapolis, IN. 7 Eli Lilly & Company, Indianapolis, IN. 8 Sunovian Pharmaceuticals Inc., Boston, MA. 9 Eli Lilly &
Company, Indianapolis, IN. 10 Eli Lilly & Company, Indianapolis, IN. 11 Eli Lilly & Company, Indianapolis, IN. 12 Eli Lilly &
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Chicago, IL. 16 Eli Lilly & Company, Indianapolis, IN.
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applied; the selection of either is at the discretion of the scientist but should be applied consistently and not
changed for a defined assay.

For consistency, rel ICs is used for inhibition assays while rel EC5 is used for stimulation assays, even though
there is no fundamental difference between them. Because of their relative simplistic composition, biochemical
in vitro assays can be easily labeled as either “Stim” or “Inh”, while every biochemical whole cell assay can be
either as “Stim” or “Inh” depending on multiple factors. Therefore, the guideline for defining whole cell
biochemical assays is to use the label that better reflects the perceived pharmacology, regardless of the direction
(increasing or decreasing with test substance concentration) of the raw signal. How an assay is defined can also
drive which result type label to use. For instance, if an assay categorized by cell cycle modulation is attempting to
inhibit the cell cycle, the rel IC5q should be used.

Guidelines for Curve Fitting

o Three or four parameter logistic curve fits are acceptable.

 Under appropriate conditions, the top may be fixed to 100 (maximum or compound control level) and the
bottom may be fixed to 0 (minimum or vehicle control level).

o Itis recommended that the Hill Coefficient not be preset to any fixed number, unless supported by a
statistician.

« Cubic spline curve fits are not recommended, unless supported by a statistician.

o The Fitting Error of the IC5(/EC5( should not exceed 100%, unless supported by a statistician. (It should
be noted that this “standard error” is a measure of “goodness of fit” of the data to the curve fitting equation
and not the “standard error” of aggregate data values).

Normalizing Data using a Positive Control Curve

In some cases (such as where there is a non-linear standard curve for the analyte), it is preferable to use a
reference curve to define the dynamic range of the assay. In those cases, the fitted top of the reference curve is
substituted for the max while the fitted bottom of the reference curve is substituted for the min in normalization
calculations. This may be particularly useful in agonist assays where the use of a reference agonist curve is
strongly recommended. It is still preferable to define the dynamic range on each plate so that individual plate
drift is assessed and single plates can pass/fail. Additionally, the upper and lower asymptote of the reference
curve should be established by the data in order to use them for dynamic range determination.

Application of a Standard Curve

Use of a standard curve is required wherever possible when the raw data is not a linear function of the biological
response. For example, optical densities, fluorescence units and luminescence units often cannot be directly used
for calculations of activity as they are often non-linear functions of the concentration of the relevant biological
product. A standard curve is used to convert the raw data to concentration of biological substance. The
calculated concentrations are then used to calculate the Normalized Result, as discussed in most thoroughly in
the Immunoassay chapter. The standard curve data should be generated with an appropriate number of points
and concentration range, fit by an appropriate concentration-response model so that bias and precision are
within acceptable limits. All raw data within the scope of the assay can be converted to the biological response.


http://www.ncbi.nlm.nih.gov/books/NBK92434/
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Data Types and Associated Rules for Radioligand Binding
Assays: Inhibition Mode

Normalized Results

For radioligand binding methods, the use of Inhibition is recommended to quantify the ability of individual
concentrations of a substance to inhibit the total specific binding of radioligand. The use of % bound for
normalization is discouraged, but it's recommended that biologists calculate and track changes to % bound as a
measure of assay performance.

Calculation:

Inhibition (%) =100 -

(Measured Binding - in | 100

X
(Mlaz - Win )

Max = maximum binding

Min = non-specific binding

Derived Results: Absolute IC509 and Relative IC5¢9

Absolute IC5( = the molar concentration of a substance that reduces the specific binding of a radioligand to 50%
of the maximum specific binding.

Relative IC5( = the molar concentration of a substance that reduces the specific binding of a radioligand to 50%
of the range of the binding curve (Top - Bottom) for that particular substance.

Notes:

 For incomplete curves, the response data should span above 50% for an IC5( to be used for the
determination of a K.

 The Top and Bottom parameters should be within +/- 20% of the Top and Bottom dynamic range control
values.

Derived Results: K;

The equilibrium dissociation constant of a test compound (Ki) should be calculated using the standard Cheng-
Prusoff equation:

1Cs,
= [R]

1+ —
Kq

[R] = concentration of radioligand used in the assay

K{ = the equilibrium dissociation constant of the radioligand in the assay
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Notes:

o Kj carries the same prefix as the IC5q from which it is derived.

« For competitive binding mechanisms, a Kj is recommended to be reported for radioligand binding assays,
from ICs( values generated using 3 or 4-parameter curve fitting methods.

 For uncompetitive or complex (ill-defined) binding mechanisms, an ICs is preferred, because one of the
main assumptions for the use of the Cheng-Prusoft equation is based on a competitive, bimolecular
interaction.

Data Types and Associated Rules for Enzymatic Assays:
Inhibition Mode

Normalized Results

Inhibition with a Unit of Measurement (UOM) of % based on complete enzyme inhibition (dynamic range of the
assay)

Calculation:

Thibition. (%) =100 - I:j-lchmty of Enzyme with Test Cmpd & Substrate - Min ):|x1[:l[:l

(Mlaz - Win )
Max = observed enzyme activity measured in the presence of enzyme, substrate(s) and cofactors utilized in the
method.

Min = observed enzyme activity measured in the presence of substrate(s) and cofactors utilized in the method,
and (a) in the absence of enzyme, or (b) in the presence of a fully inhibited enzyme.

Derived Results: Absolute IC50, Relative IC59

Relative IC5( = the molar concentration at which 50% of maximal inhibition for that substance is observed.
Absolute ICs5( = the molar concentration of a substance that reduces the enzymatic activity to 50% of the total

enzymatic activity.

Data Types and Associated Rules for In Vitro Functional Assays

Antagonists

Normalized Results

Inhibition with a UOM of % should be calculated for responses to individual concentrations of test substances.

Calculation:

Thibition. (%) =100 - [Response i presence of Test Cmpd & Eef Agomst - Min ):|x100

(Mazx -in )
Max = response in presence of some concentration of a reference agonist challenge dose.

Min = (a) response in the presence of diluents and in the absence of test substance and agonist; or (b) response
in the presence of maximally effective antagonist and challenge dose of agonist.
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Derived Result: Rel IC5q

Relative ICs5( = the molar concentration of a substance (antagonist) that reduces the efficacy of the reference
agonist or the constitutive activity of the biological target by 50% of the antagonist curve (Top-Bottom) for that
particular test substance.

Derived Result: K},

Calculation of Ky, by Schild analysis isn't standard practice due to throughput and cost disadvantages.
Consequently, the Cheng-Prusoff equation is typically used to reduce the data and subsequently assigned the
label of Ky,

Calculation: Use standard Cheng-Prusoft equation for functional assays.

Ii7s0
1+ [4]
ECs0

[A] = the concentration of the reference agonist that is being inhibited
EC50 = the Relative ECs5 of the reference agonist determined in the same run of the assay.

If the slope of the curve for the reference agonist deviates significantly from 1, the use of the modified Cheng-
Prusoft equation is recommended.

Other Derived Results:
Schild Ky,

Schild Ky, is measure of affinity for a competitive antagonist that is calculated using the ratios of equi-active
concentrations of a full agonist (most typically EC5( concentrations are used) in the absence and presence of one
or more concentrations of the antagonist. Schild Ky, offers a true evaluation of a test compound’s ability to
mechanistically perform as an antagonist. This process exposes toxic effects and compound precipitation as false
positive activity, and therefore, should be used when time and cost are not limitations.

Emin

The maximum activity of an antagonist test substance relative to a reference agonist. This is obtained by first
generating a fitted top from a %Inhibition curve and then converting that to the corresponding %Stimulation of
the reference agonist curve. The Ep, i value for antagonist mode should equal the relative efficacy for agonist
mode for competitive inhibitors. In order to make use of Ep,jp, the selected agonist concentration (i.e. ECgq)
should produce an activity above the expected Epj, value (Figure 1).

Notes:

o Ky carries the same prefix as the IC5q from which it is derived.

o The use of Abs ICs is discouraged.

 Because partial antagonists exist, a full response curve with defined Top & Bottom can be achieved even if
the %Inh doesn't exceed 50%.

« A concentration response curve for the reference agonist should be determined in each experimental run
if a Kp is to be determined. The frequency within the run depends on assay variability. A statistician
should be consulted concerning this frequency during the assay validation process.
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Figure 1: Partial agonist stimulation or inhibition of 300 nM agonist-stimulated [3°S]GTPYyS binding

Agonists
Normalized Data
Stimulation with a UOM of % should be calculated for responses to individual concentrations of test substances.

Calculation:

Stirr, (%6) =

(Response in presence of Test Crapd - Win ) 4100
(Mlace - fin )

Min = the fitted Bottom of a 4 parameter logistic curve fitting equation applied to data generated from the
positive control (reference agonisit).

Max = (a) the maximum activity of a positive control agonist determined by the fitted Top of a 4 parameter
logistic curve fitting equation applied to a concentration response curve from the positive control; or (b) the
maximum activity of a positive control in Max wells, which should represent the empirically-derived saturating
concentration of the positive control.

Derived Results: Relative EC5¢9 and Relative Efficacy

Relative EC5(= the molar concentration of a substance that produces 50% of that test substance's maximum
stimulation.

Relative Efficacy = the maximum activity of a test substance relative a reference agonist. The UOM for Relative
efficacy is %.

Calculation:
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Fitted Top of Test Cmpd
Rel Eff (%) = Ted Jop ©f CES TP :|x1[:][:l

Fitted Top of Eeference Agonist

Other Derived Results:
Fold Activity and Fold Activity Max

The fold activity (or fold activity max) result is useful when comparing test compounds evaluated across multiple
functional assays because varying levels of efficacy can be observed amongst the different or same reference
agonists.

The intended use of this calculation is to provide additional information to reduce or define differences between
assays, so that differences between compound activities can be further quantified. For example, a compound run
in an assay normalized to a reference agonist with low efficacy would appear to be more efficacious when
compared to another compound run in a separate assay normalized to a reference agonist with high efficacy.
Comparing folds activities, which looks at the magnitude of compound-induced activity relative to baseline,
enables a scientist to make a conclusion that is not influenced by differences in reference agonist responsiveness.
Also, the fold activity result of a control compound can be useful to quality control chart, tracking changes in
assay responsiveness over time.

Calculation:

Faw data response in presence of Test Cmpd

Fold Act & Fold Act Max =
o C old Act Iax i

Min = Raw basal activity of constitutive receptor.

Relative AUC

Relative AUC (Area Under the Curve) is defined as the ratio of the area under the fitted concentration-response
curve for the test compound to the area under the fitted concentration-response curve for the reference
compound. Specifically, areas are calculated as the area under the curve that lies above the horizontal line y =
0%. The area calculation corresponds to the shaded region in the figure below, where the contribution to the area
as one move along the concentration axis is proportional to the log of the concentration distance covered, not
the linear concentration distance covered. One should calculate the area using an exact formula when it is
available, as is the case for the 4PL and 3PL models. Otherwise, one may use an approximation method, such as
the trapezoid rule. In either case, for the calculated value of relative AUC to be meaningful, the areas for both the
test and reference compounds should be computed in the same concentration range. Likewise, the comparison
between two relative AUCs is only meaningful when each is computed in the same concentration range. If the
same concentration range was not used for assaying the test and reference compounds, the equations for the
fitted curves may be used for extrapolation in order to compute the components of the relative AUC over the
same concentration range.

Rel AUC is useful with functional assays in which compounds are measured with varying efficacies (agonists and
partial agonists) and potencies. Because Rel AUC measures the area of activity, both efficacy and potency data are
essentially combined, generating a value that provides an overall assessment of activity and selectivity between tested
compounds. However, Rel AUC should not be a substitute but rather a supplement to individual efficacy and
potency data during the analysis process. Figure 2 illustrates the “area of activity” that is used in the calculation
as Rel AUC.

Calculation:
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Eel ATTC =

ATTC of Test compound
ATIC of Eeference compound

Notes:

« A four-parameter curve fit should be used for the Ref Agonist.

 The maximum and minimum asymptotes should be defined by the data for the Ref Agonist

o Calculation of Rel Eff assumes that both the test compound and positive control each have a defined Top
asymptote.

Orphan Receptors - Stimulation Mode

Assays exist for which there are no identified positive control or reference agonist compounds. An example of
this situation is an assay that utilizes an “orphan” target as a bio-entity. An “orphan” target is a bio-entity that has
a primary sequence suggesting it is a member of one of the super families of biological targets; however, no
ligand for this “receptor” has been identified. Generally, it is the aim of the research effort to identify ligands for
this “orphan” so that a protocol for a validated assay can be developed. Until at least enough data is gathered to
identify a ligand for these types of bio-entities, assays utilizing them will be considered “validated” at only the hit
to lead level. During this period, responses to individual concentrations of test substances can be normalized by
one of the following formulae, which either make use of a known nonspecific activator or simply use basal
activity of the constitutive receptor.

Orphan Receptors Normalized to Nonspecific Activator

Stimulation with a UOM of % should be calculated for responses to individual concentrations of test substances.

Stirn (%) =

[Response in presence of Test Cmpd —I-J]'.in) 4100
(Mazx - Min )
Max = fully activated by nonspecific activator.

Min= constitutive basal activity of the receptor (no activation)

Orphan Receptors Normalized to Constitutive Receptor

Responses to individual concentrations of test substances that increase the measured activity of the orphan
target are normalized to the basal level of activity of the target measured in the absence of the test substance.
These responses can be expressed as either a percent of the basal activity or as a fold of the basal activity using
one of the following

Calculation:

Eaw dataresponse i presence of Test Cmpd

Fold Act & Fold Act Max =
old Ac old Act Max i

Min = Raw basal activity of the constitutively active receptor

Notes:

« Results from this equation can generate percents much greater than 100.
» Expression of Fold Act or Fold Act Max should only be determined until either a nonspecific activator or
ligand is identified; and should only be used to rank order compounds tested in the same assay.
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AUC over concentration range 0.1 to 100
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Figure 2: The “area of activity” that is used in the calculation as Rel AUC.

o The calculated Fold Act or Fold Act Max value is expected to be greater than 1 for an agonist. If the
calculated value is less than 1, the test compound could be an inverse agonist.

Potentiators

Potentiation assays measure the ability of an test substance to augment the response produced by a relatively low
concentration of an active substance in some biological system. Currently, these assays are run in one of two modes.
The following paragraphs address the most frequently used mode.

The first mode involves the addition of one or more concentrations of a test substance in the presence of a fixed
concentration of the known active substance called the “Reference Agonist”. In this mode, potentiation is the
response produced by the combination of substances minus the response produced by the specific concentration
of Reference Agonist alone. But, how does one normalize this response?

It is recognized that potentiation assays might be executed when no known potentiator exists. However, no
potentiation assay should be run without the existence of a known Reference Agonist. Therefore, the response to
the specific concentration of the Reference Agonist plus the test substance (potentiation) should be normalized
to the fitted Top of a concentration response curve of the Reference Agonist, determined at least once in every
run of the assay. The frequency of the determination of the concentration response curve of the Reference
Agonist for the purpose of normalizing other responses in any potentiation assay would be depend upon other
factors such as plate variability and run-to-run reproducibility.
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Normalized Data

Stimulation with a UOM of % should be calculated for responses to the Reference Agonist.
Potentiation with a UOM of % should be calculated for responses to individual concentrations of test substances.

Calculation:

Dot (%) = [Response m presence of Test Cmpd & Challenge Dose —Ia*]]n:l:|xmo

(Mfas - i )

Min = Response in the presence of challenge dose EC1 of reference agonist

Max = Response in the presence of full agonist dose

Notes:

« This provides for a Potentiation equal to 0% when the response to the combination of test substance and
Reference Agonist is equal to the response to the Reference Agonist alone (e.g. a test substance that is not a
potentiator).

Derived Data

Relative EC5p= the molar concentration of a substance that produces 50% of that test substance's maximum
stimulation.

Relative Potentiator Efficacy: There is little if any discussion in the scientific literature addressing a standard term
or calculation of efficacy of a potentiator. It is suggested that this result type be termed Relative Potentiator
Efficacy (or Rel Pot Eff) to distinguish it from the Relative Efficacy of an agonist. It is equal to the fitted Top of
the potentiation curve minus the normalized response to the specific concentration of Reference Agonist alone
divided by 100 minus the normalized response to the specific concentration of Reference Agonist alone. Figure 3
illustrates the above decisions.

Inverse Agonists

According to multiple models of drug-receptor interaction, receptors have been demonstrated to exist in
equilibrium between two states. These two states are R*, the active form of the receptor, and R, the inactive form.

Agonists exhibit higher affinity for the active form of the receptor. When an agonist binds to a receptor, it stabilizes
the active form of the receptor, shifts the equilibrium toward the active state and produces a response in the
biological system under investigation. Substances that produce this effect possess positive intrinsic activity.

Antagonists exhibit equal affinity for both forms of the receptor. When an antagonist binds to a receptor, it
stabilizes the initial equilibrium between the active and inactive forms of the receptor. Therefore, no observable
change in the activity of the biological system occurs. Substances of this type possess zero intrinsic activity.

Inverse agonists exhibit higher affinity for the inactive state of the receptor. When an inverse agonist binds to a
receptor, it stabilizes the inactive form of the receptor, shifts the equilibrium toward that state and produces an
opposite response in the biological system. These substances possess negative intrinsic activity.

Receptors have been demonstrated to exist in a constitutively active state both in vitro and in vivo. In vitro, the
constitutive activity observed in assays utilizing transfected cell lines is generally attributed to the over
expression of the receptor at levels hundreds to thousands of times higher than occur in vivo. Under these
conditions, the total number of receptors in the active state is sufficiently high to produce a measurable response
even when no exogenous substance has been added to the system. The addition of an inverse agonist to the system
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In this case
Relative Potentiator Efficacy =
{40% - 10%) / {100% - 10%)
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Figure 3: Relative Potentiator Efficacy example plot.

produces a decrease in the measured response. The magnitude of the decrease is related to the amount of negative
intrinsic efficacy of the inverse agonist.

The possibility for confusion exists when one desires to quantify results for potential drug candidates that are
inverse agonists. Some of the questions that arise are:

1.

et

6.

Because the measured response is a decreased activity produced by an inverse agonist, is the normalized
result type Inhibition or Stimulation?

What is the algorithm for normalized results?

What is the algorithm for fitting concentration response curves?

Is the result type describing potency of a test substance a Relative ECs( or a Relative IC5( or another
measure?

How is the result type describing potency of a potentiator differentiated from the potency result type for
an agonist?

Is Relative Efficacy a negative number?

There are no absolute answers to these questions provided by the current literature; however, there is a consistent
theme.

1.
2.

The most frequently used normalized result type is Inhibition with a unit of measure of % activity.

The dynamic range for inverse agonists is the difference between activity in the absence of, or fully
inhibited, biological target and the constitutive activity. Use of the “absence” method is preferable in early
development of inverse agonist assays because it eliminates the dependency on a pre-existent known inverse
agonist to compare responses of test substances to. However, as with other functional assays, as soon as an
appropriate inverse agonist has been found, it should be utilized as a positive control in the assay for the
purpose of calculating relative efficacies.
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Assays Normalizing Data to an Inverse Agonist Control
Normalized Data
Inhibition with a UOM of % should be calculated for responses to individual concentrations of test substances.

