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Abstract 

The sarco/endoplasmic reticulum calcium ATPase (SERCA) is the calcium pump 

responsible for maintaining cellular calcium homeostasis. Diminished SERCA function 

has been directly linked to numerous degenerative disease states, such as heart failure. The 

pathological progression of heart failure is associated with an elevated level of cytosolic 

calcium, and impairs the function of the muscle contraction-cycle. The overarching goal of 

this research is to discover novel small-molecule effectors, capable of enhancing SERCA’s 

ability to pump and store calcium within the sarcoplasmic reticulum (SR). Drugs that 

increase the calcium pumping efficiency of SERCA will restore calcium homeostasis by 

reducing the calcium content in the cytosol, and enhance impaired cardiac function. 

 The process of drug discovery is a high-risk effort, and involves screening millions 

of small-molecules to fortuitously discover a lead compound with high-therapeutic 

potential. The precise placement of two fluorescent proteins at specific locations along 

SERCA’s cytosolic headpiece, allows for the detection of fluorescence resonance energy 

transfer (FRET) between donor and acceptor fluorescent proteins. Human cell lines that 

overexpress this fluorescent fusion protein were generated, creating a live-cell biosensor. 

The rate of energy transfer (FRET) is dependent on the distance between the fluorescent 

probes and linked to the enzymatic activity of SERCA. FRET tracks SERCA’s structural 

status, while it pumps calcium into the sarcoplasmic reticulum. These biosensors are grown 

in vast quantities, harvested, and utilized for high-throughput drug screening. The cells are 

dispensed into high-density microplates, where each well contains a different compound.  
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FRET is detected using proprietary fluorescence technology, capable of recording 

the nanosecond fluorescence decay rate (lifetime) and the full emission spectrum. Both 

lifetime and spectral modes offer incredibly fast speeds, with high resolution and precision. 

High-throughput screening by lifetime mode offers the advantage of resolving the 

structural status of the FRET biosensor because the mole fraction of each structural state 

is assessed, and candidate compounds found during the screening process can be 

characterized by their structural effect on the biosensor. High-throughput screening by 

spectral mode increases assays precision by taking into account the shape of the 

fluorescence emission spectrum. The shapes of these spectra are decomposed into the 

contribution of known components by a novel spectral unmixing method, and further used 

to accurately evaluate FRET. When coupled with lifetime mode, spectral-based drug 

screening increases assay precision and removes artifacts from cellular autofluorescence 

and fluorescent compounds. The complementary advantages of coupling spectral and 

lifetime fluorescence measurements significantly reduces the rate of false-positives from 

high-throughput drug screens.  The development of the technology and FRET biosensor 

assay, drastically increases the probability of identifying a novel drug with great 

therapeutic potential. 
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Chapter 1 – Introduction 

1.1 Calcium Signaling 
 

 Calcium (Ca2+) ions are an essential element for life. Cells are dependent on 

calcium. Nearly every cellular process is governed or influenced by the positively charged 

divalent cation [1]. Cells have developed multiple methods to regulate calcium including 

proteins to buffer calcium for storage within subcellular compartments, pumps and 

exchangers to create concentration gradients, ion channels to act quickly in response to 

certain stimuli, and various receptors with signaling mechanisms capable of initiating the 

complex process of exocytosis or muscle contraction. Calcium signals can be processed in 

the temporal and spatial domains. For example during muscle contraction, time-dependent 

fluctuations of calcium, are required in order to ensure that force is generated when needed. 

Other signals, such as the activation of particular transcription factors in the nucleus of 

neurons for memory storage, require localized calcium signaling networks [2]. 

 The majority of complex cellular processes are regulated by calcium signaling, and 

allow for great functional diversity across cell types. One common component, is that 

cellular survival depends on maintaining low levels of calcium within the cytosolic space. 

Cells cannot tolerate calcium concentrations higher than 10 M, as levels above this will 

lead to protein and DNA aggregation, precipitation of phosphates, and permeabilization of 

cellular membranes [3]. A complex network of calcium handling proteins ensures the 

cytosolic calcium content remains low, around 10-100 nM, and that any fluctuation is 

tightly controlled for a specific purpose [4]. When the homeostatic nature of the calcium 

signaling network fails, cells are able to respond and adapt, but prolonged dysregulation of 
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calcium handling is associated with, if not the cause of, many degenerative disease states 

[5]. 

 Calcium homeostasis is controlled by regulating its influx, efflux, and availability 

(Figure 1). Calcium channels allow calcium to enter the cell and can be activated by 

voltage, ligand, or mechanical stimulation. Once inside the cell, a calcium transient can 

activate a plethora of signaling mechanisms, which depend on the type of cell or other 

environmental factors. Mechanisms which increase the amount of calcium within the 

cytosol are considered ‘On’ reactions and are capable of affecting a wide range of processes 

from exocytosis, muscle contraction, metabolism, transcription, or even fertilization [6]. 

Calcium buffers or sensors prolong or propagate the on reaction. The calcium sensors 

troponin C and calmodulin bind calcium through four EF-hand motifs, which produces a 

large conformational shift in the protein’s structure. In the case of troponin C, this 

conformational shift moves the troponin complex away from actin, allowing myosin to 

bind and cause muscle contraction. For the muscle to properly relax, calcium must be 

efficiently removed so that it can be used again. 

 The removal of calcium from the cytosol is referred to as an ‘off’ mechanism in the 

calcium homeostasis model shown in Figure 1. Many exchangers and pumps have been 

described but the majority of calcium is either pumped out of the cell at the plasma 

membrane by the sodium/calcium exchanger (NCX) and the plasma membrane calcium 

pump (PMCA), or calcium is stored and sequestered within the endoplasmic or 

sarcoplasmic reticulum by the sarco/endoplasmic reticulum calcium ATPase (SERCA) [7]. 

SERCA is responsible for generating a 10,000 fold gradient of calcium across the ER 
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membrane. The calcium stores located within the endoplasmic reticulum are crucial for the 

production of new proteins but also for maintaining ample amounts of calcium. Calcium 

within the ER can be released for a multitude of signaling cascades as previously 

mentioned.  

 Calcium release channels 

(CRC) such as the inositol 1,4,5-

triphosphate receptor (IP3R) and the 

ryanodine receptor (RYR) release 

calcium from the ER into the cytosol 

when activated by an appropriate 

signal or stimulus [8]. Proper timing 

and regulation of ER calcium 

release is essential for electrically-

stimulated cell types such as 

cardiomyocytes, -pancreatic cells, 

and neurons. RYR is the major 

calcium channel in these specialized 

cell types and specific isoforms such 

as RYR1 are expressed in skeletal 

myocytes and RYR2 in 

cardiomyocytes [9]. A notable 

distinction between these two 

 
Figure 1. Calcium signaling requires ‘on’ and ‘off’ reactions to 
maintain calcium homeostasis. Calcium channels allow calcium 
to enter the cells (‘on’ reaction) and can be activated chemically, 
electrically, or mechanically. Membrane proteins such as the 
sodium-calcium exchanger (NCX) and the plasma membrane 
calcium ATPase (PMCA) contribute to the ‘off’ reaction by 
removing calcium from the cell. Calcium (red dots) can be 
buffered in the cytosol. The sarco/endoplasmic calcium ATPase 
(SERCA) pumps in the ER/SR generate calcium stores. Calcium 
is released from these stores by inositol 1,4,5-tripohosphate 
receptor or the ryanodine receptor and then signals numerous 
effectors involved in a vast array of processed from exocytosis 
to fertilization. Proper balance of the on and off calcium signaling 
pathways is necessary for preserving the health of cells. 
Reprinted from [6]. 
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isoforms of the RYR calcium channel is that RYR1 is activated by depolarization through 

mechanical linkage with the dihydropyridine receptor (DHPR), whereas RYR2 is activated 

through a calcium-induced calcium release (CICR) mechanism. The RYR isoforms share 

60% sequence homology and have tissue-specific expression and regulation. These 

differences and many others across the plethora of calcium-binding proteins, allow for fine 

control of the processes involved in maintaining calcium homeostasis [10].  

 The failure of these systems to properly handle calcium is linked to the progression 

of many diseases. For example, loss of calcium homeostasis is found in heart failure [11]. 

The regulation and function of many proteins along the calcium-signaling cascade are 

detrimentally affected, but the role of the calcium pump SERCA2a has been shown to be 

a primary culprit in cardiac malfunction. Therapeutic strategies with the goal of correcting 

these calcium signaling deficits by targeting SERCA or its regulators, have been found to 

ameliorate the symptoms of heart disease. Exploration of SERCA’s role in calcium 

signaling will be essential for discovering new ways to treat cardiomyopathies [12].  

1.2 The Calcium Pump SERCA 
SERCA is a P-type ATPase that uses energy from adenosine triphosphate (ATP) to pump 

two calcium cations from the cytosol into the endoplasmic or sarcoplasmic reticulum. The 

four different types of ATPase transporters are the P-, F-, V-types and ABC transporter 

(Figure 2)[13]. The P-type ATPases transport calcium through the formation of an aspartyl-

phosphoenzyme intermediate, providing the energy required to actively pump calcium 

across the hydrophobic lipid membrane bilayer against a large calcium concentration 

gradient.  
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The F-type ATPase transporters are responsible for producing ATP in mitochondria 

and chloroplasts by using energy derived from an electrochemical gradient of protons 

established by the electron transport chain. ATP-binding cassette (ABC)-transporters 

shuttle many essential nutrients into and out of cells. Fifty different ABC-transporters have 

been identified in humans. Genetic mutations of the ABC transporters are the cause of 

debilitating diseases such as cystic fibrosis (CFTR) and changes in protein expression and 

substrate sensitivity are directly linked to development of drug-resistant metastatic cancers 

[14]. Less is known about the vacuolar V-type ATPases. They are responsible for 

generating proton gradients 

within intracellular vesicles 

and are involved in 

endo/exocytosis processes 

[15]. The four different 

classes of ATPase 

transporters work hard to 

maintain appropriate levels 

of ions and nutrients within 

the cell and the malfunction 

of any one of them, has 

been directly related to 

numerous diseases and 

 

Figure 2. The P-, V-, F- type and ABC transporters make up the four 
categories of ATPases. The P-type ATPases utilize energy from ATP to 
actively pump ions out of cells or in SERCA’s case pump calcium into the 
ER. V-type ATPases generate proton gradients in intracellular vesicles. 
The F-type transporters harness energy from the proton gradient produced 
by the electron transport chain to make ATP. The ABC-transporters move 
a wide variety of larger molecules into and out of cells. Numerous diseases 
states are linked to the dysfunction of each transporter type and described 
in the figure. Reprinted from [13] 
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disorders as shown in Figure 2.  

 Cyclical calcium transport into the specialized calcium storage organelle, called the 

sarcoplasmic reticulum (SR) in muscle cells, is triggered by action potentials along the 

sarcolemma membrane. These action potentials originate from signals from the brain or 

pacemaker cells in the heart, causing the opening of voltage-sensitive calcium channels (L-

type). An initial influx of calcium then causes the RYR calcium-release channels to open. 

Calcium is rapidly released into the cytosol, where it binds to the troponin complex and 

allows myosin to bind to actin, thereby causing muscles to contract and produce force. The 

calcium is then removed from the cytosol by SERCA and stored within the SR, so that it 

can be used during the next contraction cycle. Calcium must be removed efficiently and 

rapidly during the excitation-contraction process. Improper or delayed clearance of 

cytosolic calcium results in prolonged contraction and delayed muscle relaxation. The 

calcium pumping mechanism of SERCA is capable of keeping up with the demands of 

cardiac and skeletal muscles. 

 The reaction mechanism of SERCA follows the classic E1/E2 scheme [16]. During 

the high-calcium affinity E1 state, the calcium-binding sites of SERCA are exposed to the 

cytosol. In the low-calcium affinity E2 state, these sites are not available at the cytosolic 

face of SERCA, and face the lumen of the ER, where calcium is released. Under normal 

conditions, the energy from the hydrolysis of one ATP molecule is used to transport two 

calcium ions, and counter transport two-three protons across the ER membrane (Figure 3). 

First, calcium ions bind to SERCA’s calcium-binding sites. SERCA then undergoes a 

conformational shift, and allows ATP to bind at the nucleotide-binding domain. ATP is 
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then hydrolyzed, and rapidly autophosphorylates the aspartate at residue 351. A high-

energy phosphoenzyme intermediate (E1-ATP-Ca2+ state) is formed, where calcium is 

occluded from the cytosolic face of SERCA. This state is very unstable. ADP is then 

released from the nucleotide-binding domain, and SERCA undergoes a large-scale 

conformational change. Calcium ions are transported through the membrane, and released 

them into the lumen of the ER. Finally, SERCA is dephosphorylated, and transitions from 

the E2P to E2 state. The cycle starts over with a transition back to the E1 state [15]. This 

reaction is highly efficient, and the coupling of energy consumption of ATP is expected to 

match the energy used to pump two calcium ions at 12 kcal/mol per cycle [17].  

1.3 SERCA Structural Biology 
 SERCA is by far the most studied calcium ATPase, with over 50 published crystal  

structures, all of the SERCA1a isoform. SERCA1a is the fast-twitch skeletal muscle 

isoform [19]; but many crucial details about this membrane-bound enzyme remain to be 

 

Figure 3. A simplified E1/E2 reaction of SERCA’s enzymatic cycle. SERCA binds calcium in the high-affinity 
E1 state. A covalent interaction with ATP occurs at the nucleotide binding-domain of SERCA, and 
autophosphorylates the aspartate residue 351, forming an unstabe phosphoenzyme intermediate (E1-ATP-
2Ca2+). ADP is then released, and SERCA shifts towards the low-affinity E2 state. Calcium is subsequently 
released into the ER lumen, and phosphate dissociates from SERCA. Adapted from [18].  
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answered, and further exploited. 

SERCA is an integral membrane 

protein consisting of 10-11 

transmembrane domains 

(depending on the isoform), with a 

large cytosolic headpiece; 

comprised of the actuator, 

nucleotide-binding, and 

phosphorylation domains (Figure 

4). This headpiece is predicted to exhibit large-scale (> 20 Å) molecular movements, based 

on crystal structures obtained under conditions, designed to trap SERCA at discrete points 

during its enzymatic cycle [19]. Emerging evidence, from crystallography [20], 

fluorescence resonance energy transfer [21, 22], and molecular dynamics simulations [23], 

suggests that SERCA’s cytoplasmic headpiece undergoes large-scale transitions between 

compact and open structural states, that are functionally important.  

 The structural 

information obtained from x-ray 

crystallography studies have 

elucidated the role that each of the three cytosolic domains play throughout the E1-E2 

reaction scheme. It is pertinent to note that crystal structures represent static pictures of 

SERCA’s structural biology, and the methodologies used to form highly-ordered and well-

diffracting crystals, rely on locking SERCA in one particular state. These methods include 

SERCA

Lipid bilayer

Cytosol

2 Ca2+

2 Ca2+

N

A P

TM

ATP

ADP + Pi

Lumen

 

Figure 4. Structural model of SERCA. There are three cytosolic 
domains and 10-11 transmembrane (TM) helix regions. The 
actuator-domain (red), nucleotide-binding domain (green), and 
phosphorylation domain (blue) undergo large-scale structural 
rearrangement as calcium is transported across the lipid 
membrane at the expense of ATP hydrolysis. [24, 25] 

 

Figure 5. Sequential calcium reaction is cooperative (1 and 3), and 

dependent upon slow structural binding transition (2) [26].  
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the use of high protein concentrations of SERCA (derived from the skeletal muscles of 

rabbits), detergents, high calcium concentrations (greater than 10 mM), incubation with 

SERCA inhibitors, nucleotide and phosphate analogues, to investigate the intermediate 

states [15]. These conditions may perturb SERCA’s structure in ways that are not 

physiologically relevant, but have consistently shown that structural rearrangement of the 

A-, N-, and P-domains is required for calcium transport. 

 The initiation of SERCA’s enzymatic cycle, requires that calcium binding occurs 

before ATP binds to the nucleotide-binding domain [27]. Calcium binding occurs at two 

separate sites at the cytosolic side of lipid membrane. Calcium binding is sequential and 

cooperative, where site I is the low-affinity binding-site (10 M). Calcium-binding at site 

I repositions Asp800, and causes the sixth transmembrane region (M6) to rotate, thereby 

rearranging the positions of oxygen atoms in the second calcium-binding site (site II). This 

creates a properly formed calcium-binding pocket, with high-affinity towards calcium (50 

nM) [28, 29]. The binding signal from site II is then transmitted to the phosphorylation 

domain, nearly 50 angstroms away. This mechanical transmission occurs through structural 

changes linking the transmembrane helix 5 (M5), near site II to the P-domain, coupling the 

calcium pumping and ATPase hydrolysis activities of SERCA [24]. 

 The cooperative interaction of SERCA’s structural change and its two calcium 

binding sites is depicted by the reaction in Figure 5. Calcium binds rapidly at site I (1), 

inducing a slow conformational change (2). In this conformation (E’), SERCA is unable to 

utilize ATP until a second calcium binds, and occupies the newly formed calcium-binding 

site II. Conformation (E’’) represents the activated enzyme, commonly referred to as the 
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high-affinity E1-state. Steady-state and transient kinetic intrinsic fluorescence studies 

revealed the slow calcium-dependent isomerization, with the following equilibrium 

constants (epxeriments performed at 25° C and buffered with media containing 50 mM 

buffer (Tris, pH 8.5, Mops, pH 6.8, or Mes, pH 6.0), 80 mM KCl, 10 mM MgCl,, 0.1 mg 

of SR protein/ml, and EGTA and Ca2+ to yield the required free Ca2+ concentrations: 

 k1 =4.25 x 107  M-1 s-1, k-1 = 450 s-1, k2 = 15 s-1, k-2 = 33 s-1, k3 =1x 108  M-1 s-1, k-3 = 18 s-

1 [30, 31]. Studies using recombinately expressed SERCA mutants have also been 

performed to targeted residues specific for coordinating calcium ions at each binding site, 

as well as, the nucleotide binding site.  Residues Glu771, Thr799, Asp800, and Glu908 

were found to be critical for coordination of the calcium ion in the first binding site, 

providing stabilization of the entire Ca2+ binding domain, and were required to initiate the 

structural transition as modeled by the sequential binding equation [26]. 

 Structural and functional studies demonstrate that SERCA undergoes large-scale 

structural rearrangements with a simplified mechanistic model, depicting at least two 

distinct E1 and E2 enzymatic states. A full model of the enzymatic cycle, based on 

experimental evidence and simulations, includes at least twelve partial reactions [30, 31]. 

Crystal structures have been solved for many of the states associated with these partial 

reactions, suggesting that a dynamic equilibrium of the structural states exists [19]. 

Understanding these structure-function relationships, and their rate-limiting steps will be 

valuable for discovery of small-molecules or peptide-regulators, which control SERCA’s 

function. 
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1.4 SERCA Isoforms 
The family of known SERCA isoforms has 

expanded in recent years, with over 11 known 

human mRNA transcripts and proteins now 

identified (Figure 6); each with its own 

distinct kinetic parameters and tissue-specific 

expression. The ATP2A (SERCA) gene 

products are members of the (E1-E2) P-type 

ATPase family [32]. The SERCA1a isoform 

has paved the way for structural comparisons 

to other isoforms, as it is easily obtained from 

rabbit skeletal muscle. Currently, crystal structures do not exist for any of the other SERCA 

isoforms. In humans, SERCA is encoded by three separate genes, located on different 

chromosomes (Figure 6). Sequence diversity is enhanced through alternative splicing, 

primarily at the 3’ carboxy terminus. SERCA is highly conserved across its isoforms, with 

SERCA1 being 84% homologous to SERCA2, and 75% homologous to SERCA3  [33].  

 

Figure 6. Alternative splicing of three SERCA 

genes (ATP2a1-3). Exons are colored cylinders and 
introns black lines. Thinner cylinder in SERCA2b is 
an untranslated pseudoexon. Black triangles 
indicate the position of the different stop. Reprinted 
and adapted from [34]. A C

D

 
Figure 7. Alignment of human SERCA isoforms showing the difference in c-terminus due to alternative splicing.  
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SERCA2b is ubiquitously expressed in all tissue types, and is the most ancient 

isoform. The isoforms SERCA2c and SERCA3d, e, and f are unique to humans. Studies of 

mutant and chimeric proteins, suggest that the functional differences of calcium binding 

affinity and pumping rates, are due primarily to differences in the C-terminal segment of 

SERCA (Figure 7). In particular, the 2b isoform contains an additional 11th C-terminal 

transmembrane domain. A series of chimeric SERCA1a proteins were engineered to add 

the additional C-terminal segment from SERCA2b. These studies generated a model in 

which the SERCA2b tail interacts with and displaces specific luminal domains (7 and 8), 

thereby stabilizing the high-affinity E1 state [35]. This model is consistent with the higher 

apparent calcium affinity (1/KCa) and slower catalytic turnover rate (Vmax) of the SERCA2b 

isoform. 

 

Kinetics of SERCA Isoforms 

The kinetic parameters of the human SERCA isoforms are becoming more clearly defined. 

SERCA can now be expressed as a recombinant protein, and isolated through the 

fractionation of the ER or SR; where acid-quenched transient kinetic studies have resolved 

the rate constants throughout the E1-E2 enzymatic cycle. These methods have shown that 

the SERCA isoforms are distinguished by their turnover rate Vmax at saturating calcium 

(2b, c <2a <3a, b, c <1a) (Figure 8A), and their affinity 1/KCa for calcium (2b> 2a>1a> 

2c> 3) (Figure 8B)   [36],[37],[38]. SERCA1a has the highest rate of catalytic activity ( 

Vmax ~130 s-1), and the ubiquitously expressed 2b has the lowest (Vmax ~35 s-1). SERCA3 

exhibits very low calcium affinity (approximately 1/10th that of SERCA1a), but has a rapid 
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rate of catalytic activity (Vmax ~100 s-1) [37]. However, no direct comparison has been made 

of the human SERCA isoforms expressed or reconstituted in the similar membrane 

environments. Kinetics experiments have been compared to results for rabbit SERCA1a, 

which has 963/994 (97%) primary sequence homology to human SERCA1a, with 11/994 

(1%) of the amino acid difference at the C-terminus [39].  

