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Abstract

Introduction—Fluorescence anisotropy (FA) is one of the major established methods accepted
by industry and regulatory agencies for understanding the mechanisms of drug action and
selecting drug candidates utilizing a high-throughput format.

Areas covered—This review covers the basics of FA and complementary methods, such as
fluorescence lifetime anisotropy and their roles in the drug discovery process. The authors
highlight the factors affecting FA readouts, fluorophore selection, and instrumentation.
Furthermore, the authors describe the recent development of a successful, commercially valuable
FA assay for Long QT syndrome drug toxicity to illustrate the role that FA can play in the early
stages of drug discovery.

Expert opinion—Despite the success in drug discovery, the FA-based technique experiences
competitive pressure from other homogeneous assays. That being said, FA is an established yet
rapidly developing technique, recognized by academic institutions, the pharmaceutical industry,
and regulatory agencies across the globe. The technical problems encountered in working with
small molecules in homogeneous assays are largely solved, and new challenges come from more
complex biological molecules and nanoparticles. With that, FA will remain one of the major work-
horse techniques leading to precision (personalized) medicine.

1. Introduction: screening methods in drug discovery

Drug discovery is a complex and exciting process with the ultimate goal of identifying a
treatment for a disease, medical condition, or side effect of a therapy. In a biology-driven
setting, drug discovery starts from validation of a biological target and goes through several
steps of screening drug-like molecules, narrowing down the potential molecules to identify
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the lead candidate. Preclinical biological assays can be roughly characterized by the type of
target complexity: molecular, cellular, tissue sections, and small animals (Figure 1).

The initial screening of drugs is conducted via molecular assays that focus on the interaction
between a drug candidate and the isolated purified target. These assays are designed to test
hundreds of thousands of drug-like compounds from commercially available or targeted
libraries in a process known as high-throughput screening (HTS). In the next step, cell-based
studies are conducted on a selected group of compounds. Traditionally, cell studies were less
suitable for HTS,! but the advance of high content screening (HCS) and the integration of
flow cytometry with plate readers has increased the use of high-throughput cell assays in
drug discovery.2-4 Finally, small mammals, such as rodents, as well as rabbits, dogs, and
monkeys, that share a large number of genes with humans are used to finalize the drug
screening process, providing a translation phase from /n vitro assays to clinical studies. The
in vivo evaluation relies on imaging and certain non-imaging techniques (i.e. LC-MS) that
are commonly deployed to investigate biodistribution, pharmacokinetics, and biological
activity of potential therapeutics, as well as optimize drug delivery.5: 8

Optical techniques utilizing fluorescently labeled molecules have become dominant in drug
discovery, spanning from molecular assays to full body imaging, and almost completely
replacing the radio-labeling that led drug discovery in the 20th century.”- 8 This is due to the
superior sensitivity of fluorophores to environmental factors, as well as their
multidimensionality, i.e., their ability to provide diverse simultaneous readouts, such as
spectral characteristics, intensity, lifetime, and anisotropy. Despite some limitations as
compared to radiolabeling, such as difficulties in quantitating the amount of fluorophore in a
heterogeneous sample and structural alteration of the drug molecules after labeling, the
rapidly growing variety of convenient, low cost commercial fluorophores make fluorescent
molecules exciting for drug discovery studies.

One of the common techniques for testing fluorescently labeled compounds is fluorescence
anisotropy (FA). Due to the versatility of FA and the availability of high quality polarizers,
stable detectors, and excitation sources, this method has found widespread use in diverse
biological applications, from probing the cellular microenvironment® 19 and monitoring cell
signaling pathways,11: 12 to 2D and 3D imaging,13-17 temperature mapping,1® and
evaluation of drug delivery systems.1? Introduced in 1970s and with the first dedicated
instruments in 1980s, FA has become a standard way of quantitatively measuring biomarkers
(first clinical utility of FA), elucidating the mechanism of drug action, and screening
potential drug candidates.2% 21 In the last decade, a variety of FA designs and formats have
been utilized to study enzymes,22-24 as well as protein-protein2® and protein-DNA
interactions, with the goal of developing drugs.2627 A number of recent reviews cover
different aspects of these applications in great detail.28-30

In this article, The authors first review and discuss basic, parameters of steady-state FA
related to drug discovery that include polarization phenomena, fluorophore selection, factors
affecting anisotropy, and instrumentation design. Second, with more than 15,000 references
of FA in drug discovery as of April 2015, instead of reviewing numerous publications, the
authors illustrate the application of steady-state FA to the FDA accepted hERG assay. Third,
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the article presents advanced concepts related to FA that include time-resolved fluorescence
anisotropy (TR-FA) and two-photon (2P) excitation for imaging studies. Finally, the authors
present novel directions in which FA plays or is expected to play an important role and
compare the technique to other emerging platforms.

2. Steady-state fluorescence anisotropy

2.1. Principle of fluorescence anisotropy

In the FA technique, a fluorophore is irradiated with linearly polarized light. The resultant
fluorescence intensity is measured through a polarization filter placed in front of the detector
and oriented either parallel or perpendicular to the incident polarized light. The FA value (/)
can then be determined from Eq. 13! in Table 1. Polarization represents the same
phenomena, but is calculated with a different equation (Eq. 2.) Polarization and anisotropy
are interrelated. Fluorescence polarization is more commonly used in clinical medicine for
measurement of biomarkers, while fluorescence anisotropy is used in mechanistic studies
and drug discovery. The instrument correction parameter, G, (known as a G-factor) reflects
the sensitivity of the system to differently polarized light and is often measured
automatically on modern instruments or manually for example by isotropic standards (r=
0)_32

On the molecular level, FA relates to the rotation of the fluorophore dipole. Anisotropy thus
directly relates to the rotational correlation time (6,4, of the fluorophore, which is
proportional to the hydrodynamic volume (V) of the molecule in solution according to the
Perrin and Stokes-Einstein-Debye equations (Egs 3 and 4)28: 33 that connect the measurable
value rwith the size of the target. Any change in the hydrodynamic volume (V) of the target
(i.e. association, dissociation, cleavage, shape change, etc.) will have a direct effect on its
anisotropy.