Calculation:

Tnh (%4) = [Response i presence of Test Cmpd _m):|x1_[][]

(Mfas - Win )
Min = Response activity in presence of constitutively active receptor alone
Max = Response activity in presence of positive control and receptor

Derived Data

Relative EC5( Inverse = the molar concentration of a substance that produces 50% of the range of inverse agonist
curve (Top - Bottom) for that particular test substance.

Rel Efficacy Inverse = 100 x (Fitted Top of the test substance expressed as %/Fitted Top of the Positive Control
Reference Inverse Agonist expressed as %)

Calculation:

Fitted Top of Test Crmpd
Rel EF Tnv (%) = TEe Jop of Jee TP :|x1I:ID

Fitted Top of Eeference Inverse Agonist

Notes:

« Because inverse agonist response curve profiles look similar to profiles generated by toxic compounds, it’s
advised that a confirmation assay be used to provide more evidence that a given test compound is an
inverse agonist.

« Hill Coefficient and Rel Efficacy Inverse values are positive.

o The calculated Fold Act or Fold Act Max value is expected to be greater than 1 for an agonist. If the
calculated value is less than 1, the test compound could be an inverse agonist.

Assays Normalizing Data to No Receptor Control (Orphan Receptor)
Normalized Data
Inhibition with a UOM of % should be calculated for responses to individual concentrations of test substances.

Calculation:

Tnh (%) =

I:Response i presence of Test Cmpd & Eeceptor —:Min:l 100
(Mlax - Win )

Min = Response activity in the presence of the constitutively active receptor alone

Max = Response activity in the absence of the receptor
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Derived Data

Relative EC5( Inverse = the molar concentration of a substance that produces 50% of the range of inverse agonist
curve (Top - Bottom) for that particular test substance.

Notes:

 Because inverse agonist response curve profiles look similar to profiles generated by toxic compounds, it’s
advised that a confirmation assay be used to provide more evidence that a given test compound is an
inverse agonist.

o Hill Coefficient and Rel Efficacy Inv values are positive.

o The calculated Fold Act or Fold Act Max value is expected to be greater than 1 for an agonist. If the
calculated value is less than 1, the test compound could be an inverse agonist.

Assays Normalizing Data to Reference Agonist:
Normalized Data

Stimulation with a UOM of % should be calculated for responses to individual concentrations of test substances.

Calculation:

Stim (%) =

I':Response in presence of Test Cmpd —:Min:l
_ x100
(Max - Min |

Min = the fitted Bottom of a 4 parameter logistic curve fitting equation applied to data generated from the
Reference Agonist

Max = the maximum activity of a Reference Agonist determined by the fitted Top of a 4 parameter logistic curve
fitting equation applied to a concentration response curve from the positive control.

Notes:

« % Stimulation values will be negative for inverse agonist test compounds.

Derived Data

Relative EC5 Inverse = the molar concentration of a substance that produces 50% of that test substance's inverse
agonism.

Relative Efficacy = the maximum activity of a test substance relative to a Reference Agonist. The UOM for
Relative efficacy is %.

Calculation:

Rel Eff Tnw (%) =

Fitted Bottom of Test Cmpd 100
x
Fitted Top of Eeference Agomst

Notes:

 Rel Efficacy and Hill Coeft values for inverse agonists will be negative.
« Calculation of Rel Eff assumes the test compound has a defined Bottom asymptote and Reference Agonist
have a defined Top asymptote.
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 Because inverse agonist response curve profiles look similar to profiles generated by toxic compounds, it’s
advised that a confirmation assay be used to provide more evidence that a given test compound is an
inverse agonist.

o The calculated Fold Act or Fold Act Max value is expected to be greater than 1 for an agonist. If the
calculated value is less than 1, the test compound could be an inverse agonist.

Reference

1. Neubig RR, Spedding M, Kenakin T, Christopoulos A. International Union of Pharmacology Committee on
Receptor Nomenclature and Drug Classification. XXXVIII. Update on terms and symbols in quantitative
pharmacology. Pharmacol Rev. 2003;55(4):597-606. doi: 10.1124/pr.55.4.4. PubMed PMID:
WOS:000186910700007.

Glossary

Abs IC50

Absolute IC50; the molar concentration of a substance that inhibits 50% of the dynamic range of the assay. In
contrast to Rel IC5(, Abs IC5( is not the inflection point of the curve. It's determined to be the concentration at
which 50% inhibition is realized.

Bottom

The lower asymptote of a logarithmically derived curve. The Bottom value can be determined with real values or
predicted using the logarithm applied to the result data set.

CRC

Concentration-response curve mode. The mode to describe an assay performed with multiple concentrations of
a given test substance, which might then render a logarithmically-derived graph curve.

Emin

The maximum activity of an antagonist test substance relative to a reference agonist. This is obtained by first
generating a fitted top from a %Inhibition curve and then converting that to the corresponding %Stimulation of
the reference agonist curve. The E-min value for antagonist mode should equal the relative efficacy for agonist
mode for competitive inhibitors.

Fold Activity

The ratio of biological activity in the presence of an exogenous substance to that in its absence. It is the test
compound’s observed response (raw data value) divided by the median of the same plate’s Min wells. This result
type is used exclusively with single point assays. If the value is greater than 1, the test compound is likely an
agonist. If the calculated value is less than 1, the test compound could be an inverse agonist.

Fold Activity Max

The maximum observed Fold Activity in a concentration response curve whether it was excluded or not. It is the
test compound’s observed response (raw data value) divided by the median of the same plate’s Min wells. If the
value is greater than 1, the test compound is likely an agonist. If the calculated value is less than 1, the test
compound could be an inverse agonist.
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Fold Activity Max (FA)

The maximum observed Fold Activity in a concentration response curve whether it was excluded or not. The
(FA) indicates that his result type is summarized. Because activity can be detected at different test substance
concentrations, the summarized value must be viewed with this knowledge.

Hill Coeff

Derived slope a three or four parameter logistic curve fit. Should not be fixed to any given value without
consultation with a statistician. It should not be a negative value except for inverse agonist assays.

Inh

Activity determined for a single point inhibition assay. Unit of Measure is always %.

Inh @ Max Inc

Inhibition observed at the highest included (i.e. not excluded) concentration of a substance tested in a
concentration response mode method version regardless of whether it was included in the parametric fit to

produce derived results. (See Illustration below)

-
%s Inh Max :2:%;:#; Inh Max Inh@iexing
Inh@MaxTst
: 5
£ B = 4
2 2 4
2 2 +
g + g . X
K P Excluded
& - Point
log cone. log cone.

Inh @ Max Tst

Inhibition observed at the maximum concentration of a substance tested in a concentration response mode
method version regardless of whether it was included in the parametric fit to produce derived results. (See

Ilustration below)

Inh Max

Maximum inhibition produced by any concentration that was included for the application of a curve fit
algorithm (See Illustration below).

Inh Max (FA)

Maximum inhibition produced by any concentration that was included for the application of a curve fit
algorithm. This result type differs from Inh Max by allowing summarization to occur; the FA is defined as 'for
averaging'. Because this result type could yield an average value from multiple test substance concentrations, the
value should be used with this knowledge and therefore with caution.

Ki
Result from the Cheng-Prusoff equation or from a slightly modified derivation. This label is used primarily with

binding assays (see standard texts for formula) and represents the affinity of a compound for a receptor.
Documentation of the formula and any changes to the Cheng-Prusoff should be noted in the assay protocol.
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Kb

Result from the Cheng-Prusoff equation or from a slightly modified derivation. This label is used primarily with
functional antagonist assays (see standard texts 1 for formula) and represents the affinity of a compound for a
receptor. This label doesn’t represent results mechanistically determined via the Schild analysis; rather the label
Schild Kb is used in those calculations.

Pot

Potentiation result type for single point mode. Many potentiation assays involve the addition of one or more
concentrations of a test substance in the presence of a fixed concentration of the known active substance called
the Reference Agonist. In this mode, potentiation is the response produced by the combination of substances
minus the response produced by the specific concentration of Reference Agonist alone.

Pot @ Max Inc

Potentiation observed at the highest included concentration of a substance from an analysis of a concentration
response curve.

Pot @ Max Tst

Potentiation observed at the maximum concentration of a single substance tested in a concentration response
mode method version regardless of whether it was included in the parametric fit to produce derived results.

Pot Max

The maximum potentiation observed for a substance in a single run of a potentiation concentration response
mode method regardless of whether it was included in the parametric fit to produce derived results.

Rel AUC

Defined as the ratio of the area under the fitted concentration-response curve for the test compound to the area
under the fitted concentration-response curve for the reference compound.

Rel EC50

Relative EC50; the molar concentration of a substance that stimulates 50% of the curve (Top - Bottom) for that
particular substance. It can also be described as the concentration at which the inflection point is determined,
whether it’s from a three- or four-parameter logistic fit.

Rel EC50 Inv

The Relative ECs of an inverse agonist.

Rel Eff

The maximum activity of a test substance relative to a standard positive control agonist. The result is expressed
as percent from the following formula: 100 x Fitted Top of the test substance divided by the Fitted Top of an
Agonist control. The agonist control should have a four parameter curve fit with defined lower and upper
asymptotes but can have the Bottom fixed to zero in certain cases. The test compounds should have a four
parameter curve fit but can have a three parameter fit with the bottom fixed to zero if the data warrants it.

Rel Eff Inv

The maximum activity of a test substance relative to a standard positive control inverse agonist. The result is
expressed as percent from the following formula: 100 x Fitted Top of the test substance divided by the Fitted Top
of the Inverse Agonist control. The inverse agonist control should have a four parameter curve fit with defined
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lower and upper asymptotes but can have the Bottom fixed to zero in certain cases. The test compounds should
have a four parameter curve fit but can have a three parameter fit with the bottom fixed to zero if the data
warrants it.

Rel IC50

Relative ICs50; the molar concentration of a substance that inhibits 50% of the curve (Top - Bottom) for that
particular substance. It can also be described as the concentration at which the inflection point is determined,
whether it’s from a three- or four-parameter logistic fit.

Rel Pot Eff

The fitted top of the potentiation curve minus the normalized response to the specific concentration of Reference
Agonist alone divided by 100 minus the normalized response to the specific concentration of Reference Agonist
alone.

Stim
Activity determined for a single point stimulation assay. Unit of Measure is always %.

Stim @ Max Inc

Stimulation observed at the highest included (i.e. not excluded) concentration of a substance tested in a
concentration response mode method version regardless of whether it was included in the parametric fit to
produce derived results. (See illustration below)

Stim @ Max Tst

Stimulation observed at the maximum concentration of a substance tested in a concentration response mode
method version regardless of whether it was included in the parametric fit to produce derived results. (See
illustration below)

Stim Max

Maximum stimulation produced by any concentration that was included for the application of a curve fit
algorithm (See illustration below)
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Stim Max (FA)

Maximum stimulation produced by any concentration that was included for the application of a curve fit
algorithm. This result type differs from Stim Max by allowing summarization to occur; the FA is defined as 'for
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averaging'. Because this result type could yield an average value from multiple test substance concentrations, the
value should be used with this knowledge and therefore with caution.

Schild K},

A measure of affinity for a competitive antagonist that is calculated using the ratios of equi-active concentrations
of a full agonist (most typically ECs( concentrations are used) in the absence and presence of one or more
concentrations of the antagonist. See pp. 335-339, Pharmacologic Analysis of Drug-Receptor Interaction, 3rd Ed.
by Terry Kenakin.

SP

Single point mode. Assay performed with once concentration of test substance. Common result types used
include Inh and Stim. Result values should always include the concentration of the test substance used to
determine the activity.

Stephenson’s Ki,

A measure of affinity for a partial agonist that is calculated through the comparison of equi-active
concentrations of a full agonist in the absence and presence of a single concentration of the partial agonist. See
pp- 284-286, Pharmacologic Analysis of Drug-Receptor Interaction, 3rd Ed. by Terry Kenakin.

Top

The upper asymptote of a logarithmically derived curve. The Top value can be determined with real values or
predicted using the logarithm applied to the result data set.
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Abstract

Assays employed in HTS and lead optimization projects in drug discovery should be rigorously validated both
for biological and pharmacological relevance, as well as for robustness of assay performance. This chapter
addresses the essential statistical concepts and tools needed in assay performance validation developed in the
pharmaceutical industry, specifically for higher throughput assays run exclusively in 96-, 384- and 1536-well
formats using highly automated liquid handling and signal detection systems. In this context, it is assumed that
the biological and pharmacological validation of the assay system has already been established, and the high
through put performance characteristics requires validation. This is an essential chapter for these who design
and implement HTS and lead optimization assays to support SAR projects in pre-clinical drug discovery.

1. Overview

The statistical validation requirements for an assay vary, depending upon the prior history of the assay. Stability
and Process studies (Section 2) should be done for all assays, prior to the commencement of the formal
validation studies. If the assay is new, or has never been previously validated, then full validation is required.
This consists of a 3-day Plate Uniformity study (Section 3) and a Replicate-Experiment study (Section 4). If the
assay has been previously validated in a different laboratory, and is being transferred to a new laboratory, then a
2-day Plate Uniformity study (Section 3) and a Replicate-Experiment study (Section 3) are required. An assay is
considered validated if it has previously been assessed by all the methods in this section, and is being transferred
to a new laboratory without undergoing any substantive changes to the protocol. If the intent is to store and use
data and results from the previous laborarotory, then an assay comparison study (Section 4) should be done as
part of the Replicate-Experiment study. Otherwise only the intra-laboratory part of the Replicate-Experiment
study (Section 4) is recommended.

If the assay is updated from a previous version run in the same facility then the requirements vary, depending
upon the extent of the change in methodology, equipment, operator and reagents. Major changes require a
validation study equivalent to a laboratory transfer. Minor changes require bridging studies that demonstrate the
equivalence of the assay before and after the change. See Section 5 for examples of major and minor changes.

Author Affiliations: 1 Eli Lilly & Company, Indianapolis, IN 46285. 2 Axiosis, Inc., Brussels, Belgium. 3 GSK Biologicals,
Brussels, Belgium. 4 Charles River Laboratories, 5 Monsanto, Ankeny, IA. 6 Retired. 7 National Institutes of Health. 8
QualSci Consulting, LLC.

o Corresponding author.
* Editor
T Editor
I Editor
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These techniques are intended to be applied to > 96-well primary and functional assays. Discussion with a
statistician is necessary for alternatives for assays that require significant time, resource or expenditure to
scientifically balance validation requirements with these constraints.

2, Stability and Process Studies
2.1. Reagent Stability and Storage Requirements

It is important to determine the stability of reagents under storage and assay conditions.

 Use the manufacturer’s specifications if the reagent is a commercial product.

« Identify conditions under which aliquots of the reagent can be stored without loss of activity.

o If the proposed assay will require that the reagent be frozen and thawed repeatedly, test its stability after
similar numbers of freeze-thaw cycles.

o If possible, determine the storage-stability of all commercial and in-house reagents.

o If reagents are combined and aliquoted together, examine the storage-stability of the mixtures.

2.2, Reaction Stability Over Projected Assay Time

Conduct time-course experiments to determine the range of acceptable times for each incubation step in the
assay. This information will greatly aid in addressing logistic and timing issues.

2.2.1. Reagent Stability During Daily Operations; Use Of Daily Leftover
Reagents

The stability studies will require running assays under standard conditions, but with one of the reagents held for
various times before addition to the reaction. The results will be useful in generating a convenient protocol and
understand the tolerance of the assay to potential delays encountered during screening.

If possible, reagents should be stored in aliquots suitable for daily needs. However, appropriate stability
information pertinent to storing leftover reagents (particularly expensive ones) for future assays should be
obtained.

New lots of critical reagents should be validated using the bridging studies with previous reagent lots.

2.3. DMSO Compatibility

Test compounds are delivered at fixed concentrations in 100% DMSO, thus solvent-compatibility of assay
reagents should be determined., The validated assayshould be run in the absence of test compounds and in the
presence of DMSO concentrations spanning the expected final concentration. Typically, DMSO concentrations
from 0 to 10% are tested. Note that the DMSO compatibility of the assay should be completed early, since
remaining validation experiments such as the variability studies, should be performed with the concentration of
DMSO that will be used in screening. For cell based assays, it is recommended that the final % DMSO be kept
under 1%, unless demonstrated by other experiments that higher concentrations can be tolerated.

3. Plate Uniformity and Signal Variability Assessment

3.1. Overview

All assays should have a plate uniformity assessment. For new assays the plate uniformity study should be run
over 3 days to assess uniformity and separation of signals, using DMSO concentration to be used in screening.
For the transfer of validated assays to other laboratories, the plate uniformity study can be performed over 2
days to establish that the assay transfer is complete and reproducible (see Section 1 for the definition of an assay



HTS Assay Validation 1337

transfer). Uniformity assays shoul be performed at the maximum and minimum signal or response levels to
ensure that the signa window is adequate to detect active compounds durin the screen.

The variability tests are conducted on three types of signals.

o “Max” signal: This measures the maximum signal as determined by the assay design. In in-vitro assays that
measure receptor-ligand binding or enzyme activity measurement with substrate conversion to products,
maximum signal represents a readout signal in the absence test compounds. For cell-based agonist assays
this parameter would be the maximal cellular response of an agonist; for potentiator assays “Max’signal is
measuredwith an EC( concentration of a standard agonist plus maximal concentration of a standard
potentiator. The observed response is as per validated assay protocol, and may exceed 10% in some cases.
For inhibition assays the “Max” signal would be signal response obtained with an ECg( concentration of a
standard agonist Again the observed response is as per protocol, and may not be 80%. For inverse agonist
assays “Max” signal would be the untreated constitutively active response of the cells in the presence of
DMSO alone.

o “Min” signal: This measures the background signal as determined by the assay s design. In in-vitro assays
that measure of receptor-ligand binding or enzyme activity measurement with substrate conversion to
products, minimum signal represents a readout signal in the absence test compounds, labeled ligand or
the enzyme substrate. For cell-based agonist assays this is the basal signal. For potentiator assays this is an
ECj( concentration of agonist. For inhibitor assays, including receptor-binding assays, this is an ECgg
concentration of the standard agonist plus a maximally inhibiting concentration of a standard antagonist
(preferred) or unstimulated reaction.

o “Mid” signal: This parameter estimates the signal variability at some point between the maximum and
minimum signals. Typically, for agonist assays the mid-point is reached by adding an ECs( concentration
of a full agonist/activator compound; for potentiator assays it is an EC1( concentration of agonist plus
ECs( concentration of a potentiator; and for inhibitor assays it is an ECgg concentration of an agonist plus
an ICs( concentration of a standard inhibitor to each well. In receptor-ligand binding or enzyme activity
measurement based assays, this parameter represents the mid-point signal measured using ECs
concentration of a control compound.

N.B If calibration of the analytical signals is required for compound activity measurements, the Max, Min
and Mid signals correspond to calibration curve responses, and not the raw plate reader counts. It is a
requirement that the raw signals lie within the range of the calibration curve. Not more than 1-2% of
the wells should be outside the calibration range (i.e. above the fitted top or below the fitted bottom of
the calibration curve).