The diverse enzymatic properties among the SERCA isoforms, allow for fine 

tuning and modulation of calcium handling, for specific physiological processes and 

cellular phenotypes. SERCA1a is primarily expressed in adult fast-twitch skeletal muscle, 

whereas the longer SERCA1b is found in fetal tissues. SERCA1a’s high Vmax and low 

(1/KCa) are ideal for the dynamic calcium cycling required for fast-twitch skeletal muscle 

contraction. Evidence exists that novel SERCA1 truncated variants (ST1s) are found in 

cardiac tissue, which may act to slow or even abolish calcium transport [40]. 

SERCA2 consists of four alternatively spliced variants. SERCA2a is found in 

cardiac tissue, under adrenergic control of small-peptide regulator phopholamban (PLB). 

SERCA2a exhibits the kinetic properties for rapid clearance of calcium from the cytosol, 

necessary for cardiac muscle relaxation. SERCA2b is ubiquitously expressed throughout 

all tissue types, with a higher apparent calcium-affinity (1/KCa), and lower turnover of ATP 

at saturating calcium (Vmax), 

compared with SERCA2a. 

SERCA2b is usually found 

to be expressed along with 

other isoforms, which have 1a 2a 2b 2c 3a 3b 3c 3f
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the appropriate enzymatic properties to finely tune calcium transport in combination with 

SERCA2b. For example, the human-specific SERCA2c isoform is found in cardiac muscle, 

skeletal muscle, and hematopoietic cells. SERCA2c displays enzymatic properties quite 

different from those of SERCA2a, with a lower calcium-affinity (1/KCa), and a much lower 

Vmax.  In cardiac tissue, SERCA2c was found to be restricted to the subplasmalemmal area 

and intercalated disks [41], where the calcium concentration is high. In contrast, SERCA2a 

and 2b are located near T-tubules and longitudinal SR [42]. SERCA2c has a similar effect 

on the levels of cytosolic calcium as SERCA2a and 2b, but its activation only at high 

cytosolic calcium concentrations aids in the rapid removal of calcium [43]. The discovery 

of differential compartmentalization of SERCA isoforms within the ER or SR illustrates 

the complexity of SERCA’s role in maintaining calcium homeostasis. 

SERCA3’s role in calcium transport is less well understood in comparison to 

SERCA1 and 2. Its low-calcium affinity, high-catalytic activity, and co-expression with 

SERCA2b suggests that it is a fine tuner of calcium transport [41]. Six 3’-carboxy terminal 

variants (a through f) of SERCA3 are found in humans, with SERCA3a found in all 

mammals. SERCA 3d and f are found only in humans (Figure 6). More SERCA3 isoforms 

have been discovered, and are specifically restricted to the rat and mouse. The SERCA3 

variants are differentially expressed in a wide variety of muscle and non-muscle cells, with 

the highest expression found in hematopoietic cells. They further exhibit 

compartmentalization at discrete subcellular locations, with kinetics similar to that of 

SERCA2c, but with an even higher rate of catalytic turnover [43]. These kinetic parameters 
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make them suitable to exist in locations where calcium concentration is high, and allow 

them to remain inactive at resting cytosolic concentrations of 50-100 nM. 

The SERCA3 variants all transport calcium differently, with SERCA3a, c, and e 

maintaining the lowest cytosolic concentrations, and SERCA3b, d, and f maintaining the 

highest ER concentrations [37]. In human embyronic kidney 293 (HEK) cells, where 

SERCA2b and SERCA3d are expressed [44], overexpression of human-specific SERCA3f 

induced apoptosis. Interestingly, SERCA3f expression was found to be upregulated in heart 

failure, in conjunction with SERCA2a being down-regulated. The rise in SERCA3f was 

further shown to be closely correlated with an increase in markers for endoplasmic 

reticulum (ER) stress, as the levels X-box-binding protein-1 (XBP-1) and glucose-

regulated protein (GRP) were increased. SERCA’s role in maintaining a high calcium 

reserve in the SR is important for the processes of cardiac excitation-contraction coupling 

and relaxation. This evidence sheds new light on how the malfunction of the ER leads to 

the pathophysiological processes of heart failure. In cardiomyocytes, SERCA3f is found at 

the same subcellular compartments (longitudinal SR) as SERCA2a, but no published 

rationale has been made for why heart failure is associated with an increase in 3f and a 

decrease in 2a [45]. The conclusion of this study demonstrated how species-specific 

SERCA splicing is important for the pump’s enzymatic properties, and subcellular enzyme 

compartmentalization. Further, how these are aspects are linked to the induction of ER 

stress in human cardiomyopathies. This same pathological response has been found in 

numerous disease states, where the relevance of SERCA isoforms is only now starting to 

be investigated. 
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1.5 SERCA Regulators 
PLB 

 The different SERCA isoforms are expressed in specific tissues types along with 

their regulators. In the human heart, the small 52 amino acid peptide phospholamban (PLB) 

regulates SERCA2a function. PLB is a sarcoplasmic reticulum (SR) membrane-bound 

peptide that is regulated by adrenergic stimulation. PLB inhibits SERCA by decreasing its 

apparent calcium-affinity, when the heart is not pumping blood at maximum capacity 

(bradycardia), and the cytosolic calcium concentrations are low. When the heart rate 

increases, and the heart needs to pump blood more efficiently, SERCA’s inhibition by PLB 

is relieved through phosphorylation. PLB phosphorylation occurs at serine16 by PKA [46], 

or at threonine17 by Ca2+/Calmodulin Kinase II (CAMKII) [47].  

Phosphorylation of PLB relieves SERCA’s inhibition, and is regulated through a 

structural transition of the cytoplasmic tail of PLB. Upon phosphorylation, PLB switches 

from a tense (T) to a relaxed (R) state [48]. This order-to-disorder structural transition, 

destabilizes PLB’s cytoplasmic domain helix, and disrupts its inhibitory interactions with 

SERCA. The T and R states exist in a dynamic equilibrium, where phosphorylation is 

tightly-regulated through multiple pathways. This allows for fine-tuning of SERCA’s 

activity, and further the contraction-relaxation properties of the heart muscle. This 

allosteric regulation of SERCA has become an attractive therapeutic target for gene-

therapy, and small-molecule drug discovery. Both strategies have the goal of finding new 

ways to shift PLB toward the R state to increase SERCA’s activity.  
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SLN 

 Sarcolipin (SLN) is another SR membrane-bound regulator of SERCA’s activity. 

This 31 amino acid peptide is primarily expressed in the atrium of the heart and skeletal 

muscle. The differential expression of SERCA regulators in the heart (PLB in ventricles, 

SLN in atria), suggests that the contractile properties of these compartments are dependent 

on SERCA’s ability to efficiently clear calcium from the cytosol. SERCA regulation is 

important for promoting muscle relaxation, by ensuring calcium is properly sequestered 

during each round of the contractile cycle [49]. In parallel to its homologue PLB, SLN was 

found to inhibit SERCA’s function by decreasing its apparent calcium affinity.  SERCA 

inhibition is relieved by SLN phosphorylation at serine5 [50]. SLN is also found in skeletal 

muscle, and regulates SERCA1a. Recently, SLN has been found to control thermogenesis 

by uncoupling SERCA’s calcium transport from ATPase hydrolysis [51]. 

 SLN’s ability to produce heat through non-shivering thermogenesis, by altering 

SERCA’s ability to utilize ATP hydrolysis for calcium transport, raises new questions 

 

Figure 9. The 52 amino acid phosopeptide PLB (red) exists in an equilibrium of two structural states. In the 
tense state, PLB inhibits SERCA’s function. Upon phosphorylation at serine16 by PKA, PLB’s cytoplasmic 
domain becomes disordered, relieving SERCA inhibition. Adapted from [48].  
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about SERCA’s enzymatic cycle. The crystal structure of SLN bound to SERCA shows 

that sarcolipin binds to the same site as PLB [19]. Unlike PLB, SLN was found to promote 

the high-affinity E1 structural state of SERCA. Recent evidence suggests that the cytosolic 

domain of SLN forms a covalent bond with the second calcium binding site on SERCA 

(residue E309), blocking the ability to bind the second calcium ion, but allowing SERCA 

to hydrolyze ATP [52]. The regulatory mechanisms of SERCA enzymatic cycle are 

becoming more and more complex, as the list of regulatory partners continues to grow, but 

continually offer new insights, and potentially therapeutic opportunities to control 

SERCA’s malfunction during heart failure [53], type II diabetes, or obesity [54]. 

DWORF, ELN, and ALN 

 The most recent small-peptide SERCA regulators to be identified were previously 

annotated as long non-coding RNA sequences [55]. These sequences were shown to code 

for proteins which alter SERCA’s function with tissue-specific expression.  The 32 amino-

acid sarcoplasmic reticulum membrane-bound protein named dwarf opening reading frame 

(DWORF) was discovered to be preferentially expressed in cardiac tissue, and activate 

SERCA by inhibiting binding of PLB. DWORF was not found to increase SERCA’s 

activity on its own, and competitively inhibited the binding of PLB, SLN, and also the 

skeletal-muscle specific peptide regulator myoregulin. DWORF expression was found to 

be upregulated in models of heart disease, possibly by a compensatory mechanism to 

increase SERCA function. 
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The DWORF 

amino acid sequence is 

homologous to PLB and 

SLN. A key difference of 

the PLB and SLN 

sequences in comparison to 

DWORF, is that DWORF 

has a hydrophobic residue 

(I16) in place of the inhibitory polar residues N34 found on PLB, and N11 found on SLN. 

The most recently identified SERCA regulator homologues endoregulin (ELN) and 

another-regulin (ALN) also share functional similarities to PLB and SLN. Both ELN and 

ALN inhibit SERCA’s function, except they expressed preferentially in non-muscle 

tissues, and were shown to inhibit the corresponding tissue-specific SERCA isoforms 2b 

and 3 [56]. These exciting discoveries of novel SERCA regulators have led to collaborative 

efforts to identify the structural basis of tissue-specific SERCA regulation. 

  

 

Figure 10. The recently identified SERCA regulator DWORF activates 
SERCA in the heart by competively inhibiting PLB. Adapted from [55] 
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Chapter 2 – Therapeutic Targets and Applications of SERCA 
Activators 

The role of the calcium pump SERCA in maintaining calcium homeostasis, 

required for cells to function properly, has linked its malfunction or loss to diseases 

previously unconsidered [57]. As SERCA’s enzymatic function has now become more 

clearly defined through structural studies and dynamic molecular simulations [23],there is 

a definite need to link these aspects to allosteric drug interactions and genomics. This 

approach will lead to new avenues in the pursuit to correct aberrant calcium signaling and 

handling, with the intention of mitigating cellular stress and apoptosis. The goals of 

stimulating SERCA’s enzymatic capacity by simply increasing its abundance, through 

gene therapy, initially proved successful in clinical trials [58]. Unfortunately, the phase II 

clinical trial Calcium Upregulation by Percutaneous Administration of Gene Therapy in 

Cardiac Disease (CUPID) did not meet its primary end goals. SERCA2a was delivered 

directly into the hearts of patients experiencing advance heart failure, using single 

intracoronary infusion of adeno-associated virus I (AAV1). The trial was halted because 

the level of SERCA2a expression in patients was not sufficient to mimic the results found 

in large animal studies. Additionally, this therapeutic approach is limited because many 

patients with heart failure have neutralizing antibodies against the AAV vectors [59]. The 

development of more efficient cardiac-targeted vector delivery, and alternate targets such 

as SERCA’s regulators [60] are currently being evaluated, holding promise for the future 

gene therapeutic treatments of heart failure.  

Alternative strategies to gene therapy, by targeting regulators of SERCA through 

transcription factors, protein modulators, and allosteric small-molecules depict how 
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important target specificity will be for drug discovery. Maintenance of calcium at very 

precise levels within the cytosol of contractile cells is dependent on other ion channels and 

pumps, and for reasons still being revealed, interact with every currently identified SERCA 

modulator, in some way or another. Understanding the details of these mechanisms, may 

lead to the development of small-molecules or peptides, which do not have the harmful 

side effects of many of the discovered SERCA modulators to date.  

Recent advances in high-throughput drug screening [61] have made it possible to 

identify novel compounds, which can alleviate altered calcium levels found in the cytosol 

of cells throughout numerous diseases such as Alzheimer’s disease [62], diabetes [54], and 

heart failure. In these diseases, SERCA functions to restore calcium homeostasis by 

actively pumping Ca2+ from the cytosol into the sarcoplasmic reticulum (SR) or 

endoplasmic reticulum (ER), against its gradient. It is well known that when cells are under 

stress, expression of the calcium pump SERCA becomes down regulated, further disrupting 

calcium homeostasis, leading to apoptosis, and ultimately the uncontrolled progression of 

disease states [63]. The common feature of elevated calcium levels in the cytosol is found 

in a wide range of muscle and metabolic disorders. In cardiomyocytes, elevated calcium 

levels in the cytosol lead to impaired muscle relaxation during diastole, as calcium 

continuously signals myosin to attach and form crossbridges with actin. The prolonged 

effect of calcium extenuates systole [41]. In other non-muscle diseases, elevated cytosolic 

calcium levels have been linked to immunogenic, ER stress, and mitochondrial 

dysfunction. SERCA’s ability to maintain homeostasis of calcium cycling, makes it a very 

attractive target for drug discovery and therapeutics. 
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It is paramount to find novel small-molecule activators of SERCA, which can 

mitigate elevated cellular cytosolic calcium concentrations. Novel drug screening assays 

and platforms are now making this endeavor possible, where a recent screen discovered six 

novel allosteric SERCA activators [61]. Activators of SERCA have long been sought after 

for the use of treating cardiac disease and malfunction [64]. There are many ways SERCA’s 

function or activity can be altered. These include upregulation of the pump itself or its 

function.  Allosteric modulators that alter SERCA’s function may work by increasing the 

catalytic activity of the membrane bound enzyme or by increasing its binding-affinity for 

calcium. 

2.1 SERCA Transcriptional Regulation 
 

Thyroid Hormone 

Many studies have elucidated the promoter of SERCA, and found specific 

transcriptional regulators with the ability to increase the overall expression of the various 

SERCA isoforms. It was first reported that the -284 to -72 bp proximal promoter region of 

the cardiac specific SERCA isoform is required for translational upregulation [65]. The 

thyroid response element was identified at the enhancer region, located directly upstream 

of SERCA promoter region. The thyroid hormone regulates many proteins in the heart, 

including the -adrenergic receptors, -MHC, titin, the Na+/K+ ATPase, the NCX 

exchanger, and SERCA2a [66]. Hypothyroidism precipitates the effects of heart disease, 

through the symptoms of bradycardia and hypertension. The fact that the thyroid hormone 

can bind to the enhancer region (regulatory element) and up-regulate transcription of 
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SERCA is exciting, because the thyroid hormones T4 and T3 would prove an easy 

therapeutic application for patients with heart disease. The off-target effects on the Na+/K+ 

ATPase, adrenergic receptor, cardiac troponin I, atrial natriuretic peptide, and MHC-P, 

have proven difficult to develop thyroid hormone therapeutics as a suitable long-term 

treatment [67]. The T4 and T3 thyroid hormone levels drop nearly 60% in patients 

experiencing heart failure. Clinical trials are underway and have shown that T3 

supplementation therapy improves cardiac function after cardiac bypass operations [68]. 

The thyroid hormone plays many physiological roles beyond regulating cardiac function, 

and may only be useful as short-term treatment for cardiac function. Therapeutics such as 

the thyroid hormone lack specificity for calcium signaling. An elusive goal for drug 

discovery has been to find compounds which reduce elevated cytosolic calcium levels and 

the symptoms of heart disease. This goal can be accomplished by the discovery of drugs 

which act at the level of transcription. 

Hypoxia Induced Factor (HIF) 

 The HIF transcription factor regulates the processes of angiogenesis, metabolism, 

and oxygen transport. In hypoxic conditions such as those associated with heart disease 

and failure, HIF up-regulates genes at the hypoxia response element (HRE). HIF 

expression during cardiac malfunction has been shown to be crucial for successful recovery 

after a myocardial infarction, where there is a decrease in oxygen delivery. The HIF 

transcription factor regulates many genes in the heart that improve blood delivery and 

oxidative metabolism during stressful states. It is considered a potential target for heart 

failure therapeutics [69]. Recently, it was demonstrated in animal models that many of the 
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proteins involved in the excitation-contraction coupling required for cardiac contraction 

were down regulated by HIF. SERC2a mRNA level was reduced to nearly half of its normal 

abundance, after only 72 hours of induction by HIF. Many putative HRE binding sites for 

HIF have been identified in the promoter region of SERCA. This study also found that 

even though HIF has many targets, its effects are the most pronounced on SERC2a, where 

a single stimulus dramatically and rapidly reduces its expression.  

SERC2a expression is decreased in both ischemia and heart failure, causing the 

heart to lose its contractile ability as calcium is not properly sequestered. The transcription 

factor HIF may be a key culprit to target when pursuing therapeutics for heart disease. The 

aforementioned study was not able to clearly identify that HIF was working at SERCA’s 

promoter region. Chromatin immunoprecipitation studies suggest that HIF manipulates 

SERCA expression through other mechanisms. Finally, HIF impaired calcium flux in 

cardiomyocytes, and ventricular dysfunction occurred after only seven days of cardiac 

induction of HIF. HIF alters the expression of many proteins, but altered calcium handling 

is dependent on decreased SERCA2a expression. This may be the most important factor in 

the progression of heart failure and disease. HIF may also play similar roles in other 

diseased states such as Alzheimer’s and diabetes, where it was previously shown to disrupt 

calcium signaling, causing both ER stress and mitochondrial dysfunction in -pancreatic 

cells [70]. HIF’s direct role in relation to SERCA expression was not studied thoroughly. 

Interestingly, the Alzheimer disease genes presillin-1 and -2 directly regulate the 

expression of HIF. The importance of maintaining proper calcium balance in the cytosol is 

critical for neurodegenerative disease states [71].    
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Peroxisome proliferator-activated receptors (PPAR-) 

 PPAR- is a heterodimer that binds with the retinoid X receptors at specific 

sequences within the promoters of genes and has been implicated in many disease states, 

where SERCA’s function is required to maintain calcium homeostasis [72]. An agonist 

binds to the PPAR- heterodimers in order to induce cotranscription. Many endogenous 

agonists exist, and regulate the formation and coactivational properties of PPAR receptors, 

differentially with specificity to tissue types. In this regard, much effort has been taken in 

developing novel small-molecule agonists, which can selectively bind specific PPAR 

receptors, thereby activating particular genes in localized tissues for the treatment of 

Alzheimer’s disease and diabetes [72]. 

 One PPAR- agonist pioglitazone is currently used as the standard treatment for 

Type II diabetes [73]. Pioglitazone activates the transcription of genes involved in glucose 

control and lipid metabolism in muscle, fat, and pancreatic cell types. Recently, this FDA-

approved drug was found to upregulate SERCA expression in diabetic animal models. This 

again links SERCA’s function and calcium-cycling as a determinate or outcome of a 

disease state. Pioglitazone was found to interact with the promoter region of non-muscle 

SERCA2b isoform. Promoter-deletion studies identified one PPRE (PPAR- response 

element), the most proximal one to the gene, as being crucial for the upregulation of 

SERC2b (Figure. 11). The drug restored SERCA2b expression in pancreatic -cells of a 

diabetic mouse model. SERCA2b expression has also been shown to be decreased in 

human patients with diabetes, just as SERCA2a is in heart failure. This FDA-approved 

drug is acting to restore calcium homeostasis by up-regulating the expression of SERCA 
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[63]. PPAR- agonists act on many targets, and are their upstream signaling effects are not 

specific for SERCA2. They have been restricted for use in Type II diabetes with comorbid 

heart failure [74]. Recently, therapeutic doses of pioglitazone were found to be harmless in 

canine cardiomyocytes. Higher doses altered the electrophysiological properties of the 

canine cardiomyocytes due to the inhibition of sodium, calcium and potassium currents. 

This raises real concerns for its use in diabetic patients with heart failure [75]. Unwanted 

drug side effects are a considerable problem for drug discovery, and in this case, the lack 

of drug specificity has restricted its use. PPAR- agonist’s role in up-regulating SERCA 

may have immense implications for directly targeting SERCA for drug discovery, and 

hopefully overcoming the unwanted side effects of current FDA approved drugs. 

2.2 Protein Modulators of SERCA Activity 
 

Ca2+/calmodulin-dependent protein kinases II (CAMKII) 

 The most well-known protein modulators of the SERCA calcium pump are 

phospholamban (PLB) and sarcolipin (SLN). These small membrane-bound regulators 

have proven essential for the proper regulation of the SERCA enzymatic cycle throughout 

the cardiac cycle of systole and diastole [76]. Regulation of these proteins is through direct 

 
Figure. 11 Five putative PPREs (PPAR- response element) were identified in the human SERCA2 promoter. 
The most proximal PPRE site was proven essential for the upregulation of SERC2b.Adapted from [63] 
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phosphorylation via -adrenergic signaling, and the cyclic AMP-dependent PKA cascade. 

The various SERCA isoforms are known to be ubiquitously expressed in nearly every cell 

type in the human body, with the SERCA2b isoform being the most predominant. 

Currently, PLB and SLN are only known to be expressed in a few tissue types. However, 

more and more protein modulators of SERCA, with possible cell type and SERCA isoform 

selectivity, are continued being identified [77]. 

 CAMKII is a threonine/serine-specific kinase that is regulated by the 

calcium/calmodulin complex, and is an essential regulator for maintenance of calcium 

homeostasis (Figure 12). CAMKII is a key intermediate in numerous cell-signaling 

cascades involved in cardiomyocyte contraction, or the ability of a neuron to store 

information to form a memory. It was discovered that CAMKII has the ability to directly 

phosphorylate SERCA, and increase its activity in airway (pulmonary) smooth muscle 

cells. PLB was not found at detectable levels in these cells [78]. Increased SERCA 

expression in the lungs may decrease elevated cytosolic calcium levels found in diseases 

associated with airway inflammation and bronchoconstriction. 

 The well-known cytokine regulators of PLB (TNF- and IL-13) did not increase 

the expression of PLB, as has been shown in skeletal and cardiac muscle. In fact, the 

absence of PLB expression was further confirmed by siRNA knockdown of PLB in airway 

smooth muscle. Inhibitors of CAMKII affected the enzymatic properties of SERCA, as 

demonstrated by decreased ATPase activity, and decreased calcium uptake across the SR. 

A CAMKII agonist had the opposite effect and stimulated the activity of the SERCA pump. 