2.2. Factors affecting fluorescence anisotropy

The essence of FA in drug discovery is its ability to distinguish differences in the
hydrodynamic radius of the fluorescent entity upon its interaction with a drug. Thus, almost
all anisotropy assays are based on indirect measurement of the size change and cover
association, dissociation, cleavage, binding, rearrangement, and many other types of
reactions that accompany an interaction between the drug and the biological target.
Although in most cases the fluorophore itself remains unaltered, its selection is critical for
success of the assay. A suitable fluorophore for FA applications has to meet the following
criteria: /) facile conjugation under conditions appropriate for attachment to biologically
relevant ligands to form a tracer, 7/) unperturbed biological activity of the target by the tracer,
and /7)) sufficient fluorescence lifetime to allow for appreciable rotation of the target. The
following fluorophore- and condition-related factors are typically considered in designing
the assay.

2.2.1. Range of the FA and shape of the fluorophore—A range of FA values (assay
window) of the dyes indicate whether they might be suitable in anisotropy applications. The
upper limit, known as the limiting anisotropy (r,), is 0.4 for one photon excitation and does
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not depend on nature of the flurophore.28 The lower limit of the anisotropy value ()
corresponds to the non-bound form and, all other conditions being equal, depends on the
nature of the dye. The popularity of fluorescein-type molecules for anisotropy assays is due
to the fact that they are spherical and show low anisotropy (/min=0.021 for fluorescein).
Therefore, fluoresceins have a large dynamic range, allowing macromolecules of a variety of
molecular weights to be assayed. Molecules that are less symmetric than spheres exhibit
multiple correlation times and complex time-dependent decays of anisotropy.3! For oblate
molecules such as cyanine dyes, especially NIR cyanine dyes (see below), this lack of
symmetry leads to larger initial anisotropies (fmin > 0.17) that limit the dynamic range.3
Large values for 1, is the major limitation to the use of near infrared (NIR) dyes, for
example, in drug assays.3°

2.2.2. Dyes for labeling—With the rise of biologics and other new classes of
pharmaceuticals, their efficient fluorescent labeling has become a bottleneck. Currently,
labeling is produced by individual researchers using ready-to-use Kits with pre-measured
quantities of standard dyes, buffers, and collection vials. This type of manual labeling leads
to variability between the products and poor reproducibility of results. Automation of
chemical labeling is expected to become a driving force behind this routine, error-prone
synthetic procedure. In addition, biological molecules (i.e. proteins) and nanoparticles often
present multiple labeling sites. The lack of tight control over the degree of labeling leads to
quenching of the fluorophores and low sensitivity of the assay. A new generation of
fluorophores that minimize this quenching effect, such as reported by Zhegalova et a/,36
without affecting their biological targets will have to be developed.

2.2.3. Linker flexibility—Ideally, the fluorophore has to be tightly associated with the
target in the bound state. However, this is difficult to achieve synthetically. Incorporation of
a reactive group, such as N-hydroxysuccinimide (NHS) or maleimide, requires linkers that
are often made from aliphatic chains. This leads to incomplete immobilization (wobbling) of
the fluorophore on the target and, therefore, to higher local mobility of the fluorophore
(“propeller effect”).28 This effect contributes to dynamic disorder of the complex and faster
depolarization, complicating assay analysis.3’

2.2.4. Brightness of the fluorophore—The FA value (/) of the mixture of bound and
non-bound fluorophores is supposed to be directly related to its corresponding fractions (see
a discussion of FA additivity in ref.28). However, the additivity is valid for fluorophores with
significant brightness (defined as the product of molar absorptivity and quantum yield38) in
both forms. Traditional probes with a rigid geometry in the excited state, such as
fluoresceins, porphyrines, and some rhodamines, do not significantly change in brightness
upon interaction with proteins, and therefore the additivity law can be safely applied. The
situation is different, however, for fluorophores with flexible excited-state geometries, such
as cyanine dyes that experience major changes in fluorescence behavior in response to the
microenvironment,3? thus leading to potential error in calculating the fraction of bound
ligand and, subsequently, K, The fraction has to be corrected using the following equation
(Eq. 5):40
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x— fraction of bound ligand

Corrected r—r ¥ r,—bound anisotropy
fraction of e - —n | free anisotropy 5
bound ligand b f 8 b g - brightness enhancement factor (can be found from the

total intensity of the emission, i.e., /,+ 2/,

An exception is the cyanine dye Cy3B,*! which has a purposely rigidified skeleton
geometry. Such rigidified dyes are not available in the NIR spectral range. For that, NIR
fluorophores with low protein binding, i.e. highly water soluble NIR dyes with sufficient
brightness in the free state, are preferred.3

2.2.5. Fluorescence lifetime—The fluorescence lifetime (FL) of a dye is another key
parameter that needs to be considered in fluorophore selection. For the best sensitivity, FL of
the dye has to match the rotational correlation time of the target. This time lies within a
range of several hundred picoseconds for small molecules, such as free dyes in solution, to
several tens of nanoseconds for large macrocomplexes. The effect of rotation on the rvalues
is strongest when the fluorophore emits on the same time scale as the rotation. If the lifetime
is much shorter than rotation (z < ), then fluorescence emission is over before the
molecular rotation is complete, making determination of . and FA problematic. Slowly
tumbling molecules in solution generate higher rvalues than molecules that are tumbling
faster (Perrin equation, Eq. 3). Figure 2A illustrates this relationship. The shorter the
lifetime, the less the fluorophore will rotate between the moments of absorption and
emission, and the higher the rvalue will be, in extreme cases approaching fundamental
anisotropy (r— rp). If FL is much longer than rotation time, 7> G, then the fluorescent
ligand will become completely depolarized before the emission ends, showing low
anisotropy.