Two different plate formats exist for the plate uniformity studies: an Interleaved-Signal format where all signals
are on all plates, but varied systematically so that o on all plates, on a given day, each signal is measured in each
plate. This approach can also be used in concentration-response curve (CRC) plate formats where a reference
compound is tested at multiple concentrations with production control wells (Max and Min). Uniform signal
plates for “Max” and “Min” are also included where each signal is run uniformly across entire plates. The
Interleaved-Signal format can be used in all instances and requires fewer plates. The CRC format is usually easier
to run, since it closely conforms to the production process for the assay, including automated pipeting. It is also
useful for detecting non-uniform signals, but usually takes more plates in total and the data analysis is more
complex. The uniform-signal plates should be interpreted with caution if signals vary across plates on a given
day. See Section 3.3.5 for examples and more information.
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3.2. Interleaved-Signal Format
3.2.1. Procedure

The following plate layout is recommended for which the Excel analysis templates have been developed. These
layouts have a combination of wells producing “Max”, “Min’, and “Mid” signals on a plate with proper statistical
design. Use the same plate formats on all days of the test. Do not change the concentration producing the mid
point signal over the course of the test. See Section 3.2.4 for a further discussion about midpoint accuracy. The
trials should use independently prepared reagents, and preferably be run on separate days. Data Analysis

Templates are available (from the online eBook) for 96- and 384-well plates.

Plate 1
Row C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12

1 HM L HM L HMUL H M L
2 HM L HM L HM UL H M L
3 HM L HMULHMUL H M L
4 HML HMULHMTUL H M L
5 HM L HM L HMUL H M L
6 HM L HM L HM L H M L
7 HM L HMUL HMTUL H M L
8§ HM L HM L HMUL H M L

H=Max, M=Mid, L=Min

Plate 2

Row C1 C2 C3 C4 C5 C6 C7 C8 C9 Cl10 C11 CI12
1 L HML HMTULHM L H M
2 L HML HMULHM L H M
3 LHM L HM UL HM L H M
4 L HM L HM L HM L H M
5 L HM L HMULHM L H M
6 L HM L HMUL HM L H M
7 L HM L HMUL HM L H M
8 L HML HMULHM L H M

H=Max, M=Mid, L=Min

Plate 3
Row C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12

1 ML HMULHMILHM L H
2 ML HMULHMULHM L H
3 MLHMULMHMILMHM L H
4 ML HMULHMTLHM L H
5 ML HMULHMILMHM L H


https://www.ncbi.nlm.nih.gov/books/n/assayguide/htsvalidation/bin/Plate_Uniformity_96Well.xls
https://www.ncbi.nlm.nih.gov/books/n/assayguide/htsvalidation/bin/PUT_384_well-HHMMLL_Ver1.xls
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Plate 3 continued from previous page.
6 ML HMUL HMUL H M L H
7 ML HMULHMILHM L H
8 ML HML HMUL H M L H
H=Max, M=Mid, L=Min

3.2.2. Summary Signal Calculations and Plate Acceptance Criteria

Calculations and acceptance criteria are described below. The overall requirement is that the raw signals are
sufficiently tight and that there is significant separation between the “Max” and “Min” signals to conduct
screening.

1. Outliers should be flagged with an asterisk in the plate input section. The outliers should be “obvious”,
and the rate of outliers should be less than 2 percent (i.e. on average less than 2 wells on a 96-well plate, 8
wells on a 384-well plate).

2. Compute the mean (AVG), SD, and CV (of the mean) for each signal (Max, Min and Mid) on each plate.
Note that the CV is calculated taking into account the number of wells per test compound per
concentration to beused in the production assay. For example, if in the production assay duplicate wells
will be run for each concentration of each test substance, then cv-(sp/./z)/ave. More generally, if there will
be n wells per test compound per concentration, then . _ 6D/ v The acceptance criterion are that the
CV’s of each signal be less than or equal to 20%. Note that the Min-signal often fails to meet this criterion,
especially for those assays whose Min- signal mean is very low. An alternate acceptance criterion for the
Min- signal is SDpyip < both SDp,id and SDax. All plates should pass all signal criteria (ie all Max, and
Mid- signals should have CV’s less than 20% and all“Min” signals should either pass the CV criteria or the
SD criteria).

For each of the “Mid”-signal wells, compute a percent activity for agonist or stimulation assay relative to the
means of the (Max and Min- signals on that plate, i.e.,

1. — AVG..
T mia g0
AVG__ - AVG_

Yo hctivity =
For inhibition assays compute percent inhibition for each mid-signal well, where %Inhibition = 100 - %Activity.

3. Compute the mean and SD for the “Mid”-signal percent activity values on each plate. The acceptance criterion
is SDmid < 20 on all plates.

4. Compute a Signal Window (SW) or Z’ factor (Z’) for each plate, as described below. The acceptance criterion
SW2=2orZ >0.4 on all plates (either all SW’s > 2 or all Z’ > 0.4).

The formula for the signal window is

VG ., — 35D /ol - [AVG oy +35D 0, /)

5D, [

AW =

b

where 7 is the number of replicates of the test substance that will be used in the production assay. Instead of the
SW the Z’ factor can be used to evaluate the signal separation, where the only difference is the denominator
(AVGpax — AVGpip) is used instead of SDyyax. The complete formula is
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o (VG ~35D [ )= (8, +35Dy, /)
- AVG - AVG

If one assumes that the SD of the “Max’, signal is at least as large as the SD of the “Min” signal, then the Z’ factor
will be within a specific range for a given signal window, as illustrated in Figure 1. Note that Z’ values greater
than 1 are possible only if AVGpax < AVGpin, and so the templates also check that all Z’ values are less than 1.

The recommended acceptance criterion is Z’ factor > 0.4, which is comparable to a SW > 2. Either measure
could be used.

3.2.3. Spatial Uniformity Assessment

A scatter plot (see examples below) can reveal patterns of drift, edge effects and other systematic sources of
variability. The response is plotted against well number, where the wells are ordered either by row first, then by
column, or by column first, then by row. The overall requirement is that plates do not exhibit material edge or
drift effects. In general drift or edge effects < 20% are considered insignificant. Effects seen only on a single or
few plates, and not a predominant pattern, are also considered insignificant. Some guidelines for detecting and
dealing with these problems follow.

3.2.3.1. No drift or edge effects

Figure 2 (A, B) shows two plots (of the same data) show an example where there are no edge effects or drift.

3.2.3.2. Drift

Use the Max and Mid signals to assess for drift. Look for significant trends in the signal from left-to-right and
top-to-bottom. If you observe drift that exceeds 20% then you have material drift effects. In Figure 3 (A, B) the
mean of column 1 is 10.6, while the mean of column 10 is 13.8, and the overall mean is 12.2. The drift is 26%
[(13.8-10.6)/12.2], and therefore the cause of this drift should be investigated.

3.2.3.3. Edge Effects

Edge effects can contribute to variability, and spotting them can be a helpful troubleshooting technique. Edge
effects are sometimes due to increased evaporation from outer wells that are incubated for long periods of time.
Edge effects can also be caused either by a short incubation time or by plate stacking — these conditions allow the
edge wells to reach the desired incubation temperature faster than the inner wells. Edge effects are demonstrated
in Figure 4.

3.2.4. Inter-Plate and Inter-Day Tests

The normalized Mid signal should not show any significant shift across plates or days. “Significant shift” depends
to a certain extent on the typical slopes encountered in dose response curves. Thus plate-to-plate or day-to-day
variation in the mid point percent activity needs to be assessed in light of the steepness of the dose-response
curves of the assay. For receptor binding assays, and other assays with a slope parameter of 1, a 15% difference
can correspond to a two-fold change in potency. The template will translate the mean normalized Mid signal to
potency shifts across plates and days. There should not be a potency shift >2 between any two plates within a
day, or >2 between any two average day Mid point % activities. For functional assays whose slopes may not equal
1 you can enter a “typical” slope into the template. This should be derived from the slope of a dose-response
curve for the substance used to generate the Mid point signal.

For these calculations to have utility the Mid-point % Inhibition/Activity should be “near” the midpoint. Values
within the range of 30-70% are ideal. Studies with mean values outside this range should be discussed with a
statistician, especially before any studies are repeated solely for this reason. Also note that the conditions used to
obtain the midpoint should not be changed over the course of the plate uniformity study.
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Figure 1: Z-Factor interval versus Signal Window.

A

No Drift or Edge Effects

0 8 16 24 32 40 48 56 64 72 80 88 96

well number, by column, thenrow

16

12
E + max
a 8 = mid
= 4 Amin

0 Eemtedend, Sendilenll, SN ] BenionSeadll Bt Sentensy $0mhescunt SR 1]
0 12 24 36 48 60 72 84 96
well number, by row, then column
B No Drift or Edge Effects
b3 * max
§. = mid
m mi
2 =
Amin

Figure 2 A and B: Example with no drift or edge effects. The data in both plots come from the same set.
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Figure 3 A and B: Example of material drift effects. The data in both plots come from the same set.

3.2.5. Summary of Acceptance Criteria

1.

Intra-plate Tests: Each plate should have a

CVimax and CVpig < 20%,

CVin < 20% or SDpin < min(SDpid> SDmax)s
Normalized SDyyiq < 20,

SW=>2o0rZ >04.

Assay Guidance Manual

No material (or insignificant) edge, drift or other spatial effects. Note that the templates do not check

this criterion.

Inter-plate and Inter-Day Tests: The normalized average Mid-signal should not translate into a fold shift

> 2 within days,
> 2 across any two days.
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Example of Edge Effects
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Figure 4 A and B: Example of edge effects. The data in both plots come from the same set. N.B., Because of the vertical axis scale,
problems in the Min and even Mid signals may not be visible. Adjusting the scale to highlight the edge effect may be necessary to
properly examine these signals.

3.2.6. 384-well Plate Uniformity Studies

384-well plates contain 16 rows by 24 columns, and one 384-well plate contains the equivalent of four 96-well
plates. Two different formats of interleaved plate uniformity templates have been developed. The first layout
expands the 96-well plate format into four squares (Figure 5).

The second is useful for assays using certain automation equipment such as Tecan and Beckman (Figure 6). For
these instruments column 1 of the 96-well plate corresponds to columns 1 and 2 of the 384-well plate, and is laid
out in 8 pairs of columns.

The analysis and acceptance criteria are exactly the same as for 96-well format Plate Uniformity Studies. See

Section 3.2.5 for a summary of the acceptance criterion.

3.3. Concentration-Response Curve (CRC) plus Uniform-Signal Plate
Layouts

CRC plus Uniform-Signal plate layouts are an alternative format to conduct the plate uniformity studies. Their
main advantage is easier execution since it is more amenable to automated pipetting per the production process
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Figure 5: Standard Interleaved 384-well Format Plate Layouts.

for the assay. In the uniform-signal plates, all wells on each plate are exactly the same, and together with heat

maps provide for a straightforward assessment of spatial properties. Optionally, the opposite production controls
(Max and Min) can be included on the uniform-signal plates to assess with-in plate Z factors. The CRC plates
have a single reference compound serially diluted across every row or every column, along with Max and Min-

control wells, per the planned production layout.

3.3.1. Procedure

Max and Min signals are prepared as defined in Section 3.1. Two plates are run for each signal. Two CRC plates

are also run, for a total of six plates per day. The number of days required is the same as the Interleaved-Signal

layout: three days for new assays, two days for transfers of previously validated assays.
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Figure 6: HHMMLL 384-well Plate Uniformity Plate Layouts

3.3.2. Summary Calculations and Plate Acceptance Criterion

The calculations will be performed by the Excel template provided. Details of the calculations are as follows:

1. Compute the mean (AVG), standard deviation (SD) and Coeflicient of Variation (CV) for the Max and
Min plates (as per the Interleaved-Signal format the CV’s should reflect the number of wells per test-
condition envisioned in the production assay). Also compute these quantities using the Max and Min
control wells on the CRC plates. Requirements are the same as for Interleaved-Signal format: The CV of
each plate should be less than 20%. Alternatively, the Min plates should have SD < smaller of SD ;4 and
SDmax-

2. For the CRC plates, determine which concentration has mean activity across all plates that is closest to
50%. Designate this concentration as the “Mid” signal. Then compute the percent activity for agonist or
stimulation assays, and percent inhibition for antagonist or inhibition assays (including binding assays).
In this format the calculation is

well  —AVG
ANG - AVG

% A ctivity = %100

3. where AVGpjp, is the average of the on-plate Min control wells, and AVGy,,x is the average of the on-plate
Max control wells. Percent Inhibition = 100 - %Activity.

4. Compute the SD of the normalized signals on each Mid signal. The acceptance criterion is SDoymyid < 20.
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5. Compute the Z’ factor and/or the SW for each plate where Max and Min controls are present, and for the Max
and Min uniform plates, if the opposite production control wells were included. Z’ factor and SW can also be
calculated within a day across plates, pooling all of the Max and Min wells, but this is only useful if the raw
signal levels are consistent between plates. The formulas are the same as in Section 3.2.2. The acceptance
criterion is either all Z’ > 0.4 or all SW > 2.

3.3.3. Spatial Uniformity Assessment

Heat maps or similar types of plots can be generated for the raw plate data. The criterion for acceptance is the
same as for the interleaved format: No drift or edge effects that exceed 20% of the mean. Also as in the
Interleaved-Signal format, the presence of these effects should be apparent as the predominant effect, and not
seen just in single isolated plate for the assay to be failed by this criterion.

Using the Max and Min uniform plates, Figure 7 illustrates a spatially uniform result, an edge effect, and a drift
effect. Uniform Mid signal plates were used in this example instead of CRC plates. Day 1 shows an acceptably
uniform result. Day 2 shows an assay with a significant edge eftect (25% from the mean edge value to the mean
of the interior), and Day 3 shows an assay with significant drift (25% change in mean value from left to right as
compared to the average in the middle). If patterns are similar or worse than those depicted in Day 2 or Day 3
then the assay does not pass the spatially uniform requirement.

3.3.4. Inter-Plate and Inter-Day Tests

The Inter-plate and inter-day tests are the same as in Section 3.2.4, except the definitions of % Activity and

% Inhibition defined above (Section 3.3.1) are used in the tests. In addition, EC/IC5ps can be calculated from the
CRC data, and fold shifts in mean EC/IC5g between plates and days can be examined directly to assess
variability. In addition, a preliminary Minimum Significant Ratio (MSR) can be calculated from the CRC plates,
as follows. An EC/ICs5( can be calculated for each row on each plate. For higher density plates (384-wells and
above), there could be more than one CRC curve fit per row. Compute the standard deviation (S) of all the Log
ICs50s across plates and days (Alternatively, a variance components analysis could be used to separate within-
plate, within-day and between-day variability). The MSR is 10/ (2*sqrt(2)*S), and this value is the smallest ratio
between two ICs5qs that is statistically significant. A common criterion is for the MSR to be less than 3. This MSR
should be considered a preliminary and optimistic estimate of the assay MSR, because it is based on a single
compound and because the IC5¢s derived from different rows on the same plate, or even different plates on the
same day, will most often not reflect all of the sources of variability in the assay.

3.3.5. Impact of Plate Variation on Validation Results

Uniform-Signal plates in the CRC format make the assumption that plate variation within each run day is
negligible. If this assumption is not correct, then some of the diagnostic tests described here will be misleading.
In that case, one should either include opposite production control wells (Max and Min) on the uniform-signal
plates, or use the Interleaved-Signal format instead. In particular, Z’ factors and/or Signal Windows computed
across plates or across days may be incorrect in either direction, and the Inter-plate and Inter-Day tests could
unnecessarily fail acceptable assays.

The following example illustrates the problem. The raw signals of one day of an Interleaved-Signal format Plate
Uniformity Study are shown in Figure 8. The Max and Mid raw signals vary across the 3 plates (Figure 8, Plates
1-3), but note that the % Activity is very stable across the 3 plates (Figure 9, Plates 1-3). The maximum fold shift
across plates is 1.2.

The Midpoint Percent Activity plot (Figure 9) shows what happens when on-plate Max and Min controls are not
used. The three left-hand panels show the plates, normalized to their own controls while, to mimic the Uniform-
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Figure 7: Illustrates a spatially uniform result (Day 1), an edge effect (Day 2), and a drift effect (Day 3). Mid signal plates were used in
place of CRC plates.

Signal protocol with its oft-plate controls, the three right-hand panels of Figure 9 show each plate’s mid signal
normalized to the plate 3 controls:

Plate 4 shows the plate 1 mid signal data normalized to the plate 3 Max and Min signals,
Plate 5 shows the plate 2 mid signal data normalized to the plate 3 Max and Min signals and
Plate 6 is the same as plate 3.

In the presence of variation in the uniform-signal plates, off-plate controls do not effectively normalize the assay.
As Figure 9 shows, plate-to-plate variation in the raw signals can induce the appearance of significant mid-point
variation when in fact there is little variation in signals properly normalized to on-plate controls. In this example
using off-plate controls, Plates 1-3 have a max fold shift of 2.0 which does not pass the inter-plate acceptance
criterion.
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Figure 8: Raw data values for 3 plates of an Interleaved-Signal Plate Uniformity Study. Plates 1-3 show the actual plate values obtained
on one day of the test.
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Figure 9: Normalized midpoint values for 3 plates of an Interleaved-Signal Plate Uniformity Study. Plates 1-3 show the actual plate

midpoints normalized to the on-plate controls. Plates 4-6 show the same mid points all normalized to the Plate 3 Min and Max
controls. Notice the shift in activity for plates 4 vs. 1 and 5 vs. 2.
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Table 1: Reference for the number of replicates necessary for assays with high variability.
CV using 1 well Number of wells so that CV < 20% Number of wells so that CV < 20%
<10 1 1
10.1-14.1 1

14.2-17.3 1

17.4-20.0

—
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Table 3: MSR and LsA evaluation of Replicate-Experiment study using both replicates, and then re-calculated using just the first
replicate.

Assay 1 Assay 2
Replicates Used

MSR LsA MSR LsA
Rep 1 Only 227 0.44-2.27 3.30 0.28-3.08

Both Reps 1.71 0.57-1.67 2.15 0.44-2.03

Table 2: MSR and LsA evaluation of Replicate-Experiment study using the first 2 replicates, first 3 replicates, and all 4 replicates.
Reps MSR LsA
2 3.62 0.35-4.59
3 3.32 0.43-4.74
4 2.44 0.53-3.16

4. Replicate-Experiment Study

4.1. Overview

It is important to verify that the assay results are reproducible, i.e. that the variability of key end points of the
assay are acceptably low. In addition, if the assay is to report results previously reported by another assay, then it
is necessary to verify that the two labs produce equivalent results. In this section, we define how to quantify assay
variability and determine assay equivalence. It is important to read the entire section below to understand the
rationale for the statistical methods employed in calculating reproducibility of potency and efficacy. We strongly
recommend consultation with a statistician before designing experiments to estimate variability described below.
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4.1.1. Rationale

Replicate-Experiment studies are used to formally evaluate the within-run assay variability and formally
compare the new assay to the existing (old) assay. They also allow a preliminary assessment of the overall or
between-run assay variability, but two runs are not enough to adequately assess overall variability. Post-
production methods (Section 3) are used to formally evaluate the overall variability in the assay. Note that the
Replicate-Experiment study is a diagnostic and decision tool used to establish that the assay is ready to go into
production by showing that the endpoints of the assay are reproducible over a range of potencies. It is not
intended as a substitute for post-production monitoring or to provide an estimate of the overall Minimum
Significant Ratio (MSR).

It may seem counter-intuitive to call the differences between two independent assay runs as “within-run”
variability. However, the terminology results from how assay runs are defined. Experimental variation is
categorized into two distinct components: between-run and within-run sources. Consider the following
examples:

o If there is variation in the concentrations of buffer components between 2 runs, then the assay results
could be affected. However, assuming that the same buffer is used with all compounds within one run,
each compound will be equally affected and so the difference will only show up when comparing one run
to another run, i.e. in two runs, one run will appear higher on average than the other run. This variation is
called between-run variation.

o If the concentration of a compound in the stock plate varies from the target concentration then all wells
where that compound is used will be affected. However, wells used to test other compounds will be
unaffected. This type of variation is called within-run as the source of variation affects different
compounds in the same run differently.