Since CAMKII has been found to increase SERCA activation through phosphorylation at 
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Ser38 in other tissues, this same mechanism of regulation may occur in the smooth muscle 

of the lungs [78]. These exciting results demonstrate an important mode of regulation for 

SERCA in pulmonary smooth muscle, where diseases such as asthma lead to impaired 

calcium reuptake in the SR [79]. CAMKII may prove to be a therapeutic target for SERCA, 

as many isoforms exists with various tissue specificity and localization. However, CAMKII 

regulates many other proteins such as the myosin light chain kinase (MLCK) which causes 

smooth muscle to contract. Given its central location within signal cascade pathways, 

CAMKII may be prone to unwanted side effects, as discussed previously for SERCA 

regulation by transcription factors. 

Protein Kinase C (PKC) 

PKC is a threonine/serine kinase that is activated by diacylglycerol and calcium. 

This kinase is linked to the -adrenergic G-protein coupled receptor (GPCR) signal cascade 

in cardiomyocytes. Recently, it was shown that an inhibitor of PKC causes the upregulation 

of SERCA2a via the nuclear factor of activated T-cells (NFAT) [80].  
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NFAT is regulated by a phosphorylation from GSK3-beta. Dephosphorylation of 

NFAT by calcinuerin exposes a nuclear localization signal that shuttles the transcription 

factor to the nucleus. In the nucleus, NFAT binds regulatory elements at the promoter 

region of the SERCA2 gene, and up-regulates its expression. The PKC-specific activator 

 
 

Figure 12. NFAT-calcineurin activation results in increased transcription of SERCA2.Thapsigargin (TG) 
inhibits SERCA and increases cytosolic calcium. Calcineurin (CN) phosphastase is activated in response to 
elevated cytosolic calcium and activates NFAT. A separate pathway depicts adrenergic stimulation of protein 
kinase C (PKC), thereby increasing transcription of genes which induce cardiac hypertrophy (downregulation 
of SERCA expression). Competitive NFAT recruitment from these divergent pathways, differentially alter 
SERCA content in the heart.  Abbreviations: cyclosporine (CsA), diacylglycerol (DAG), Mitogen-activated 
protein kinase (MAPK), protein kinases D (PKD), histone deacetylases (HDAC), phorbol 12-myristate 13-
acetate (PMA), phenylephrine (PE), Glycogen Synthase Kinase (GSK3β). Reprinted from [81]. 
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Go¨ 6983 alleviated hypertrophy in cultured neonate rat myocytes, signaling the 

transcriptional regulator NFAT. NFAT is considered a unique modulator as it is considered 

a calcium coincidence detector. Multiple upstream elements converge to regulate NFAT 

and guide its localization (Figure 12). This transcription factor has been implicated in 

numerous disease states such as obesity-linked diabetes. It also has been found to have 

profound roles in aging through studies on reactive oxidative species, exercise, and the 

antioxidant resveratrol. This particular PKC activator’s role in relieving hypertrophy in 

cultured rat cardiomyocytes is exciting, suggesting the need for preclinical trials at the level 

of the whole heart. PKC is involved in numerous physiological processes all throughout 

the body, but in the heart it modifies the unitary conductance of the gap junction channels 

by phosphorylation of Ser368 on connexin48 [80]. As such, drug side effects may prove 

problematic for this particular PKC activator.   

 

Nitric Oxide (NO-) 

 NO- is a small free radical molecule with important roles in the signal cascades 

within the heart, and has been implicated in many disease states [82]. This powerful 

vasodilator can pass through the cellular membrane with ease, and is known for its role in 

activating soluble cGMP, leading to the downstream effects of opening calcium-gated 

potassium channels. Subsequently, calcium levels are decreased, thereby stopping myosin 

light-chain kinase (MLCK) from phosphorylating myosin. This leads to extenuated muscle 

relaxation, and ultimately vasodilation. NO- also causes S-nitrosylation on cysteine 

residues of certain proteins, which in turn alter the protein’s function (Figure 13A). The 

nitric oxide synthase (NOS) 1 and 3 isoforms have been located to specific regions of the 
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heart. During heart failure and ischemia in mouse models, NOS1 is preferentially localized 

to the sarcolemma, interacting with caveolin-1, whereas in non-disease states, NOS1 is 

found at the SR membrane (Figure 13B). Myocardial infarction causes NOS1 to localize 

to the sarcolemma, where it activates SERCA and RYR. As heart failure progress, reactive 

oxygen species (ROS) accumulate and irreversibly activate RYR2, causing calcium to leak 

from the SR. Cysteine residues on RYR and SERCA are eventually oxidized by xanthine 

oxidase and differentially alter their function in comparison to NOS denitrolysation. These 

powerful enzymes could lead to very specific drug targets, as differential expression 

between NOS-1 and -3 in particular disease states has also been observed [83]. 

 NO- is able to form S-nitrosylation reactions at particular cysteine residues on 

SERCA. These thiol-oxidation reactions have been shown to modify SERCA’s function 

and increase its calcium pumping activity [84]. These reactions are reversible. More 

deleterious reactive oxygen species such as H2O2, O2
−, NO, or GSNO, can also interact 

with the very same thiol groups, but irreversibly modify SERCA’s pumping ability. It has 

been suggested that oxidant signaling crosstalk may be important in regulating crossbridge-

cycling kinetics. The signaling interplay between ROS and NO- may also play a pivotal 

role in maintaining a fine balance between SERCA and the calcium-gated calcium channel 

 
 

Figure 13. NOS and ROS post-translational modification of SERCA and RYR on SERCA and RYR2. During 
heart failure NOS is localized to the sarcolemma and causes cysteine nitrolysation on SERCA (activates) and 
RYR2. Accumulation of reactive oxygen species (ROS) causes xanthine oxidase (XO) to oxidize cysteines 
which inhibit RYR and SERCA. Reprinted and adapted from [83]. 
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ryanodine receptor (RYR2) in the heart. Fine tuning of the ratio of SERCA to RYR2 could 

be essential for allowing cardiomyocytes to survive stressful situations, as found in heart 

disease and failure, and the localization of NOS1 and 3 may aid in this regulation.  Drug 

discovery of specific NOS activators or inhibitors may be particularly beneficial for short-

term use to overcome heart failure, but long-term use may not prove to be a viable option. 

It is notable that NOS knockout mice had a decreased life expectancy after myocardial 

infarction. 

2.3 Known Small Molecule SERCA Activators 
 

 Small-molecule activators that either increase SERCA’s catalytic turnover rate, or 

increase the binding affinity of calcium, have been an allusive goal for drug discovery. As 

elevated calcium levels and altered calcium handling are implicated in numerous disease 

states, a drug specific for SERCA would be highly beneficial for therapeutics in many 

diseases where no suitable or highly effective drug currently exists. SERCA has well over 

11 isoforms characterized to date, with divergent structural features and kinetic properties. 

Thus, it should feasible to find isoform specific activators. In fact, one of the most well-

known and utilized SERCA inhibitors thapsigargin, displays differential affinity for 

SERCA’s various isoforms [85]. Amongst the current literature only a few known 

activators exist. One was evaluated in 

clinical trials for heart failure, but failed to 

reach its end goals [86].  

 
Disulfiram 
 

 
 

Figure 14. Chemical structure of disulfiram. 
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 Disulfiram is an FDA-approved drug that 

goes by the name Antabuse, and is used for the 

treatment of chronic alcoholism (Figure 14). 

It is an acetaldehyde dehydrogenase inhibitor 

which causes an unpleasant reaction when 

taken in conjunction with ethanol. The body is 

not able to metabolize ethanol, leading to a 

buildup of acetaldehyde. Disulfiram was 

shown to activate the skeletal-specific 

SERCA1a, where the addition of 125 M increased the activity of the enzyme by nearly 

twofold [87]. Disulfiram also has known interactions with caffeine, acetaminophen, and 

theophylline. Its FDA description indicates against use in patients with heart failure due to 

adverse drug interactions and toxicity [88]. 

Ellagic Acid and Gingerol 

 

 
 

Figure 15.  Disulfiram produces an ATP-dependent 
increase in SERCA’s ATPase activity. (O) Control (No 

disulfiram) and (Squares) 125 M disulfiram. 

Ellagic Acid Gingerol
 

Figure 16. Chemical structures of ellagic acid and gingerol. 
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Ellagic acid is a phenolic constituent in certain fruits such as grapes, strawberries, 

and blackberries (Figure 16). It is an antiproliferative and antioxidative. Gingerol is a 

polyketide isolated from the rhizome of ginger. Gingerol has also been shown to induce 

hypothermia, reduce nausea, and alleviate migraines (Figure 16). These compounds were 

originally reported to activate SERCA in sarcoplasmic reticulum vesicles obtained from 

canine myocardium [89]. 

 

Table 1. Ellagic acid and gingerol SERCA ATPase activity 

Microsomes Addition Vmax KCa 
Hill 

Coefficient 

  μmol Ca2+/mg · min % Δ μM % Δ  

Control  1.09  ± 0.10  0.48  ± 0.07  1.47  ± 0.14 

Control Gingerol 1.46  ± 0.171 34 0.47  ± 0.03 −2 1.48  ± 0.08 

Control  1.16  ± 0.08  0.64  ± 0.06  1.34  ± 0.13 

Control 
Ellagic 

acid 
1.62  ± 0.181 40 0.69  ± 0.09 8 1.43  ± 0.07 

 

Gingerol was shown to increase the SERCA’s Vmax by 34%. Ellagic acid increased 

its Vmax by 40%, and decreased calcium-affinity (KCa) by 8% (Table 1). A recent study on 

these compounds, demonstrated that they accelerate the rates of cardiac relaxation and 

calcium transient decay in the myocardium of mice. These effects were even more 

pronounced in the myocardium of streptozotocin (diabetes-induced) mouse model.  All 

tests from this study were performed on isolated cardiomyocytes, and currently no data 

exist on the cross reactivity of the compounds with other channels or ATPases important 

in heart disease [90]. These compounds have since received a lot of attention, and there is 

a flurry of preliminary data using these compounds for a wide range of disorders. The two 
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aforementioned studies highlight the major findings in regard to SERCA and their activator 

role in various calcium dysregulation-dependent diseases.  

According to the American Cancer Society, ellagic acid may reduce the effect of 

estrogen in promoting the growth of breast cancer cells in tissue cultures. It may also help 

to remove or break down some cancer-causing substances found in the blood, reduce heart 

disease, liver problems, birth defects, and even promote wound healing. Gingerol has been 

shown to suppress colorectal cancer cell growth by inducing apoptosis [91]. Gingerol is an 

agonist for the TRPV1 and TRPA1 receptors. TRPV1 are known as the vanillinoid 

receptors, which respond to capsaicin. There are many on-going clinical trials of related 

synthetic analogues for their use as analgesics in neuromuscular pain and migraines. 

Gingerol is an ancient herbal medicine which has the ability to activate SERCA [92]. 

Further validation of gingerol and other synthetic derivative compounds may lead to drugs 

with specificity for SERCA. Studies need to be performed analyzing their cross reactivity 

with other ion channels, as non-specific targets could prove problematic for therapeutic 

use. 

 
Endocannabinoids 
 

A few preliminary studies have demonstrated that endocannabinoids may act as 

SERCA activators, but most do not discuss the importance of this finding in their studies 

[93]. Endocannabinoids and synthetically engineered cannabinoids have been shown to be 

potent neuromodulators with roles in motor learning, appetite, memory formation, and pain 

sensation. One elegant study on the cross reactivity of iontropic modulators and the RyR1 

receptors in skeletal muscle showed that the cannabinoid anandamide (Figure 17) induced 



 

 36 

a 20% increase in SERCA ATPase activity, 

which was abolished upon addition of the 

SERCA inhibitor cyclopianzonic acid (CPA) 

[94]. The rationale of this study was that these 

compounds were not able to interfere with 

CPA’s ability to inhibit SERCA, but may be 

important for mitigating SR leak caused by the RYR1 receptors. This particular study 

tested the ability of 30 putative modulators of either the plasma membrane K+, Na+, or 

transient receptor potential (TRP) channels to cross-react with intracellular Ca2+-release 

channels. 43% of the compounds tested were cross reactive with the RYR1 receptors.  

The cannabinoid capsaicin was also found to activate SERCA activity by 13%.  

Another cannabinoid called Anandamide was found to be a TRP channel modulator, an 

RyR1 antagonist, modulate other Ca2+ channels and play important roles in the 

mitochondria. It was important to thoroughly investigate the cross-reactivity amongst the 

many different components important for maintaining calcium homeostasis. Nearly 43% 

of their findings may have been misinterpreted had the cross-reactivity not been tested [94]. 

The investigation of K+  currents by means of patch clamping experiments in rat neuronal 

cell cultures, showed that ethanolamine (cannabinoid receptor modulator) effected SERCA 

through a possible stimulatory mechanism. This affect was blocked by the inhibitor 

thapsigargin [93]. These studies make no claims of the importance of SERCA activation 

by endocannabinoids, but this mechanism may be relevant for development or maintenance 

 
 

Figure 17. Chemical structure of the 

endocannabinoid anandamide. 
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of many pathological states. These compounds’ role in maintaining calcium homeostasis 

is only now coming to light. 

A novel and exciting cannabinoid, the endogenous lipid metabolite N-arachidonoyl 

dopamine (NADA) has been discovered to uncouple SERCA ATPase activity from its 

calcium pumping ability  [95]. This may prove to be an important mechanism that could 

potentially be a post-mitochondrial strategy to reduce ATP concentrations. Mutations in 

the RYR1 calcium channel cause excessive heat generation through SERCA stimulation, 

which is the cause malignant hyperthermia. The role of SERCA in non-shivering 

thermogenesis through heat dissipation, is only beginning to be understood. This study also 

makes the conclusion that NADA shifts SERCA toward the structural E1 state, where the 

SR luminal pathway is closed. They further suggest that NADA decreases Ca2+ interaction 

with the luminal site by directly affecting the luminal sites, or shifting the conformation of 

SERCA towards the E1 conformation (Figure 18). They also tested structurally similar 

compounds, and described that the requirement of a long chain polyunsaturated fatty acid 

is needed to achieve an optimal interaction with the pump. The author’s primary proposal 

was that SERCA uncoupling, occurring under conditions of low cytoplasmic Ca2+ 

concentration, may represent an important mechanism for energy interconversion in resting 

muscle [95]. 

 



 

 38 

These findings on the novel thermogenic drug NADA and the fact that the 

regulatory protein SLN has also been implicated in uncoupling the ATPase activity of 

SERCA, demonstrate that SERCA’s regulatory mechanisms require more extensive 

exploration. A recent SLN publication showed that when SLN was lost in high-fat fed 

mice, they become predisposed to obesity [95]. This knowledge may have implications for 

Type II diabetes, as obesity is thought to be a crucial factor for its development and 

progression. The newfound ability of SERCA to produce heat and rapidly deplete the 

concentration of ATP in the cytosol, shows that it may play important and unexpected roles 

in a wide range of muscle and metabolic disorders.  

 

Caldaret 

 

The small-molecule caldaret (5-methyl-2-[piperazine-1-yl] benzenesulfonic acid 

monohydrate; MCC-135) was found to increase SR Ca2+ uptake in diabetic rats. It was also 

shown to decrease SR Ca2+ leakage (presumably through the RYR2 receptors), but not in 

wild-type rats (n=6) [96]. Caldaret (Figure 19) exhibited positive lusitropic effects which 

A B

 
Figure 18. The cannabinoid NADA stimulates SERCA ATP hydrolysis and decreases calcium-affinity. A. 
Ca2+-dependent SERCA-mediated ATP hydrolysis was measured in the presence of the indicated 
concentrations of NADA, N-palmitoyl dopamine (PDA), or N-oleoyl dopamine (ODA). B. NADA reduces 
interaction of Ca2+ with the luminal sites.  EP is the amount of SERCA radioactive-labeled phosophoenzyme. 
Adapted from [95]. 
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could relieve the impaired diastolic function 

of the heart during failure. Caldaret 

improved cardiac function during the 

Langendorff procedure, likely through 

inhibition of Ca2+ overload after an 

ischemic state. The drug was evaluated in phase I clinical trials. Caldaret showed a good 

safety profile, but no effect was found on a sample of 387 patients who had experienced a 

myocardial infarction [97]. The drug was also tested in another clinical trial on 387 patients 

with severe left-ventricle dysfunction, after myocardial infarction with intervention, and 

again showed no benefit to the patients [86].  

 

Istaroxime 

 

Istaroxime is a positive inotropic 

agent that activates RYR2 receptors, inhibits 

L-Type voltage gated potassium channels, 

inhibits the Na/K pump, and activates 

SERCA2a [98]. The inhibition of the Na+/K+ pump leads to increased cytosolic [Ca2+]. 

SERCA2a activation improves sequestration of calcium into the SR, causing a 

corresponding increase in the release of calcium during muscle contraction. This drug holds 

great promise for the treatment of heart failure as it acts as a luso-inotropic agent, and can 

simultaneously enhance the diastolic and systolic phases of heart contraction [98]. An 

increase in the contractility of the heart can be achieved without increasing the heart’s 

energy expenditure. The drug digoxin has similar inotropic properties. Digoxin also 

 
Figure 19. Chemical structure of caldret. 

 
 

Figure 20. Chemical structure of istaroxime. 
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inhibits the Na+/K+ pump, and its use has been reserved only for the most severe cases of 

heart failure. Digoxin has a very narrow therapeutic window, where overdose or toxicity 

leads to death. Digoxin was once the standard drug for treating congestive heart failure. 

Recent improvements in -blockers, and digoxin’s negative side effects of hypotension and 

arrhythmias have made its use fall out of favor [99]. Istaroxime activated SERCA ATPase 

activity by 17% in hamster models of heart failure [100]. A proposed mechanism suggests 

that istaroxime activates SERCA by means of inhibiting PLB, as no effect on SERCA 

activity is found in skeletal muscle preps without PLB. Istaroxime was further found to 

increase SERCA activity in human samples. 

 

 
Figure 21. Istaroxime stimulated SERCA2a activity in two human samples. Shown are the maximum effective 
concentrations of 10 and 3 nmol/L. SERCA2a activity was increased by 62% and 67% at 50 and 100 nmol/L 
free calcium, respectively, in the first preparation and by 50% and 43% in the other preparation. Istaroxime 
displayed biphasic activation where ATPase activity was reduced at concentrations above 5-10 nmol/L. 
Reprinted and adapted from [100]. 
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Animal studies using istaroxime have proven very successful in ameliorating 

various types of heart failure models [101]. Istaroxime seems to overcome the negative 

long-term effects of classical inotropes. Detrimental side effects such as tachycardia, 

arrhythmias, and myocardial ischemia have not been observed. The drug’s main difference 

from other Na+/K+ inhibitors is its ability to activate SERCA2a. It is likely that the adverse 

long-term effects, seen with classical inotropes, may be mitigated by stimulating the 

sequestration of calcium into the SR. [101]. The effect of SERCA stimulation on the heart 

has been controversial, and some studies have shown an increase in arrhythmias in rats 

with constitutive overexpression of SERCA2 [102]. It has been suggested that uncontrolled 

or unregulated SERCA2a overexpression may lead to SR-leak at the RYR2 receptors, 

because calcium is overloaded in the SR. Some cautioned that induced-by-disease 

promoters may be necessary in SERCA2a gene therapy clinical trials to reduce arrhythmic 

effects [102]. In the case of istaroxime, this effect has been suggested to be diminished by 

achieving a finely tuned balance of calcium back and forth from the cytosol and SR. As 

more calcium is stored in the SR, more calcium is also released via its inotropic effects 

without the expenditure of more energy [103]. Many more studies need to be performed to 

determine whether or not istaroxime would be beneficial for long term therapeutic use. 

Istaroxime was recently evaluated in a phase IIb randomized, double-blind, 

placebo-controlled dose-escalating trial to access acute heart failure in young patients from 

the ages of 18-25 (HORIZON-HF) [101]. The study concluded that istaroxime use in 

younger patients decreased pulmonary capillary wedge pressure, increased systolic blood 

pressure, and decreased diastolic cardiac stiffness.  Istaroxime’s dual actions now need to 
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be tested in more severe forms of heart failure, where low cardiac output persists. If 

istaroxime is capable of restoring myocardial energetics in more severe cases of heart 

disease and failure, it may prove to be a very powerful drug, especially for patients on a 

Left Ventricular Assist Device (LVAD) with no other option than a heart transplant.  

Istaroxime was well tolerated in phase I/II trials, but the most adverse side effects 

were gastrointestinal issues and a burning sensation of pain at the site of injection. I.P. 

delivery of the drug was determined not to be suitable, and new delivery methods via 

liposomes have been developed [104]. The reason for istaroxime adverse effects are 

unknown, but it may be due to the cross reactivity of TRP1V, TRP1a, mechanical or 

temperature sensitive ion channels. The compound seems to cast broad effects, and has 

numerous targets. In a recent study, 63 derivatives of istaroxime were chemically 

synthesized, and 3D-QSAR and CoMSIA analysis were performed on each compound. 

These studies providing insights into chemical structure, and the potency of each for 

inhibition of the Na+/K+ Pump. All of the istaroxime derivatives were tested for their 

inotropic properties through Na+/K+ pump activity assays, but their effect on SERCA 

activity was not assessed [105]. Unfortunately, the company that owned the compounds 

was bought out by a large pharmaceutical company, and there are currently no on-going 

clinical trials. 

Conclusion 

The calcium pump SERCA may prove to be a very successful target for drug 

discovery, across a wide range of diseases and disorders. Clinical trials using AAV vectors, 

initially showed promising results for the treatment of severe heart failure, [106] but the 
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PhaseIIb results were neutral, showing no positive benefits [59]. New high-throughput drug 

screening technologies may make it possible to identify novel isoform-specific SERCA 

activators. SERCA’s isoforms are differentially expressed though out the body and they 

can be used as targets to treat specific diseases such as diabetes, Alzheimer’s, asthma, or 

heart failure. The non-specific interactions with SERCA, found from all currently known 

pharmacological activators, and protein modulators has proven problematic thus far. It may 

be important to take careful consideration of the structural and kinetics features of SERCA, 

when designing activators, or improving on leads identify in drug screens. 
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Chapter 3 – High-throughput FRET Technology and Assays 
for Drug Discovery 
 

3.1 Fluorescence Resonance Energy Transfer 
 

Fluorescence resonance energy transfer (FRET) has become a standard tool to 

detect molecular interactions, and the method has been adapted to a broad range of fields 

and applications. Fluorescence is typically defined as the absorption of a photon of light 

by a molecule in the form of electromagnetic radiation and its emission at a longer 

wavelength. Fluorescence light is emitted at rate of 108 s-1, with lower energy than when it 

was absorbed. The process of fluorescence emission is depicted by a Jablonski diagram in 

Figure 22. A photon is absorbed by a molecule from the ground electronic state (S0) and 

its electrons are excited to a vibrational energy of the excited-electronic state (S1). The 

electrons rapidly relax (kV) to the lowest vibrational level of the excited-state through the 

process of internal conversion. The molecule is brought back to the ground state through 

non-radiative relaxation or radiative fluorescence emission, occurring within nanoseconds 

at a rate of 10-8sec-1(kF). Non-radiative relaxation is dependent on the environment and 

dynamics of the excited molecule. Fluorescence emission is the result of the radiative 

transition to the ground state. A photon is emitted at a longer wavelength (Stokes shift or 

red shift) because energy is lost due to the fast process of vibrational relaxation. The energy 

lost through non-radiative rotational and vibrational interactions of the excited state 

electron colliding with other particles is determined by the equation (E = hv). Where E is 

energy, h is Planck’s constant, and v is frequency. The frequency is proportional to the 

wavelength (λ), and the speed of light (c) because λ = c/ v. The difference in the energy of 
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the absorbed photon, and emitted fluorescence photon results in the longer wavelength of 

the emitted photon [107].  