The selection of a dye with the correct FL improves the sensitivity of the assay, which can
be roughly defined as the range of FA values between the free and the bound fluorophore.
Simulation of the relationship between rand the molecular weight of the target based on
Egs. 3 and 4 is shown in Figure 2B. Small round proteins (<10 kDa) with short rotational
correlational times (44:<10 ns), and fluorophores with low FL (1-4 ns) will work the best.
For high molecular weight proteins (MW>100 kDa), fluorophores with a longer lifetime are
preferable. Figure 2C shows the common classes of fluorophores used in FA assays for drug
discovery. Long FL dyes, such as pyrenes,*2 43 emit in the UV spectral range. Longer
wavelength fluorophores (visible, red, and NIR) tend to have shorter FLs. The recently
emerged BODIPY fluorophores have unusually longer FLs than other dyes in the similar
spectral range, making their anisotropy values sensitive to binding interactions over a larger
molecular weight range. The search for efficient fluorophores with long (>20 ns) lifetimes
and emitting in the red part of the spectrum has recently produced an interesting compound,
ADOTA+, with a lifetime of 25 ns.#4 Furthermore, for really large targets (MW>1,000 kDa),
fluorophores with long lifetimes, such as Ru or Re-based emitters with lifetimes in the range
of few hundred ns to microseconds, have been identified, thus extending the theoretically
accessible molecular weight range.®

Expert Opin Drug Discov. Author manuscript; available in PMC 2016 August 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 6

2.2.6. Light scattering—The FA of scattered light is equal to 1 and is the major source of
false positives and false negatives in FA assays. Raman and Rayleigh scattering are two
mechanisms responsible for the false results. The relative contribution of Raman scattering
to the total fluorescence can be minimized by increasing the fluorophore concentration. In
addition, increasing the fluorophore concentration can minimize the contribution of highly
polarized stray light in the instrument that interferes with fluorescence anisotropy
measurements. Rayleigh scattering becomes an issue if the buffer has insoluble particulates
or when nanoparticles are involved. The best way to avoid both Raman and Rayleigh
interference, and to increase the dynamic range of the assay, is to use longer wavelengths, as
the intensities of both types of scattering are proportional to A™4, where X is the wavelength.
To do that, additional testing might be necessary, such as rvs. the wavelength of emission
(emission scan), which is implemented in most spectrophotometers to identify the conditions
under which the rvalue is wavelength-independent. In the high-throughput experiments,
examination of total fluorescence intensity (/,+ 2/,) versus anisotropy plots should identify
the scattering artifacts.

2.2.7. Spectral range, visible vs NIR—In typical FA experiments the tracer is kept at
low nM, while the screening compounds are added at the UM range. At this level, even
weakly absorbing and emitting compounds can easily overwhelm the signal from the tracer,
resulting in false positives. Red-shifted tracers decrease false positives during the screening
process, thus reducing interference from yellow/brown compounds. Although the vast
majority of fluorescent probes utilized in FA tracers have excitation and emission in the
visible range, 400-600 nm, fluorophores with longer wavelengths have been reported, but
are largely limited to the Cy5 class of probes emitting in the red part of the spectra at 600—
700 nm.12:46. 47 |_onger wavelength fluorophores may also help reduce light scattering
caused by compound insolubility (aggregation) because the intensity of scattered light
decreases with increasing wavelength.

NIR probes which absorb and emit light within the range of 700-900 nm have several
benefits in biological studies, including negligible interference from endogenous
fluorophores and lower hindrance from light scattering.#8 However, the utility of NIR dyes
in FA assays has been limited due to less than ideal anisotropy behavior stemming from the
elongated structures of these dyes, as well as their short FLs (below 1.5 ns). These factors
lead to a large anisotropy for free dyes (above 0.2 units),? significantly reducing the
dynamic range of an assay. Furthermore, commercially available NIR probes, such as Cy7
(General Electric), Alexa 750 (Life Technologies), and IRBOOCW (Li-COR), have relatively
long linkers that further narrow the dynamic range. This leads to incomplete immobilization
of the fluorescent probe on the macromolecule of interest and, therefore, to higher local
mobility of the fluorophore via the propeller effect. To address these problems, Gustafson et
aP* evaluated a number of NIR dyes with the goal of identifying a dye for FA in the NIR
spectral range. The study identified a dye with low anisotropy in the free (non-bound) state
and demonstrated the potential of NIR anisotropy in analytical applications.

2.2.8. Temperature—The major effect of temperature is on the rotational mobility of the
fluorophore, where a higher temperature leads to a shorter rotational correlation time and,
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therefore, lower anisotropy (see Perrin eq. 3). An opposite effect of temperature on dyes is
decreasing the fluorescence lifetime, especially in molecules with strong thermal sensitivity
such as certain coumarines®® or cyanine dyes.?1 Overall, the role of temperature is difficult
predict,2 but needs to be controlled in order to generate reproducible results.