 Some sources of variability affect both within- and between-run variation. For example, in a FLIPR assay
cells are plated and then incubated for 24-72 hours to achieve a target cell density taking into account the
doubling time of the cells. For example, if the doubling time equals the incubation time, and the target
density is 30,000 cells/well, then 15,000 cells/well are plated. But even if exactly 15,000 cells are placed in
each well there won’t be exactly 30,000 cells in each well after 24 hours. Some will be lower and some will
be higher than the target. These differences are within-run as not all wells are equally affected. But also
suppose in a particular run only 13,000 cells are initially plated. Then the wells will on average have fewer
than 30,000 cells after 24 hours, and since all cells are affected this is between-run variation. Thus cell
density has both within- and between-run sources of variation.

The total variation is the sum of both sources of variation. When comparing two compounds across runs, one
must take into account both the within-run and between-run sources of variation. But when comparing two
compounds in the same run, one must only take into account the within-run sources, since, by definition, the
between-run sources affect both compounds equally.

In a Replicate-Experiment study the between-run sources of variation cause one run to be on average higher
than the other run. However, it would be very unlikely that the difference between the two runs were exactly the
same for every compound in the study. These individual compound “differences from the average difference” are
caused by the within-run sources of variation. The higher the within-run variability the greater the individual
compound variation in the assay runs.

The analysis approach used in the Replicate-Experiment study is to estimate and factor out between-run variability,
and then estimate the magnitude of within-run variability.
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4.2. Procedure

All assays should have a reproducibility comparison (Steps 1-3). If the assay is to replace an existing assay and
combine the data, then an assay comparison study should also be done (Steps 4 and 5).

1. Select 20-30 compounds that have potencies covering the concentration range being tested and, if
applicable, efficacy measures that cover the range of interest. The compounds should be well spaced over
these ranges.

All compounds should be run in each of two runs of the assay.

Compare the two runs as per Section 4.3-4.6.

Assay comparison: Same compound set should be run in a single run of the previous assay.

Compare the results of the two assays by analyzing the first run of the new assay with the single run of the
previous assay.

G 2

4.3. Analysis (Potency)

For the reproducibility comparison, paste potency values from the two runs into the Run-1 and Run-2 data
columns. All tests are analyzed and computed by the spreadsheet, which also provides additional plots and
diagnostics to assist in judging the results.

For the assay comparison study, paste the potency values for the first run of the new assay into the Run-1
column and the potency values for the (single) run of the previous assay into the Run- column. Potency values
should be calculated according to the methods of Section 3. A template for the Replicate-Experiment data
analysis is available for download from the online eBook.

The points below describe and define the terms used in the template and the acceptance criterion discussed in
the Diagnostic Tests section below.

1. Compute the difference in log-potency (= first - second) between the first and second run for each
compound. Let 4, ads, be the sample mean and standard deviation of the difference in log-potency. Since
ratios of EC5 values (relative potencies) are more meaningful than differences in potency, we take logs in
order to analyze ratios as differences. (Note: hypothetical potency values of 1 and 3, 10 and 30, 100 and
300 have the same ratio but not the same difference),

2. Compute the Mean-Ratio: 3z -107. This is the geometric average fold difference in potency between two
runs.

3. Compute the Ratio Limits: zz;-1o7/%, where n is the number of compounds. This is the 95% confidence
interval for the Mean-Ratio.

4. Compute the Minimum Significant Ratio: 5z =10%. This is the smallest potency ratio between two
compounds that is statistically significant.

5. Compute the Limits of Agreement: ;.4-1¢7*. Most of the compound potency ratios (approximately
95%) should fall within these limits.

6. For each compound compute the Ratio (=first/second) of the two potencies, and the Geometric Mean

potel’lCY: M = +ffirst xsecond .

Items 2-6 can be combined into one plot: the Ratio-GM plot. An example is in Figure 10. The points represent
the compounds; the blue-solid, green long-dashed and red short-dashed lines represent the MR, RLs and LsA
values respectively.

Figure 10 shows the desired result of pure chance variation in the difference in activities between runs. The blue
solid line shows the geometric mean potency ratio, i.e. the average relationship between the first and second run.
The green long-dashed lines show the 95% confidence limits of the mean ratio. These limits should contain the
value 1.0, as they do in this case. The red short-dashed lines indicate the limits of agreement between runs. They


https://www.ncbi.nlm.nih.gov/books/n/assayguide/htsvalidation/bin/Replicate_Experiment.xls
https://www.ncbi.nlm.nih.gov/books/n/assayguide/htsvalidation/bin/Replicate_Experiment.xls
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indicate the individual compound variation between the first and second run. All or almost all, the points should
fall within the red dashed lines. The lower line should be above 0.33, while the upper line should be below 3.0,
which indicates a 3-fold difference between runs in either direction. The MSR should be less than 3.0, as it is in
this example.

4.4, Diagnostic Tests and Acceptance Criterion (Potency)

1. If the MSR = 3 then there is poor individual agreement between the two runs. This problem occurs when
the within-run variability of the assay is too high (Figure 11A). An assay meets the MSR acceptance
criterion if the (within-run) MSR < 3.

2. If Ratio limits do not contain the value 1, then there is a statistically significant average difference
between the two runs. Within a lab (Step 3) this is due to high between-run assay variability. Between labs
(Step 4), this could be due to a systematic difference between labs, or high between-run variability in one
or both labs. See Figure 11B for an illustration. Note that it is possible with a very “tight” assay (i.e. one
with a very low MSR) or with a large set of compounds to have a statistically significant result for this test
that is not very material, i.e., the actual MR is small enough to be ignorable. If the result is statistically
significant then examine the MR. If it is between 0.67 and 1.5 then the average difference between runs is
less than 50% and is deemed immaterial. However, in Figure 2(b) the MR=2.01, indicating a 101%
difference between runs, which is too high to be considered “equivalent”. Note that there is no direct
requirement for the MR, but values that are this extreme are unlikely to pass the Limits of Agreement
criterion in step 3 below.

3. The MR and the MSR are combined into a single interval referred to as the Limits of Agreement. An
assay that either has a high MSR and/or an MR different from 1 will tend to have poor agreement of
results between the two runs. An assay meets the Limits of Agreement acceptance criterion if both the
upper and lower limits of agreement are between 0.33 and 3.0. Note that assays depicted in both Figure
11 A and B do not have Limits of Agreement inside the acceptance region and thus do not meet the
acceptance criterion.

4.5. Analysis (Efficacy)

The points below describe and define the terms used in the template and the acceptance criterion discussed in
the Diagnostic Tests section. Note that the methods described here are intended for functional full/partial assays
and non-competitive antagonist assays. Some potentiator assays, as well as assays normalized by fold stimulation
may best be analyzed with the techniques described in the potency section rather than the methods described
here. Consult a statistician for the best method of analysis.

1. Compute the difference in efficacy (= first — second) between the first and second run for each
compound. Let 4. wds, be the sample mean and standard deviation of the difference in efficacy.

2. Compute the Mean-Difference: »2-3|. This is the average difference in efficacy between the two runs.

3. Compute the Difference Limits: ozs-7+2:,/J, where n is the number of compounds. This is a 95%
confidence interval for the Mean-Difference.

4. Compute the Minimum Significant Difference: »50=2s,. This is the smallest efficacy difference between
two compounds that is statistically significant.

5. Compute the Limits of Agreement: rs42=37+2s,. Most of the compound efficacy differences should fall
within these limits (approximately 95%).

6. For each compound compute the Difference (= first-second) of the two efficacies, and the Mean efficacy
(average of first and second).

Items 2-6 can be combined onto one plot: the Difference-Mean plot (not shown). The plot is very similar to the
Ratio-GM plot except that both axes are on the linear scale instead of the log scale.
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Figure 10: Potency Ratio versus GM Potency. This is a typical example for an acceptable assay: The MR=0.90, RLs=(0.78-1.03)
[contains the value 1.0], MSR=1.86 [under 3.0], LsA=(0.48-1.67) [between 0.33 and 3.0]. The blue-solid, green long-dashed and red
short-dashed lines represent the MR, RLs and LsA values respectively
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Figure 11: Potency Ratio vs. GM Potency. (A) Shows a case where the within-run variability is too large (MR= 0.8, RLs= (0.61-1.07),
MSR= 3.54, and LsA= (0.23-2.84), and (B) shows a case where the LsA are outside the acceptable range because the Mean Ratio is too
large, i.e., there is a tendency for the activity values in run 1 to be larger than in run 2 (MR= 2.01, RL= (1.75-2.32), MSR= 1.86, and
LsA= (1.08-3.75). In both cases the reason(s) for these conditions should be investigated.

4.6. Diagnostic Tests (Efficacy)

Generally the same two problems discussed under potency need to be judged for efficacy as well. However, a
general acceptance criterion for efficacy has not been established as there is not a consensus on efficacy standards
and for most projects potency is the primary property of interest. As guidelines, the MD should be less than 5
(i.e., less than 5% average difference between runs) and the MSD should be less than 20 (e.g., 20% activity). More
importantly, the MD and MSD should be used to judge the appropriateness of any efficacy CSF’s a project may
have. For example, if the CSF for efficacy is >80%, and the MSD is 30%, then the assay will fail too many
efficacious compounds - a 90%-active compound would fall below the CSF 25% of the time. A more appropriate
CSF in this situation would be 70 or even 60%.
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4.7. Summary of Acceptance Criteria

1. In Step 3, conduct reproducibility and equivalence tests for potency comparing the two runs in the new
lab. The assay should pass both tests (MSR < 3 and both Limits of Agreement should be between 0.33 and
3.0).

2. In Step 5, conduct reproducibility and equivalence tests for potency comparing the first run of the new
lab to the single run of the old lab. The assays should pass both tests to be declared equivalent (Limits of
Agreement between 0.33 and 3.0).

3. For full/partial agonist assays and non-competitive antagonist assays, repeat points 1 and 2 for efficacy.
Use the informal guidelines discussed above, and project efficacy CSFs to judge acceptability of results.

4.8. Notes

1. Ifa project is very new, there may not be 20-30 unique active compounds (where active means some
measurable activity above the minimum threshold of the assay). In that case it is acceptable to run
compounds more than once to get an acceptable sample size. For example, if there are only 10 active
compounds then run each compound twice. However, when doing so, (a) it is important to biologically
evaluate them as though they were different compounds, including the preparation of separate serial
dilutions, and (b) label the compounds “a”, “b” etc. so that it is clear in the test-retest analyses which
results are being compared across runs.

2. Functional assays need to be compared for both potency (ECs¢) and efficacy (%maximum response).

This may well require a few more compounds in those cases.

In binding assays, it is best to compare Kj’s, and in functional antagonist assays it is best to compare Ky’s.

4. An assay may pass the reproducibility assessment (Steps 1-3 in the procedure [Section 4.2.]), but may fail
the assay comparison study (Steps 4-5 in the procedure [Section 4.2]). The assay comparison study may
fail either because of a MR different from 1 or a high “MSR” in the assay comparison study. If it’s the
former then there is a potency shift between the assays. You should assess the values in the assays to
ascertain their validity (e.g. which assay’s results compare best to those reported in the literature?). If it
fails because the Lab Comparison study is too large (but the new assay passes the reproducibility study)
then the old assay lacks reproducibility. In either case, if the problem is with the old assay, then the team
should consider re-running key compounds in the new assay to provide comparable results to
compounds subsequently run in the new assay.

»

5. How to Deal with High Assay Variability

5.1. High Variation in Single Concentration Determinations

Table 1 can be used as a reference to determine the number of replicates necessary for assays with high
variability. For a given CV of the raw data values based on 1 well, it shows the number of replicates needed for
the CV of a mean to be less than or equal to 10 or 20%. This table does not indicate how the IC50/K;/Ky,
variability will be affected (See Section 5.2 for high variation in IC50/K;j/Ky, responses).

Adding replicates to reduce variability will also reduce the capacity (i.e., throughput) of the assay to test
compounds. Further optimization of the assay could reduce variability and maintain or increase its capacity. The
decision to further optimize or add replicates will have to be made for each assay.

5.2. Excess Variation in Concentration-Response Outcomes (EC50, IC50,
Ki, or Kp)

If in Section 4 the assay fails either test (MSR > 3 or Limits of Agreement outside the interval 1/3-3) then the
variability of the assay is too high. The following options should be considered to reduce the assay variability:
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1. Optimizing the assay to lower variability in the signal (see Section 6) of the raw data values. Check that
the concentration range is appropriate for the compound results. Adding more concentrations and/or
replicates may improve the results. A minimum of 8 concentrations at half-log intervals is recommended.
In general, it is better to have more concentrations (up to 12) rather than more replicates.

2. Consider adding replicates as discussed below. Note that the impact of adding replication may be
minimal, and so the Replicate Experiment Study should be used to assess whether increasing the number
of replicates will achieve the objective.

3. Adopt as part of the standard protocol to re-run results. For example, each compound may be tested once
per run on 2 or more runs. Then averaging the results will reduce the assay variability (Note: In such
cases the individual run results are stored in the database, and tthe data mining/query tools are used to
average the results).

To investigate the impact of adding replicate wells in the concentration-response assay conduct the Replicate-
Experiment study with the maximum number of wells contemplated (typically 3-4 wells / concentration). To
examine the impact of replication compute the MSR versus number-of-replicates curve. To construct this curve,
make all data calculations using only the first replicate of each concentration to evaluate the MSR and Limits of
Agreement for 1 well per concentration. Then repeat all calculations using the first two replicates per
concentration, and so on until you are using all replicates. If the assay does not meet the acceptance criterion
when all replicates are used then replication will not sufficiently impact the assay to warrant the replication. If it
does meet the criterion using all replicates, ascertain how many replicates are needed by noting the smallest
number of replicates that are required to meet the Replicate-Experiment acceptance criterion. Two examples
below will help illustrate the steps.

Example 1: A binding assay was run using 1 well per concentration and the Replicate-Experiment study did not
meet the acceptance criterion. To examine if replication would help, a new Replicate-Experiment study was
conducted using 4 wells per concentration. Using only the first replicate from each concentration, the results
were normalized, curves fit, and Kj’s were calculated for each concentration-response curve. The MSR and LsA
were evaluated. The entire calculation steps were repeated using the first 2 replicates, first 3 replicates and all 4
replicates, with the results listed in Table 2.

From Table 2, it is evident that i all 4 replicates are needed to meet the MSR acceptance criterion, and no amount
of replication (up to 4 replicates) will meet LsA acceptance criterion.

Example 2: In a second study, a pair of uptake inhibition assays (the project had two targets, each measured by
one assay) the Plate Uniformity Study indicated two replicates would be required to meet the Plate Uniformity
Signal acceptance criteria in Assay 2. However, plate uniformity criteria concerning replication do not readily
translate to dose-response requirements, and so the requirements were investigated in both assays. The
Replicate-Experiment Study was conducted using two replicates. The calculations were performed using both
replicates, and then re-calculated using just the first replicate. The MSR and LsA are summarized in Table 3.

Using two replicates both assays meet all acceptance criterion. Using only a single replicate, Assay 1 still meets all
criteria, while Assay 2 does not. Note that in this instance both assays benefited from increased replication.
However, Assay 1 is a very tight assay and hence this benefit is not really needed. So in this example, the
replication requirements were the same for both single dose screening and concentration -response studies, but
in general this will not be the case.
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6. Bridging Studies for Assay Upgrades and Minor Changes

6.1. Overview

Sections 3 and 4 cover the validation of entirely new assays, or assays that are intended to replace existing assays.
The replacement assays are “different” from the original assay, either because of facility changes, personnel
differences, or substantively different reagents, detection and automation equipment. Assay upgrades and
changes occur as a natural part of the assay life cycle. Requiring a full validation for every conceivable change is
impractical and would serve as a barrier to implementing assay improvements. Hence full validation following
every assay change is not recommended. Instead bridging studies or “mini-validation” studies are recommended
to document that the change does not degrade the quality of the data generated by the new assay.

The level of validation recommended has 3 tiers: A small plate uniformity study (Tier I), to an assay comparison
portion of the Replicate-Experiment study (Tier II), to a full validation package of Sections 3 and 4 (Tier III).
Examples of changes within each Tier are given below, along with the recommended validation study for that
Tier. Note that if the study indicates the change will have an adverse impact on assay quality (i.e. the study
indicates there are problems), then the cause should be investigated and a full (Tier III) validation should be
done. If the results from that study indicate the assays are not equivalent, but the new assay has to be
implemented, then the results should not be combined into one set.

The following applies principally to changes in biological components of the protocol. If changes are made to the
data analysis protocol then these can ordinarily be validated without generating any new data, by comparing the
results using the original and new data analysis protocols on a set of existing data. Discuss any changes with a
statistician. If changes are made to both the data analysis and biological components of the protocol, then the
appropriate Tier should be selected according to the severity of the biological change as discussed below. The
data analysis changes should be validated on the new validation data and any additional validation work may be
needed as judged by the statistician.

6.2. Tier I: Single Step Changes to the Assay

Tier I modifications are single changes in an assay such as a change to a reagent, instrumentation, or assay
condition that is made either to improve the assay quality or increase the capacity without changing the assay
quality. Changes can also be made for reasons unrelated to assay throughput or performance (e.g. change of a
supplier for cost savings). Examples of such changes are

» Changes in detection instruments with similar or comparable optics and electronics. E.g.: plate readers,
counting equipment, spectrophotometers. A performance check for signal dynamic range, and signal
stability is recommended prior to switching instruments.

 Changes in liquid handling equipment with similar or comparable volume dispensing capabilities. Volume
calibration of the new instrument is recommended prior to switching instruments. [Note that plate and
pipette tip materials can cause significant changes in derived results (ICs5¢, EC5g). This may be due to
changes in the adsorption and wetting properties of the plastic material employed by vendors. Under these
conditions a full validation may be required].

The purpose of the validation study is to document the change and not reduce the assay quality (see Figure 12).

6.2.1. Protocol

Conduct a 4-plate Plate Uniformity Study using the layouts in the “2 Plates per Day” tab of the Plate Uniformity
Template (the layouts are the same as Plates 1 and 2 of Section 3.2). Plates 1 and 2 should be done using the
existing protocol, and Plates 3 and 4 done using the new protocol on the same day using the same reagents and
materials (except for the intentional change). Use the 2-Day / 2-Plates per Day template to conduct the analysis.
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Figure 12: Tier I validation study comparing manual pipetting (plates 1 and 2) versus multidrop pipetting (plates 3 and 4) in GTPyS

assay.

6.2.2. Analysis

The main analysis is a visual inspection of the “all plates” plots to ensure that the signals have not changed in
either magnitude and/or variability. The mean and SD calculations for each plate can help, but visual inspection

is usually sufficient.

6.2.3. Example

An assay was changed by replacing a manual pipetting step with a multidrop instrument. A 4-plate Plate
Uniformity study was run as per the protocol, with the manual pipetting done in plates 1 and 2, and the
multidrop in plates 3 and 4. The results show that the mean percent activity is the same and the multidrop’s

varability superior (i.e. lower) to the manual pipetting (Figure 12).

6.3. Tier lI: Minor Assay Changes

Tier II changes are more substantive than Tier I changes, and have greater potential to directly impact EC5q/
ICsq results. Examples of such changes are
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 Changes in dilution protocols covering the same concentration range for the concentration-response
curves. A bridging study is recommended when dilution protocol changes are required.

« Lot changes of critical reagents such as a new lot of receptor membranes or a new lot of serum antibodies.

+ Assay moved to a new laboratory without major changes in instrumentation, using the same reagent lots,
same operators and assay protocols.

« Assay transfer to an associate or technician within the same laboratory having substantial experience in
the assay platform, biology and pharmacology. No other changes are made to the assay.