The number of photons emitted can be determined by calculating the quantum yield 

( F ) in (Eq. 1). The quantum yield reflects the number of photons emitted ( Fk ) over the 

number of photons absorbed )( NRF kk  , and is dependent on the rates associated with each 

relaxation process. 

)( NRF

F
F

kk

k


  (Eq. 1) 

S1

S0

In
te

n
s
it

y

Wavelength

Absorbtion
Emission

kN

108s-1

kF

108 s-1

kV  1012 s-1

kA

1015 s-1

Summary of Fluorescence

Absorption

Vibrational Relaxation

Red Shift

Non-radiative

Relaxation 
Fluorescence

Radiative 

Emission 

 
Figure 22. Jablonski diagram. Light is absorbed (blue arrow) as a high energy photon from the S0 state, and 
the system is excited electronically and vibrationally to the S1 state. The system vibrationally relaxes to the 
lowest excited energy state through non-radiative (gray arrow) and radiative processes (fluorescence, green 
arrow). Energy is lost through vibrational relaxation, so the emitted photon is red shifted, and fluoresces at a 
longer wavelength. 
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FRET occurs by the transfer of non-radiative energy between dipole-dipole 

interactions, typically between a shorter wavelength donor molecule, in the excited 

electronic state, to a longer wavelength acceptor molecule in the ground state (Figure 23). 

The probability that energy transfer will occur depends on the spectral overlap between the 

emission and absorption spectra of the donor and acceptor, the fluorescence quantum yield 

of donor, the molar absorptivity (extinction coefficient) of the acceptor, and the distance 

and orientation of the dipole interaction. The probability of energy transfer is defined as 

FRET efficiency (E), which is directly proportional to the rate of energy transfer (kT) and 

the R-6 distance dependence of the donor and acceptor. The Forster distance (R0) shown in 

(Eq. 2) is the distance between a particular donor-acceptor FRET pair, at which the 

probability of FRET efficiency is 50%.  

   6
1

D

42

0 790,9   JR  (Eq. 2) 

 

The Forster distance (R0) is defined by the area of overlap between the donor 

emission and acceptor excitation fluorescence spectra  J ,  the relative orientation of the 

transition dipoles of the donor and acceptor κ2, the quantum yield of the donor D  (not in 

the presence of the acceptor), and the refractive index of the medium  . The orientation 

factor (κ) is usually assumed to be equal to 2/3. This is appropriate for donor and acceptor 

pairs attached by flexible linkers, where motion is dynamic, and not sterically restricted. 

R0 is most affected by the overlap integral  J  of a particular FRET pair. 

The rate constants of radiative donor fluorescence emission (kD) and non-radiative 

resonance energy transfer (kT) to the acceptor are inversely proportional, and can be used 
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to determine the distance (R) between donor and acceptor molecules (Eq. 3). The efficiency 

of energy transfer, or the probability that energy will be transferred to an acceptor will be 

low, if the rate of radiative emission from the donor molecule is faster than the rate of 

energy transfer. 

kT = kD (
R

R0
)

−6

 (Eq. 3) 

 

 The ability to determine the distance between two fluorescent probes allows 

FRET to be used as a powerful tool to determine molecular interactions, and directly 

quantitate the measurement in terms of distance and possibly orientation. The sensitivity 

of FRET is determined by the Forster distance (Ro), and is highest when the distance 

between the donor and acceptor probes is near Ro. As shown by Figure 24, when the FRET 
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Figure 23. Fluorescence resonance energy transfer (FRET) diagram. FRET is the non-radiative energy 
transfer from an excited donor molecule to an acceptor molecule. The rate of energy transfer (kT) is dependent 
on the distance (R) between the donor and acceptor fluorophores by an inverse power of the sixth. 
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efficiency is 50%, the dynamic range that can be observed is the largest. At 50% FRET 

efficiency, half of the donor molecules decay by energy transfer to the acceptor, and half 

decay by the radiative and non-radiative rates. 

3.2 Fluorescence Lifetime 
 

The measurement of fluorescence emission is generally described as being 

determined by steady-state intensity methods or from the fluorescence lifetime. For steady-

 

Measure:  E = 1 – (FDA/FD) = 1 – (DA/D)

Theory: E = 1/[1 + (R/R0
)6]

Calculate: R = R0 [(1/E) -1]1/6
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Figure 24. Universal FRET plot. The efficiency of energy transfer (E) is dependent on the Forster distance 

(R0), and the distance (R) between the donor and acceptor fluorescent probes. The dynamic range of FRET 
is most sensitive when the distance measured is close to the Forster distance, shown in blue. 
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state determination of FRET, the fluorescence intensity from the donor-acceptor (FD) is 

compared to the donor-only sample (FD), as shown in (Eq. 4). 

D

DA1
F

F
E   (Eq. 4) 

 Most approaches utilize steady-state fluorescence measurements to determine 

FRET efficiency, and monitor fluorescence emission as the peak intensity from one or two 

fluorescence wavelengths. These types of measurements tend to lack precision and 

resolution, yielding single-point average FRET and distance determinations.  

Fluorescence lifetime measurements are resolved by using time-resolved 

fluorescence measurements to determine the rate of fluorescence emission decay. These 

measurements are more precise than steady-state fluorescence because the fluorescence 

intensity is resolved over multiple time points. Fluorescence lifetime is defined as the 

average time a excited-molecule stays in the excited-state, or more specifically for a single-

exponential decay, when 63% of the molecules have decayed prior to t = τ and 37% decay 

at t > τ. Where τ is the fluorescence lifetime and t is time. Fluorescence lifetime is 

dependent on the radiative fluorescence emission from the excited state (kF). The rate of 

fluorescence decay from a donor molecule is kD = 1/ τD. The rate of fluorescence decay of 

donor molecule in the presence of an acceptor undergoing FRET is equal to the rate of 

radiative fluorescence emission (kF) and non-radiative energy transfer to the acceptor (kT), 

so kDA = kF + kT. Substituting these rate constants into Eq. 3, and rearranging the equation 

yields a simplified equation (Eq. 5), useful for determining FRET efficiency from lifetime 

measurements of a donor-only sample and a FRET sample (donor-acceptor). 

𝐸 = 1 − 
𝐷𝐴

𝐷
  (Eq. 5) 
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 Fluorescence lifetime is typically determined by analyzing the donor lifetime. A 

key advantage of lifetime in comparison to steady-state measurements is that the intensity 

decay curve can be used to resolve multiple populations (Figure 25).  Multi-component 

fluorescence lifetime analysis of properly placed FRET pairs, is useful for determining 

multiple distances of a dynamic equilibrium of structural states. The information provided 

from these high-resolution measurements will be described in more detail in Chapter 5, in 

the context of drug discovery for SERCA small-molecule effectors using FRET-based 

biosensors. 

3.3 Fluorescent Proteins 
 

 Fluorescent proteins (FP) were first isolated from the A. victoria jellyfish [108]. 

The discovery of fluorescent proteins completely changed the biomedical sciences, by 

allowing scientists to label proteins and track their movement, function, and behaviors. 

The continuously expanding palette of fluorescence proteins now extends across the 

visible spectrum. Longer wavelength FP variants have been isolated from the marine 

anemone Discosoma and other Anthozaon coral [109]. The fluorescent properties of each 
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Figure 25. Fluorescence lifetime and steady-state FRET. The intensity decay rate determines the 
fluorescence lifetime as shown on the left plot. The donor lifetime τD (green curve) decreases in the presence 
of an acceptor due to FRET (black dashed curves). Multiple states τDA1 and  τDA2 can be resolved from a single 

lifetime measurement. The fluorescence emission spectrum shown on the right depicts the decrease in donor 
fluorescence and increase in acceptor fluorescence due to FRET. 
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FP have been dramatically improved through genetic mutations which improve 

brightness, photostability, and maturation [110].   

FP’s weigh ~27 kD and they have a rigid beta-barrel structure consisting of 11 beta-

strands surrounding a core alpha-helix. Three amino-acids Ser65, Gly67, and Tyr66 are 

involved in the reaction that results in the conjugation of the imidazoline ring, and 

subsequently fluorescence emission (Figure 26). First, a nucleophilic substitution of the 

amino group of Gly67 onto the carbonyl group of Ser65 occurs, followed by elimination 

of water, and the formation of an imidazolidinone ring. Tyr66 is then oxidized, and results 

in a large delocalized pi-system [111].  

The successful engineering of a broad range of FPs has made it possible to develop 

genetically-encoded FRET biosensors, targeted to specific locations within a cell, and 

responsive to ligand-binding. FRET-based biosensors are now being utilized for high-

throughput drug screening. The live-cell biosensors that will be presented in Chapters 4 & 

5 were developed using cyan, green, yellow, and red fluorescent proteins.  

  

 
Figure 26. Structure and chromophore of GFP. GFP’s structure contains 11-beta strands forming a rigid, 
hydrophobic beta-barrel, surrounding a core alpha-helix. Three residues Ser65, Gly67, and Tyr66 form the 
chromophore, and catalyze the cyclization and oxidation reactions responsible for a mature fluorescent 
protein. Adapted from [111] 
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Chapter 4 – Spectral Unmixing Plate Reader 
 

Spectral unmixing plate reader: high-throughput, high-precision FRET assays in living 

cells 
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4.1 Summary 
We have developed a microplate reader that records a complete high-quality 

fluorescence emission spectrum on a well-by-well basis under true high-throughput 

screening (HTS) conditions. The read time for an entire 384-well plate is less than 3 

minutes. This instrument is particularly well suited for assays based on fluorescence 

resonance energy transfer (FRET). Intramolecular protein biosensors with genetically 

encoded GFP donor and RFP acceptor tags at positions sensitive to structural changes were 

stably expressed and studied in living HEK cells. Accurate quantitation of FRET was 

achieved by decomposing each observed spectrum into a linear combination of four 
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component (basis) spectra (GFP emission, RFP emission, water Raman, and cell 

autofluorescence). Excitation and detection are both conducted from the top, allowing for 

thermoelectric control of the sample temperature from below. This spectral unmixing plate-

reader (SUPR) delivers an unprecedented combination of speed, precision, and accuracy 

for studying ensemble-averaged FRET in living cells. It complements our previously 

reported fluorescence lifetime plate reader, which offers the feature of resolving multiple 

FRET populations within the ensemble. The combination of these two direct waveform-

recording technologies greatly enhances the precision and information content for HTS in 

drug discovery. 

4.2 Introduction 
 Numerous live-cell FRET biosensors based on genetically encoded fluorescent 

fusion proteins have been developed, but their application in high-throughput screening 

(HTS) assays is uncommon. An intramolecular FRET sensor for sarco/endoplasmic 

reticulum calcium ATPase (SERCA) [112-114] is a rare exception [114]. This two-color 

SERCA (2CS) biosensor, expressed in HEK293 cells, employs eGFP and tagRFP (further 

referred to as GFP and RFP) fluorescent proteins [115]. Fluorescent proteins were 

engineered at carefully selected locations on SERCA’s cytoplasmic headpiece domains. 

The headpiece domains are known to undergo large-scale structural changes as ATP 

hydrolysis fuels the active pumping of calcium from the cytosol into the endoplasmic 

reticulum. The interactions of small molecules with SERCA produce measurable changes 

in intramolecular FRET that correlate with function, making this structure-based biosensor 

a powerful tool for the discovery of novel drugs related to calcium homeostasis. 
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 The previous development of a novel fluorescence lifetime readout in the 

nanosecond time domain was shown to enable rapid and reliable identification of small-

molecules that affected FRET in the two-color SERCA (2CS) biosensor [114, 116-118]. 

Conventional microplate readers, which measure fluorescence intensity, lack the precision 

required for reliable observation of the typically small FRET changes associated with 

allosteric effectors in live-cell assays. Similarly, the throughput of related fluorescence 

technologies such as microscopy is too low, and the precision of flow cytometry is 

currently too low for large-scale library screening [119, 120]. The technological advances 

of direct waveform recording (DWR) led to the development of a novel fluorescence 

lifetime plate reader in the time domain [116], and now have been applied to the 

wavelength-domain. This new spectral unmixing microplate reader rapidly and accurately 

records the entire fluorescence emission spectrum. 

 The quality of the acquired spectral data enables a simple and direct decomposition 

of the observed spectra into linear combinations of component spectra (spectral unmixing), 

yielding accurate and precise FRET efficiency values. The benefits are critically evaluated 

by coupling fluorescence lifetime detection with the complementary spectral recording to 

further optimize the precision of FRET measurements for high-throughput screening. The 

combination of the spectral and fluorescence lifetime readouts represents a promising 

screening platform for detecting small changes in FRET. 

 This study emphasizes live-cell biosensors, but the same approach is equally 

applicable to purified proteins labeled with dyes [61]. In addition to drug discovery 

activities, the spectral recording technology has high potential for a wide range of 
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biological applications, such as binding studies, analytical biochemistry, and molecular 

diagnostics. 

4.3 Materials and Methods  
Cell Culture 

 HEK293 cells were maintained in phenol-red-free DMEM from Gibco (Waltham, 

MA) supplemented with 2 mM GlutaMAX (Gibco), 10% fetal bovine serum (FBS) from 

Atlanta Biologicals (Laweranceville, GA), and 1 IU/mL penicillin/streptomycin (Gibco) 

and grown at 37° C with 5% CO2. Stable clones expressing the FRET biosensors and 

corresponding donor- and acceptor-labeled control cell lines were established as described 

previously [114]. Briefly, cells were transfected with the recombinant DNA following 

established protocols lipofectaimine 3000 from Invitrogen (Carlsbad, CA). 48 hours post 

transfection the cells were placed under G418 (500 µg/mL) from Sigma (St. Louis, MO), 

selection, and plated to allow for the growth of single colonies. Clones were isolated 2-3 

weeks after transfection and antibiotic selection. The stability of each clone was assessed 

by flow cytometry and confocal microscopy (data not shown). The cell lines were 

expanded in T225 flasks from Corning (Corning, NY), harvested by treatment with Tryple 

(Invitrogen), washed three times in phosphate buffer solution (PBS) with no magnesium 

or calcium Thermo Fischer (Waltham, MA)) and centrifuged at 300 g, filtered using 70 µm 

cell strainers (Corning), and diluted to 106 cells/mL using an automated countess cell 

counter from Invitrogen. In studies with cyan and yellow fluorescent protein biosensors, 

transient transfections were performed. In these studies, cells were harvested and prepared 



 

 56 

as described above, 48 hours after transfection. Cell viability was assessed using trypan 

blue.  

Cell and drug liquid dispensing 

 Cells were dispensed using a Multidrop Combi liquid dispenser from Thermo 

Fischer (Pittsburg, PA) at a density of 106/mL. Compounds were diluted in DMSO and 

dispensed either using a Mosquito liquid handeler from TTP Labtech (Melbourn, UK) or a 

Mantis liquid dispenser from Formulatrix (Bedford, MA). The known SERCA inhibitors 

thapsigargin (TG, Sigma), 1,4-dihydroxy-2,5-di-tert-butylbenzene (BHQ) from Tocris 

(Minneapolis, MN), and cyclopiazonic acid (CPA, Tocris) were diluted at 50X 

concentrations and subsequently serially diluted in 96-well mother plates prior to liquid 

dispensing. Cells and drug mixtures were dispensed into 384-well flat, black-bottom 

polypropylene plates from Greiner (Kremsmünste, Austria) and incubated for 20 min at 

room temperature (20-23 °C), unless otherwise noted. 

Instrumentation overview 

 Figure 27A is a schematic drawing depicting key features of the fluorescence plate-

reader platform. The lifetime and spectral readout experiments presented here were 

conducted with separate instruments at 20°C, but both modes can be incorporated into a 

single instrument, and work along these lines is in progress. Simultaneous acquisition of 

the lifetime and spectral data is also feasible. The photomultiplier tube (PMT) and digitizer 

are as described previously [116], but this new instrument employs epi-illumination 

excitation and detection from above, which facilitates implementation of temperature 

control.  
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 In its spectral unmixing plate reader (SUPR) mode, the instrument provides direct 

high-throughput detection of the complete fluorescence emission spectrum, (emission vs 

wavelength), with excitation provided by a 473 nm continuous wave laser. Spectra are 

recorded using a grating-based fiber optic input spectrograph equipped with linear-array 

CCD detector (Sony ILX511B). The recorded wavelength range in these experiments 

spanned the entire visible spectrum, but only the 400-700nm range was used in the data 

analysis. In lifetime mode, the full nanosecond-resolved fluorescence emission waveform 

is acquired following excitation with a 473 nm pulsed microchip laser. The acquisition 

time per well is typically 200 ms in either spectral or lifetime mode (Figure 27A).  

Time-resolved FRET acquisition and analysis 

 Fluorescence decay waveforms for lifetime determination, were detected directly as 

previously described [114, 116]. The 473 nm passively Q-switched microchip laser (Concepts 

Research Corporation, Belgium, WI) delivers highly reproducible, and high-energy pulses 

(~1 μJ) at 5 kHz repetition rate. A full fluorescence decay waveform was detected in response 

to each laser pulse over a 128 ns time window, using a photomultiplier module from 

Hamamatsu (Cat# H10720-210), and a proprietary transient digitizer from Fluorescence 

Innovations (Minneapolis, MN). A 488 nm long-pass filter from Semrock (Rochester, NY) 

and 517/20 bandpass emission filter (lifetime mode), were used, ensuring that only emission 

from the GFP donor was detected. A 488 nm dichroic mirror directed fluorescence signal 

toward the PMT (lifetime mode) or spectrograph (spectral mode) using a fiber optic cable.  

 The observed donor fluorescence waveform FD(t) was analyzed using least-squares 

minimization global analysis software [116] and fitted (Eq. 6) by a simulation SD(t), 
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consisting of a n-exponential decay model MD(t) (characterized by pre-exponential factors 

Ai and lifetimes Di), convolved with the instrument response function IRF(t), acquired by 

recording scatter from 0.31 µm latex microsphere suspensions (Thermo Fischer).  

MD(t) = 


n

i 1

Ai exp(-t/Di) , 

SD(t) = 




IRF(t-t) MD(t) dt 

(Eq. 6) 

 

For initial analysis, a single-exponential model (n = 1) was assumed, and FRET (efficiency) 

was calculated from (Eq. 7). 
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Figure 27. Overview of spectral unmixing plate reader technology and methods. (A) Diagram of the 
instrument, which provides high-throughput detection of the emission spectrum or lifetime (time-dependent 
decay). A 473 nm laser (continuous wavelength for spectrum, microchip pulsed for lifetime) excites the sample, 
and the spectral (fluorescence vs. wavelength) or lifetime (fluorescence vs. time) waveform is recorded directly 
using a photomultiplier tube (PMT) coupled to a proprietary digitizer or spectrograph, respectively. (B) The 
two-color SERCA (2CS) FRET biosensor, expressed in HEK293 cells, enables measurement of FRET 
between green (GFP) and red (RFP) fluorescent proteins, positioned at optimized locations on SERCA[112-
114]. As depicted, FRET efficiency depends on the structural status of SERCA’s domains. (C) Reference 
fluorescence emission (basis) spectra corresponding to one-color SERCA (GFP or RFP), cellular 
autofluorescence, and water Raman (inelastic light scattering), normalized to GFP. These basis spectra were 
used to analyze the spectra of cells expressing 2CS (D), to decompose the observed spectrum of 2CS 
(orange) into a linear combination of component spectra (best fit shown in dashed black, components shown 
with same color scheme as in C), thus permitting accurate quantitation of the GFP (donor) and RFP (acceptor) 
fluorescence needed to calculate FRET (13.7% for data shown in D, with SD = 0.11%), using (Eq. 9). Complete 
emission spectra from 500-700 nm were acquired in less than 3 minutes for a full 384-well plate. 
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FRET = 1-(τDA/τD) (Eq. 7) 

Where τDA is the lifetime of the intramolecular FRET biosensor, and τD is the lifetime of 

the corresponding donor-only cell line. The fluorescence lifetime of eGFP from a single-

exponential fit of the donor-only control was 2.58 ± 0.02 ns (Figure S38), in agreement 

with reported values [121]. 

Spectral FRET acquisition and analysis 

 The fluorescence spectra were recorded with a fiber-optic spectrometer. The 

uncooled linear array detector offers higher data density (pitch) compared to the multimode 

PMTs, that have more commonly been used for spectral unmixing in fluorescence 

microscopy [122]. The linear array detector is also substantially smaller, and less costly 

compared to a TE-cooled 2-dimensional scientific grade CCD camera.  

 The observed fluorescence emission spectrum F() was fitted by least-squares 

minimization to a linear combination of component spectra  

FFit(λ) = aFD(λ) + bFA(λ) + cFC(λ) + dFW(λ)  (Eq. 8) 

where D is donor, A is acceptor, C is cell autofluorescence, and W is water Raman, and a, 

b, c, d are the weighting (scalar) coefficients determined from the fit. The fitted spectrum 

for each well was determined using least squares minimization with Matlab (Mathworks) 

to solve for the scalar coefficients  (Eq. 8). 

 For an intramolecular FRET sensor with a 1:1 ratio of donor D and acceptor A 

molecules, FRET efficiency (FRET) was determined from (Eq. 9). 

𝐹𝑅𝐸𝑇 =
𝐹𝑅 × 𝑄𝑅 − 𝐴𝑅

1 +  𝐹𝑅 × 𝑄𝑅
 , (Eq. 9) 
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Where QR is the ratio of quantum yields (QD/QA) in the absence of FRET, AR is the ratio 

of molar absorptivity (εA/εD), both obtained from reported values [123]. QR was corrected 

for spectrometer sensitivity at the appropriate wavelengths (Figure S36). The only 

experimentally observed variable in (Eq. 9) becomes the fluorescence ratio (FR).  