2.2.9. Polarity, pH, ionic strength—FA assays in drug discovery are generally
considered to be homogenous. However, in any study the microenvironment around the
fluorophore changes substantially. Association with or dissociation from a macromolecule
results in an alteration of the microenvironment imposed by the nature of the binding site of
the macromolecule or the interior of the nanoparticle. Local polarity, pH, and electrostatic
interaction of the fluorophore with the macromolecular matrix all affect the FA values. Thus,
the micropolarity of binding sites strongly affects the lifetime,3° creating multiple FLs that
complicate anisotropy readings. Similarly, encapsulation of fluorophores in micelles,
liposomes, or polymeric nanoparticles affects their lifetime and, hence, their anisotropy.>3
lonic strength does not directly affect the FA. However, very high affinity interactions (low-
nM) are problematic for FA assays because they require the use of very low fluorophore
concentrations, resulting in weak fluorescent signal. This problem can be alleviated if
increasing the ionic strength can be used to reduce the affinity of the interaction.>*

2.3. FA instrumentation

Current FA instrumentation can be divided into three types. Cuvette based instruments based
on fluorescence spectrophotometers collect high-quality data, explore the properties of
fluorophores, and test the design of the FA assay in homogeneous solution. Microplate
readers, also based on a homogeneous format, are designed for HTS using validated assays.
The newest class of the FA instruments are re-engineered scanning microscopes that are
intended to collect high spatial data from heterogeneous systems, such as cells, thin tissues,
or ultra-high density plates.

2.3.1. Spectrophotometer design—A standard configuration for instruments that
measure FA includes an excitation source (Xe lamp, lasers), filters or monochromators, a set
of rotatable polarizers, and detectors (photomultiplier tubes (PMT), CCD diode array
cameras). A conventional geometry is based on an L-configuration. Measurement of FA in
this geometry is a relatively slow process that is limited by rotation of the polarizers (a few
seconds for a single-point measurement, up to a minute for several iterations). Higher end
spectrophotometers offer a 7-configuration that uses two emission polarizers with two
identical detectors, thus avoiding rotation of the polarizers and speeding up data acquisition
via simultaneous vertical and horizontal polarizer emission measurements.

Polarizers are optical devices that can isolate one direction of the electric vector and are the
principal part of FA measurement that differentiates this method from other fluorescence-
based techniques. The key parameter pertinent to FA is the extinction ratio, which is the ratio
of the transmission of a linear polarized signal in the parallel configuration to the
transmission intensity at the perpendicular orientation when the polarizer is rotated by 90°.
Typical polarizers, such as film-based ones installed in many plate-readers, maintain a
decent extinction ratio of 1000:1. Higher-end fluorimeters utilize polarizers made from
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calcite crystals (i.e. Glan-Thompson or Glan-Taylor) with a high 100,000:1 extinction ratio,
suitable for high-precision anisotropy measurements. Calcite polarizers (in the uncoated
version) also offer the broadest wavelength range from 350 nm to 2.3 micron, enabling
measurements in the NIR region where (from the authors’ experience) most of the film
polarizers are unsuitable. Calcite polarizers are also required for UV measurements.

2.3.2. High throughput plate readers—The geometry of the HTS systems is different
from that of fluorimeters and reads from either from the top (more common) or bottom of
the plate. Advanced plate readers, such as the Synergy Neo (BioTek), are equipped with a
dual PMT read head (similar to a T- format) for ultra-fast polarization assays with no
movement of the polarizers. Such a configuration enables the measurement of FA in 384-
well plates in 11 seconds. A similar strategy is utilized in the PHERAstar (BMG Labtech),
where the dual emission detection mode allows simultaneous recording of intensities that are
parallel and perpendicular to the plane of excitation light.>® Instead of using a PMT as a
detector, the ViewLux (PerkinElmer) high-speed plate reader is equipped with a top-of-the
line EMCCD (Electron Multiplying Charge Coupled Device) camera. The advantage of this
camera over PMT-based readers is that all of the wells of an entire plate are read
simultaneously. A 1536-well plate can be read in almost the same time as a 96-well plate.
Overall, the system is reported to read up to 200,000 samples per hour.

2.3.3. Z-factor—Few statistical tools are currently available to detect quality hits with a
high degree of confidence.6: 57 A Z-factor,8 denoted as Z’, that reduces the amplitude and
variability of the assay signal to only one parameter is commonly used in HTS, including
FA, to judge the significance of the response. A Z’ between 0.5 and 1 corresponds to an
excellent assay with no overlap between the negative and positive controls, while a 2’
between 0 and 0.5 denotes a marginal assay that might be improved by increasing the
number of controls. The Z-factor parameter is used to compare different screening
techniques in order to identify the best type of assay.>® In most published FA-based
screenings Z’ lies in the range 0.50-0.70, although some can go to almost 0.8.59: 61 Assays
with higher Z’ factors are preferable and it has been noted that taking the extra time and
effort to optimize HTS assays for even slightly-improved Z’ factors reduces false positives
and increases confidence in the screening data.52

2.4. Applications of steady-state FA: hERG cardiotoxicity primer

In the previous sections the authors provided background on steady-state FA, the most
common and standard method of screening. In this section the authors will provide what
they believe is an exemplary illustration of how this type of FA has changed the practice of
today’s pharmaceutical industry. The following case demonstrates the rationale for and
subsequent development of a steady-state FA assay for drugs causing Long QT Syndrome
(LQTS), and describes different facets of the assay design.

LQTS is a cardiovascular disorder that causes fast, chaotic heartbeats, triggering seizures
and in some cases sudden death. Many common drugs increase the occurrence of this
condition, which has been the cause of several drugs being removed from the market (such
as Vioxx in 2004 and Valdecoxib in 2005).53: 64 The hERG gene encodes a protein in the
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potassium ion channel that coordinates the heart’s beating. Strong binding of a drug to the
hERG encoded protein (hERG blockade) poses potential risk to the patient. Because of this
risk, hERG safety testing has been recommended by the FDA before drugs are administered
in human trials.55

To avoid the significant cost associated with late stage drug development (a typical Phase |
study for a single compound with a preclinical long QT signal was nearly US $1 million in
2003%4), pharmaceutical companies started prescreening drug-like libraries to eliminate
LQTS inducing compounds at earlier stages. However, most of the established /n vivoand in
vitro techniques for evaluating drugs for hERG binding (such as the gold standard patch-
clamp technique) were labor intensive and inadequate for screening the large number of
compounds in libraries that emerged in the late 1990s and early 2000s.