6.3.1. Protocol and Analysis

Conduct the assay comparison portion of the Replicate Experiment Study discussed in Section 4, i.e. compare
one run of 20-30 compounds of the assay using the existing assay to one run of the assay under the proposed
format and compare the results. If the compound set used in the original validation is available then run the
same set again in the new assay protocol, and compare back to Run-1 of the original Replicate-Experiment
Study. The acceptance criterion is the same as for the assay comparison study: Both Limits of Agreement should
be between 1/3 and 3.0.

6.4. Tier lll: Substantive Changes

Substantive changes requiring full assay validation: When substantive changes are made in the assay procedures,
measured signal responses, target pharmacology and control compound activity values may change significantly.
Under these circumstances, the assay should be re-validated according to methods described in Sections 3 and 4.
The following changes constitute substantive changes, particularly when multiple changes in factors listed below
are involved:

« Changes in assay platform: e.g.: Filter binding to Fluorescence polarization for kinase assays.

« Changes in assay reagents (including lot changes and supplier) that produce significant changes in assay
response, pharmacology and control activity values. For example, changes in enzyme substrates, isozymes,
cell-lines, label types, control compounds, calibration standards, (radiolabel vs. fluorescent label), plates,
tips and bead types, major changes in buffer composition and pH, co-factors, metal ions, etc.

o Transfer of the assay to a different laboratory location, with distinctly different instrumentation, QB
practices or training.

« Changes in detection instruments with significant difference in the optics and electronics. For example,
plate readers, counting equipment, spectrophotometers.

 Changes in liquid handling equipment with significant differences in volume dispensing capabilities.

« Changes in liquid handling protocol with significant differences in volume dispensing methods.

 Changes in assay conditions such as shaking, incubation time, or temperature that produce significant
change in assay response, pharmacology and control activity values.

« Major changes in dilution protocols involving mixed solvents, number of dilution steps and changes in
concentration range for the concentration-response curves.

 Change in analyst/operator running the assay, particularly if new to the job and/or has no experience in
running the assay in its current format/assay platform.

« Making more than one of the above-mentioned changes to the assay protocol at any one time.

Substantive changes require full validation, i.e. a three day Plate Uniformity Study and Replicate Experiment
Study. If the intent is to report the data together with the previous assay data then an assay comparison study
should be conducted as part of the Replicate Experiment study.
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Abstract

Most biological assays measure potency of compounds as an activity coeflicient, frequently known as molar
concentration of inhibitor at 50% response (ICs() or an agonist concentration at 50% biological activity (ECsy).
Since biological response responses are non-linear and generally sigmoidal in shape, appropriate curve fitting is
important. In addition, the variability in measured IC5(/EC5( should be monitored to ensure reliable and robust
data analysis of the assay curves to support expensive SAR operations in drug discovery. This chapter addresses
in detail significant concepts in curve-fitting techniques and statistical concepts and tools required SAR support.

A. Determination of EC50/IC50
Models and Curve Fitting Guidelines

For competitive binding assays and functional antagonist assays the most common summary measure of the
dose-response curve is the ICs(, the concentration of substance that provides 50% inhibition. For agonist/
stimulator assays the most common summary measure is the ECs5(, the concentration giving 50% of that
compound’s maximal response. Substantial variation in the methodology used to derive these values exists, and
this variation has been shown to substantially impact overall assay variability. This section discusses important
issues to consider and provides some guidelines on how to proceed. They are a based on the Data
Standardization for Results Management chapter of this book. Consult that document for the specifics for each

assay type. Consult a statistician to see if these guidelines are appropriate for your assay, and if other outcomes
such as AUC or a threshold dose should be used.

Before fitting a concentration -response curve to obtain the EC5(/IC5(, each well should be converted to either
percent activity or percent inhibition with respect to positive and negative controls (note: for simplicity all text
below is stated for determining ICs5q’s; determining ECsq’s is identical). Percent activity of all replicate wells from
a given run, (including multiple plates per run) for a given concentration, should be averaged either by taking
the mean, or preferably, taking the median. Outliers less influence the median values when there are 3 or more
replicates. Thus only one averaged point per concentration per run is used to fit the dose-response equation to
the data. This is because replicate wells on either the same or different plates are often correlated with each other
and, thus, do not provide true replication of the experiment.

The four parameter logistic model (4PL), also called the Hill-Slope model, is the most common equation fit to in
vitro concentration-response data. One form of the equation is

[mp - E:'c:-.t)
14+ 2/IC, 1

¥ =hat+

Author Affiliations: 1 Eli Lilly & Company, Indianapolis, IN. 2 Eli Lilly & Company, Indianapolis, IN.
* Editor
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where, y is the percent activity and x is the corresponding concentration. The fitted IC5q parameter is the
relative ICs(, and is defined as the concentration giving a response half way between the fitted top and bottom
of the curve. Some software, such as ActivityBase, also provides the absolute IC5(, which is defined as the
concentration giving exactly a 50% response. The relative ICs( is recommended for most assays (see notes below
and Glossary for definitions). You should also report the fitting error, which is usually called the standard error
by most software packages (we use the term fitting error to differentiate it from the standard error of the mean
[SEM] derived from multiple determinations of a compound).

The 4PL model is the best model for concentration -response data, but there are cases where it should not be
used. In some cases, due to the potency of the compound falling outside the concentration range, the data may
not fully describe the bottom or top asymptote of the curve. In those cases, respectively, the bottom (3PLFB) or
top (3PLFT) can be fixed to improve the curve fit. If you observe a substantial reduction in the % Fitting Error,
and a better concentration-response plot of the fitted curve with respect to the actual data then you should
switch to either the 3PLFB or 3PLFT model as appropriate.

Examples

All examples below are from receptor binding data fitting % Activity versus concentration (expressed by
ActivityBase as log-concentration in the plots). For this type of assay, the top, bottom and slope parameters
should in theory by 100, 0 and -1, respectively.

Figure 1 is a concentration-response best fit by the 4PL model. Both asymptotes are defined by the data, and the
fitting error is approximately the same with all 3 models. Note that even though the fitting error is smallest with
the top fixed (8.63% versus 9.51%), the reduction is not small enough to warrant the fixed top model, nor is there
any material change in the ICs(. The fixed bottom model is clearly inappropriate as the data clearly defines a
bottom >0.

The fitting error is expressed here as a percentage of the fitted parameter value. For example, if the IC5q is 0.061
and its fitting error is 0.0058, then the % Fit Error is 9.51%.

Figure 2 is best fit by the fixed top (3PLFT) model. The data does not define a top asymptote, and the fitted top
(128.32) and slope (-0.58) from the 4PL model are inappropriate for this (binding) data. By fixing the top at
100% the fitting error is reduced from 57.54 to 21.55%, and the ICs( increases by more than two-fold. Thus the
3PLFT model should be selected over the 4PL.

Figure 3 is best fit by a fixed bottom (3PLFB) model. Note that the data does not define the bottom asymptote,
and the fitted bottom (41.54) and fitted slope (-1.83) from the 4PL are inappropriate for binding data. The fixed
bottom model reduces the fitting error from 80.19% to 20.85%, while the IC5( increases by more than two-fold.
The fitted IC5( (20.88 nM) is inside the dose-range (0.001-25 nM), and so it is appropriate to report this value.
Note in this case Activity Base was unable to fit a fixed top model.

Figure 4 illustrates the definition and effect of outliers (Figure 4 A). Outliers are single, vertically isolated points
that are clearly inappropriate. The point is “obviously” erroneous. The effect of the outlier in this case is to bias
the estimate of the bottom upwards, pulling it away from the other points of the data. In general, outliers can
bias either the top, bottom or slope parameter depending upon where they occur in the concentration -response
curve. It is appropriate to remove the outlier (Figure 4 B) and refit the points. Fixing top or bottom did not
materially improve the curve fit (not shown).

Figure 5 illustrates the effect of high assay variation. No single point stands out as “obviously erroneous”, and
therefore it would be inappropriate to remove any points from the curve fit. Fixing top or bottom does not
materially improve the curve fit, and so the 4PL model should be used. Note that the estimates themselves are
not implausible, but the fitting error is 33.83%, which is caused by the relatively high assay variation.
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Figure 1: Curve fit results for a dose-response best fit by a 4PL model.

Notes:

1. This equation can be fit to the data using Activity Base, Bravo Curve fit, JMP, Graphpad Prism or Sigma
Plot. Note that the form of the equation varies from one software package to the next. Some, such as
Graphpad Prism, fit Log-ICs( instead of IC5(, and the equation looks quite different, but the results are
the same as that shown above.

2. 'The terms absolute and relative ICs5( are not universal. Both are usually just called the “IC5(” and it’s left
unstated which value is actually used.

3. Ifyour software toll reports Log-ICs( then convert both the estimate and the % fitting error (%FE)
according to the formulas
Iy =107 LogICy, and %FE(IC, )= FE(LogICy)xla(10)x100
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Figure 2: Curve fit results for a dose-response best fit a by a 3PLFT model.

There should be at least one point on both sides of the reported ICsy, i.e. the reported IC5q should lie
inside the concentration -range used in the assay. The intent of this rule is to make the IC5( estimate an
interpolation of generated data and not an extrapolation of generated data. Cases not satisfying this rule
should not have an IC5( reported or reported with a comment that indicates the value is extrapolated. If a

>

value is reported, it should be “<Xp,in” or “>Xmax > as appropriate, where Xpip is the lowest
concentration and Xy, is the largest concentration included in the analysis.

It is a good idea to remove obvious outliers and then refit the curve without the outliers. Note that if it
isn’t obvious, it isn’t an outlier. See examples 4 and 5 above to distinguish high variability from outliers.
For competition assays, such as radioligand binding assays and competitive inhibition assays, the fitted
slope should be within 2 (slope) fitting errors of the value 1, and slope estimates outside this range
indicate assay problems that need to be investigated.
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Figure 3: Curve fit results for a dose-response best fit by a 3PLFB model.

B. Production Monitoring

Production assays can be monitored in two basic ways: running control (reference) compounds and
retrospective studies of compounds that have repeat evaluations that accumulate as part of the normal SAR
process. Of the two methods, running control compounds allows problems to be identified prospectively and
corrected, whereas retrospective studies are limited to verification of past activity. However, retrospective studies
can be useful supplements, especially when conducted prior to important milestones where demonstration of
“valid biological assays” is a requirement. Below are comments on the setup/selection of controls and the analysis
of retrospective studies, and the use of bridging studies to verify that changes to assay protocols have no effect on
the assay results.
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Figure 4: Curve fit results for a dose-response containing an outlier. (A) The effect of the outlier in this case is to bias the estimate of
the bottom, pulling it away from the other points of the data. (B) Results once the outlier is removed and the curve refit to the points.

Control Compounds

Key assays in a project and assays where problems are suspected should have two control compounds, a primary
and a secondary (this is referred to as Close Monitoring). All other assays should have at least a primary control
(Regular Monitoring). Both compounds need to be run once per run, unless plate variability is suspected. In
that case the primary control compound needs to be run once per plate. The purpose of the primary control is to
ensure that there isn't any “assay drift”, i.e. that the same compound has a stable K;/Ky,/ECs over time, and that
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Figure 5: Curve fit results for a dose-response with high assay variability, but no outliers.

the assay reproducibility (MSR, is stable over time. (MSR: Minimum Significant Ratio; see HTS Assay

Validation).

The purpose of the secondary control is to examine the stability of results over a concentration -range. If

problems do develop, then it is important to examine whether the entire concentration -range is equally affected

(a small problem) or whether the concentration -range is differentially affected (a big problem). Also, two
controls permit direct calculation of both the within-run and overall MSR’s, and a check that the MSR is
consistent over a range of potencies.
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The activity of the primary control should be at or near the most potent compound available, and ideally should
be the Lead compound. There should also be sufficient stock of a single lot of the compound so that it can be run
on a continuous basis for some period of time. Since the control compound is supposed to be representative of
the test compounds, it should receive the same sample handling as all the test compounds, and not be specifically
prepared and added to the assay outside of normal test compound procedures.

For the secondary control, IC5( should be >100 fold less potent than the primary control. Otherwise it has the
same requirements as the primary control. As the SAR develops the potency traditionally improves. So when the
“best” compounds are more than 100-fold more potent than the primary control then select a new primary
control. If the assay has a secondary control then the old primary control becomes the new secondary control,
and the existing secondary control is dropped. If there is no secondary control, then it is suggested to run both
primary controls over the first 6 runs of the new primary control.

A scatter plot for control compound for the values of log-K;/Ky,/ECs( versus run date should be updated after
every run and checked for problems. For assays with two control compounds the difference in log-K;/Ky/ECs
versus run date should be plotted, and for agonist and non-competitive antagonist assays the efficacy versus run
date should also be plotted. Outliers and trends in the values of log-K;/Kp/ECsy, either up or down (assay drift)
should be checked visually, and problems investigated and corrected as they occur. Runs with significant
numbers of outliers should be repeated.

After 6 runs compute the overall MSR of the assay based on the control compounds according to formula:
MSR =104

where s is the standard deviation of the log-K;/K},/ECsq values. This MSR is the total or overall MSR (whereas
the one computed in a test-retest study encompasses only the within-run variability), and should be less than or
equal to 7.5. This standard comes from practical experience obtained thus far with assays in the company, and
not theoretical statistical considerations. Note that this is a minimum standard that all assays should meet, and
in practice chemistry requirements may indicate a smaller MSR (as low as 2-3) is required for some or all assays.
The Project/Program Team should discuss this issue with a statistician to set appropriate MSR’s for their assays.

After each run, a running MSR plot should be maintained (i.e. computed from the last 6 runs) and checked to
ensure the continued good reproducibility of the assay. The attached template (available from the online eBook)
can be used to generate this with MSR values calculated from the last 6 runs.

Examples

Figure 6 illustrates results for an assay with a single control. Figure 6A shows the potency versus run date scatter
plot, Figure 6B shows the moving MSR chart. The MSR points are based on the last 6 runs of the assay, i.e. the
first point is computed using runs 1-6, the second point uses runs 2-7, etc. The Mean Summary section indicates
the highest/lowest/last IC5q’s in the period were 22.63, 4.42 and 11.25 pM respectively (chart units are in nM).
The overall average was 10.17 uM. The potency has no apparent temporal trends, and no unusual observations.
Figure 6B shows the trends in MSR over time, which appears to increase until mid Feb-2002, and then decrease.
However, the magnitude of the increase trends is quite small and well within the variation of an estimate based
on a sample of size 6. The highest/lowest/latest MSR’s are 6.8, 2.7 and 2.7 respectively. The overall MSR is 4.4,
which is not the average of the 6-run MSR’s but instead is a single estimate derived using the entire sample (18
data points in this case). This is a stable assay with moderate assay variation (3 < MSR < 5).

Figure 7 illustrates an assay with two controls. In Figure 7A, the red and blue lines represent the two compounds,
and are positioned using the left axis. The green line is the potency ratio between the two compounds and is
positioned using the right axis. Figure 7B shows the moving MSR values both within run and overall. The
Overall-Overall MSR is the value to be reported. The within-run MSR’ are only for comparison backwards to
the test-retest study results, and for times when compounds are compared within the same run of an assay. As
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with Figure 6, there are no apparent temporal problems, i.e. this is a stable assay with an overall MSR of 2.0. This
assay is less variable than the assay in Figure 6.

Figures 8 and 9 illustrate problems with a shift in compound potency. Figure 8 illustrates a steady degradation in
potency over time, whereas Figure 9 illustrates a more sudden shift in potency at a particular point in time. In
Figure 8 the assay variability appears to be shrinking, while in Figure 9 it appears to be stationary. Repetitive
freeze-thaw cycles of a compound may cause a slow degradation in potency whereas a change in lot of a key
assay ingredient may result in a sudden potency shift.

In both cases it is important to identify the cause and correct it as soon as possible.

Figure 10 illustrates an assay with stable potency, but in June the assay variability increased. The moving MSR was
stable around 3, but after June increased to over 10, and remained there. This also is most likely caused by a
change in the assay process around that time. Again it is important to identify and correct the cause as soon as
possible. Note however that a single outlier will cause the MSR chart to increase for the next 6 runs, and so it
usually takes more time to correctly distinguish a change in assay variability from a single outlier result.

Retrospective Studies

During the course of project/program development numerous compounds are repeatedly evaluated and stored
in archival databases. This data can be mined to examine the reproducibility of assay results. This work should
always be done by a statistician as the repeated compounds are not a random selection of all compounds, and
may be biased with respect to time of evaluation, potency, structure and “assayability” (the latter term is meant
to reflect conditions such as solubility, quenching, stickiness to plastic and other practical problems). In spite of
these potential problems retrospective studies can be a very useful exercise, particularly in establishing the
acceptability of older assays that have never been formally evaluated for reproducibility. In addition, the MSR
can be examined over various subsets such as potency range, structure and run date to check that the control
compound MSR’s are representative of the test compounds with respect to potency range, structure and run date.

Bridging Studies

If a key aspect of an assay changes, such as an equipment change or lot of a reagent, then a test-retest study
should be conducted to verify equivalence of the two protocols. A judgment should be made on a case-by-case
basis of whether the full protocol outlined in the HTS Assay Validation chapter needs to be made, or only a
single run under old and new conditions (i.e. one might do just Step 4 of the procedure, or one might do both
Steps 3 and 4 depending upon the severity of the protocol change). Also in cases of specific modifications such as
replacing equipment for a particular step in the assay an experiment can be designed to validate that the
replacement is equivalent to the original in the conduct of that step of the assay.

Dimethylsulfoxide: biological compatibility and compound storage.

Dimethylsulfoxide (DMSO) is a universal solvent for all compounds tested in high, medium and low throughput
screens (HTS, MTS and LTS). Compounds are initially dissolved in 100% DMSO and further diluted in 100%
DMSO screening and ICs( or K;j determinations. So manyassays may require an additional dilution step in water
or assay buffer to reduce the DMSO concentration to a level that is acceptable for the assay, depending upon the
specific capabilities of the equipment being used. It is extremely important that the DMSO compatibility of
biological reagents such as enzymes, receptors, protein/peptide reagents and cells be established to ensure that
the screening assays are not adversely affected. In general, the final DMSO concentrations in cell-based assays
are <0.2% and are <1% in biochemical assays. It is highly recommended that the tolerable DMSO concentration
be determined individually for each validated assay.
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Figure 6: Potency, MSR chart, and summary statistics for an assay with one control.

DMSO is also used as a cryoprotectant in the freezing of cell cultures at ATCC. The product is cell culture grade
and has been tested to ensure cell viability. Each lot is also tested for the absence of bacteria, fungi, and

endotoxin.

When solubilized compounds are stored in DMSQO, it is important to understand the stability of these
compounds under various storage conditions and freeze-thaw cycles. A detailed study of these effects was
published recently (1). It is believed that the degradation of DMSO solubilized compounds is mainly due to
moisture absorbed from the air. This can happen during frequent freeze-thaw cycles of compounds stored frozen
in DMSO, or frequent exposure to air during repeated access for biological testing (cherry-picking).
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Figure 7: Potency, MSR chart, and summary statistics for an assay with two controls.

Recommended storage conditions for DMSO solubilized compounds:

Polypropylene plates.

Storage temperature: 10 degree C or room temperature.

Inert gas atmosphere: argon

flush.

Minimal exposure to moist environments

1371
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Abstract

The MSR is a statistical parameter that characterizes the reproducibility of potency estimates from in vitro
concentration-response assays. Biological activity expressed as potency of compounds is an important parameter
in screening and drug discovery. Standard potency estimates are expressed as ICsg, EC5( or simply as ACs
values derived from concentration-response (CRC) assays designed to measure activation, inhibition or
modulation of targets and pathways of pharmacological significance. Concepts of Minimum Significant Ratio
(MSR) discussed below address how the reproducibility of potency values is derived quantitatively using
standard or control compounds of known activity and test compounds that have been tested in multiple runs.
MSR values inform the scientists the extent of reliability of assays designed to support new compound selection
through Structure-Activity Relationships (SAR) of chemical libraries.