 

𝐹𝑅 =
𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒

𝐷𝑜𝑛𝑜𝑟 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒
=  

𝑏𝐹𝐴

𝑎𝐹𝐷
 .  (Eq. 10) 

A full derivation of (Eq. 9) is in Supplementary Data. 

4.4 Results 
 Two one-color stable cell lines expressing GFP-SERCA or RFP-SERCA were 

developed as controls for analysis of 2-color FRET spectra. Reference (basis) spectra from 

these cell lines, untransfected cells (water Raman plus cell autofluorescence), and buffer 

solution (water Raman) were acquired using a detector integration time of 100 ms, for each 

well of a 384-well plate. The GFP-only reference spectrum was corrected for 

autofluorescence and water Raman contributions (Figure S33,Figure S34). The RFP-only 

spectrum was acquired by excitation at 532 nm (Figure S35), under which conditions the 

Raman and autofluorescence signals were negligible. Each of the four reference spectra 

was quite reproducible, so that a single set of reference spectra, acquired only one time, 

was used to decompose or unmix the component spectra from the observed fluorescence 

emission spectrum in 2CS samples for over six months. Reference spectra are 

superimposed in Figure 27C, normalized to the peak intensity of the GFP sample. The 

RFP spectrum shown corresponds to the intensity observed with excitation at 473 nm. 

Spectral unmixing (Eq. 8) resolved the distinct components of GFP and RFP for 

quantitative determination of the apparent FRET (Eq. 9),(Eq. 10). Figure 27D illustrates 
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the analysis of a sample of cells expressing the 2CS biosensor, showing the observed 

spectrum (orange) and the best fit (dashed black) to the four components, yielding a FRET 

value of 13.7% (SD = 0.11%). 

Spectral unmixing of GFP and RFP live-cell mixtures  

 Accuracy and precision of the spectral unmixing method was verified by analyzing 

known mixtures of GFP- and RFP-expressing HEK293 cell lines, dispensed at 106 cells/mL 

into a 384-well plate. The GFP-only control cell line was mixed with cells expressing the 

RFP-only control construct to produce wells with the percentage of GFP increasing in 10% 

increments. The total volume per well was 50 L. The expression of the RFP-only cell line 

was five times that of the GFP-only cell line, as determined by quantitative western 

blotting. The observed spectra (raw data) show a uniform decrease in the GFP contribution 

(500-550 nm region) (Figure 28A). 

C

A B

D

(Eq. 3)

 
Figure 28. Analysis of mixtures of GFP- and RFP-expressing stable cell lines. (A) Cells expressing a GFP-
only control construct were mixed with cells expressing a RFP-only control construct in a 384-well plate. The 
% of GFP cells was varied as indicated, but the total volume and number of cells remained constant. The 
observed spectrum of each GFP mixture is shown (average from 32 wells). Each observed spectrum was fit 
using linear least-squares minimization to determine the four scalar coefficients (Eq. 8), and the results are 
plotted in (B), showing that the fluorescence contributions of GFP and RFP to the emission spectrum vary 
inversely and linearly. (C) shows the results of A after subtracting contributions from autofluorescence and 
Raman. (D) shows the residuals from fits in B, offset vertically for clarity. 
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 The individual scalar coefficients from the fluorescence emission spectrum of each 

mixture were assessed as described in (Eq. 8). The scalar coefficients of GFP (D) and RFP 

(A) were converted to fluorescence signal by multiplying by the total emission from the 

corresponding reference spectra (FRFP and FGFP) using (Eq. 9),(Eq. 10). The contributions 

of GFP (D) and RFP (A) increased inversely and linearly as expected. The contribution 

from cellular autofluorescence and water Raman remained constant across the GFP/RFP 

live-cell gradient (Figure 28B) and were subtracted from the spectrum of each mixture 

(Figure 28C). An isoemissive point at 567 nm, clearly distinguishes the change in GFP 

and RFP emission across the gradient of cellular mixtures. The residuals obtained using 

the four-component model (Eq. 8) are plotted for each %GFP mixture in Figure 28D. The 

residuals remain flat, demonstrating excellent agreement between the fit and observed 

spectrum  (Eq. 8). 

 The scalar coefficients were used to determine the contribution of each component 

to the total fluorescence signal. At the lowest mixture of cells expressing GFP (10% GFP), 

there are approximately 5,000 GFP-expressing cells and 45,000 RFP-expressing cells per 

well (50 µL total volume per well). Based on the diameter of the laser beam (500 microns), 

well dimensions, and diameter of one cell, we estimate approximately 500 cells expressing 

GFP contribute to the observed spectrum. As such, we have performed preliminary studies 

with low-volume 1536-well PCR plates, which indicate that decreasing the total volume 
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and number of cells by a factor of ten, does not significantly degrade the data quality 

(results not shown).  

Concentration-response curve comparison of 2CS FRET change with known SERCA 

inhibitors 

 The spectral unmixing method’s capability to resolve 2CS FRET changes via 

controlled addition of the known SERCA inhibitor thapsigargin, which binds to SERCA2a 

with subnanmolar affinity (Ki = 2 nM), was evaluated and compared to lifetime mode 

[124]. Ten different concentrations of thapsigargin were dispensed across a 384-well plate 

(0.8, 1, 2, 3, 4, 5, 6, 8, 10, and 50 nM thapsigargin concentrations, n = 32 wells for each 

concentration). Matching DMSO controls (0.5 µL DMSO / 50 µL total well volume) were 

located in the outer columns (1, 2, 23, and 24) of the 384 well plate. The spectra were 

decomposed using a four-component model  (Eq. 8). The 2CS FRET change, acquired in 
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Figure 29. Spectral and lifetime mode comparison of 2CS concentration-dependent FRET change in response 
to the known SERCA inhibitor thapsigargin. (A) Fluorescence emission spectra (average of 32 wells) 
normalized to GFP intensity, showing 8% reduction in FRET (decreased RFP emission) in response to 50 nM 
thapsigargin. (B) Nanosecond time-resolved fluorescence decay waveforms (average of 32 wells) normalized 

to GFP-only, showing a 6% reduction in FRET (longer GFP lifetime) in response to 50 nm thapsigargin.(red 
decay) (C) Heat map of FRET efficiency calculated from spectral mode. 10 different concentrations of 

thapsigargin (0.8,1,2,3,4,5,6,8,10, and 50 nM, increasing left to right) were dispensed across a 384-well plate, 
with DMSO controls at columns 1, 2, 23, and 24. (D) Heat map of FRET efficiency calculated from lifetime 
mode from the same plate.  
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spectral mode, is reflected by a decrease in the RFP-region (550-650 nm) of the fitted 

spectrum (Figure 29A).  

 For direct comparison with spectral recording, nanosecond time-resolved 

fluorescence decay waveforms were acquired on the same samples (Figure 29B). The 

fluorescence lifetime for each well was determined as described above (Eq. 6). A saturating 

concentration of thapsigargin (Tg), (50 nM) induced a 200 picosecond increase in the GFP 

lifetime, corresponding to a 6% decrease in FRET efficiency, as determined from the 

lifetime change compared to the donor-only control (Eq. 7), as shown in Figure 29B. A 

decrease in FRET may relate to a longer distance between GFP and RFP at SERCA’s 

cytosolic headpiece. Heatmaps of FRET efficiency demonstrate excellent uniformity at 

each concentration across the plate (Figure 29C, D), with greater precision evident for the 

spectral data. 

 The sensitivity of FRET detection for both lifetime and spectral modes was further 

investigated by generating 14-point concentration-response curves for addition of 

thapsigargin, and two other well-established SERCA inhibitors 1,4-dihydroxy-2,5-di-tert-

butylbenzene (BHQ) and cylcopiazonic acid (CPA). Reported Ki’s fall in the range of 2-7 

µM for BHQ and 90-2500 nM for CPA. The concentration-dependent FRET change [124, 

125], in response to the three known SERCA effectors, again exhibited excellent agreement 

between the FRET efficiency acquired from both spectral and lifetime modes (Figure 30C 

and D). 

 The experimentally determined apparent FRET equilibrium constants of 

thapsigargin and CPA agree with the previously reported Ki values (Figure 30A and B). 
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Note that error bars (n = 8 wells) represent one standard deviation, not standard error of 

the mean. A tenfold difference from the FRET EC50 and reported Ki from functional 

activity assays was found for BHQ. This finding could reflect a difference between live-

cell assays and biochemical functional assays performed on purified proteins. However, 

we have found the Ki of BHQ to be 400 nM, as assessed by measuring the rate of ATP 

hydrolysis (data not shown).  

 The precision of the spectral unmixing and lifetime methods was further assessed 

by evaluating the FRET efficiency determined from 384 wells of 2CS cells, without the 

addition of drug. Histograms for all 384 wells of the 2CS cells-only control plate are shown 

in (Figure 30C and D). The average FRET efficiency was 13.7% (spectral mode) and 

13.6% (lifetime mode) with standard deviations of 0.11% (spectral mode) and 0.36% 

(lifetime mode).  

Spectral fitting results in high assay precision, even if cellular autofluorescence is high 
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 Live-cell fluorescence assays are prone to artifacts from cellular autofluorescence, 

dispensing error, and other variability in sample preparation [126]. Spectral unmixing is a 

very effective way to resolve the cellular autofluorescence component, maintaining high 

precision and accuracy of FRET determination. To simulate increasing autofluorescence 

(e.g., due to low biosensor expression or transient transfection), cells expressing the 2CS 

FRET biosensor were mixed with known amounts of untransfected cells, and dispensed 

across a column-wise gradient of one 384 well plate (Figure 31A). The well volume (50 

L) and number of cells per well (50,000) were held constant. Spectra were analyzed as in 

Figure 1D, as illustrated in Figure 31B for 80% untransfected cells, resulting in much 

greater autofluorescence than that in Figure 27D. The autofluorescence signal from each 

mixture was assessed by determining weighting coefficient c from (Eq. 8), and the expected 

DC

A B

 
Figure 30. Concentration-response curves and precision of known SERCA effectors. (A and B) show the 
concentration-dependent 2CS FRET response of three well-established SERCA inhibitors, thapsigargin (Tg), 
4-dihydroxy-2, 5-di-tert-butylbenzene (BHQ), and cylcopiazonic acid (CPA), in a 384-well plate (n = 8 wells for 
each concentration). Fits to the Hill equation (curves) give EC50 values in close agreement for the two modes, 
and in good agreement with published data on SERCA inhibition. Histograms (C) (Spectral Mode) and (D) 

(Lifetime Mode) illustrate the precision of FRET determination from 384 wells of 2CS cells without the addition 
of drug. Mean and standard deviation values for FRET, determined from the Gaussian fits shown in red, were 
13.7% ± 0.11 for spectral and 13.6% ± 0.36 for lifetime.  
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linear increase was observed (Figure 31C). To assess the effect of autofluorescence on the 

quality of the HTS assay, a 384-well plate was prepared with half the wells containing 100 

nM thapsigargin and half being DMSO control wells (%v/v). These positive and negative 

controls were used to define the signal window for determination of assay quality factor Z 

[61, 127], yielding values of 0.90 (spectral mode) and 0.77 (lifetime mode), indicating that 

both modes provide an excellent assay for HTS (Z > 0.5), until the sample is diluted by 

80% (lifetime) or 90% (spectral) with untransfected cells (Figure 31D).  

Accurate FRET efficiency determination from cyan and yellow fluorescent proteins 

 Although GFP and RFP (and other red-shifted FRET pairs) are less susceptible to 

compound fluorescence artifacts [128], the overwhelming majority of genetically-encoded 

FRET-based biosensors established and studied to date, involve cyan (CFP) and yellow 

BA

C D

 
Figure 31 Spectral fitting increases assay precision by solving for the contribution of cellular autofluorescence. 
(A) Spectra were obtained from mixtures of transfected cells (expressing 2CS), with the indicated % of 

untransfected cells. Each spectrum is the average from 16 wells. (B) Example of data analysis using (Eq. 8, 

showing the fit to the data in A for the case of 80% untransfected cells. (C) Autofluorescence (c in (Eq. 8, 

normalized to the sum of all four components) from fits. (D) Quality factor Z [61, 127], using the effect of 100 
nM Tg (Figure 30) to define the signal window. 
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(YFP) fluorescent proteins [129][129]. Accordingly, we present an illustration of the 

spectral plate reader’s performance using this FRET pair. 

 Reference standards consisting of mCerulean (CFP) and mVenus (YFP) tethered 

by flexible linkers of increasing lengths of 5, 17, and 32 amino acids (designated C5V, 

C17V, and C32V, respectively) [130] have been widely used in FRET calibrations 

[130](Koushik et al. 2006). Various means to record the FRET signal, including subsequent 

lifetime and spectral analysis, have been previously applied. These controls can be used to 

calibrate and validate new FRET detection technology. The consensus FRET efficiencies 

for these constructs are 43 ± 2 (C5V), 38 ± 3 (C17V), and 31 ± 2 (C32V) %. Transient 

transfections of HEK293 cells with these FRET reference standards and the appropriate 

donor CFP (mCerulean) and acceptor YFP (mVenus) labeled constructs were performed. 

The cells were harvested and assessed on the plate reader with excitation at 434/17 nm 

from a laser-driven light source (Energetiq). FRET efficiency was evaluated. Optimized 

transfection protocols for large-scale transient transfections, were found to obtain 

sufficiently high expression of the FRET standard constructs, so that contributions from 

autofluorescence and water Raman were negligible. Subsequently, only a two-component 

fit was required, as shown by the fitted and observed data with component spectra (Figure 

32A). The CFP/YFP ratio (FR in (Eq. 9),(Eq. 10)) was converted to FRET efficiency as 

described in Supplemental Material (Derivation), using reported values of extinction 

coefficients and quantum yields [110]. The acceptor/donor fluorescence ratio, FR in (Eq. 

10) was then calibrated to the previously reported FRET efficiency of C5V [130]. 
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 FRET efficiencies determined from spectral mode were in excellent agreement with 

the reported results 42.3 ± 0.7 (C5V), 38.3 ± 0.7 (C17V), and 29.0 ± 0.6 % (C32V) as 

shown in Figure 32B. The precision was high; each bar represents the data from a single 

well. These results validate the capability of accurate FRET efficiency determination from 

CFP and YFP FRET pairs using the spectral unmixing method. 

 Investigation of a CFP and YFP FRET pair was evaluated with the well-known 

cameleon calcium sensor, in which the calmodulin-binding (M13) domain of myosin light 

chain kinase (MLCK) and calcium-binding domain of calmodulin are fused together, and 

located between two fluorescence proteins (eCFP/mCitrine). These calcium sensors have 

allowed cellular [Ca2+] to be monitored more directly and reliably than using calcium-

sensitive dyes [131]. The endoplasmic reticulum-targeted cameleon sensor (D1ER) was 

Tg
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Figure 32. Accurate FRET efficiency determination from CFP and YFP biosensors in HEK293 cells. (A). Two-
component spectral fit of the C17V FRET standard. (B) FRET data from three CFP-YFP FRET pairs with 
different lengths. 48 wells for each of the three pairs were studied in a 384-well plate. (C) Concentration-
response curves showing the effects of three SERCA inhibitors on FRET (120 min after mixing), using the 
CFP/YFP-based D1ER cameleon FRET calcium sensor (n = 8 wells for each concentration). Curves show 
best fits to the Hill equation.(D) Time-dependent effects of SERCA inhibitors on ER Calcium at saturating drug 
concentrations. DMSO controls have no effect on ER calcium concentrations (data not shown). Thapsigargin 
(Tg, blue) irreversibly binds SERCA with high-affinity and depletes calcium at a faster rate than BHQ and CPA, 
which have micromolar binding affinities. 
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selected because it is known to be sensitive to the SERCA inhibitors thapsigargin, CPA, 

and BHQ. Instead of detecting direct ligand binding, as in the 2CS studies reported above, 

the D1ER sensor can be used to monitor changes in ER calcium level [132]. Upon SERCA 

inhibition, calcium is no longer pumped into the ER, leading to calcium depletion through 

various mechanisms including IP3-gated receptors and ryanodine receptors. D1ER senses 

these changes as calcium binding leads to a conformational rearrangement of the 

biosensors, increasing FRET between CFP and YFP. Therefore, calcium depletion due to 

SERCA inhibition is detected as a decrease in FRET.  

 A HEK293 stable clone with constitutive expression of the D1ER cameleon 

calcium sensor was generated using G418 antibiotic selection. The localization of D1ER 

to the endoplasmic reticulum (ER) lumen was verified by microscopy, and expression 

remained constant over months in culture. Cells were harvested and dispensed into 384-

well plates containing the same concentrations of thapsigargin, CPA, and BHQ, as 

previously evaluated with 2CS (Figure 30). D1ER FRET was monitored only in spectral 

mode, because the CFP donor cannot be excited effectively by the 473 nm laser used in 

lifetime mode. ER calcium was monitored by repeatedly scanning the 384 well plate at 

three-minute intervals over a 120-minute period. The expected concentration and time-

dependent decreases in FRET were observed. The high-affinity and selective SERCA 

inhibitor thapsigargin produced a sigmoidal FRET response with an equilibrium constant 

of 1.97 nM (ER calcium depletion shown at 120 min time point) (Figure 32C).  

 The submicromolar SERCA inhibitors BHQ and CPA also produced a 

concentration-dependent effect. FRET EC50 values were evaluated for each concentration 
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curve, and agree with the expected values based on their affinity for SERCA. The time-

dependent effect of SERCA inhibitors on endoplasmic reticulum (ER) calcium 

concentration can be determined by evaluating the rate of calcium depletion (FRET 

decrease) in response to titration with the inhibitors. Thapsigargin (Tg) irreversibly binds 

SERCA with high-affinity, and depletes calcium at a faster rate than BHQ and CPA, which 

have micromolar binding affinities (Figure 32D). The time dependence of calcium 

depletion was evaluated by fitting each curve to the Hill equation to determine the rate of 

calcium depletion T50. The T50 of thapsigargin, BHQ, and CPA were 9.5, 17.4, and 11.7 

minutes; respectively.  

4.5 Discussion 
 Accurately recording a fluorescence signal is an essential element of fluorescence 

spectrometers, microplate readers, fluorescence microscopes, flow cytometers, qPCR 

machines, chromatography, capillary array electrophoresis detectors, gel scanners, and 

sequencers. However, scanning a wavelength-selective filter (monochromator) through a 

range of emission wavelengths is usually employed only for research-grade fluorescence 

spectrometers, where data quality is more important than measurement speed. Microplate 

readers equipped with monochromators, now commonly available, could serve as 

alternatives to research-grade spectrometers. The primary difference between the two 

classes of instruments lies in the sample holder format and optical geometry, i.e., cuvettes 

and right angle for spectrometers, plastic plates and epi-illumination for plate readers. It is 

plausible to assume that a research-grade, cuvette-based fluorescence spectrometer will 

always provide much higher data quality than could ever be possible in a microplate reader, 
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because the right-angle geometry, large sample volumes, and high-quality optics of the 

sample container minimize artifacts from light scattering and other sources of interfering 

background [107]. However until now, a comprehensive study that directly compares the 

data quality obtained with a fluorescence microplate reader to that produced by a 

fluorescence spectrometer did not exist (Figure S33). The de facto standard approach to 

performance characterization of fluorescence spectrometers is the water Raman test [133]. 

The corresponding de facto standard approach to performance characterization of 

microplate readers is a fluorescence limit-of-detection test [134]. The data presented here 

strongly suggest that the quality gap between fluorescence spectrometers and microplate 

readers is much smaller than is generally assumed.  

 Genetically encoded FRET sensors are usually studied via imaging in a 

fluorescence microscope, using a rigorous 3-cube technique [112]. Corrections for cross-

talk or bleed-through between the donor and acceptor excitation/emission [134] are 

determined by assessing images of fluorescence proteins expressed individually at each 

wavelength of interest. Acquisition at multiple excitation and emission wavelengths is 

typically required during each microscopy experiment. A major advantage revealed by 

these studies is that the shape of the full emission spectrum (2048 data points spread across 

the 300-800 nm wavelength region) can be used to reliably and accurately quantitate 

fluorescence signal without the need for exhaustive controls on each of day of experiments. 

Reference spectrum from control cell lines (in suspension) need only to be acquired one 

time. They were used to calibrate for detector sensitivity, and found to produce 

reproducible results for months on end. This drastically reduced the workload of 
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maintaining and culturing control cell lines, thereby increasing productivity by reducing 

the number of conditions required for each experiment. 

 Another source of potential error in imaging experiments is autofluorescence 

contributions or interfering background emission. Microscopy methods rely on defining 

regions of interest, designed to isolate the cells of interest (e.g., cells that have the highest 

fluorescence signal) from the background. These results are averaged over a statistically 

meaningful number of cells [135]. The laborious nature of fluorescence emission 

correction from cellular autofluorescence and fluorescent protein crosstalk has made its 

usefulness for high-throughput drug screening impractical. 

 The spectral unmixing method incorporates essentially the same filter cubes and 

epi-illumination geometry as fluorescence microscopy. However, no attempt is made to 

image individual cells, as a simple lens directs the excitation light into a microplate well, 

and collects the emitted fluorescence signal. This cells-in-wells approach treats the cells as 

a homogeneous solution. Excitation of less than 50,000 cells placed in suspension, yielded 

enough photons to obtain high-quality spectra and fluorescence decay rates (lifetime) in a 

fraction of a second.  

 Spectral unmixing in fluorescence microscopy has previously been limited to low-

throughput high-end instruments, typically based on a multi-anode PMT with 32 channels 

on roughly 10-nm spacing [136]. The present approach utilizes a linear array detector, and 

records at intervals of approximately 0.5 nm. This is substantially narrower than the width 

of the spectral features of interest, but advantageous nonetheless because oversampling 

improves the robustness of the fitting. 
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 Many methods have been developed to decompose the fluorescence spectrum for 

the purposes of correcting waveform distortions associated with monochromator-based 

excitation and emission [135, 137]. The complexities of these methods are unsuitable for 

large-scale drug discovery campaigns. The development of  a simplified method for multi-

component spectral analysis for the determination of FRET efficiency from a live-cell 

biosensor, resulted in a assay suitable for high-throughput screening, as shown by the Z’ 

in Figure 31D.  Reference spectra of the known components are used to decompose the 

spectrum from the sample of interest (Figure 1C). The spectral recording technology 

allows for robust measurements, with inexpensive equipment in comparison to 

fluorescence microscopes and flow cytometry. The spectral unmixing method can also be 

used to solve for unknown components such as sample contamination or, as shown in our 

following companion paper [138], the direct identification of fluorescent compounds 

(false-positives) during a high-throughput drug screen. 