With tighter regulation, rising costs, and frequent withdrawal of multibillion dollar drugs
from the market, pharmaceutical companies started developing QT assays suitable for HTS.
The first assays utilized membrane potential-sensitive dyes that rely on a change of
fluorescence intensity,56 and were soon based on FA. In 2007, Pfizer reported the
development of the first 384-well FA assay for high-throughput assessment of hERG biding
during the lead optimization process.5’

The principle of this assay, shown in Figure 3A, is that purified membrane expressing an
hERG-encoded protein is first treated with a tracer composed of a ligand that binds tightly to
the channel and a fluorescent tag connected to the ligand through a linker. Fluorophores
associated with the large mass of membrane show high anisotropy values. The drugs of
question are then added to the membrane, leading to displacement of the tracer from the
membrane and a resulting in a decrease of the mass associated with the fluorophore, and
therefore lower anisotropy values.

The major challenge in the Pfizer study was to identify a fluorescent tracer. In displacement
assays the tracer is a known, high-affinity ligand with a fluorescent tag that does not
substantially disrupt the affinity of the receptor—ligand interaction. As mentioned earlier, the
ideal dye should have negligible interaction with the receptor and provide a good dynamic
range of anisotropy values. Screening a focus library of dyes and linkers, and performing
computational studies, led to discovery of a novel fluorescent derivative of the drug
dofetilide that has a high affinity to hERG channels. In the final tracer design, a fluorescent
probe was attached through an aliphatic spacer to the central tertiary nitrogen of the
dofetilide derivative (Figure 3B) that retained high affinity for the hERG channel.
Electrophysiological patch clamp experiments confirmed that, similar to the drug itself, the
tracer blocked the hERG channel current.5® Using this technique to screen the library for
drugs with Z’>0.6 has been shown to be equivalent to more traditional radiometric methods
and has the same predictive power as assessment by patch clamp technique.

Soon after the Pfizer study, Invitrogen (now Life Technologies) launched a Predictor hERG
kit. This kit, with an optimized proprietary red dye,53 became the first commercial FA hERG
assay, leading to the widespread acceptance of the method. Using this assay, several
companies today (Life Technologies, Charles River Company, Cyprotex) provide HTS
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service to identify hERG incompatible compounds. More recently, in response to the
insufficient amount of protein samples in the Predictor kit, Yildiz et af® have developed a
cell-free system using a biomimetic lipid membrane platform into which the hERG channel
can be folded.

The hERG story is compelling on several levels. First, the hERG assay is an excellent
example of how the pharmaceutical industry and academia have addressed the critical
demand from medical practitioners and regulatory agencies. Second, understanding the
mechanism of LQTS at the molecular level, as well as the reasons behind drug
cardiotoxicity, and skillful application of synthetic chemistry in designing the tracer, led to
the successful development and validation of the FA assay. Third, following
commercialization of the assay, acceptance by regulatory agencies and continued
improvement has made the anisotropy-based hERG assay a robust and reliable technique
that set the standard for the future assay development.

3. Advanced concepts and applications

3.1. Time-resolved fluorescence anisotropy (TR-FA)

A combination of FL measurements with anisotropy provides an additional useful tool
known as time-resolved fluorescence anisotropy (TR-FA) that can be described using Eq. 6
in Table 2. In TR-FA, the emission polarizer is toggled between vertical and horizontal
positions to alternate the decay measurements. This method enables estimation of the
rotational time (6, by determining the FA decay (Eq. 7) directly from the difference of the
FL decays. These measurements are similar to recording fluorescence decays (either with
the TCSPC (time correlated single photon counting) or frequency modulation, the two most
common methods in FL measurements’®). All rotational information of the fluorophore is
found in the difference between the decays obtained at parallel and perpendicular
orientations. When plotted, this difference provides an immediate visual check of the
resulting (?) and allows evaluation of the quality of the assay. For the best assay, the
fluorescence lifetime decays and anisotropy decay should be on the same time scale. TR-FA
is rather costly in terms of time, with currently limited potential in HTS (although strong
efforts are being made to change this perception),’! and no commercial systems available for
the screening, However, the method is indispensable in fluorophore selection to achieve the
highest sensitivity in the developed assays, as well as in understanding the behavior of the
fluorophores during cell imaging.”2

3.2. FA and computational simulations of dye-conjugates motion

The data from FA and TR-FA experiments, similar to the established nuclear magnetic
resonance, electron paramagnetic resonance, and neutron scattering methods, can be used to
simulate and probe local protein and dye dynamics. These studies provide an insight into the
motion of dye-conjugates, as well as predict the behavior of the fluorescently labeled
macromolecules. For example, Schroder et a/’® have applied molecular dynamic (MD)
simulation to bacteriorhodopsin labeled with Alexa Fluor 488 to compare the dynamic of the
labeled and non-labeled proteins. The perturbation caused by the dye on the dynamic of the
proteins was found to be negligible. In a recent study, Kortkhonjia er a/”# investigated MD of
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pyrene-labeled antibodies to probe their internal dynamics with the goal of identifying

which amino acid residues contribute to the overall affinity of the antibody.

3.3. Two-photon excitation

Two-photon (2P) excitation is well-established for microscopy applications, although there
are no commercially available plate readers capable of 2P excitation. The use of 2P
excitation is expected to increase the polarization contrast of FA assays and provide a greater
dynamic range for anisotropy. The limiting anisotropy ryof 2P is higher than for one-photon
(1P) excitation, reaching the level of 0.57 (instead of 0.4 for 1P).28 2P also enables a higher
level of focusing on small volumes. Tirri et a/’® illustrated the advantage of 2P excitation in
an estrogen receptor ligand binding assay using a 1 pL volume without losing the sensitivity
and quality of the assay, as judged by an almost identical and excellent Z’ = 0.85.