1. Introduction

The chapter on HTS Assay Validation (Section 4) provides a detailed discussion of the Minimum Significant
Ratio (MSR) in the context of the Replicate-Experiment study. The MSR is a statistical parameter that
characterizes the reproducibility of potency estimates from in vitro concentration-response (CRC) assays and
can be estimated from the Replicate-Experiment study (1). The chapter on Assay Operations for SAR Support
also discusses the MSR (Section B) in two contexts: running control (reference) compounds and retrospective
studies of compounds that have repeat evaluations that accumulate as part of the normal SAR process. This
chapter provides additional detail on the calculation and interpretation of the MSR and further demonstrates the
value of this parameter to characterize the reliability of an in vitro assay.

2. Common Types of MSR

2.1. Overview

Potency measurements from concentration-response assays are usually log-normally distributed and as such,
log10ACs5( (log concentration at half maximal activity) is preferred for statistical analysis and modeling,
including estimation of the MSR. The MSR is defined as the smallest ratio between the potencies of two compounds
that is statistically significant and is calculated as MSR = 102\/25, where s is an estimate of the standard deviation
of a log potency for one compound. The variability estimate s can be estimated in different ways depending on
available data and associated analysis method (e.g., within-run, between-run, and other sources of variability).
The common ways to estimate assay variability are detailed below.

2.2, Replicate Experiment MSR

As detailed in the chapter on HTS Assay Variability (Section 4), the Replicate-Experiment MSR is a diagnostic
and decision tool used to establish that an assay is ready to go into production. It is estimated from two

Author Affiliations: 1 Eli Lilly and Company; Email: haas_joseph_v@lilly.com. 2 Eli Lilly and Company; Email:
eastwood_brian_j@lilly.com. 3 Eli Lilly and Company; Email: iversen_philip_w@lIilly.com. 4 Charles River Laboratories;
Email: Viswanath.Devanarayan@crl.com. 5 AbbVie; Email: jeffrey.weidner@abbvie.com.
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independent runs of 20-30 compounds and is calculated as MSR = 10254, where s4 is the standard deviation of

the paired differences in log potency across the two runs. A template for the Replicate-Experiment data analysis
is available for download from the online eBook.

Two runs are not considered adequate to estimate between-run variability so the Replicate-Experiment MSR
focuses only on within-run variability. Use of the standard deviation of the paired differences factors out the
between-run variability. The chapter also specifies the Limits of Agreement (LsA) as an assessment of between-
run reproducibility, but is necessarily a preliminary assessment as it is based on only two runs.

Variability due to reagents is limited and sample management variability is not typically represented in the
Replicate-Experiment, so the resulting MSR is considered to be the most optimistic estimate of the
reproducibility of an assay. The Replicate-Experiment MSR should be < 3 to move an assay into production.

2.3. Control Compound MSR

As discussed in the chapter on Assay Operations for SAR Support (Section B), concentration-response assays
should include a control compound in every run for process monitoring over time. This enables prospective
identification and correction of problems (e.g., drifts or shifts in the ACs() as well as estimation of assay
reproducibility via the MSR and determination of whether the MSR is stable over time. A minimum of six runs
is considered adequate to estimate between-run variability, and the Control Compound MSR can be calculated
from six or more runs as MSR = 102V2S, where s is the standard deviation of the log10ACs5( values across runs,
assuming one ACs result per run. The attached template (available from the online eBook) can be used to
generate this with MSR values calculated from the last 6 runs.

While the Control Compound MSR captures between-run variability, compounds chosen for QC monitoring are
typically the most potent compound available to a project team and are generally well-behaved. Additionally,
common sources of sample variation may not be represented. As such, while the Control Compound MSR is
more representative of the reproducibility of an assay due to inclusion of between-run variability, it is still
somewhat optimistic because it is based on a single well-behaved compound. Given the < 3 criteria for the
Replicate-Experiment MSR, it is not unusual to observe a Control Compound MSR as high as 4, depending on
the level of between-run variability.

If a control compound is independently repeated in each run (e.g., on each plate), within-run variability can also
be estimated and incorporated into the calculation of the MSR in addition to between-run variability. The MSR
is calculated as 102V2S, but s is the square root of the sum of the run date and residual variance components from
the fit of a random effects model (2).

2.4. Database MSR

Retrospective studies are also discussed in the chapter on Assay Operations for SAR Support (Section B). These
studies make use of potency results for compounds with repeat evaluations in multiple runs, including the
control compound, to estimate the reproducibility of an assay. It is likely that numerous repeat evaluations will
accumulate during the course of a project with results stored in databases for ready access to the data for
estimation of the MSR.

The Database MSR captures both within-run and between-run variability from multiple compounds, and is
considered the most representative estimate of assay reproducibility (subject to the caveats below). A minimum
of six runs is desired. The MSR is calculated as MSR = 102V25, where s is the square root of the sum of the run
date and residual variance components from the fit of a mixed effects model with compound as a fixed effect and
run date as a random effect (2).

It is important to note that the database MSR reflects variability from all parts of the compound testing process
including, but not limited to:


https://www.ncbi.nlm.nih.gov/books/n/assayguide/minsigratio/bin/Replicate_Experiment.xls
https://www.ncbi.nlm.nih.gov/books/n/assayguide/minsigratio/bin/Control_Chart_Monitoring_MSRs_and-MSDs_Ver1.xls
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« Compound synthesis
« Compound handling
« Assay preparation

« Assay operation

« Data analysis

As such, Database MSRs can be in the 4-5 range even when an assay had a Replicate-Experiment MSR < 3.
When this occurs, it does not necessarily imply there is a problem with the assay itself. There are many potential
sources of variability being captured by a single number - differences in structural classes, properties of
individual compounds (solubility, quenching, stickiness to plastic, etc.), temporal effects, etc. Diagnostic work is
often needed, and the Database MSR can be calculated and compared over various subsets, such as potency
range, structural class, time periods, etc. Database MSRs can also be calculated with and without the control
compound to determine how well the control compound represents the test compounds. Plots of residuals from
a one-way analysis of variance (ANOVA) with compound as the fixed effect (2) are also effective tools for
identifying possible causes of an elevated Database MSR. For example, plotting residuals versus run date can be
useful for identifying temporal effects.

2.5. Robust Database MSR

2.5.1. Overview

As mentioned in Section 2.4, various compound specific problems (solubility, quenching, stickiness to plastic,
etc.) can contribute to assay variability and/or produce extreme values. Extreme values can also arise due to
errors in the compound testing process (compound handling, assay preparation, assay operation, etc.). A high
occurrence of such outliers is not typically expected, but some number will undoubtedly arise over the course of
a project where large numbers of compounds are tested. Although the mixed model described in Section 2.4 is
the preferred method for calculating a Database MSR, even a small number of outliers can inflate the variability
estimates and artificially inflate the MSR.

2.5.2. Diagnostic Plots and Exclusion of Data

One approach to dealing with outliers and high variability for individual compounds is to identify them with
diagnostic plots and exclude them from the calculation of the MSR. Figure 1 is a plot of residuals versus run date
for compounds with repeat evaluations in multiple runs of an assay. The residuals are from a one-way analysis of
variance (ANOVA) of the log;ACs50s with compound as the fixed effect (2). Five compounds are identified in
Figure 1 as having large residuals. Figure 1 also identifies some unusual runs where all the residuals lie above or
below the 0 reference line. Normally you should expect a random scatter about this line. The Database MSR =
10.0 with all data included compared to 5.8 without the five compounds identified in the residual plot. See
Section 2.5.5 for additional diagnostic plots for this assay.

2.5.3. Robust Estimates of Variability

Another approach to dealing with outliers and high variability for individual compounds is to use variability
estimates that are less sensitive to the presence of extreme values. At the simplest level, estimating assay
variability amounts to calculating the standard deviation of log potencies from compound repeats. Let X;
represent repeat ACsgs for a control compound

m:\z(x‘ ,,L,i,,,(xz))' MSR = lo(zﬁsm

Even a small number of extreme values can artificially increase or decrease the mean, and to an even greater
extent artificially increase the SD due to squared term. The median absolute difference is a robust estimator of
variability that is less sensitive to extreme values (3).
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MAD = median( |)Cz _ medf“"(xi)| ) MSR = 10(&'5(41,19/06745»

The MAD makes use of the median rather than the mean, which is less sensitive to outliers, and uses the
absolute value instead of the square. These differences make the MAD more robust to outliers compared to the
standard deviation. The 0.6745 scale factor is needed for the MAD to be consistent estimator of the standard
deviation under the normal distribution.

The median and the MAD can also be used to calculate a Robust Database MSR as an alternative to the Database
MSR calculated via the mixed model in Section 2.4. The resulting MSR is robust to the presence of a small
number of outliers and provides a more accurate representation of the reproducibility of an assay. For the
example assay in Section 2.5.2, the Robust Database MSR = 5.9, which is very similar to the Database MSR of 5.8
calculated without the five compounds with large residuals.

2.5.4. Calculation of the Robust Database MSR

There are many robust methods that could potentially be used to calculate a Robust Database MSR. One obvious
approach is M-estimation (3) applied to the mixed model fit described in Section 2.4. M-estimation involves
using iteratively reweighted least squares (IRLS) with a weighting function (e.g., Tukey’s bi-square) applied to the
mixed model residuals at each iteration. The weighted residuals of iterations are used as weights in the next
iteration until the process converges. This has the effect of down-weighting potencies with large residuals and
results in variability estimates (and hence MSRs) that are not artificially inflated by outliers.

M-estimation in the context of a mixed model is computationally intensive and can have convergence issues due
to the presence of both fixed and random effects in the model. To avoid these issues, especially in an industrial
setting where there are assays with large numbers of repeat evaluations and/or where there are large numbers of
assays, a method of moments approach using medians and MADs is recommended for the Robust Database
MSR.

The small sample properties of the resulting Robust Database MSR dictate a minimum of 100 observations for
adequate performance. The 100 or more observations can be repeat evaluations of a single control compound
across > 100 runs or a combination of within- and between-run repeats of the compound across at least six runs
to generate a Robust Control Compound MSR. The Robust Database MSR is calculated by adding test
compounds with repeat evaluations in at least two runs, including within-run repeats where available.
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For a CRC assay with 100 or more observations from compounds with two or more ACsqs across at least six or
more runs, the Robust Database MSR is calculated as below.

Steps 1-11 are performed on each compound, step 12 is the summary across compounds, and step 13 is the
Robust Database MSR calculation.

1. Compute within-run Median(w.g); as median of logACsgj for each run i. If a run has no within-run
repeats, Median(w.R)j is the single logACs for that run.

2. Compute Median ] as the median of all logACss for a given compound

3. Compute between-run MAD?p R, as (median(|Median(y_R); - Medianajj|) / 0.5725)2

4.  Compute within-run MADZ(W_R)i for each run as (median(|logACs0; - Median(w-r);|) / 0.5725)2
5. Compute N(w-R); as # of within-run repeats for each run

6. Compute within-run MAD?yy.R as Zi((New-Rr)i - 1) x MADZ(W_R)i) I ZiNw-R)i - 1)

7. Compute NZ(W_R)i as # of within-run repeats squared for each run

8. Compute NRyp as # of runs for a given compound

9.  For each compound, compute N as (Zi(N(w-R)i - 1) - ZiNZ(W_R)i I ZiNw-R)i - 1)) / (NRun - 1)
10. For compounds without within-run repeats, compute RobustVarcmpd as No x MAD?g R

11. Otherwise, compute RobustVarcmpd as MAD?yy R + ((Ng x MAD2g_R) - MAD2w.R) / Ny

12. Compute RobustVar across all compounds as the median of the pair-wise averages (i.e., Walsh Averages)

of RobustVarCmpd as described in (4)
13. Compute the Robust Database MSR as 102\/25, where s is the square root of RobustVar

The calculation of the Robust Database MSR is somewhat complicated. An alternative when Steps 1-13 is
prohibitive is a one-way ANOVA with compound as the fixed effect (2). The same MSR formula (Step 13) is
used, but s is the root mean square error from the one-way ANOVA. The diagnostic plots discussed in Section
2.5.2 would also be needed to identify and exclude outliers from the calculation of the MSR.

2.5.5. Automated Calculation of the Robust Database MSR

Due to lack of convergence issues and fast computational time, the Robust Database MSR described in Section
2.5.4 is amenable to automation. The Robust Database MSR can be calculated for all assays publishing to a
database and regularly re-calculated (e.g., weekly or even nightly) as assays publish new potency results to the
database. This provides consumers of in vitro potency data an up-to-date estimate of the reliability of an assay.

What follows are figures and tables from an implementation of the automated Database MSR for the sample
assay discussed in Section 2.5.2. The Robust Database MSR is calculated as described in Section 2.5.4, and the
Non-Robust Database MSR is calculated by method of moments. Method of moments was chosen over the
preferred mixed model approach for the Non-Robust Database MSR for computational speed and consistency
with the robust method of moments approach. For balanced datasets, the method of moments approach is
equivalent to the mixed model and is a reasonable approximation to the mixed model for the unbalanced
datasets that typically arise over the course of a project.

Figure 2 displays ACsqs for the twelve compounds with the most repeat evaluations for an assay, including the
control compound in the lower left panel. This is intended as a quick visual assessment of reproducibility of
potency for the compounds with the most repeat evaluations.

Figure 3 is a plot of compound log]pACsps in order of decreasing potency for all compounds with repeat
evaluations. The compounds identified as having extreme residuals in Section 2.5.2 are also marked in the plot.
The entire collection of repeat evaluations for this assay consists of 510 evaluations of 182 compounds in 55
runs. The non-robust MSR = 10.6 and the robust MSR = 5.9. Note that the robust MSR is considerably smaller
than the non-robust MSR, as the former is less sensitive to the extreme values seen in Figure 3.
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Figure 4 is a plot of compound log1pACsps in order of decreasing potency for the last twelve months of repeat
evaluations, which consists of 457 evaluations of 165 compounds in 44 runs. The non-robust MSR = 11.6 and the
robust MSR = 6.01 with the robust MSR considerably smaller due to being less sensitive to the extreme values.

Several diagnostic plots can also be included in the Automated Database MSR output. Figure 5 is a plot of the
Non-Robust (red line) and Robust (black line) Database MSRs in twelve-month periods (only one in this
particular example) that is useful for assessing the stability of the MSR over time. Numbers of observations are
captured as tick marks on the x-axis. Figures 6 & 7 plot the residuals from a one-way ANOVA with compound as
the fixed effect versus compound and run date respectively. The plot of residuals versus compound shows that
the variability in log19ACs( can be different for different compounds. The plot of residuals versus run date can
identify unusual runs as noted in Section 2.5.2.

3. Other Considerations

3.1. Precision of Replicate AC5qs for Individual Compounds

The MSR estimates the overall reproducibility of AC5qs for an assay, but not the precision of specific compound
ACs( estimates. When repeat evaluations are available for a compound, it is appropriate to report the results for
the compound as the geometric mean of the replicate AC5qs (10M€anLog where MeanLog is the arithmetic
mean of the log;9ACs50s) and 95% confidence interval for the mean (10LCL t0 10UCL, where LCL and UCL are
lower and upper confidence limits of the 95% CI for the arithmetic mean of log;(ACs¢s). The geometric mean is
appropriate for the log-normally distributed AC5gs and the confidence interval is the range within which the
mean compound potency is expected to lie. The width of the CI (upper limit divided by lower limit) depends on
the number of replicates and underlying assay variability, and the CI can be wide if the number of replicates is
small. It is also appropriate to report the geometric mean potency and standard error of the mean, where the
latter is calculated as SEM = (geometric mean of ACsqs) x (SE of log19gACsps) x (loge10). The relative standard
error is also a useful estimate of the precision of replicate ACs50s and is calculated as (SE of log;9ACs50s) x

(loge10).

3.2. Value of Additional Replication

As mentioned previously, an adequate number of repeat evaluations can be expected to accrue over the course of
a typical project. Even so, the vast majority of compounds are typically only tested once in an assay as shown in
the histogram of compound replicates in Figure 8, which is based on actual experience in a large pharmaceutical
company. As such, project teams may also elect to repeatedly evaluate a small set of compounds at regular
intervals to increase confidence in the Database MSR estimate and provide additional process monitoring over
time beyond what is provided by including a control compound in every run.

A project team may also elect to institute repeat testing of all important compounds (e.g., repeat all compounds
in the lead optimization phase n=3 times) when the Database MSR is large (i.e., approaching or exceeding 5). In
this paradigm, geometric mean potencies are compared between compounds which has the effect of reducing
the MSR, since the MSR for the comparison of means is MSR = 102V2(s/ \/n), where n is the number of times each
compound has been tested (assumed to be the same across compounds). The preferred approach to dealing with
a highly variable assay is to thoroughly investigate potential sources of variability and eliminate them, but
depending on assay costs, replication can be an effective way to manage variability.

3.3. Effect of Compound Lot on Database MSR

Although a single lot represents most compounds in a typical project, important compounds will likely require
the synthesis of multiple lots. Multiple lots are presumed to be thoroughly characterized by chemists to ensure
equivalence between lots, so multiple lots should not be expected to have substantively different potencies.
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Figure 2: Twelve Compounds with the Most Repeat Evaluations

Figure 9 compare MSRs — with and without accounting for sample lot - of 15 assays. The results indicate no
substantive differences in calculated MSRs. Note also that the MSR sample size can increase or decrease based on
distribution of lots for multiple lot compounds.

While multiple lots are not typically expected to be substantively different, the potential for large impact is
always there, so it should at least be considered for assays with large MSR.

4. Conclusion

The MSR is a statistical parameter that characterizes the reproducibility of potency estimates from in vitro
concentration-response assays. It is also a valuable tool for assessing the reliability of an in vitro assay throughout
its life cycle. The Replicate-Experiment MSR is a diagnostic and decision tool that establishes an assay’s readiness
to go into production. Once an assay is in production, the Control Compound MSR enables prospective
identification and correction of problems (e.g., drifts or shifts in potency), as well as assessment of the stability of
the MSR over time. The Database MSR is considered the most representative estimate of assay reproducibility
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Figure 3: Compound Log;9ACsgs in Order of Decreasing Potency for All Compounds with Repeat Evaluations

and is calculated from compounds with repeat evaluations that accumulate during the course of a project. The
Database MSR can be calculated automatically for assays publishing to a database giving consumers of in vitro
potency data up-to-date estimates of assay reliability. Outliers can arise over the course of a project for a variety
of reasons and even a small number can artificially inflate the Database MSR. Diagnostic plots are needed to

identify and exclude these values or a Robust Database MSR can be calculated that is less sensitive to the
presence of a few extreme values.
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Figure 3: CellKey™ System Assay

2. Maximal - minimal dZiec responses can be plotted vs compound concentrations to generate

concentration response curves and calculate ECs( / IC5q (Figures 5 and 6). (Please refer to Data
Standards for Results Management.)