 Data acquired by both spectral and lifetime modes were shown to be extremely 

precise. The focus of this article is to demonstrate the novel spectral recording technology, 

as the lifetime technology has previously been evaluated [114, 116, 117]. However, this is 

the first demonstration of the top-read fluorescence lifetime plate reader. This optical 

configuration is advantageous, as inexpensive black-bottom microplates can be used, 

instead of glass-bottom microplates. Another benefit is that temperature can be controlled 

by placing a heat source underneath the microplate. These studies directly compared two 

novel fluorescence plate reader technologies. A three-fold increase in precision was found 

for spectral mode over lifetime mode as shown in Figure 30C, D. These studies utilized 
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data analysis methods that can currently be used for large-scale drug discovery efforts, as 

they are not computationally taxing, and can be performed in real time. The precision of 

the lifetime method is likely to be increased by development of more sophisticated analysis 

methods. For example, in these studies a single-exponential model was used to fit the 

lifetime data, and no attempt was made to correct the lifetime data for artifacts from cellular 

autofluorescence. Demonstrations of advancements in using more-rigorous global lifetime 

analysis can be found in the accompanying article, reporting high-throughput screening 

performance [138].  

 The increased precision from spectral mode, as compared with lifetime mode, is 

likely to be observed primarily when employing two-color biosensors, in which every 

donor has an acceptor on the same molecule.  In biosensors created by reacting dyes with 

amino acid side chains, and/or involving donor and acceptor on different proteins, lifetime 

detection has the advantage of resolving heterogeneous populations of donors. The unique 

structural resolution of the lifetime mode also permits the resolution of multiple structural 

states of the biosensor [112, 139, 140], providing more detailed structural information 

about the results of screening. 

 Two distinct classes of live-cell FRET biosensors were shown, those that are 

designed specifically for structure determination (Figure 29A; Figure 30A; Figure 32B), 

and those that exploit a structural change in the biosensor for the purpose of quantitating 

the concentration of some species, such as [Ca2+], in the cellular milieu (Figure 32C,D). 

There are many applications in which a better way to detect structural changes of either a 

cytosolic or membrane protein via FRET would be valuable. Developing and engineering 
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fluorescent protein FRET biosensors can be challenging, as they can be difficult to express 

(low signal, high cellular autofluorescence), they exhibit a low FRET signal (because the 

donor and acceptor are too far apart), or the dynamic range of the signal window may be 

limited. These problems can be overcome, as incredibly small changes in FRET signal can 

be detected using this spectral and lifetime detection technology. Even more so, detection 

of weak GFP fluorescence masked by cellular autofluorescence, was clearly resolved using 

the spectral unmixing methods. 

 Beyond increased sensitivity and precision, the rapid acquisition rates reported here 

(10 wells or more per sec) allow for time-course studies. Previous reports suggest that the 

resolution and sensitivity of microplate readers is inadequate to directly monitor calcium 

flux in live-cells [141]. To date, high-throughput screening with cameleon sensors, such as 

D1ER, has been achieved using laborious high-content imaging [142], or calcium-sensitive 

fluorescent dyes with CCD-camera based plate readers (FLIPR, Molecular Devices). To 

our knowledge, this is the first time changes in live-cell calcium levels were shown to be 

monitored with high speed and precision in a fluorescence microplate reader using a FRET 

based biosensor (Figure 32C). Short acquisition times of 200 ms per well were used to 

repeatedly scan portions of high-density microplates, and monitor calcium flux at rates, 

comparable to standard microscopy techniques; except across a range of chemical 

perturbations (Figure 32D). Thus, the D1ER FRET-based calcium biosensor may be a 

powerful tool for high-throughput screening, linking the structural perturbations of 2CS to 

functional changes, at the level of calcium dysregulation in live-cells. 
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 The spectral and lifetime detection methods presented here are widely applicable 

across the life sciences, beyond high-throughput and high-content assays. Potential assays, 

which may benefit from this platform are phenotypic screening of libraries of mutant 

constructs, recombinant antibody development, or protein stability assays, where sample 

quantities are limited. Future technological developments may also include cell sorting by 

the addition of microfluidics devices. 

  In conclusion, a new instrument records fluorescence spectra in a microplate reader, 

at speeds fully compatible with high-throughput screening applications. The resolution of 

the recorded spectra is improved in comparison to that provided by standard cuvette-based 

fluorescence spectrometers, even though the acquisition rates are 100 times faster and 

sample volumes 100 times smaller (Figure S33). The novel spectral and lifetime 

technologies were thoroughly evaluated, and when used together are complementary, 

creating a new combination of precision and resolution, particularly in applications to 

living cells expressing genetically encoded FRET biosensors. Accuracy and precision is 

comparable to or greater than those achieved with much lower throughput instruments, 

such as cuvette-based spectrofluorometers and fluorescence microscopes. These technical 

breakthroughs in fluorescence recording enable their use in high-throughput screening 

applications, as illustrated in the following article [138]. 
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4.6 Supplementary Material 
 

Reference spectra determination for fluorescence emission components of 2CS FRET 

biosensor 

The spectral unmixing process yields a decomposition of the observed (experimental) 

spectrum into a linear combination of biochemically meaningful component spectra. In the 

case of the experiments reported here, a minimum of four components (basis spectra) must 
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be included in the spectral fitting: donor fluorescence (GFP), acceptor fluorescence (RFP), 

cellular autofluorescence, and Raman scattering of the buffer (effectively the inelastic 

Raman scattering of water). Scattered exciting light, stray light, background fluorescence 

of the plate material, and impurities are other possibilities. The quality of the fit is typically 

judged by the residuals (errors) between the observed and fitted spectrum. A challenge that 

was overcome was that it is not possible to prepare pure samples of the individual 

components except in the case of the water Raman.  

Water Raman:  

A signal-to-noise comparison of the inelastic light scattering due to the water Raman band 

after excitation at 473 nm (GFP excitation) was performed. Comparison water Raman 

spectra were acquired on three commercially-available fluorescence microplate readers 

equipped with emission monochromators. The acquisition rate in these experiments 

A. B.
Commercially-available Microplate Readers

C.
Spectral Unmixing Plate Reader

Commercially-available Spectrometer

 
Figure S33. SUPR water Raman test comparison to commercially available spectral plate readers. A. Water 
Raman  spectra acquired on a commercially-available fluorescence microplate readers. Total acquisition time 
is approximately 2 minutes for each spectrum (one second per wavelength). B. Water Raman spectrum 
acquired using a cuvette-based spectrometer with flash lamp excitation. C. Water Raman spectra acquired 
from six separate wells of one 384 well plate using the spectral unmixing plate reader. The six raw spectra are 
ovelaid to demonstrate the reproducibility across measurements. 
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(Figure S33A) was set at one second per wavelength, and the wavelength spacing at 1 nm. 

A water Raman spectrum (black) was also acquired on a cuvette-based fluorescence 

spectrometer (Cary Eclipse, xenon flash-lamp excitation) with the same acquisition time 

and wavelength interval (Figure S33B). Figure S33C shows the superposition of six 

spectra, each corresponding to a different well of a 384 plate, at 200 ms acquisition time 

per well, acquired with the spectral unmixing plate reader (Fluorescence Innovations). The 

spectra have been normalized to the same area under the curve to better illustrate the very 

high repeatability. The relatively narrow water Raman spectra acquired with the spectral 

unmixing plate reader, allows for the capability to extract spectral features, and produce 

robust and high precision measurements. Note, too, the very low background signal from 

the black polypropylene plates on either side of the water Raman band, despite the epi-

illumination geometry. 

 
 
 
 
Figure S34. Determination of autofluorescence reference spectrum.  
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Cellular autofluorescence: Excitation of living cells in the 450-500 nm wavelength 

range produces a background autofluorescence signal, generally attributed to flavins 

[143]. The fluorescence spectrum of 50 L of untransfected HEK293 cells suspended in 

PBS at a concentration of 50,000 cells per well of a 384 well plate is shown in  

 

 

Figure S34. The sharp and narrow peak of the water Raman feature at 560 nm was used to 

subtract the water Raman signal from cellular autofluorescence spectrum, thereby 

producing the autofluorescence reference spectrum.  

 

GFP reference spectrum. The reference spectra of GFP (eGFP) were acquired from 

purified fluorescent protein preparations, and by subtracting each component spectrum 

(water Raman, autofluorescence, and the signal from fluorescent protein) using live-cells 

expressing the fluorescent proteins. The former approach avoids the need to consider the 

 
Figure S35. Determination of GFP reference spectra.  
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autofluorescence contribution, but the signal of the green or red fluorescent proteins may 

be dependent on buffer conditions, and vary with environment surrounding the purified 

protein.  

 The reference spectrum of GFP, the donor fluorescent protein used for the red/green 

FRET pair of the two-color SERCA biosensor, was acquired from HEK293 cells 

overexpressing high levels of an appropriately donor-labeled control cell line. This cell line 

expressed a genetically-encoded construct, where GFP was fused to an intra-sequence 

flexible loop on SERCA2a’s cytosolic nucleotide-binding domain (at residue 509). The 

GFP reference spectrum was generated by subtracting the contribution of the cellular 

autofluorescence and water Raman from the observed GFP SERCA control cell line (dark 

green spectrum in Figure S35). The fluorescence signal of the GFP-SERCA fusion protein 

was much higher than the background signal from the cells themselves (cellular 

autofluorescence). Therefore, a very subtle subtraction of the autofluorescence signal was 

made for this particular cell line. However, the shift in the shape of the subtracted GFP 

reference fluorescence spectrum did not significantly alter the results of the spectral 

unmixing methods. This reference spectrum was used to accurately resolve the 

fluorescence signal of GFP from a cell line over-expressing the two-color SERCA FRET 

biosensor. Further comparison of the inferred GFP reference spectrum from live-cells with 

the spectrum of purified protein is shown in Figure S35, by the overlay of GFP subtraction 

and the denoted solved GFP reference spectrum. Although small variations in the overall 

shape of the reference GFP spectrum acquired from live-cells and purified protein 
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preparations have been previously reported [143], these differences did not distort the 

results obtained from the spectral unmixing methods.  

 

RFP reference spectrum. The reference spectrum of the red fluorescent protein (tagRFP) 

was acquired using 532 nm laser excitation, which eliminated the contribution from cellular 

autofluorescence. Excitation at a longer wavelength also shifts the water Raman band to 

the 650 nm wavelength. The effect of the water Raman band is much weaker because of 

its 4 dependence. Finally, the RFP-SERCA fluorescent fusion construct had much higher 

expression than the intrasequence labeled GFP-SERCA control construct. The RFP 

reference spectrum is shown in Figure S36. 

 The four reference spectra shown in Figure 27A were used for all studies involving 

spectral unmixing of the 2CS construct with GFP and RFP-labeled fluorescent proteins. 

Derivation of the spectral FRET equation for 2-color biosensor  

 
Figure S36. HEK293 cells overexpressing an acceptor-only control construct.  TagRFP was fused to 
SERCA2a used to generate the tagRFP reference spectrum (red). A longer wavelength excitation (532 nm) 
was used, so the subtraction of cellular autofluorescence and the water Raman signal are not required. 



 

 84 

Nomenclature: 

 εA: molar absorptivity of acceptor at λex 

 εD: molar absorptivity of donor at λex 

 ΦFRET: Fluorescence quantum yield of FRET efficiency 

 ΦF,D : Fluorescence quantum yield of donor, including potential change due to 

FRET       
 ΦF,A: Fluorescence quantum yield of acceptor 

 

Assumptions: 

 1. # Donor excited states proportional to εD 

 2. # Acceptor excited states proportional to εD ΦFRET + εA 

 3. # Donor emission events proportional to εD ΦF,D 

 4. # Acceptor emission events proportional to (εD ΦFRET + εA) ΦF,A 

 

Derivation: 

 Let FR be the FRET ratio of total number of photons emitted by acceptor to total 

number of photons emitted by donor (Eq. 5); assuming the CCD linear-array spectrograph 

detector has been corrected for wavelength dependence of its response. The total 

fluorescence emission F of each component’s reference spectrum is dependent on the 

scalar coefficients shown as the sum of the linear combination of the four components of 

the fluorescence emission signal from as shown in  (Eq. 8), where b represents the scalar 

coefficient for RFP (acceptor), and a the scalar coefficient for GFP (donor). 

 

𝐹𝑅 =
𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒

𝐷𝑜𝑛𝑜𝑟 𝑓𝑙𝑢𝑟𝑜𝑒𝑠𝑐𝑒𝑛𝑐𝑒
=  

𝑏𝐹𝑅𝐹𝑃

𝑎𝐹𝐺𝐹𝑃
 . 

Eq. 10 

Substitution of extinction coefficients (molar absorptivity) and quantum yields, which 

represent the total acceptor and donor fluorescence from the FRET biosensor gives 

following equation:  

 

𝐹𝑅 =
(εD ΦFRET +  εA) ΦF, A

εD ΦF, D
 .  Supp Eq. 1 
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However, the contribution of FRET to the donor fluorescence when the rate of 

fluorescence energy transfer is zero, gives ΦF,D = ΦF,D(E = 0) (1 - ΦFRET). Substitution of 

this equation for the donor quantum yield at (E=0) yields: 

 

 
 
 
 
 

where QR (ΦF, D/ΦF, A) is the ratio of the donor fluorescence quantum yield under non-

FRET conditions to the acceptor fluorescence quantum yield. AR (εA/εD) is the extinction 

coefficient ratio of acceptor molar absorptivity to the donor molar absorptivity at 473 nm 

wavelength excitation. Note that F𝑅 is the only experimentally derived quantity as the 

quantum yields and extinction coefficients of the eGFP and tagRFP have been previously 

reported, and were determined for 473 nm wavelength excitation [110]. 

 The quantum yield ratio could be determined directly, although quantum yields are 

notoriously difficult to measure with very high accuracy. Moreover, the fluorescence ratio 

(FR) depends on the wavelength dependence of the CCD spectrograph detector. In other 

words, the measured FR needs to be corrected to a constant detector response (no 

wavelength dependence).  

 A -factor was experimentally determined, and used to calibrate for the difference 

in the overall spectrograph sensitivity at longer wavelengths (wavelength-dependent 

𝐹𝑅𝐸𝑇 =
F𝑅 ∗  ΦF, D/ΦF, A −  εA/εD

1 +  F𝑅 ∗  ΦF, D/ΦF, A
 .  Supp Eq. 2 
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response and the wavelength dependence of the grating’s diffraction efficiency) The 

dispersion of the light by the grating is non-linear, so shorter wavelength light is spread out 

more than longer wavelength light. For simplicity the -factor was designated to quantum 

yield factor (QR) yielding: 

 

 
 

 The β value (correction factor) used to correct for difference in GFP and RFP 

detector sensitivity was determined using the fluorescence lifetime data of the D (GFP-

SERCA) and DA (2CS) cell lines, and solving for the apparent FRET efficiency in as (Eq. 

7) shown in Figure S37. 

 

Solving for the FRET efficiency of 2CS (above) for  gives  

 
 

 

where the  values are fluorescence lifetimes acquired from the appropriate donor-only and 

donor-acceptor (FRET) cell lines. 

 Supp Eq. 4 shows a single -value (corrected QR = 0.83) that gives excellent 

agreement between the FRET efficiency values calculated by lifetime and by spectra. The 

data used for this calibration of FRET efficiency was from the 12-point thapsigargin 2CS 

dose-response studies (Figure 30A and B). Each point on the plot shows the FRET 

𝐹𝑅𝐸𝑇 =
𝛽 (QR) ∗  FR – (εA/εD)

1 +  𝛽(𝑄𝑅) ∗  FR
 .  Supp Eq. 3 

𝛽 =  [(D/DA)(1 + εA/εD) –  1]/FR Supp Eq. 4 
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efficiency obtained from lifetime mode (direct determination using (Eq. 7), and after 

solving for the -factor using the spectral FRET efficiency equation (Eqs. 5 and 6) at 12 

different concentration of Thapsigargin. For all FRET pairs, each correction factor was 

obtained by using reported values of the fluorescent protein quantum yield and molar 

absorptivity [110], and correcting for CCD detector sensitivity. The -factors for the 

CFP/YFP variants were not determined by direct comparison to fluorescence lifetime 

measurement, because a microchip pulsed laser with the appropriate excitation wavelength 

does not exist. The -factor for the quantum yield ratio of the mCerulean and mVenus 

FRET pair was determined by using the known FRET efficiency of the C32V construct 

[130], and solving for the -factor to match the expected value. This -factor was then used 

to determine the FRET efficiency of the C17V and C5V construct as shown in Figure 32B. 

The beta-factor for the eCFP/mcitrine FRET pair was determined by estimating the FRET 

efficiency of the D1ER FRET biosensor, under normal cellular conditions, using 

previously reported fluorescence lifetime measurements [144]. QR in supplemental table 

is the -factor corrected quantum yield ratio from each FRET pair. 

 

 

Table 2. Quantum yield and molar absorptivity ratios for donor and acceptor FRET pairs  

FRET pair QR AR 

eGFP and tagRFP (2CS) 0.83 0.05 

eCFP and mCitrine (D1ER) 0.46 0.12 

mCerulean and mVenus 0.37 0.10 
 

Multiple-exponential lifetime fitting 

The donor-only control cell line, where SERCA2a is fused to GFP, was used to determine 

the FRET efficiency using (Eq. 7 in first manuscript, E = 1- DA/D). The fluorescence 
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waveform was fit using both one- and two-exponential model as shown in Figure S37. The 

χ2 of each fit across the nanosecond domain was determined from the sum of the residuals 

obtained from the fit. The χ2 was reduced for the two-exponential model and this model 

was used for subsequent global lifetime analysis to determine distance distributions. 

Adding more than two exponentials to the model was not found to increase the goodness 

of the fits. 

  

A. Single-exponential lifetime fit B. Two-exponential lifetime fit

Χ2 = 0.496 Χ2 = 0.0792

 

Figure S37. The fluorescence lifetime of the donor-only (GFP) one-color SERCA control. Evaluated using a 
single-exponential fit (A) and a two-exponential fit (B). For each fit (red), the raw donor-only waveform is 

shown in black and the instrument response function in green. The residuals from each fit across the 
nanosecond time domain (x-axis) is shown below the fluorescence decay waveforms and used to determine 
the χ2. As shown the χ2 was reduced for the two-exponential fit and the average lifetime was found to be 2.58 
ns. 
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Chapter 5 – High-throughput Spectral and Lifetime-based 
FRET Screening  

 

High-throughput spectral and lifetime-based FRET screening in living cells to 

identify small-molecule effectors of SERCA 
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5.1 Summary 
                   A robust high-throughput screening (HTS) strategy has been developed to 

discover small-molecule effectors targeting the sarco/endoplasmic reticulum calcium 

ATPase (SERCA), based on a fluorescence microplate reader that records both the 

nanosecond decay waveform (lifetime mode) and the complete emission spectrum (spectral 

mode), with high precision and speed. This spectral unmixing plate reader (SUPR) was 
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used to screen libraries of small molecules with a fluorescence resonance energy transfer 

(FRET) biosensor expressed in living cells. Ligand binding was detected by FRET 

associated with structural rearrangements of green (GFP, donor) and red (RFP, acceptor) 

fluorescent proteins fused to the cardiac-specific SERCA2a isoform. The results 

demonstrate accurate quantitation of FRET along with high precision of hit identification. 

Fluorescence lifetime analysis resolved SERCA’s distinct structural states, providing a 

method to classify small-molecule chemotypes on the basis of their structural effect on the 

target. The spectral analysis was also applied to flag interference by fluorescent 

compounds. FRET hits were further evaluated for functional effects on SERCA’s ATPase 

activity via both a coupled-enzyme assay and a FRET-based calcium sensor. 

Concentration-response curves indicated excellent correlation between FRET and 

function. These complementary spectral and lifetime FRET detection methods offer an 

attractive combination of precision, speed, and resolution for HTS. 

5.2 Introduction 
 The preceding article reports the performance of a novel microplate-reader that 

records fluorescence emission spectra with an unprecedented combination of speed and 

precision. That study indicated that this spectral-unmixing plate-reader (SUPR), when 

combined with a previously described fluorescence lifetime plate-reader (FLTPR) that 

achieves a similarly high level of performance using nanosecond time resolution, is ready 

for HTS. This study demonstrates an initial application.  

 The specific target in this work is sarco/endoplasmic reticulum calcium ATPase 

(SERCA) [61, 114]. which has therapeutic relevance for a wide range of diseases, including 
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heart failure [114], multidrug-resistant leukemia [145], and type II diabetes [54]. SERCA 

is a critical enzyme, as it maintains calcium homoeostasis by actively pumping calcium 

from the cytosol into the endoplasmic or sarcoplasmic reticulum. Over a dozen human 

SERCA isoforms have been described, each with tissue-specific expression and distinct 

structural and functional characteristics. Specialized SERCA isoforms are predominantly 

found in electrically-excitable cells, such as myocytes and cardiomyocytes, where calcium-

cycling is necessary for the contractile apparatus to function properly [34].  

 Recently, SERCA-based therapy based on calcium up-regulation by percutaneous 

administration of gene therapy was tested in cardiac disease clinical trials (CUPID study). 

SERCA overexpression by administration of adeno-associated virus (AAV), delivered 

directly to the hearts of patients experiencing end-stage heart failure, was shown to correct 

deficits in SERCA2a (cardiac-isoform) expression and activity, known to be correlated to 

impairment in cardiac (diastolic) function [53]. Despite encouraging early results, SERCA 

AAV gene therapy failed to meet primary end goals in phase IIb clinical trials. This failure 

was attributed to the limitations of AAV gene therapy, including the development of 

neutralizing antibodies [58], and difficulties of maintaining constant, long-term expression 

of the large 110 kD enzyme. We continue to explore alternative SERCA-based gene 

therapy strategies [146-148] but are also actively pursuing the search for small-molecule 

SERCA effectors capable of ameliorating the SERCA malfunction found in numerous 

degenerative diseases [34]. 