4. Novel applications: biologics, nanotechnology, and imaging for precision

medicine

In the last decade, advances in recombinant technology have brought new
biopharmaceuticals or biologics in an emerged class of drug-related compounds that were
produced using biotechnology.’® Biologics are proteins (including antibodies) or nucleic
acids (DNA, RNA, RNAI, or antisense oligonucleotides) that are used for therapeutic or in
vivo diagnostic purposes. Similarly, new classes of nanoparticles with tunable properties
have been developed for improved targeted treatments, novel imaging modalities, or both at
the same time (theranostics).”’ The rise of recombinant technology and nanotechnology thus
opened the way for more effective personalized (precision) medicine’8: 79 to diagnose earlier
and cure rare genetic diseases and cancers, as well as Alzheimer’s and other diseases.

4.1. Aptamers

Among the new tools being developed by researchers is a class of nucleic acid probes called
aptamers, which are ssDNA/RNA molecules selected to target a wide range of molecules.8°
One special feature of aptamers is that they can be isolated by selection not only against
individual disease-related proteins, but also against complex targets, such as whole cancer
cells, without prior knowledge of the number and arrangement of proteins on the cellular
surface. Aptamers of different classes (such as DNA, RNA, spiegelmers, and protein
aptamers) produced via the synthetic process called SELEX (Systemic Evolution of Ligands
by Exponential Enrichment) exhibit significant advantages relative to antibody therapeutics
in terms of size, synthetic accessibility, and chemical modification.8 Because the specificity
and binding affinity of aptamers can be modified, they are likely to replace antibodies in
many biomedical, diagnostic, and imaging applications, although the current affinities of
aptamers are typically orders of magnitude lower than that of antibodies. The first aptamer
therapeutic was approved by the FDA in 2005 and by 2015 more than 25 aptamer-based
therapeutics were undergoing clinical trials for treating macular degeneration, inflmmatory
diseases, hematological disorders, cancers, and several other diseases.82 Reflecting the high
potential for aptamers as therapeutics, several anisotropy assays for aptamer screening have
been developed.83-85 One such approach is schematically illustrated in Figure 4.
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4.2. Nanoparticle in drug delivery, diagnostics and assay improvements

The increasing role of nanotechnology in drug delivery and diagnostics demands efficient
methods for characterizing nanoparticles and optimizing nanoparticle design. FA is quite
suitable for these studies and, in combination with FL, has often been used to measure the
hydrodynamic size of nanoparticles, as well as their transformations, such as formation,
degradation, and shape change.88: 87 FA has also been utilized to verify the conjugation
efficiency of fluorophores to nanoparticles and as a quality control method to verify
fluorescent labeling in diagnostic probes.34 8 Using FA, Sahoo et a/8° confirmed the
labeling of biocompatible magnetic nanoparticles with Rhodamine 110. In water this free
rhodamine exhibited almost no FA (r~ 0), but FA increased up to 0.4 when the dye was
bound to nanoparticles. The effect of the magnetic field set an additional restriction on
particle movement, leading to even higher anisotropy values, and further confirming the
conjugation. Similarly, FA has validated the attachment of nanoparticles to fluorophore
labeled DNA. Gustafson et aP3 used FA to validate the encapsulation of an NIR imaging
agent into porous nanocapsules designed for blood-triggered rapid release of cargo in
emergency applications.

The low, close to zero initial anisotropy of quantum dots,®? long FL (10-100 ns),”0
potentially low non-specific binding due to the surface modification and unmatched
fluorescent brightness make quantum dots (QDs) very attractive for FA applications of drug
screening. To develop anti-influenza small molecule drugs, an FA assay with targeted QDs
that have high affinity for the viral protein hemagglutinin (HA) has been designed.%? In
another study, Zhang et aP3 developed FA sensitive QD based probes for HIN1 (swine flu)
detection.

An interesting application of nanoparticles as enhancers of FA assays has recently attracted
attention. There are a number of situations in which anisotropy values do not change
significantly upon binding of the tracers to their targets. To enhance the sensitivity of the FA
assay, nanomaterials (e.g. gold nanoparticles,* graphene,® and silica nanoparticles®6) have
been introduced into assay development in order to increase the binding-induced molecular
weight change. For example, Liu ef aP” have developed an FA signal amplification strategy
by employing graphene oxide nanoparticles as the signal amplifier. Because of the large
volume of the nanoparticle, the fluorophore exhibited high anisotropy values when bound to
the graphene oxide surface. Conversely, low anisotropy values were observed when the
fluorophore dissociated from the surface.

4.3. Fluorescence anisotropy with 2P imaging

One of the advantages of 2P excitation is minimal background and scattering. According to
Rayleigh’s scattering law, the amount of scattering is proportional A~*. If the wavelength is
increased by a factor of 2 (i.e. from 500 nm to 1000 nm), the Rayleigh scattering (and
Raman scattering, for that matter) is reduced by a factor of 16. Using 2P anisotropy imaging
of actin-GFP, Vishwasrao er aP8 have imaged the polymerization state of actin. The authors
incorporated actin-GFP monomers into endogenous actin polymers and derived a
relationship between the actin-GFP FA and the actin polymer fraction. This approach
enabled quantitative monitoring of actin polymerization with high spatiotemporal resolution.
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In another 2P study, Dubach et aP® measured and mapped drug—target interaction at
subcellular resolution in live cells and in real time. The authors measured intracellular
distribution of a chemotherapeutic drug in live cells and within a tumor in living animals
using BODIPY dye with a high 2P cross-section, thus enabling high-resolution spatial and
temporal mapping of bound and unbound drug distribution.