Helpful Hints for Performing CellKey™ Assays

Allowing cell plates to rest for at least 15 minutes before placing in the incubator for overnight incubation
allows cells to settle evenly to the bottom of the well and improves variability.
Evaporation control: Media evaporation during overnight incubation can lead to “edge effects” due to
effects on cell growth. Use of MicroClime™ Environmental Lids (Labcyte Inc. #LLS-0300) or BREATHseal™
(Greiner Bio-One #676051) is recommended on cell plates to reduce evaporation.
Changes in buffer components such as DMSO, BSA and cations, can lead to responses in cells reflected by
changes in impedence. Buffer constituents should be consistent between the cells in the microplate and
compounds added. If the final DMSO concentration will be higher than 0.1%, it is necessary to include the
same concentration of DMSO in the equilibration buffer.
In order to avoid changes in compound concentration due to evaporation before or during incubation in
the instrument, a pre-scored plate seal such as the EZ Pierce Plate Sealing films (Sigma) should be used on
the compound plates.
Make sure compound plate is warmed to at least room temperature before running the assay to avoid
temperature differences between cell plate and compounds.
For characterization of receptor-mediated response profiles, best results are obtained at 28°C rather than
37°C. This may be due to slower kinetics at the lower temperature.
CellKey™ Small Sample 96-well plates are available that have the footprint of a 96-well plate but the well
area of a 1536-well plate. This allows a reduction of at least 75% in cells required, and also reduces volume
of compound needed. CellKey™ System Technical Note 1 details special considerations when using these
plates.
CellKey™ System microplates may be coated with collagen (Sigma C9791) or poly-d-lysine (Sigma P6407)
or any other coating material of interest. If using poly-d-lysine, be sure to rinse plates before plating cells
as it is toxic to the cells when free in solution. Use the following procedure for coating plates:

1. Pipet 50 pl/well of 50 mg/ml poly-d-lysine (in sterile water).

2. Incubate plate at room temperature for 1 hour.

3. Aspirate contents and pipet in 100 pl sterile water to wash wells.

Aspirate water out and immediately plate cells. (Do not allow to dry as crystals may form causing the electrode
on the bottom of the wells to lift.)
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Figure 5. Example: Agonist concentration response curve EC50 for agonist stimulated increase in impedance for a Gq coupled GPCR
correlates with the EC50 for IP-1 accumulation using IP-One HTRF".
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Figure 6. Example: Antagonist concentration response curve
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Abstract

High-throughput screening (HTS) can efficiently assay multiple discrete biological reactions using multi-well
microplates. The choice of microplate is a crucial yet often overlooked technical decision in HTS and
quantitative biology. This chapter reviews key criteria for microplate selection, including: well number, well
volume and shape, microplate color, surface treatments/coatings, and considerations for specialized applications
such as high-content screening. This chapter then provides important technical advice for microplate handling
including mixing, dispensing, incubation, and centrifugation. Special topics are discussed, including microplate
surface properties, plate washing, well-to-well contamination, microplate positional effects, well-to-well and
inter-lot variability, and troubleshooting. This information and best practices derived from academic,
government, and industry screening centers, as well as microplate vendors, should accelerate assay development
and enhance assay quality.

Key Abbreviations

ADE acoustic droplet ejection

ALPHA (“Alpha”) amplified luminescent proximity homogeneous assay

COC cyclic olefin copolymer

COP cyclic olefin polymer

ELISA enzyme-linked immunosorbent assay

FRET fluorescence/Forster resonance energy transfer
HCS high-content screening

HTS high-throughput screening

NA numerical aperture

PP polypropylene

PS polystyrene

REMP radio frequency microwave plasma
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Introduction to Microplates in High-Throughput Screening and
Quantitative Biology

The discovery of the microtiter plate, as we know it today, was first conceived and designed in the laboratory of
Dr. Gyula Takatsy in 1950 in Hungary (1). The original plate, made of plexiglass with 6 x 12 “cups” or wells (72
total wells), was intended for serological testing of the influenza virus. This plate design and the spiral loop as a
quantitative liquid transfer device (a precursor to micropipettes) were seminal developments at that time
because the intent was to semi-automate serial dilutions of viruses to determine titer and potency, and to test
drugs that inhibit viral activity. In 1955, Dr. Takatsy redesigned the plate with 8 x 12 wells (96 total wells) to
accommodate the original loop handles for liquid delivery with knitting needles which was more adaptable for
use by technicians. In 1961, Dr. John Sever at the National Institutes of Health widely adopted this technique for
serological investigations. He reported the use of the 96-well plate along with a “modified pipette dropper” and a
centrifuge carrier for the plate, further popularizing the use of microplates for biological testing (2). In the 1970s,
the 96-well microtiter plates were adapted for immunological testing assays (i.e., ELISA) followed by subsequent
commercialization and standardization of the plate dimensions, materials, and well designs. As this format
became extensively utilized for HT'S and automated drug discovery methodologies in the 1990s, the applications
for biological measurements rapidly expanded. The detailed history has been elegantly described in articles by
Tom Astle and Roy Manns (3,4).

Further refinement of the microplate design took place to standardize its use for HTS and encourage all plate
and instrument manufacturers to agree to specified dimensions for compatibility with screening instruments
and automation. This effort was pioneered by the Society for Biomolecular Screening in 1998 in collaboration
with American National Standards Institute (ANSI) which became the SBS/ANSI standard (Figure 1). This
ensured that microplates will have standardized footprint dimensions, plate height, flange dimensions, chamfers,
side wall rigidity, and well positions. Some commonly modified plate dimensions include flange height, well
number, and well depth. Despite this standardization, for many instruments (microplate readers, robotic
handlers, pin tools, acoustic dispensing) users still may need to specify exact plate dimensions for optimal use.
Most manufacturers can provide specific technical blueprints for microplates.

From a practical standpoint, microplates are also important because they can represent the largest portion of a
HTS budget, though this can be offset by expensive reagents. From a budgetary perspective, multiple competing
factors must be considered when selecting the final microplate. While many institutions have preferred vendors
with lower negotiated prices, a more expensive but optimal microplate may actually enable less reagent per well,
yielding more cost savings when all assay costs are considered. An Excel template is available to assist with
microplate cost estimation.

The cost of a microplate is typically determined by several factors: material, type of plate bottom (solid, clear, or
permeable), necessary molds and overall manufacturing process, well density, barcodes, and finally any surface
treatments/coatings. This combination of factors can determine if a microplate has a retail cost of around $4 for
a standard 6-well cell culture plate, to $50 per plate for a 1536-well plate with a collagen coating, to over $300 per
plate for a 96-well permeable support plate. Although increasing plate density drives the cost of the part higher
(injection molding fixtures become more complex and therefor more expensive), it is still typically more cost
effective to miniaturize an assay as the overall cost per well will decrease as less reagents will be required due to
the lower well volume and less plates will be required to run an experiment as more samples can be placed
within the plate. We note the microplate manufacturing process can be the primary cost factor. For example, the
process of applying a permeable membrane to the bottom of a 96-well support structure is incredibly difficult
and laborious, driving the cost of the part far higher as compared to a solid-bottom 96-well plate manufactured
via injection molding. Although cost will always be a factor when determining which well plate to use for an
assay, the primary factor should always be to make a selection based upon the requirements of the assay and the
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desired measurement technique to be utilized. In our experience, assay performance and optimized microplate
measurement should rarely if ever be sacrificed due to the cost the plate.

Desired microplate properties
Microplates to be used for biological assays should have certain properties:

« Dimensional stability under multiple temperature and humidity conditions

« Flatness

« Chemical and biological compatibility with assay reagents (DMSO-stable, does not denature proteins)
» Low-binding surfaces/surface energy (lower adsorption of chemicals or biologicals)

« Low autofluorescence

« Supports cell viability, attachment, and growth

« Supports relevant optical detection modes

« No leaching of solvents, metals, or chemicals (e.g., bisphenol A, heavy metals from catalysts, solvents)

Microplate manufacturing

It can be helpful to understand some of the basic microplate manufacturing processes. For many microplates, the
manufacturing process involves an injection of liquid polymer into a mold (“injection molding”). Depending on
the plate type, several pieces can be fused together, such as a glass bottom and the main polymer frame. For
clear-bottom microplates, the main polymer frame are injected molded and fused with a pre-made clear bottom
film in a process known as overmolding. Incomplete fusing and poor quality control has been known to create
conduits between adjacent wells (unpublished observations; see also subsequent section Troubleshooting and
Special Topics — Well-to-Well Contamination). Pigments to color the microplate are often added by the
manufacturers. The raw materials used to create microplates are often an overlooked source of microplate
performance by the end-user scientists. Manufacturers will usually acquire raw materials from an outside
vendor, and any changes in this sourcing or the manufacturing techniques are not usually provided to
consumers. In our experience, we have encountered significant changes in assay behavior for a given microplate
across different manufacturing lots that can reasonably be attributed to a seemingly innocuous change in the
manufacturing process. Raw materials for microplates can have highly variable quality and characterization, and
while medical-grade plastics have higher quality standards, these are often not used for microplates.

Section summary

Microplates are a critical yet often overlooked component for enabling robust, reproducible biological assays.
This chapter will describe key technical factors in microplate selection, certain technology-specific guidelines
(notably high-content imaging), best practices for microplate usage in biological assays, troubleshooting and
special topics intended to maximize microplate usage. The goal of this chapter is to disseminate high-yield
common as well as tribal (tacit) knowledge from microplate manufacturers and academic/industry/government
experts, which should enhance the quality of biological assays performed with microplates.

Authors’ note: While microplates are also used for applications besides biological assays (compound storage, sample
storage, sample purification, etc.), for brevity such applications will not be discussed.

Technical Factors in Microplate Selection

This section describes major decision points in microplate selection for in vitro assays. Once a particular assay
technology and approach is chosen, scientists should select microplates that meet the specific technical
requirements of their project.
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Figure 1. Schematic of standard microplates. Standard microplates used in quantitative biology will typically conform to the following
dimensions. Adapted fromANSI/SLAS standards (www.slas.org/resources/information/industry-standards, accessed 14 May 2019).
Scientists should consult the technical drawings from plate manufacturers for specialized applications such as incorporation of
automation and microplate reader optimization.

Overview of the microplate selection process

The selection of an optimal microplate for an assay can be a tortuous process due to multiple options (and
competing trade-offs) in microplate choices at each step of the assay development workflow. Not only does the
assay development scientist have a series of decisions to make on plate choices based on the biology, assay
technology, and desired throughput, but there are multiple microplate manufacturers offering similar products
where differences in the microplate plastic, quality control of a coating, and even the “whiteness” of the plate can
significantly affect assay performance. A query with “Select Sciences” (search date 21 Oct 2019) resulted in
approximately 700 microplate types across 26 vendors (5). Many HTS laboratories will have a preferred vendor
and as a result, have several different microplate options readily available in the lab which can serve as starting
points. In addition, high-quality publications and protocols are careful to detail the specifications of the
microplate (catalog and lot numbers) and detection systems, which can be a critical pairing in order to achieve
and maintain the desired assay performance metrics.

The following section highlights one path for the selection of microplates that has been helpful for several of our
labs with diverse discovery approaches (Figure 2). In practice, there are likely other optimal decision trees for
microplate selection. The basic process will be outlined, and many of the individual criteria will be discussed in
more detail in subsequent sections. Microplate selection is an iterative process with multiple comparisons
between plates often needed before selecting an optimal plate. Many screening labs have minimum quality
criteria’ using parameters such as Z-score, Robust Z-score, B-score, Z-factor, Z’-factor, signal-to-noise, signal-to-
background, and percent CV to characterize the assay performance and maintain it at a level necessary to
increase the possibility of identifying the desired chemical matter (6-8). In practice, a balance must be struck
between understanding the quality of an assay system at each stage of assay development or validation and the
time to complete the microplate selection. Using one lot/batch of a microplate for the selection process can be
critical to mitigate lot-to-lot variances.
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In our experience, deciding on a cell-free or cell-based assay is the highest-yielding initial decision point during
the microplate selection process (Figure 2). Microplates supporting cellular assays are typically tissue culture
treated (sometimes abbreviated “TC treated” in catalogs), sterilized, and might have requirements for clear-
bottomed wells and special coatings aimed at visualization and enhancing or preventing cell attachment. Cell-
free assays, on the other hand, can require a range of surface conditions from non-binding surfaces which
minimize protein adsorption (e.g., enzymatic, homogenous proximity assays) to high-binding surfaces which
enhance adsorption (e.g., ELISA). Another key consideration for identifying the optimal microplate is the assay/
detection technology, where multiple plate types can be tested against multiple assay/detection technologies
using the performance criteria as part of the decision matrix. The expected throughput of the assay must also be
factored and while the preferred density for screening assays might be 1,536-well (Figure 2), assay performance
or automation may only support 384- or 96-well formats. In these situations, alternative strategies for
prosecuting a screening deck might be necessary (9). The assessment of plate density can also raise questions
about the well shape and volume, which will also impact the shaking efficiency and well meniscus that can be
critical components in certain detection systems.

Whether the well density has been established by good performance statistics or performance is sub-optimal
with the preferred plate density, consideration should be given to the physical components of the microplate
itself. For example, the color of white is not standardized in opaque microplates and there are blue-white and
grey-white hues. The hue of the color can make a difference in the performance of an assay and often varies from
vendor to vendor and sometimes even from lot-to-lot by the same vendor. Additionally, there are several options
for plate material, including polystyrene (PS), polypropylene (PP), cyclic olefin copolymer (COC), and cyclic
olefin polymer (COP). The assay biology itself and sometimes the preferred detection system might influence the
choice of microplate material.

The microplate surface treatment must be well understood to maximize the overall success of an assay and to
minimize variability and misleading data interpretations. There are numerous microplate surface modifications
available to enhance a preferred biological feature, such as cell attachment for a cell-based assay or surface
adsorption of a capture molecule for an ELISA. Alternatively, surface modifications can be selected to minimize
an effect, such as protein adsorption by an enzyme or other assay component. One critical point to be aware of
while investigating surface treatments is the within-well, intra-plate, and inter-plate uniformity of the surface
treatment. It is recommended to have a QC workflow either within the assay development lab or with the vendor
to ensure that the variability of the surface coatings are understood and within the tolerance limits. Such a
workflow can include an investigation of uniformity (see also Assay Guidance Manual chapter HTS Assay
Validation), reference compound performance, and assay robustness metrics (e.g., Z, signal-to-background
ratios).

There are additional components of the assay workflow that can have an impact on the selection of an optimal
microplate for an assay and screen. Two of the most impactful components of an assay system are the assay
temperature sensitivity and the microplate lid. To minimize rework of the microplate selection process, it is
recommended to decide on the temperature at each step of the assay and the acceptable tolerances before
beginning the selection process. The same recommendation is made for the selection of a microplate lid. There
are a variety of lids available on the market, not all of which are compatible with all plate types and with all types
of automation. It is also a good idea to select the lid type with the end automation platform in mind to avoid
costly delays in revalidating/redeveloping an assay due to an incompatible lid type.

Finally, many microplate vendors provide plate selection guides to facilitate choosing an optimal microplate
within their product line. These guides typically provide a detailed overview of the plate types, surface
treatments, and typical applications.
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Figure 2. Flowchart for a microplate selection process. This flowchart provides a potential workflow to identify an optimal assay
microplate for screening. In practice, the selection of a microplate is usually an iterative process that must balance competing factors
such as automation compatibility, cost, availability, and performance.

Microplate well density

Microplates for HTS applications are available with various numbers of individual wells, usually from 96 to
1,536 wells per plate, each with distinct advantages and disadvantages (Figure 3, Table 1). Microplates with 6, 12,
24, and 48 wells per plate are also used for certain lower-throughput and/or specialized applications including
HCS (e.g., ex vivo) and experiments which may require manual manipulations of the microplate well contents.
In general, the reaction volume per well decreases with increasing numbers of wells per plate. Overall, the cost
per well is relatively constant as higher-density microplates are more expensive (Table 1). However,
miniaturization reduces the quantity of reagents required for each well, which reduces the cost per test point.
Additionally, working with higher-density plates reduces the total number of plates required to perform a screen,
which decreases the labor required, processing time, as well as wear and tear of the equipment. Thus working
with higher-density plates can be a cost-effective strategy. However, miniaturization can present new technical
challenges for the assay as well as the need for instrumentation capable of dispensing compounds and reagents
into higher-density formats. The overall throughput will ultimately depend on a variety of technical factors
including instrumentation (e.g., plate reader speed, with well-by-well reads slower than whole-plate reads) and
properties of the assay itself such as readout stability and reagent availability (e.g., precious or difficult to culture
cells).

Micro-surfaces. Note that surface area only refers to gross surface area and does not account for microscopic
effects due to surface asperities (i.e., unevenness of surface, roughness, ruggedness). Some of these asperities are
due to the microplate production process (molds for microplates are machined so that the microplates will retain
the inverse of the mold surface features). It has been observed that such surface asperities can affect certain
biological assays. For more information, see the subsequent section “Troubleshooting and Special Topics —
Microplate Surfaces and Associated Properties™.
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Figure 3. Typical in vitro assay microplate densities. Examples of the plate density of 96-, 384-, and 1,536-well microplates. Per
microplate, increasing well density enables more compounds to be tested per experiment.

Table 1. Comparison of microplates with circular, F-bottom wells. Exact characteristics will vary based on individual microplates. For
sample comparison of cost per microplate well, data was taken from a major microplate manufacturer for otherwise identical black, F-
Bottom, TC-treated, sterile plates with lids.

Number
of wells

96

96 half-
area

384

Typical  Typical
gross well working

surface surface
area area
(GWSA, (WSA,
mmZ)a mmz)b
259 34

173 15

140 10

Typical
well
volumes

(uL)

250-382

125-175

100-152

Typical
well
working
volumes

(uL)

25-340

15-75

15-145

Typical

working  Cost/ Cost/
volume/ microplate  well
plate (USD) (USD)
(mL)

12-33 $2.74 $0.03
1.5-17

6-56 $5.43 $0.02

Pros

Supported by
most instruments
and
manufacturers;
adaptable to both
manual and
automated
workflows

Reduction in
reagent use
compared to
conventional 96-
well microplates

Supported by
most instruments
and
manufacturers;
adaptable to both
manual and
automated
workflows

Cons

Increased reagent
per well; required
reagent volumes
can present
challenges for

supply

More limited
product catalog

Overall volumes
can be limiting and
expensive for
custom reagents for
uHTS
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Table 1. continued from previous page.

Typical  Typical

gross well working  Typical Typical Typical

well working  Cost/ Cost/
Number  surface surface well . .
working  volume/ microplate  well Pros Cons
of wells area area volumes volumes late (USD) (USD)
(GWSA, (WSA,  (uL) ) ?mL)
mm?2)2 mmz)b [
Reduction in
) reagent use -
iifulr‘;:e" 48 5 10-30 425 1.5-9.6 compared to l\fg;elllcl‘il;fjlo
conventional 384- P &
well microplates
Specialized
instrumentation

Mixing can be
Cheapest per well limited to diffusion

1,536 26 2 10-15 3-10 5-15 $20.20 $0.01  Least reagent per More limited
well product catalog
Difficult to work
with in a manual
mode

@ Does not consider micro-surface areas; spherical well shape using formula GSWA = 2ntrh + nir2
b Does not consider micro-surface areas; spherical well shape using formula WSA = mr2

Microplate color

The choice of microplate color and base material is usually based on the type of assay readout, most often to

maximize the signal-to-background ratio (Table 2). Microplates generally come in four colors: clear, white, grey,
and black:

o Clear microplates are typically used for absorbance (colorimetric)-based readouts.

o Note that most conventional polystyrene microplates are not suited for UV light transmission. UV-
transparent microplates are often made from COC or COP which can typically measure
wavelengths as low as 230 nm.