 Initial screening campaigns evaluated structural perturbations using a reconstituted 

membrane system and fluorescence resonance energy transfer (FRET) detection between 
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SERCA and its regulatory partner phospholamban (PLB). In these studies, conventional 

fluorescence emission spectral recording was utilized for large-scale screening, and 

resulted in the discovery of small-molecule activators of SERCA [61]. We continued our 

development of SERCA biosensors by engineering a genetically-encoded intramolecular 

FRET sensor; donor and acceptor fluorescent proteins were fused to specific locations on 

SERCA’s cytoplasmic headpiece, known to undergo large-scale, physiologically-relevant, 

structural changes (5-10 nm), as depicted by the known crystal structures [21],[114], This 

type of assay lends itself naturally to a structure-based screening campaign, in which the 

results are not only related to variation of compound structure, but also to variation of 

specific structural changes in the labeled target. 

 This two-color SERCA (2CS) biosensor utilizes green and red fluorescent proteins 

as a FRET pair. These red-shifted fluorescent proteins are less sensitive to cell 

autofluorescence and fluorescent compound interference, compared with their blue-shifted 

CFP and YFP counterparts. The existence of multiple 2CS FRET populations was 

previously identified using single-molecule fluorescence lifetime microscopy [113]. These 

studies elucidated SERCA’s sensitivity to PLB and calcium, revealing insights into 

residues involved in this structure-activity relationship [149]. This set the stage for a proof-

of-principle structure-based small-molecule screen, using a prototype fluorescence lifetime 

(FLT) microplate reader [114],[116], This seminal study proved that a genetically-encoded 

FRET sensor could be stably expressed in human embryonic kidney (HEK293) cells and 

utilized for HTS in a microplate format.  
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 The present work utilizes a novel top-read fluorescence lifetime plate reader, which 

involves an epi-illumination geometry, thereby allowing for temperature control and the 

use of inexpensive black-bottom 384- or 1536-well plates. The preceding article 

established the technical feasibility of decomposing the fluorescence emission spectra into 

a linear combination of component spectra, from which the FRET efficiency (FRET) can 

be calculated. That study demonstrated high screening quality (high Z' value) and the 

ability to resolve minute FRET changes (0.5%), even when the cellular autofluorescence 

was artificially increased. This study involves screening a small-molecule library (National 

Clinical Collections 1 & 2), which contains a collection of compounds that have already 

been evaluated in pre-clinical and clinical trials. The ability to accurately determine 

changes in FRET from the 2CS biosensor from two independent fluorescence 

measurements (spectral and lifetime) increases the confidence of hit selection.  

5.3 Materials and Methods  
Cell Culture 

 HEK293 (originally derived from human embryonic kidney) cells were maintained 

in phenol red-free DMEM from Gibco (Waltham, MA) supplemented with 2 mM 

GlutaMAX (Gibco), 10% fetal bovine serum (FBS), from Atlanta Biologicals 

(Lawrenceville, GA), and 1 IU/mL penicillin/streptomycin (Gibco) and grown at 37° C 

with 5% CO2. HEK293 cell lines were used to generate stable clones overexpressing the 

FRET-based biosensors and corresponding donor and acceptor labeled control cell lines 

[114]. Three days prior to screening, the stable cell lines were expanded in five T225 flasks 

from Corning Inc. (Corning, NY). On each day of screening and FRET hit retesting, 
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approximately 300 million cells were harvested by treatment of Tryple from Invitrogen 

(Carlsbad, CA), washed three times in phosphate buffer solution (PBS) with no magnesium 

or calcium from Thermo Scientific (Waltham, MA) by centrifugation at 300 g, filtered 

using 70 µm cell strainers (Corning), and diluted to 106 cells/mL using an automated 

countess cell counter (Invitrogen). On each day of screening, cell viability was assessed 

using the trypan blue assay.  

 After resuspension and dilution in PBS, the cells were constantly and gently stirred 

using a magnetic stir bar at room temperature, keeping the cells in suspension and evenly 

distributed to avoid clumping. During screening, cells were then dispensed into five 384 

well assay plates, one containing no compound, one containing eight-point concentration 

curves of three known SERCA effectors, and three containing the NCC libraries 1 and 2. 

The same methods were applied for subsequent FRET testing of the reproducible hits 

identified in the pilot screen. Concentration-response curves (CRC) of the FRET hits were 

assessed at multiple time points by repeatedly scanning the 384-well plates. HEK293 stable 

clones expressing either the D1ER calcium FRET sensor (CFP/YFP) or the 2CS biosensor 

were used to evaluate the hits. The D1ER calcium sensor monitored changes in 

endoplasmic reticulum [Ca2+] [131, 132]. The methods and protocols for the D1ER cells 

were identical to those for 2CS, with the exception that they were evaluated only in spectral 

mode, and the 384-well plates containing compound CRCs were scanned every three 

minutes for two-hours. 

Liquid dispensing 
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 Cells were dispensed using a Multidrop Combi liquid dispenser from Thermo 

(Pittsburg, PA), at a density of 106 cells/mL. Compounds were diluted in DMSO and 

dispensed either using an automated Echo acoustic liquid dispenser from Labcyte 

(Sunnyvale, CA) or a Mosquito liquid dispenser from TTP Labtech (Melbourn, UK).  

 Cells and compound mixtures were dispensed into 384-well flat, black-bottom 

polypropylene plates from Greiner (Kremsmünste, Austria). The cells were dispensed at 

room temperature into plates containing test compounds. They were incubated with 

compound for 20, 60, 90, and 120 minutes, and then scanned in both lifetime and spectral 

modes. 727 compounds from the NCC 1 and 2 compound libraries were purchased from 

Evotec (Hamburg, Germany), formatted into 96-well mother plates using a Biomek FX 

liquid dispenser from Beckman Coulter (Brea, CA), and subsequently formatted across 

three 384-well plates at 50 nL (10 µM final concentration per well) using an Echo liquid 

dispenser from Labcyte. Control wells containing matching %v/v DMSO were formatted 

into unused wells and columns 1, 2, 23, and 24 of the assay plates. The eleven reproducible 

FRET hits were purchased from three different vendors Sequoia Sciences (Saint Louis, 

MO), Tocris (Minneapolis, MN), or Santa Cruz (Santa Cruz, CA) depending on their 

availability. 

Instrumentation and Data Analysis 

 An in-depth description of the fluorescence instrumentation is described in the 

previous article [150] and in the supplemental material. For lifetime mode, the observed 

fluorescence waveform was convolved with the instrument response function, and the 

average energy transfer efficiency (E = 1- DA/D) was calculated from the average lifetimes 
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of donor τD and donor-acceptor, τDA, FRET cell lines. The structural correlates for FRET 

were modeled as previously described [151-153], assessing the nanosecond time 

dependence of the TR-FRET waveforms according to (Eq. 11)-(Eq. 16): 

𝐹𝐷(𝑡) = ∑ 𝐴𝑖 𝑒𝑥𝑝(−𝑡
𝜏𝑖

⁄ )

2

𝑖=1

 (Eq. 11) 

𝐹DA(𝑡) = ∑ 𝑋j

2

j=1
∙ 𝑇j(𝑡) (Eq. 12) 

𝐹(𝑡) = 𝑥D𝐹D(𝑡) + 𝑥DA𝐹DA(𝑡) (Eq. 13) 
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𝜌j(𝑅) =
1

𝜎j√2𝜋
 exp (

−[𝑅 − 𝑅j]
2

2𝜎j
2 ) (Eq. 15) 

𝜎j = FWHMj (2√2 ln 2)⁄ , (Eq. 16) 

 

 where 𝐹D is the time-resolved fluorescence decay function of the GFP donor (Eq. 

11), best-fit by a two exponential decay (Figure S37). 𝐹DA (Eq. 12) is the time-resolved 

fluorescence decay function of the GFP donor-acceptor FRET sample. 𝐹D and 𝐹DA were fit 

to a linear combination of mole fractions of 𝑥D and 𝑥DA. 𝑥D equals zero for the 

intramolecular FRET sensor (Eq. 13). 𝐹DA is a linear combination with molar fraction Xj 

of two FRET-affected fluorescence decays Tj(t) (Eq. 14). 𝜌j is the probability of each 

distance distribution, determined by least-squares minimization of the distance (nm) R, 

associated with each donor-acceptor lifetime species 𝜏i (Eq. 15). (𝜎j) Gaussian interprobe 

distance distributions centered at Rj = 5.5 nm and 10.2 nm, with distribution widths defined 

by the standard deviation and full-width half-maximum (Eq. 16). The Förster distance (𝑅0) 

for the eGFP and tagRFP FRET pair is 5.8 nm. The parameters in this system of equations 

were optimized utilizing simultaneous least-squares minimization to waveforms from 
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donor-only and donor-acceptor cell lines. The best-fit model was indicated by minimized 

χ2 and by evaluation of the parameter error surface as described in our previous publications 

[151-153]. 

 For spectral detection, the observed fluorescence emission spectrum was fitted by 

least-squares minimization to a linear combination of component spectra: 

FFit(λ) =aFD(λ)+ bFA(λ) +cFC(λ) +dFW(λ) (Eq. 17) 

 where D is donor, A is acceptor, C is cell autofluorescence, and W is water Raman, 

and a, b, c, d are the coefficients determined from the fit. 

𝐹𝑅𝐸𝑇 =
𝐹𝑅 × 𝑄𝑅 − 𝐴𝑅

1 +  𝐹𝑅 × 𝑄𝑅
 (Eq. 18) 

 For an intramolecular FRET sensor, having both donor D and acceptor A, FRET 

was determined from (Eq. 9), where QR is the ratio of quantum yields (QD/QA) in the 

absence of FRET, AR is the ratio of molar absorptivities (εA/εD), both obtained from 

reported values [123]. QR is corrected for spectrograph sensitivity at the appropriate 

wavelength (Figure S36). The only experimental observable in (Eq. 9) was FR. 

 

 

𝐹𝑅 =
𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛

𝐷𝑜𝑛𝑜𝑟 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛
=  

𝑏𝐹𝐴

𝑎𝐹𝐷
 .  (Eq. 19) 

 
 

 Full derivation of (Eq. 17)-(Eq. 19) can be found in the supplementary material. 
 

HTS Data Analysis 
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 Fluorescent compounds were identified and flagged as potential false-positives by 

evaluating the similarity index (SI) between an observed compound spectrum Ii
(a)

and 

DMSO control spectra Ii
(b)

: 

 

𝑆𝐼 = 1 −
∑ 𝐼𝑖

(𝑎)
∙ 𝐼𝑖

(𝑏)

√∑ 𝐼𝑖
(𝑎)

∙ 𝐼𝑖
(𝑎) √∑ 𝐼𝑖

(𝑏)
∙ 𝐼𝑖

(𝑏)

 (Eq. 20) 

 

 The spectra of 192 DMSO control wells (%v/v DMSO) were averaged for each 

screen to generate a single control spectrum (𝐼(𝑏)). The fluorescence spectra of the two-

color SERCA biosensor, screened against 727 separate compounds (𝐼(𝑎1−727)), was 

compared with the single DMSO control spectrum. The similarity index between the 

spectra was computed over the GFP emission wavelength (i = 500-540nm). The fluorescent 

compound threshold was set to flag potential false-positives with an SI greater than 2x10-

4 throughout the screens. 

Enzymatic SERCA activity assays of FRET hits 

 Functional assays were performed using rabbit light skeletal sarcoplasmic (SR) 

vesicles [114]. An enzyme-coupled, NADH-linked ATPase assay was used to measure 

SERCA ATPase activity in 96-well microplates. Each well contained 50 mM MOPS (pH 

7.0), 100 mM KCl, 5 mM MgCl2, 1 mM EGTA, 0.2 mM NADH, 1 mM phosphoenol 

pyruvate, 10 IU/mL of pyruvate kinase, 10 IU/mL of lactate dehydrogenase, 1 µM of the 

calcium ionophore A23187 from Sigma (St. Louis, MO), and CaCl2 added to set free [Ca2+] 

to 10 M [154]. 4 g/mL of SR vesicle, calcium, compound, and assay mix were incubated 

for 20 min. The assay was started upon the addition of ATP, at a final concentration of 5 
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mM (total volume to 200 L), and absorbance read in a SpectraMax Plus microplate 

spectrophotometer from Molecular Devices (Sunnyvale, CA). 

5.4 Results 
High-precision FRET efficiency determinations from two independent fluorescence 

measurements 

The sarco/endoplasmic reticulum calcium ATPase (SERCA) cycles through 

multiple conformations as it pumps calcium into the sarcoplasmic reticulum. Briefly, a 

green fluorescent protein (GFP) was fused to the N-terminus of SERCA and a red 

fluorescent protein (RFP) was fused to a flexible intrasequence loop located on the 

nucleotide-binding domain of SERCA. The distance between these two fluorescent 

proteins can be measured by determining the rate of fluorescence resonance energy transfer 

(FRET). This two-color SERCA (2CS) biosensor was stably expressed in a human 
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Figure 38 Overview of high-throughput spectral and lifetime FRET drug screening. (A) Diagram of the 

instrument. (B) The two-color SERCA (2CS) intramolecular FRET biosensor.[112-114] As depicted, the FRET 
efficiency is dependent on the structural status of SERCA’s domains, which may be affected by the binding of 
small molecules. Conceptual data (C, lifetime mode) and (D, spectral mode) illustrate the dependence of 

fluorescence signals on FRET. Solid black curve (D): donor only (no FRET). Dashed black curve (DA): donor 
plus acceptor (FRET). In (D) dotted curves show the resolution of the spectrum into components 

corresponding to donor (GFP) and acceptor (RFP) emission. 
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embryonic kidney (HEK293) cell line, and grown in sufficient quantities for high-

throughput screening [114]. The binding of potential small-molecule effectors is directly 

evaluated as changes in FRET (Figure 38B). 

Conceptual fluorescence lifetime waveforms are depicted in Figure 38C. In the 

actual lifetime measurements, typically 1000 laser pulses are averaged over a 200 ms 

interval, to generate an entire decay waveform for each well of a 384-well plate. The 

fluorescence lifetimes τDA (FRET biosensor with donor and acceptor) and τD (donor-only 

control) are used to determine the energy transfer efficiency FRET = 1 – DA/D. A 

representative complete fluorescence emission spectrum acquired with a 100 ms 

integration time at 0.5 nm spectral resolution in spectral mode is shown in Figure 38D. 

The high-quality emission spectrum, acquired from a single well was decomposed into a 

linear combination of its spectral components green fluorescent protein (GFP) and red 

fluorescent protein (RFP). These components were then used to solve for the contribution 

of the fluorescence emission from GFP (donor fit) and RFP (acceptor fit), allowing for a 

high-precision determination of an ensemble-averaged FRET from the 2CS biosensor. 

Global lifetime analysis resolves structural status of 2CS biosensor 

Global analysis of the fluorescence intensity decay rate (lifetime mode) was used to resolve 

two distinct structural states of the 2CS biosensor (Eq. 11)-(Eq. 16). These distinct 

structural states of 2CS were previously resolved using single-molecule fluorescence 

microscopy [113], which is not a high-throughput detection method. Here, we demonstrate 

analogous structural resolution of the 2CS biosensor, except with an ensemble-averaged 

FRET measurement, acquired in 200 ms per well from live-cell suspensions. 



 

 101 

FRET is a sensitive spectroscopic molecular ruler, due to the R-6 distance 

dependence of the rate of energy transfer from an excited donor fluorophore (GFP) to an 

acceptor (RFP) in the ground state [107]. The exceptionally good precision of direct 

waveform recording (DWR) and global analysis of the fluorescence decay waveforms 

produced in this fashion allow FRET measurements to be evaluated in terms of distance 

distributions and mole fractions of physiologically-relevant structural states. Fluorescence 

lifetime waveforms were analyzed using a global two-component model (Eq. 11)-(Eq. 16), 

yielding a two-state structural model for SERCA’s cytosolic headpiece, describing an 

equilibrium between the open (102 nm) and closed (55 nm) structural states with full-width 

at half-maximum (FWHM) of 69 and 22 nm; respectively. The Gaussian distance 

distribution was determined for each structural state and plotted as a histogram in Figure 

39A. The distance R and FWHM fitting parameters were allowed to vary globally, and the 
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Figure 39. Lifetime analysis of time-resolved fluorescence decay waveforms resolves structural states of the 
2CS biosensor. (A) Two structural states of SERCA are resolved, corresponding to two Gaussian interprobe 
distance distributions, consistent with a two-state structural model with an equilibrium between closed (5.5 nm 
FRET distance, orange) and open (10.2 nm FRET distance, blue) structural states. (B) The addition of a 
saturating dose (50 nM) of the known inhibitor thapsigargin (Tg) shifts this equilibrium substantially toward the 
open state. (C) Concentration dependence of Tg effect on the structural distribution (n= 8 wells for each 
concentration). (D) Plot, based on (C), of closed state mole fraction vs Tg. 
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mole fraction of each state was determined according to the two-component global fit (Eqs. 

1-6). Thapsigargin inhibits SERCA at nanomolar concentration, and perturbs SERCA2a’s 

cytosolic headpiece, greatly increasing the population of the more open and disordered 

structural state at 50 nM (Figure 39B). The full concentration dependence is illustrated in 

(Figure 39C), and the concentration-response curve of the closed state mole fraction 

(Figure 39D) yields an EC50 value of 2.2 nM thapsigargin in agreement with the known 

EC50 for SERCA inhibition [155]. 

Pilot screening of NCC libraries to evaluate both spectral and lifetime FRET detection 

A B

C D

  
Figure 40. Spectral and lifetime pilot drug screening. (A) Fluorescence emission spectra were used to identify 
and flag potential interference from fluorescent compounds by assessing the similarity index (Eq. 20) of each 
well from a pilot screen of the NCC1 & 2 small-molecule libraries. A control spectrum (%v/v DMSO well) and 
non-fluorescent (compound not identified as a FRET hit during screening with 2CS) have a high degree of 
similarity, as shown as direct overlap of orange and black spectrum. A slightly fluorescent compound is 
depicted by the green spectrum and was flagged as a potential false-positive hit. The fluorescent profile of all 
1152 wells from one NCC screen was assessed using a stringent similarity index threshold; 44 compounds 
were flagged as potential false-positives due to interference from compound fluorescence. (B) Histogram plots 
of the wells from one NCC screen after removing potential fluorescent compounds. Gaussian fits depict an 
increase in precision from spectral mode (left) in comparison to lifetime mode (right), shown as the frequency 
of FRET efficiency determined by either method and a narrower distribution from spectral mode (average 
FRET calculated by spectral unmixing or lifetime and the standard deviation determined from the Gaussian 
fit). (C) One 2CS pilot NCC screen (spectral mode) is shown with a hit threshold set at a 0.02 change in 2CS 
FRET (4 SD). 16 FRET hits were identified in this screen. 11 of these 2CS FRET hits were found to be 
reproducible across three independent screens (blue). (D) The same 384-well plates were scanned in lifetime 
mode. 16 hits were identified using the same threshold set at a 0.02 change in 2CS FRET efficiency (3 SD). 
In this screen, nine of the reproducible 2CS FRET hits identified in spectral mode were also FRET hits as 
assessed by lifetime mode (blue). 
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A small-molecule library (National Clinical Collections 1&2), consisting of 727 

compounds previously evaluated in preclinical and clinical trials, was used to evaluate both 

spectral and lifetime modes of the spectral unmixing plate reader (SUPR). After an initial 

quality control check of the 2CS cell line on each day of screening (response to known 

effectors and signal level), a HEK stable clone overexpressing the 2CS biosensor was 

dispensed, using a Multidrop liquid dispenser into 384-well plates, and then scanned in 

both spectral and lifetime modes after 20, 60, 90, and 120 minutes of incubation with the 

compounds or control wells.  

 A single-exponential fit was used to determine the lifetime DA from 2CS and D 

from the one-color SERCA2a donor-only control cell line. These lifetimes were used to 

determine FRET = 1- DA/D. In spectral mode, the observed spectrum acquired from each 

well was decomposed into a linear combination of components (GFP, RFP, cellular 

autofluorescence, and water Raman). The reference spectrum of each was used to solve for 

the total contribution of fluorescence emission from each component (Eq. 17). These 

values were used to calculate a fitted ratio of the total fluorescence emission of RFP/GFP 

(Eq. 19) and then FRET from the 2CS biosensor was determined using the simplified FRET 

equation for intramolecular FRET sensors as described in the preceding article (Eq. 

9),[150]. 

Both lifetime and spectral fluorescence measurements are prone to interference 

from fluorescent compounds. We took advantage of the information contained in the full 

emission spectrum to develop a streamlined process to flag these potential false-positives. 

A spectral similarity index (Eq. 20), which monitors differences from the spectra of control 
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wells with no compound added, was computed in the donor only region. A stringent 

similarity index threshold (2x10-4) was used to flag 44 compounds as potential false-

positives, due to interference from compound fluorescence (Figure 40A). 

Histogram plots from all wells that passed the fluorescence compound filter, from 

a single NCC screen demonstrate a three-fold increase in precision from the spectral mode, 

in comparison to lifetime mode, as exemplified by a narrower distribution (Figure 40B). 

These two complementary determinations of FRET were used to identify hits, quickly rule 

out false-positives, and increase reproducibility across screens.  

From three independent screens of the NCC libraries at a time point of 20 min after 

compound incubation, eleven reproducible FRET hits were found. These hits were 

identified using the spectral unmixing method and a hit threshold set at a 0.02 change in 

FRET. The results from one 2CS NCC screen are depicted in Figure 40C and D. Based 

on triplicate screens, 11 out of 16 compounds were identified as reproducible FRET hits 

(shown as blue circles in Figure 40C). In lifetime mode, 9 of the 11 reproducible FRET 

hits found using spectral mode were also reproducible lifetime hits (Figure 40D). 