Addressing the need for a super-resolution technique, Gould et a2% have modified
fluorescence photoactivation localization microscopy (FPALM) with polarizers, (P-
FPALM), for imaging single-molecule FA. This method allowed measurement of the
orientation in biological specimens with a resolution below the diffraction limit.101
Similarly, Pavani et a9 used a super-resolution system to demonstrate 3D nanoscale
imaging of the polarization-specific characteristics of single photoacivatable green
fluorescent protein (PA-GFP) molecules within a cell. These and other super-resolution
polarization techniques, (i.e. super resolution by polarization demodulation, SPoD193) in
combination with HTS methods, will have a profound effect on live cell- and tissue-based
assays in understanding drug mechanisms with higher precision.

5. Expert opinion

5.1. Current trend

FA is currently developing in several directions that can roughly be divided into three main
areas: /) development of faster and more cost effective high-throughput systems, /i)
integration with other modalities, and ///) design of novel assays for biologics and targeted
nanoparticles. Advanced plate readers capable of screening large commercial libraries are
steadily improving by having more flexibility, leading to better sensitivity and smaller
reaction volumes. The latter is a key in improving cost-effectiveness. According to the
instrument manufacturers, a typical price-tag for testing drug candidates decreases from
$2.50 per well in 384-well plates to $0.40 in 1536 well and $0.10 in 3456 well plates.104
The current limit of commercial systems for FA applications is a 1536 well plate. Higher-
density plates, with a working volume of less than 1 L, require tight focusing to avoid
interference from other wells. This interference prevents the widespread use of ultra-high
density plates in FA applications, but can be minimized by using confocal or multiphoton
excitation techniques.

Today, most commercial plate readers are equipped with millisecond time-gated capabilities
to work with long-lived emitters, such as lanthanides. However, these systems are unsuitable
to perform TR-FA on a nanosecond scale that reveals more about the mechanism of drug-
target interaction. TR-FA is a promising, although slow, technique that is so far confined to a
few relatively specialized laboratories focusing on photochemistry and biophysics, but not
pharmaceuticals. Commercial implementation of fast, real-time TR-FA integrated high-
throughput instrumentation, such as was recently developed by Alibha er a/,’* will make
TR-FA more accessible to pharmaceutical scientists.

Current HTS demands have placed more emphasis on cell-based assays. In response, a new
breed of instrumentation combining FA and cell imaging using confocal point scanning
systems, such as ImageXpress (Molecular Devices), and wide-field systems, such as the
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ScanR (Olympus), have emerged with high spatial (down to 100 nm) resolution. These are
essentially confocal microscopes with polarizers which have been re-engineered to integrate
with a plate reader.105 The utility of these tools, collectively known as high-content
screening (HCS), goes beyond identification of the lead compound. In combination with
many implemented features, the systems open up entire new possibilities all along the drug
discovery pipeline, such as target validation, pathway prediction, toxicity, etc.196 The
challenge in using these currently available medium-throughput systems lies in effective
image management that includes image processing, feature extractions, and large data
handling. Open-source software such as Fiji,107 several commercial packages, and newly
developed algorithms108 that allow visualization of many variables and correlating FA data
with other parameters are expected to be refined and optimized for HTS.

5.2. Comparison of FA to competing platforms in HTS

Despite the success in drug discovery, the FA-based technique experiences competitive
pressure from other homogeneous assays, especially in high-throughput settings. Industry
laboratories and academia core facilities are equipped today with multi-mode robotic plate
readers featuring Fluorescence Anisotropy/Polarization, Time-Resolved Fluorescent Energy
Transfer (TR-FRET), Enzyme Fragment Complementation (EFC), Electrochemical
Luminescence (ECL), and other techniques. Selection of the right technology requires
evaluations of many parameters, such as availability of the instrumentation, detection limits,
dynamic range, scalability, cost, number of addition steps, robustness, and level of false
positives and negatives. For example, assays based on chemiluminescent readouts (i.e. EFC),
with virtually no signal background from the tested compounds, has much lower
interference compared to FA. Similarly, the long fluorescence lifetime of the emitter
(europium) in TR-FRET eliminates the compound interference, providing significant
advantages over the FA technology.

Notable examples that gained popularity in the last decade include a re-engineered
radiolabeling Scintillation Proximity Assay (SPA)109: 110 and the AlphaScreen/AlphaLisa
platform1L. 112 (where Alpha stands for amplified luminescent proximity homogeneous
assay). Both platforms are highly sensitive, amenable to HTS, and often show extremely
high Z-factors in the range of 0.8-0.95, while most of the values for the FA assays are within
0.5-0.7. The advantage of SPA over FA is that the radioligands more closely mimic the
natural ligand than fluorescent labels. In some cases, for example in an androgen receptor
assay, SPA has been shown to overcome the performance of FA (Z’ >0.85 for SPA and 0.6
for FA).59 However, having radioisotopes carry an additional cost relating to safety and
waste disposal. The last two factors make the method difficult to implement in academia
with open access core facilities. The advantage of a rapidly emerging Alpha technology is a
high dynamic range (>200-fold),113 an order of magnitude higher than FA. Another benefit
of Alpha is that the method can be used to assay large biocomplexes, due to the long
distance travelled by singlet oxygen (up to 200 nm) without being consumed by the assay
buffer. However, the large advantage of FA over this techniques is its ratiometric nature that
minimizes artifacts due liquid handling.
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Direct comparisons of the drug screening platforms are rare and often centered on a
particular assay, such as cAMP114 or GCPR targets.115 116 Based on the published results,
information obtained from manufacturer web sites, and product brochures, as well as the
references cited in the text, the differences are summarized in Table 3.