« White microplates are most often used for luminescence-based readouts. The white color (often from
titanium dioxide, TiO3) can reduce well-to-well crosstalk, while enhancing the luminescence signal by
better reflecting the light.

o Example assay technologies include AlphaScreen (and related technologies such as AlphaPlex,
AlphaLISA; PerkinElmer), time-resolved fluorescence (TRF), time-resolved fluorescence-resonance
energy transfer (TR-FRET), homogeneous time-resolved fluorescence (HTRF; Cisbio), and
bioluminescence resonance energy transfer (BRET; e.g., NanoBRET, Promega).

o Can be used with fluorophores that have longer half-lives (usec to msec), as the background
autofluorescence has usually diminished when the assay readout is measured.

o White microplates can be “dark-adapted” to reduce background phosphorescence by the plate
materials. This is typically done by placing the microplate in reduced light conditions for ten
minutes before reading the microplate.

« Black microplates are well-suited for fluorescence-based readouts, which have higher signal intensities
than luminescence and therefore do not need the reflective contributions from the white color. Similar to
white microplates, the black color (often from carbon) can reduce well-to-well crosstalk, while also
reducing background autofluorescence and phosphorescence from test compounds, reaction mixture
components, and the microplate itself.
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o Example technologies include fluorescence intensity (FI), FRET, and fluorescence polarization (FP).

o Other less common colors include grey and yellow microplates for specific assay technologies. Grey is an
attempt to compromise between white and black microplates, and proprietary grey plates have been
developed for certain applications such as Alpha technology. Yellow plates have been developed for certain
TREF applications to reduce background autofluorescence. An intra-run comparison between specialized
and conventionally-colored microplates is usually the best approach to objectively determine if there are
any benefits to such boutique microplates.

« Suboptimal choice of microplate color will often manifest as [1] lower signal-to-background ratios
compared to the optimal microplate color, and/or [2] well-to-well crosstalk when highly active and
inactive samples are adjacent to one another.

Microplates can also have clear-bottom wells to facilitate optical measurements from the bottom, including high-
resolution microscopy. For many cell-based assays, it can be highly advantageous to use a clear-bottom
microplate to enable spot-checking of the cells for proper cell density and morphology.

Table 2. Comparison of microplates by color. The optimal choice of microplate color is usually based on the assay technology to
maximize the signal-to-background ratio.

. Recommended assay formats -  Recommended assay formats
Microplate color Notes
top read - bottom read
Clear Colorimetric/Absorbance Colorimetric/Absorbance C'on51der CC.)C./ COP when needing near-UV
light transmission
Luminescence
. AlphaScreen/AlphaPlex/ Reduces well-to-well crosstalk
White AlphaLISA . L
. Enhances luminescence by reflecting light
Time-resolved fluorescence
(TRF)
White with clear Colorimetric/Absorbance Enables cell visualization in cell-based
bottom Luminescence normal and confocal assays

Fluorescence intensity (FI)

Fluorescence intensity (FI) Quenches background/nonspecific
Fluorescence-resonance energy
Black Fluorescence-resonance fluorescence
transfer (FRET) energy transfer (FRET) Reduced well-to-well crosstalk
Fluorescence polarization (FP) 8y
Black with clear Ao iy () Enables cell visualization in cell-based
bottom Fluorescence-resonance normal and confocal assays
energy transfer (FRET)
Grey AlphaScreen/AlphaPlex/ Reportedly optimized for Alpha-based assays

AlphaLISA

Microplate well shape

The selection of a microplate well shape usually follows the choice of assay technology. Microplate wells typically
come in round, square, or rounded-square geometries (Figure 4).

» Round wells have less total area compared to square wells, which can be advantageous for minimizing
reaction volumes. Also, the shape of a round well promotes mixing in a circular vortex, whereas vortex
mixing in a square well (described below) is not optimal. The round corner-less shape may reduce certain
intra-well effects and the lack of corners eliminates wicking effects (see below).

 Square-shaped wells with flat bottoms maximize the area for light transmission and hold a larger volume
of liquid than round wells. Depending on the surface tension and viscosity of the liquid sample dispensed
into a square well, the geometry can result in a slow wicking of liquid up along the 90° angles of the well
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corners towards the top of the plate. For example, organic solvents including methyl fert-butyl ether,
acetonitrile, and methanol are known to be susceptible to wicking. This can result in sample accumulation
near the top of the wells, facilitating evaporation and possibly cross-contamination between wells.
Wicking can also make it difficult to retrieve the entire volume of liquid within a well. The use of square
wells with rounded corners (Figure 4) can reduce the phenomenon of wicking, which does not occur in
round wells (10). See also subsequent section Troubleshooting and Special Topics - Well-to-Well
Contamination.

The bottoms of wells can be flat (F-bottom), conical (V-bottom), rounded/spherical (U-bottom) or flat with a
rounded edge (C-bottom):

« Flat-bottom wells (F-bottom) allow for the maximum transmission of light and are well-suited for bottom-
reading applications, including total fluorescence intensity measurements from plate readers or high-
content imaging from automated microscopes and screening systems. Additionally, flat bottom wells are
ideal for adherent cell cultures grown as monolayers.

+ Conical bottom (V-bottom) wells enable maximal retrieval of small sample volumes or the concentration
of small particles. This well shape was originally designed for hemagglutination assays, where a small
pellet of red blood cells could be concentrated at the tip of the V-shaped cone (11).

« Rounded/spherical bottom (U-bottom) wells are intended to facilitate mixing, washing and coating as well
as the retrieval of solutions from wells. Rounded wells may also decrease trapped air at the bottom of the
well, enabling a more consistent meniscus level from well-to-well. This well shape is often used with
suspension cells and spheroid or organoid cultures (12).

o Curved bottom (C-bottom) wells combine features of both the flat bottom and round bottom wells, with a
flat bottom suitable for optical measurements, but with rounded corners to facilitate mixing and washing
(11). Also, this well shape is well-suited for use with suspension cells, spheroids, or organoid cultures (12).

Microplate well volume

Microplates wells have a usable “working volume” and are manufactured as normal and low-volume variants
(Figure 5). At a certain point, assay performance declines by simply reducing the reaction volume and
specialized microplates can enable a lower working volume. Lower-volume variants are usually constructed by
tapering the well along the vertical dimension, and/or reducing the well depth. When utilizing low-volume
microplates (especially those with reduced well depths), users should carefully ensure their compatibility with
instrumentation. For example, pin tools would need to have their depth reduced for low-volume microplates to
avoid damaging the pins, and certain microplate readers may benefit from different read heights to
accommodate altered sample heights.

Microplate polymers

The most common microplate materials are the polymers polystyrene (PS), polypropylene (PP), COP, and COC
(Figure 6). Each of these polymers has advantages and disadvantages (Table 3). For example, COP has many
favorable properties including low autofluorescence, UV transparency, and mechanical stiffness (13).

The choice of microplate polymer can impact assay quality due to properties such light transmission,
autofluorescence, water absorption, and gas exchange. Light absorption by a polymer decreases sensitivity in
fluorescence assays by attenuating the intensity of the excitation illumination, while autofluorescence from a
polymer can decrease sensitivity and dynamic range by contributing additional light to the assay emission signal.
The common polymer PS is generally not suitable for transmitting UV light, while COC/COP are often used for
such purposes. The autofluorescence from a microplate can also vary depending on the plate material will also
vary based on the pigments used in generating the color.
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Figure 4. Schematic of microplate well shapes. Microplate wells generally have either a round or square shape. Square-shaped wells can
have either straight or rounded corners. Wells can have a variety of bottom shapes including conical (V-bottom), rounded/spherical
(U-bottom), flat (F-bottom) and flat with rounded corners or curved bottom (C-bottom) that endow the well with different properties.

Nominal volume Lower volume (tapered) Lower volume (decreased well depth)

— 1 B

well

Figure 5. Comparison of microplate volumes. Lower-volume variants are available from some plate manufacturers. Volume reduction
is usually obtained by tapering the well shape along the vertical plate axis and/or reducing the well depth.

Polymers can also have different propensities to absorb water and exchange gases (13). Finally, polymers have
different mechanical and thermal properties (Table 3). The mechanical properties are important considerations
during the manufacturing process, but more relevant for end-users, day-to-day handling where overly brittle or
flexible polymers can crack or warp with aggressive handling, respectively. Thermal properties can play a role
when sealing plates with heat sealers, as excessive or prolonged heating can result in warping of the plate (small
degrees of bending or torsion can cause significant perturbations) and also issues with imaging or handling of
the plates by automated systems.
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Figure 6. Chemical structures and general syntheses of common microplate materials. For the most common microplate materials,
monomers are polymerized with the aid of catalysts to yield the desired polymer.

Table 3. Comparison of thermal and mechanical properties of microplate polymers. Note that COP behaves mechanically similar to PS
during molding. Adapted from Niles and Coassin (13). COP, Zeonor 1420R; PS, high-impact, injection mold-grade.

COP PS PP

Flexural modulus (GPa) 22 33 0.55-2.41
Flexural strength (Mpa) 94 103 23-50
Tensile modulus (Gpa) 24 34 0.5-7.6
Tensile strength (Mpa) 61 80 12-43

Glass transition temperature (°C) 136 90-104 44-148

Microplate surfaces and treatments

The surface properties of microplates are fundamentally determined by the chemical composition of the plate
polymer. Olefins like PP, COP, and COC consist of saturated hydrogen and carbon only. These materials tend to
be very hydrophobic and present high contact angles with water when untreated by standard plasma and corona
discharge systems (reminder: hydrophilic surfaces have lower contact angles with water droplets, while
hydrophobic surfaces repeal water droplets and produce higher contact angles). These hydrophobic surfaces
have a low surface energy and low protein adsorption. PS is an example of an unsaturated hydrocarbon-based
material that has aromatic substituents which confer partial positive and negative charges, and as a result,
untreated PS will adsorb more protein to the surface than untreated olefins. Polycarbonate microplates (now
rarely used due to high leachables like bisphenol A (“BPA”) and heavy metals; and high fluorescence
backgrounds) are an example of a polymer with aromatic functionality and heteroatom contributions due to the
presence of oxygen in the polymer.

The primary purpose of cell culture treatment to microplates is to make the microplate surface more amenable
to mammalian cell culture. Enhancing wettability and providing surface charge enables cell adhesion molecules
to “attach” firmly to the surface via charge neutralization. There are two primary techniques that have been used
for decades to surface-modify plastics: [1] radio frequency microwave plasma (RFMP) and [2] corona discharge
via high voltage in regular atmosphere. Both of these processes generate covalently-modified surfaces. The
REMP technique is generally preferred for scientific applications because of the uniformity of the surface
treatment. REMP is a vacuum-based process whereby electric fields create plasma (charged gas) from a carrier
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gas (commonly CO», O, or NOy). These gases are released at very low pressures into a reaction chamber, and
collisions between the charged gas molecules and the microplate surface result in covalent attachments of the gas
to the surface, effectively creating chemical functionality. If CO> is used as the carrier gas, a carboxyl surface
with a negative charge is generated; if O is used, an ether and hydroxide surface that is polar but neutral is
generated; and if NO, or NH3 are used, an amine surface is generated with a positive charge. The CO; or NH)
that are incorporated into polymer surfaces can also be exploited to attach molecules with an appropriate
conjugation chemistry. This primary surface treatment is essential if a secondary treatment is necessary.

Additional chemical functionality can be conferred to the surface with the use of special chemicals and modified
plasma instruments (Table 4). Epoxide groups, tri-amino-hydrocarbons, non-fouling (e.g., resists protein
adsorption) low-adhesion molecules, diethyl ether, and azides are a few relevant examples. It should be noted
that surface treatments alter the surface but not the bulk polymer. These treatments are durable but have
limitations and must be protected from excessive heat. It can sometimes be helpful to think of the polymer as a
very viscous liquid that can slowly rotate and invert the charged functionality away from the microplate surface,
which can effectively eliminate the original surface treatment modification (14).

Secondary treatments can typically include liquid-based biologicals such as poly-D-lysine (PDL), poly-L-lysine
(PLL), laminen, collagen, hydrogels, or cellular extracts. These surface treatments are used because they can
enhance adherence for specialized cells and can be critical for more biologically relevant morphology, growth,
migration, and differentiation of many cell types. In practice, these biological materials do not adsorb well to
untreated polyolefin or polystyrene plates. Therefore, when commissioning a secondary treatment (often done
for special cell-based assay applications), it is important to make sure that the original microplate product is
“TC-treated” first. Another important consideration is whether to have the secondary treatment performed
locally or by a manufacturer.

There are anecdotal reports that fresher secondary treatments perform better, presumably because over time the
microplate reverts to the neutral/unmodified polymer surface (PA Coassin, unpublished observations). As this
phenomena has not been widely documented (i.e., treatments most susceptible to degradation, magnitude of
degradation), scientists should define early-on in the project the acceptable performance criteria for surface-
treated microplates (e.g., less than 20% deviation of historical max control signal), and then include periodic
experiments to detect shifts in assay performance over time. Approaches for detecting performance shifts and
drifts are discussed in subsequent sections (“Special Topics and Troubleshooting — Microplate Lots).

Table 4. Comparison of microplate surface treatments. For cell-free assays, surfaces can be treated to enhance or attenuate biomolecule
binding, as well as functionalized with reactive functional groups (e.g., maleimides, amines) or affinity reagents (e.g., streptavidin) to
anchor specific biomolecules. For cell-based assays, surfaces must be tissue-culture treated to functionalize the surface; following this,
additional secondary treatments such as the addition of extracellular matrix (ECM) coatings can be performed to enhance adherence
for specialized cell types.

Recommended assay

Surface treatment Notes
formats
Non-treated (medium Usually PS which has a hydrophobic surface that passively/nonspecifically
. Immunoassays .
binding) adsorbs biomolecules
Homogenous assays Treated PS with nonionic, hydrophilic surface to reduce polymer-
Non-binding surfaces (including enzymatic biomolecule interactions; net effect is the reduction of nucleic acid and
assays) protein binding
High-binding Immunoassays Suitable for binding biomolecules with ionized groups
Streptavidin ELISA Contains streptavidin which can bind biotin-containing reagents
Sulthydryl-binding surfaces Contains thiol-reactive maleimides on polymer surface
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Table 4. continued from previous page.

Recommended assay

Notes
formats

Surface treatment

General adherent cell

Tissue culture (TC)-treated Creates a net-negative surface charge (via carboxyl groups)

culture

Non-biological reagent, therefore does not significantly modulate surface
TC-treated, o
Poly-(D + 1)-lysine (PDL Specialized adherent cell ~ receptors
PLIY) - > cultures Creates a net-positive surface charge; can be useful for difficult-to-attach

cell lines (e.g., neuronal)
TC-treated, Specialized adherent cell CI:ltlca.l for blologlcally fele'vagt adherence, morphology, growth,
ECM coatings cultures migration, and differentiation in many cell types

Collagen I: HUVEC, hepatocytes, muscle cells, osteoclasts
Barcoding

Depending on the expected throughput, plates can be labelled manually or with barcodes. Many modern
screening instruments are equipped with barcode readers. Barcoding enables unambiguous plate identification
and reduces errors from manual labeling methods. Barcodes are typically placed on a short side of the
microplate and can be left-, center-, or right-aligned. Modern barcoding can consist of an alphanumeric text,
linear barcode, or matrix (2D) barcode. Many vendors offer pre-barcoded plates, which can be especially
advantageous for microplates to be used in sterile conditions. Otherwise, microplates must be removed from the
sterile packaging in order to be barcoded. Barcoding can also be performed on-site with appropriate
instrumentation, but is often nonsterile.

Additional considerations for barcodes include:

» When using any barcode system, ensure that the barcode format is readable by the relevant instruments.
« Stability of the barcode to storage and handling conditions. Barcodes might not adhere to microplates in
excessive heat or cold, or if exposed to certain solvents which might dissolve the adhesive. A common
mistake is to attach non-cryogenic labels to a batch of microplates prior then place them into a freezer,

only to lose all barcoding information.

Microplate covers (lids, seals)

During various assay steps, microplates can be sealed, covered with a lid, or left uncovered. Microplate covers are
generally made of clear polystyrene, while plate seals are typically made of aluminum or polyolefin acrylates. A
special lid used on GNF robotic systems is designed from a solid block of stainless steel and fitted with an
autoclavable sealing rubber gasket designed to increase the plate contact area with the weight of the steel lid
ensuring even contact across the plate edges (15). Seals can be generated by an adhesive (e.g., silicone), or by
heat (e.g., Agilent PlateLoc). Usual advantages of microplate covers are the prevention of evaporative losses,
well-to-well contamination (via spillage or wicking), and biological and environmental contamination.
Disadvantages of using seals/lids include additional costs and the procedural steps to accommodate their
placement and removal. Therefore, the use of lids or seals for microplates must consider multiple factors:

o Length of incubation time. If assays are performed in a short time-scale (minutes to several hours),
microplate covers might be superfluous as there would be minimal evaporation.

o Reaction volume. When using lids or seals, generally avoid filling microplate wells with greater than 50% of
the well volume, which mitigates contact between the well contents and the lid.

 Condensation. The well contents may condense at the top of lids or seals, which can affect assay
performance and even facilitate well-to-well contamination. A brief centrifugation can usually recover
condensates from lids or seals prior to their removal. For certain applications, such as live-cell imaging
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where lids are used, condensation can interfere with image acquisition (Figure 7A). This can be mitigated
with humidified incubators within the instrument combined with a short (30 - 60 min) equilibration
period prior to imaging.

o Number and timing of assay steps. If using lids or seals, carefully consider the timing of the placement and
removal steps. For biochemical assays, it might only be necessary to cover microplates after the initiation
of the biological reaction, whereas for cell-based assays it is generally recommended to cover microplates
whenever there is not active dispensing.

o Compatibility with automation and instrumentation. Certain instruments might be able to remove and
replace microplate lids. This is generally a manual process for microplate seals.

o Detection. For certain bottom-reading applications, the presence of lids or seals might not interfere with
the readout detection (e.g., fluorescence imaging), whereas it may interfere with other applications that
require light transmission between the top and bottom of the microplate (e.g., phase-contrast
microscopy).

o Sealants. Microplate sealants have the potential to chemically modulate bioactivity or interfere with light-
based readouts (Figure 7B).

 Continuous versus end-point assay formats. Continuous or kinetic assays with multiple detection steps
might necessitate the repeated removal and addition of microplate covers, especially if multiple plates are
being analyzed in a given experiment. To prevent this logistical burden, consider bottom-read options.

o Prevention of biological contamination. Depending on the assay, biological contamination might not be a
major concern, such as simple biochemical assays. However, for cell-based assays, covering microplates is
practically essential.

o Prevention of environmental contamination. Environmental contamination from airborne particulates
(dust) might be a concern for certain light-based readouts (see also subsequent section, “Special Topics —
Environmental Contaminants”).

o Permeability. When sealing microplates, consider whether there is a need for gas and/or water
permeability. Certain materials designed for such permeability, while other seals might prevent adequate
gas exchange between the incubator and the microplate wells, which can modulate cell functions by
perturbing media pH and oxygen content.

o Lid stability. Note that certain lid designs might not be as secure as others and therefore might be
inadvertently opened (i.e., important for sterility) if not handled with care (Figure 7C).

o DPhoto protection. For light-sensitive applications (such as labile fluorophores or AlphaScreen), seals or
opaque lids can be used to protect the well contents from light in addition to the usual light-reduction
strategies.

Section summary

A key factor in obtaining robust assay performance is the optimal choice of a microplate. During assay
development and optimization, scientists should select microplates that meet their technical requirements. Key
parameters in microplate selection include microplate well number, well shape, plate color, plate material, and
surface coatings or treatments.

Technology-Specific Considerations - High-Content Screening

When selecting microplates, consideration must be given to the specific assay technology. This section describes
detailed considerations for high-yield specialized applications, specifically high-content imaging. Other
specialized microplate applications will be described in updated versions of this chapter or in relevant Assay
Guidance Manual chapters.