Reproducibility of hit identification across independent screens and time course studies 
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The reproducibility of 2CS FRET hits identified across three independent screens 

in spectral mode, after 20 min compound incubation at 10 µM concentration, is depicted 

in Figure 41A. The change in 2CS FRET (Δ FRET) of each hit from three independent 

NCC screens remained nearly constant from one screen to the next. For purposes of directly 

evaluating the use of the spectral recording method, a hit threshold of a 0.02 negative 

change in FRET (red bar) was applied and will be used from here on. When these same 

hits were evaluated in lifetime mode, nine of the eleven spectral FRET hits were found to 
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Figure 41. Reproducible FRET hits assessed across independent screens and time course studies. (A) 
Spectral mode identified eleven reproducible 2CS FRET hits using a threshold of 0.02 change in FRET (red 
line). The reproducibility of each 2CS FRET hit, after 20 min incubation, across three independent screens is 
shown. The ΔFRET from each compound remains consistent from screen to screen. ΔFRET was calculated 
by assessing the change in FRET of 2CS from the average FRET, determined by the Gaussian fit of all wells 
not flagged as fluorescence compounds. (B) Lifetime mode assessment of the eleven reproducible spectral 
FRET hits. Nine of the eleven FRET hits were reproducible (triplicate) hits using a 0.02 FRET threshold. 
Compounds #106 and190 were not identified as lifetime FRET hits in one of the three independent screens. 
(C) Spectral FRET hits evaluated by time-course studies. Each independent pilot screen was scanned in 
spectral mode after 20, 60, 90, and 120 minutes of compound incubation. The change in 2CS FRET efficiency 
(ΔFRET) of each compound is plotted and each reproducible FRET hit, identified as a hit using the spectral 
unmixing method, remained a hit over multiple time points. The 2CS FRET hits depicted here were from screen 
2 (turquoise bars in A and B). Compounds #60, 94, 459, 639, and 660 exhibited an increased FRET change 
over time. (D) Lifetime FRET change evaluated by time-course studies. Ten compounds from screen 2 were 
identified as hits, after 20 minutes of compound incubation, using a threshold set at 0.02 FRET change (red 
bar). Compounds #32 and 356 displayed a modest reduction in 2CS ΔFRET at the later time points. 
Compounds # 60, 94, 459, 639, and 660 again exhibited an increased FRET change over time.  
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be reproducible hits (Figure 41B). Compounds #106 and190 were not identified as lifetime 

FRET hits in one of the three independent screens.  

 The ability to acquire lifetime and spectral measurements with scan times under 

three minutes for an entire 384-well microplate, allowed for the examination of 2CS FRET 

changes in response to the full NCC library of compounds at multiple compound incubation 

time points. Time-course screening may not be directly amenable to large-scale screening 

but is potentially highly applicable for assessing the reproducibility of a large number of 

FRET hits identified during a large-scale HTS campaign, at multiple concentrations. Time-

dependent compound effects may also elucidate compounds with low binding affinities or 

delayed effects from low membrane permeability. These types of studies may also be 

useful for other fluorescence bioassays solely based on monitoring time-dependent effects, 

as we will depict later using the cameleon calcium FRET sensor. For these 2CS pilot 

screening studies, time-dependent screening was used to determine the inter-screen 

reproducibility of FRET hit identification as assessed both spectral and lifetime modes. 

 Time-dependent scans of reproducible 2CS FRET hits were consistent over 

multiple time points (20, 60, 90, and 120 min after compound incubation). The 2CS FRET 

hits analyzed here were from screen 2 (turquoise bars in Figure 41A and B) and show 

excellent reproducibility across time points. Five compounds # 60, 359, 459, and 639 

exhibited an increased FRET change over time (Figure 41C). Reproducible hits were 

evaluated in lifetime mode (Figure 41D) Very subtle differences in the 2CS FRET changes 

were found across spectral and lifetime methods. Ten compounds from screen 2 were 

identified as hits, after 20 minutes of compound incubation. Compounds #32 and 356 
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displayed a modest reduction in 2CS ΔFRET at the later time points. Compounds #60, 94, 

459, 639, and 660 again exhibited an increased FRET change over time. Overall, both 

methods show excellent agreement in terms of the direction and magnitude of FRET 

change.  

 

Multi-parameter concentration-dependent effects of FRET hits 

The reproducible 2CS FRET hits were further evaluated as a function of 

concentration. Compounds were dispensed into 384-well plates, across an eight-point 

concentration-gradient (n=4 for each concentration). Three independent dose-dependent 

FRET tests were performed on the 2CS FRET hits. Six compounds that produced the 

largest reproducible FRET change after 120 minute compound incubation are depicted. 

A B
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Figure 42. Multi-parameter concentration-dependent effect of FRET hits (A) Spectral mode analysis of the 
reproducible 2CS FRET hits. Compounds were dispensed into 384 well plates, across an eight-point 
concentration-gradient (n=4 for each concentration). Six representative compounds produced a dose-
dependent FRET change as evaluated in spectral mode. These compounds altered FRET with micromolar 
affinities with subtle differences across the compounds. (B) The same 384-well plate was evaluated using 

lifetime mode and demonstrated excellent agreement in the dose-dependent FRET change across two 
independent FRET measurements. (C) Global analysis of the lifetime data depicts a dose-dependent change 

in the mole fraction of the closed 2CS headpiece (5.5 nm distance distribution). Using this distance distribution 
model, the confirmed reproducible hits perturbed the 2CS structural equilibrium between open and closed 
states. All of the hits decreased 2CS FRET, indicating increased distance between GFP and RFP. (D) Water 

Raman spectrum acquired from compound-only wells of the known compound aggregator miconazole 
demonstrates ultra-high-sensitivity of spectral recording. Compound aggregation dose-dependently causes 
more light to be absorbed and decreases inelastic light scattering (Raman band). 
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These compounds dose-dependently decreased 2CS FRET as determined by spectral mode 

(Figure 42A). Each FRET curve was fit using the Hill equation. Decreased 2CS FRET was 

observed at micromolar concentrations with notable differences in the apparent EC50 (half 

maximal effective concentration) of the FRET curve. The same 384 well plate, containing 

the reproducible hits, was evaluated in lifetime mode with a simple, single exponential fit 

(Eq. 12) and demonstrated great agreement between the FRET changes across the two 

modes of independent FRET measurements. (Figure 42B).  

The compounds found to be reproducible hits and that exhibited dose-dependent 

FRET changes all decreased 2CS FRET. The imidazole antifungal clotrimazole was a hit 

and has been previously shown to inhibit SERCA function [156]. The related compounds 

oxiconazole, bifonazole, and miconazole were also hits. The antibacterial triclosan has 

been shown to increase cytosolic calcium [157] but to our knowledge not through 

interaction with SERCA.  

Global analysis of the lifetime data (Eq. 11)-(Eq. 16)resolved a dose-dependent 

change in the mole fractions of the open and closed structural states. Using this distance 

distribution model, the reproducible hits perturbed the 2CS structural equilibrium between 

open and closed states in Figure 42C (5.5 nm distance distribution shown). The high 

sensitivity of spectral mode is shown by the fluorescence signal of the water Raman 

spectrum. Raman scattering was acquired from compound-only wells of the known 

aggregator miconazole [158]. Compound aggregation dose-dependently causes more light 

to be absorbed and decreases inelastic light scattering (Raman band) (Figure 42D). This 
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information may become useful for flagging potential false-positives due to compound 

aggregation. 

Functional characterization of FRET hits on SERCA ATPase activity and ER calcium 

content 

Functional assays of the confirmed reproducible NCC hits were used to assess the 

relationship of hits that perturb 2CS structure and their effects on SERCA function. The 

ATPase activity of purified SERCA was measured after 20 minute incubation with a 

saturating dose of buffered free calcium (10 µM) and titration of each compound. 

A B

C D

  
Figure 43. Functional characterization of FRET hits on SERCA ATPase activity and ER calcium content. (A) 
2CS FRET hits inhibit SERCA ATPase activity. NADH-enzyme coupled activity assay of purified SERCA was 
measured at eight different concentrations of the reproducible FRET hits. The maximal rate of SERCA activity 
was measured at saturating calcium (10 µM) after 20 minute incubation with compounds and dose-dependent 
inhibition was observed. (B) Endoplasmic reticulum calcium was depleted by the 2CS FRET hits. ER calcium 

was monitored in live-cells overexpressing the endoplasmic reticulum localized calcium FRET sensor (D1ER). 
D1ER FRET is dependent on calcium concentration, where less calcium causes a reduction in FRET. ER 
calcium levels were monitored over time in response to an eight-point concentration gradient of each hit 
compound. A 384 well plate was repeatedly scanned (every three minutes) with D1ER cells. The dose-
dependent FRET change (ER calcium depletion) after 120 minutes compound incubation is shown and depicts 
differential depletion at each compound concentration. (C) Maximal ER calcium depletion in the presence of 
a saturating dose (50 µM) of each compound (decreased D1ER FRET) was assessed over a 120 minute 
period. The 2CS FRET hits displayed time-dependent and compound-specific ER calcium depletion. 
Miconazole (turquoise) exhibited both maximal SERCA ATPase Vmax inhibition and the largest amount of ER 
depletion. (D) Structure and activity assay correlation of 2CS FRET hits. The maximal change (percent 

change) of the structural FRET change from the 2CS FRET biosensor as well as the maximal change from 
two different functional assay (ATPase activity assay and D1ER calcium depletion).are shown. 



 

 110 

Experiments were performed in triplicate with eight-point concentration curves. The top 

six hits were found to dose-dependently inhibit SERCA’s ATPase function (Figure 43A). 

The antifungal Miconazole shows almost complete inhibition (92.4%) with a Ki of 2.8 µM. 

Clotrimazole’s ability to inhibit SERCA’s ATPase was slightly reduced in comparison 

with a Ki of 17.3 µM which is in agreement with previous steady-state measurements (7-

35 µM) [156]. 

SERCA malfunction can result in decreased ATPase activity and/or calcium 

pumping efficiency. ER calcium content was monitored over time using the endoplasmic-

localized cameleon calcium FRET sensor (D1ER) [132]. As demonstrated in the preceding 

article, known SERCA inhibitors deplete ER calcium in a time and dose-dependent manner 

and can be monitored using live-cells expressing D1ER. Briefly, D1ER FRET changes 

were monitored over time by repeatedly (every 3 minutes) scanning a 384-well plate 

containing varying concentrations of the 2CS FRET hits. D1ER cells were assessed 

immediately after compound incubation. These plates were scanned only in spectral mode 

using 434 nm excitation with a laser-driven light-source, to acquire a full emission 

spectrum from each well. The appropriate CFP/YFP reference spectra were used to 

determine FRET using  (Eq. 8). 

D1ER FRET curves were determined for each time-point scan, after compound 

incubation, over a period of 120 minutes (40 scans total). The 2CS FRET hits displayed 

time-dependent and compound-specific ER calcium depletion. Miconazole (turquoise) 

exhibited both maximal SERCA ATPase Vmax inhibition and the largest amount of ER 

calcium depletion as depicted at the final 120 min time point in Figure 43B. Maximal ER 
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calcium depletion in the presence of a saturating dose (50 µM) of each compound 

(decreased D1ER FRET) was assessed over a 120 minute period (Figure 43C). The 2CS 

FRET hits displayed time-dependent and compound-specific ER calcium depletion. The 

KI and EC50’s from the ATPase activity and D1ER FRET curves showed good agreement 

at the 20 minute time points. The structure-activity relationship of the 2CS FRET hits was 

further analyzed by comparing 2CS FRET (both spectral and lifetime mode), ATPase 

activity, and ER calcium depletion (Figure 43D). The maximal change (shown as percent 

change) of the structural FRET change from the 2CS FRET biosensor had excellent 

agreement with the maximal change from two different functional assays (ATPase activity 

assay and ER calcium depletion). Structural perturbation of the 2CS FRET biosensor 

directly relates to a compound’s effect on SERCA function.  

5.5 Discussion 
This study illustrates the complementary combination of spectral and lifetime 

fluorescence detection for the purposes of HTS. The spectral unmixing method increases 

the precision of hit identification and reproducibility of the hits in concentration-response 

curves (Figure 41). The fluorescence lifetime detection mode offers excellent precision 

and offers the additional advantage of structural resolution, revealed by multi-exponential 

global lifetime fitting. This approach resolves multiple FRET populations and assesses 

them in terms of distance-distributions and mole fractions, assigned to structurally-relevant 

perturbations of SERCA effectors (Figure 39). This resolution of multiple FRET-detected 

structural states from a live-cell biosensor is highly advantageous for screening, offering 

the potential to elucidate chemotypes or classes of compounds, identified in large-scale 
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screens, which differentially alter the structural status of a biosensor. This high-content 

information can be used to generate structure-activity relationships based on binding-

affinities, structural dynamics, and disorder. 

 The capability to couple two independent measurements of FRET, thereby 

substantially decreasing the false-positive rate, would be of significant value to the high-

throughput screening community. Spectral recording does not offer the resolution of 

structural information, in terms of resolving multiple structural states, but can be used to 

identify fluorescent compounds, eliminate artifacts due to dispenser error or contaminated 

samples, and increase assay precision across screens (Figure 40).  

 This is the first microplate reader capable of direct waveform recording in both 

lifetime and spectral domains. A recent review of fluorescence lifetime imaging (FLIM) 

plate readers demonstrates the medium-throughput capabilities currently offered by other 

technologies (20 min scan times per 96 well plate) [159]. The approach described here is 

considerably faster, yet offers very high precision.  

 Beyond developing new fluorescence technology, the overarching goal of this 

research is to identify novel small-molecule SERCA effectors with therapeutic potential 

for multiple disease states. These studies employed a 2CS biosensor based on the 

SERCA2a isoform [114], which is the primary isoform expressed in the heart. We have 

engineered constructs based on the other human isoforms, with the intent of performing 

drug-discovery campaigns to identify isoform-specific SERCA effectors. Further, we are 

currently developing new synthetic analogues based on our previously identified SERCA 

activators and inhibitors, where our HTS approach allows us to quickly assess and triage 
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the most prominent candidates from a large pool of synthetically-derived analogues. We 

concluded this assay-based demonstration by investigating hits identified through 

structural-based screening, using an NADH-enzyme coupled ATPase activity assay and 

the D1ER endoplasmic reticulum-targeted calcium sensor to evaluate the correlation 

between the structure and function of hits identified in this pilot screening campaign 

(Figure 43). 

 The compounds identified during these pilot screens all decreased FRET from the 

2CS biosensor, corresponding to opening of SERCA’s cytoplasmic headpiece. This may 

be a consequence of their similarity in the mode of binding or mechanism of inhibition. 

However, the 2CS biosensor is not limited to detection of decreases in FRET. In broken 

cells, we have previously shown that ligands such as calcium increase FRET, due to closure 

of SERCA’s cytoplasmic headpiece [112]. It is plausible that the maximal FRET effect is 

essentially reached for the HEK293 live-cells, in which calcium and ATP maintain SERCA 

in its closed structural state. 

 The novel paradigm used in the present study enables the measurement of multiple 

FRET parameters. These high-content assays are ideally suited for high-throughput 

screening campaigns, with potential to discover novel allosteric effectors, which may 

differentially perturb FRET. This strategy is now being evaluated for use on homogenate 

and microsomal cellular preparations using FRET-based biosensors. These applications 

allow for fine control of environment (calcium, nucleotide, pH, etc.). Preliminary results 

have demonstrated that these purified preparations of FRET-based biosensors are suitable 

for counter screens and also in-depth structural evaluations of novel SERCA effectors. 
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 The high-resolution FRET approach, coupled to functional assays, is applicable to 

a wide range of protein targets, including the ryanodine receptor [160], myosin [152, 161], 

phospholamban [148], multiple-drug resistance receptor [162], and the tumor necrosis 

receptor [163]. The ability to quickly and reliably assess structural perturbations from 

biosensors in relation to physiologically-relevant functional changes holds high promise 

for the development of allosteric effectors and potentially valuable lead compounds. 
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Chapter 6 – Summary and Future Directions 
 

 This research demonstrates new technological advances for high-throughput drug 

screening with FRET biosensors. The cardiac calcium pump SERCA is an attractive target 

for discovery of, and/or developing small-molecule effectors for the treatment of heart 

disease and potentially numerous other degenerative disorders. The inter-molecular FRET 

sensor, called two-color SERCA, was used to thoroughly evaluate the lifetime and spectral 

recording fluorescence plate readers.  

The combination of both spectral and lifetime fluorescence recording methods 

creates a novel screening platform offering the advantages of both methods. Lifetime-based 

screening offers high-precision measurements, which are not dependent on the intensity of 

the signal. Lifetime data can resolve the amount of different fluorescence species emitted 

from the same fluorophore. Spectral-based screening offers increased precision due to the 

resolution across the fluorescence spectrum. Spectral data can resolve the amount of 

different fluorescence species emitted across the full emission spectrum, including inelastic 

light scatter from the water Raman signal. This information can be used to determine the 

amount of material in each well, background signal from fluorescence sources such as 

cellular autofluorescence, or artifacts from fluorescent small-molecules. When these 

methods are combined for HTS, it creates a novel platform where incredibly precise and 

fast measurements from the emission spectrum and the nanosecond decay rate can be 

coupled and compared.  

New high-throughput screening analysis methods were also developed throughout 

these studies. The similarity index flagged potential fluorescent compounds, and spectral 
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unmixing analysis was used to decompose the fluorescent emission spectra, in order to 

determine FRET efficiency from the two-color SERCA biosensor. High-throughput 

screening with live-cells FRET biosensors surpasses other fluorescence screening methods 

based on spectral emission recording technology, in terms of precision, speed of 

acquisition, data quality (resolution), and flexibility of fluorescence chromophores 

(continuous-wave tunable lasers). It was also possible to determine the relative amounts of 

fluorescent signal from a particular fluorescence source in comparison to the total signal. 

The spectral unmixing methods requires basis spectrum of pure components. 

Determination of GFP, RFP, cellular autofluorescence, and water Raman spectrum was 

essential for the proof-of-concept of spectral unmixing methods for the 2CS FRET 

biosensor.  FRET efficiency determination from both spectral and lifetime methods, 

allowed for calibration of spectrometer sensitivity across wavelengths, and determination 

of the correction factor. Direct comparison using the FRET efficiency, directly showed 

increased precision from spectral mode in comparison to lifetime mode. 

The research and developments presented here, will result in continued exploration 

of the technology, drug screening methods, and other therapeutic drug targets in the 

Thomas lab.  

Future directions 

 In the immediate future, two manuscripts are currently being prepared for 

publication. The first paper will utilize transient-time resolved FRET technology to 

determine the structural kinetics of SERCA. FRET changes from the 2CS biosensor are 

currently being evaluated on the ms time-scale, using rapid-mixing stopped-flow studies. 
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These studies have already recapitulated the original intrinsic fluorescence studies, 

showing that calcium-binding occurs sequentially and is coupled to a slow structural 

transition of SERCA’s cytoplasmic headpiece [30]. Future work,will explore the structural 

kinetics and rate dependent steps of SERCA’s structural transition throughout the E1-E2 

enzymatic cycle. This work will reveal more specifically how calcium and ATP alter 

SERCA’s structure, and will also be used to test novel SERCA activators, discovered from 

ongoing large-scale drug screens. 

 The second paper will continue to expand on the complementary lifetime and 

spectral unmixing screening strategies. A novel two-channel lifetime plate reader has been 

developed by Fluorescence Innovations and can simultaneously record the fluorescence 

lifetime from GFP and RFP emission. The addition of a second RFP channel has been 

shown to be useful for flagging fluorescent compound interference, analogous to the 

similarity index for spectral recording methods. Identifying new methods and strategies to 

remove fluorescence compound interference from screening data is very attractive for large 

pharmaceutical companies that screen millions of compounds a day, and may be 

eliminating potential false-positive compounds that may be true hits and lead compounds. 

 Another emphasis of the planned second publication is to thoroughly evaluate and 

compare live-cell assays to broken-cell assays. Recent experiments have demonstrated that 

broken cell assays, using homogenate preparations, allow for fine control of environment 

surrounding biosensor (e.g. calcium and ATP). Homogenate studies show that 2CS 

biosensor environment alters the FRET biosensor response to known effectors (e.g. high 

calcium shows larger effect, whereas low calcium shows no effect). Homogenate 
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preparations also allow for large-scale preparation of isolated biosensors and growth of 

cells in suspension culture. This may dramatically reduce the work flow required for live-

cell culture. It may also increase prep-to-prep reproducibility because the biosensor 

samples can be frozen and stored. They may also be less prone to stable clone drift and 

day-to-day variations in cellular preparations.  

 Another area of ongoing work is to optimize the current FRET biosensors by 

generating new constructs with red-shifted fluorescent proteins. It is known that longer-

wavelength fluorescent probes are less susceptible to interference from fluorescent 

compounds [164]. Pilot drug screens have shown that the GFP/RFP pair is significantly 

less susceptible than CFP/YFP to interference from fluorescent compounds. Orange-red 

(OFP/RFP) biosensor variants are now being developed. Using a red-shifted donor permits 

excitation at long wavelengths which decreases the autofluorescence background (thus 

increasing the dynamic range of the FRET response), and detection at long wavelengths, 

where interference from fluorescence compounds is at least ten times less than for GFP 

[164]. The fluorescent properties of red-shifted fluorescent proteins such as the mOrange 

and mKO variants [165] are suitable for the presented FRET biosensors. Longer lifetimes 

were found for mKO2 and mKOk, which should improve the sensitivity of FRET detection. 

The presented data shows that the GFP-RFP biosensor has excellent sensitivity to SERCA 

effectors, reliably detecting FRET changes as small as 1%, and we expect similar or better 

performance with the red-shifted FPs. 
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 In collaboration with other members of the Thomas lab, I am currently developing 

a toolkit FRET biosensors to directly detect interactions between SERCA and its regulatory 

proteins PLB, DWORF, and SLN. These biosensors will be sensitive to key structural 

transitions of SERCA under the influence of each endogenous regulator. These biosensors 

will consist of HEK-expressed human SERCA2a (cardiac muscle isoform) labeled with 

GFP at the N-terminus (cytosolic side of the membrane), and PLB, DWORF, or SLN 

labeled with RFP at the N-terminus (also on the cytosolic side of the membrane) (Figure 

44). FRET will detect regulator binding to SERCA. Each biosensor will be strategically 

evaluated and optimized using lifetime and spectral-based screening technology. The long 

term goal is to utilize this arsenal of FRET biosensors for HTS drug discovery and find 
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Figure 44 FRET biosensors to detect interaction of SERCA with by regulatory proteins. (PLB, SLN, and 
DWORF) 



 

 121 

compounds with specificity toward one SERCA cardiac-regulator over another. PLB and 

DWORF are predominately expressed in the ventricles and SLN in the atrium, giving the 

rational that SERCA’s activity can be preferentially targeted and controlled. A key feature 

of the PLB, DWORF, and SLN- SERCA binding-interface may involve the interaction of 

the inhibitory polar residues N34 (PLB) and N11 (SLN), as well as the potential activating 

hydrophobic residue I16 (DWORF). 

 Many other therapeutic targets, beyond the scope of this thesis work, are also 

currently under investigation in the Thomas lab, in collaboration with Fluorescence 

Innovations. The implementation of novel FRET-based biosensors, assays, and 

fluorescence technology has generated high hopes for the discovery of novel therapeutics 

for SERCA, as well as, numerous other life-threatening and degenerative diseases, where 

new treatments are urgently needed. 
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