5.3. Role of FA in complementary HTS studies

The evolution of drug discovery over the last 15 years puts a strong demand toward quality
and reliability of HTS data,117 especially with the increase in size of the libraries (often to
>1 million compounds), and cost associated with the screening. Such demand requires an
integrated knowledge consisting of the assay design, diverse HTS instrumentation,
chemistry, and chemometrics with the major goal of identifying the lead compound, and
eliminating false positives (such as recently pointed PAINSs that appear in every HTS
assay11® or aggregates that might constitute up to 95% (!) of the active compounds!19). As
an established procedure, FA is expected to play an increasing role in validating the results
from other assays, in a process known as orthogonal screening. Among recent studies, FA
with SPA has been employed to identify antivirals for dengue virus!29 and AlphaScreen was
complemented with FA to find selective inhibitors for p-Catenin/Tcf.121

5.4. Outlook

Overall, FA is an established yet rapidly developing technique, recognized by academic
institutions, the pharmaceutical industry, and regulatory agencies across the globe. The basic
principles behind the technique are well understood. The technical problems encountered in
working with small molecules in homogeneous assays such as insoluble compounds that
scatter light, autofluorescence, and signal quenching from impurities are largely solved, and
new challenges come from more complex biological molecules and nanoparticles. With that,
FA will remain one of the major work-horse techniques in traditional drug discovery and
will play an important role in the discovery and development of new generations of drugs
and diagnostic agents. Based on the availability of the FA option in most plate readers, the
wide variety of commercial assays, and relatively low cost, it is the authors’ opinion that FA
should be a preferable choice for small substrates. The future of FA lies in new applications,
in which biologics and targeted nanoparticles designed for early diagnostics and advanced
treatments will play an increasing role in the pharmaceutical industry. The growth of
biosimilars, biological products that are highly similar to other previously approved
biological products, demands high level analytical tools, including FA, to confirm their
identical structures and mode of action.122
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Fluorescence anisotropy (FA) is one of the major established methods accepted
by industry and regulatory agencies for understanding the mechanisms of drug
action and selecting drug candidates.

In the FA technique, an irradiated fluorophore is measured through a set of
polarizers that are placed in parallel and perpendicular orientation to the incident
light and in front of the detector.

To date, three main types of FA instrumentation exist, including cuvette based
fluorescence spectrophotometers, microplate readers, and recently emerged
scanning microscopes that often incorporate two-photon excitation to minimize
background and increase the dynamic range of measurement.

A suitable fluorophore for FA applications should be absorbing and emitting in
the red or even in near-infrared part of the spectra to avoid compound
interference, have facile conjugation with the target without perturbing the
target’s biological activity, as well as sufficient fluorescent lifetime to allow
measurable rotation.

Identification of drugs using FA requires a well-designed fluorescent tracer. Its
design is the most challenging step in drug discovery. Screening of drugs
causing Long QT Syndrome (LQTS) illustrates the utility of FA in drug
discovery.

The rise of biologics, nanotechnology, and imaging for precision (personalized)
medicine are some of the new areas in which FA technology has potential
applications.
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Animals

Thin Tissues
Cell-based assays

Molecular assays

Figure 1.
Optical techniques in the drug discovery process. The dimensions of the cone reflect the

number of compounds tested during the screening process: a large number in the high-
throughput molecular assays, in which FA plays a critical role; a relatively low number for
cell studies and thin tissues, with limited involvement of FA; and a few selected compounds
in animal testing.
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Figure 2.

Simulation of the relationship between molecular weight (MW), rotational time, and FA. A:

Graphic interpretation. B: Simulations are shown for dyes with various fluorescence

lifetimes: 1 ns (cyanine dyes), 4 ns (fluorescein and Alexa Fluor 488), 20 ns (dansy! dyes,
pyrens) and a hypothetical dye at 200 ns. Simulations assume 7, fundamental anisotropy =
0.4 and rigid attachment of dyes to spherical carriers. C: Common classes of fluorophores

and specific examples used in FA assays.
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FA based hERG assay. A: Principle of the assay (from ref.58 published by the Royal Society
of Chemistry with permission), B: Structure of the tracer made from dofetilide, a drug with
high affinity to hERG receptors, and a fluorescent dye, Cy3B.
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aptamer-target|
complex

Figure 4.
Schematic representation of aptamer-binding assay using FA. Fluorescently labeled aptamer

using either an end labeled or intercalated fluorophore tumbles rapidly and shows low FA
values. After binding the target, FA increases.
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Equations used in steady-state fluorescence anisotropy measuremnts
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M easurement

Formula

Parameters

Eq.

Anisotropy

IH—GIJ_

IH + 2GIJ_

r

Polarization

IH_GIJ_

P=57—=cr
IH+GIJ_

1, — the intensity of fluorescence emission parallel to the
vertically polarized light

/, —the intensity of fluorescence emission perpendicular to the
vertically polarized light

G — instrument correction factor

Perrin Equation

r,—the limited (fundamental, maximum) fluorescence anisotropy,
usually r,<0.4

7— fluorescence lifetime of the fluorophore

6,0¢— rotational correlation time of the macromolecule

D, - diffusion coefficient

Stokes-Einstein-Debye Equation

nv nMw

erot - kBT RT

v+ h)

77— viscosity, poise

V- hydrodynamic volume

kg =1.38x10"23 ) K1, Boltzmann’s constant

T - temperature, K

v— specific volume

MW - molecular weight

h—hydration, typically 0.2 g H,O per gram of protein
R=28.31J K™t mol%, universal constant
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Equations used in time-resolved fluorescence anisotropy measuremnts
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M easurement Formula Parameters Eq.
IH(t) - GIJ_(t)
TR-FA decay ) = +——5~—"= Where tis the time after fluorophore excitation 6
IH(t) +2GI J_(t)
—t/0 _ani izati ~
TR-FA fit (for one component) | 15 = r 4+ (r — r )e( rot) I, — anisotropy after complete depolarization (usually 7., 7
o0 0 "o 0)
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