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Abstract: The sarco/endoplasmic reticulum Ca-ATPase (SERCA) is a P-type ion pump that transports
Ca2+ from the cytosol into the endoplasmic/sarcoplasmic reticulum (ER/SR) in most mammalian
cells. It is critically important in muscle, facilitating relaxation and enabling subsequent contraction.
Increasing SERCA expression or specific activity can alleviate muscle dysfunction, most notably in
the heart, and we seek to develop small-molecule drug candidates that activate SERCA. Therefore,
we adapted an NADH-coupled assay, measuring Ca-dependent ATPase activity of SERCA, to high-
throughput screening (HTS) format, and screened a 46,000-compound library of diverse chemical
scaffolds. This HTS platform yielded numerous hits that reproducibly alter SERCA Ca-ATPase
activity, with few false positives. The top 19 activating hits were further tested for effects on both
Ca-ATPase and Ca2+ transport, in both cardiac and skeletal SR. Nearly all hits increased Ca2+ uptake
in both cardiac and skeletal SR, with some showing isoform specificity. Furthermore, dual analysis of
both activities identified compounds with a range of effects on Ca2+-uptake and ATPase, which fit
into distinct classifications. Further study will be needed to identify which classifications are best
suited for therapeutic use. These results reinforce the need for robust secondary assays and criteria
for selection of lead compounds, before undergoing HTS on a larger scale.

Keywords: calcium ATPase; calcium transport; drug discovery; membrane transport; cardiac muscle;
heart failure

1. Introduction

The sarco/endoplasmic reticulum (SR) Ca-ATPase (SERCA) plays a dominant role in
clearing cytosolic Ca2+ in most cell types. Through its enzymatic cycling, SERCA transports
Ca2+ across the ER/SR membrane (uptake activity) by Ca2+-dependent hydrolysis of ATP
(Ca-ATPase activity) [1,2]. In muscle, this process maintains the Ca2+ gradient across
the SR membrane, lowering the cytosolic Ca2+ concentration, as required for muscle
relaxation, and maintaining the SR Ca2+ content necessary for Ca2+ release through the
ryanodine receptor (RyR), as required for muscle contraction. Ca2+ also controls other
key cellular functions, in both muscle and non-muscle cells, such as signaling, apoptosis,
and metabolism [3]. Deficient control of Ca2+, often due to insufficient SERCA activity, is
implicated in numerous disorders, including heart failure [4–6], cancer [7], diabetes [8],
and muscular dystrophy [9].

Diminished activity of the cardiac SERCA2a isoform in heart failure (HF), often ac-
companied by increased phospholamban (PLB)/SERCA ratio [10–12] and/or decreased
PLB phosphorylation [12–14], results in slower and less complete relaxation after each beat,
elevated diastolic Ca2+, and degraded cardiac function. Partial restoration of SERCA activ-
ity has been achieved by gene therapy, significantly improving HF symptoms in animal
models [15,16], and SERCA2a gene therapy treatment for human HF patients advanced
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through phase IIb clinical trials [17], where it showed neutral results due to pre-existing
rAAV antibodies [18]. Despite this surprising setback, SERCA activation remains a valid
and attractive target for HF therapy.

Dysregulation of the skeletal muscle isoform, SERCA1a, is also implicated in the pathol-
ogy of numerous severe myopathies such as muscular dystrophy and sarcopenia [19–21].
In most of these cases, pathogenesis is fueled by excess cytoplasmic Ca2+ (in the absence
of neural excitation), due to leak via RyR and/or insufficient SERCA1a activity. In many
cases, the result is reduced excitation-contraction coupling due to decreased Ca2+ inside
the SR (Ca2+ load). Recent studies indicate that many skeletal myopathies can be remedied
by increasing SERCA1a expression [22,23] or decreasing sarcolipin (SLN) expression [24],
both of which result in SERCA1a activation.

Our goal is to accelerate therapeutic discovery for multiple myopathies that are charac-
terized by elevated resting intracellular Ca2+ levels ([Ca2+]), ER stress, mitochondrial ROS
production, excessive levels of phosphorylation, and Ca2+-promoted proteolysis. These
defects are linked to an intracellular vicious cycle that calls for small-molecule therapeutics,
which are targeted to restore normal physiology in the affected muscles [22,25–29]. We seek
small molecules that increase SERCA activity in cardiac muscle, but also expect to find
compounds relevant to skeletal muscle diseases. We have previously developed several
high-throughput screening (HTS) strategies that were focused on fluorescence lifetime
measurements of genetically encoded fluorescent biosensors, which were used in primary
screens of chemical libraries [30–33]. In contrast, in the present study, we have developed
a primary HTS assay directly targeting SERCA’s enzymatic activity. Our primary screen
specifically assesses the skeletal SERCA1a isoform, due to its availability in nearly pure
form from skeletal muscle tissue, but high homology of sequence, structure, and function,
validated by decades of research, suggest a high likelihood of cross reactivity between
isoforms. Indeed, most compounds previously found to activate SERCA1a also activate
SERCA2a, with some isoform-specific variation in efficacy and potency.

Importantly, we have identified distinct classifications of compounds based on their
chemical and physical properties and their functional effects on ATPase and Ca2+ uptake
activities of SERCA. Such classifications will be essential regardless of the screening ap-
proach, and could facilitate mining of existing screening data, in lieu of de novo primary
HTS efforts. Future studies will seek to (1) identify additional activating compounds from
this ATPase-based screen or other fluorescent biosensor screens, (2) develop analogues
optimized via medicinal chemistry, and (3) explore their physiological effects on muscle
tissue and whole animals, to advance toward therapeutics.

2. Materials and Methods
2.1. Compound Handling

The DIVERSet library, containing 46,000 compounds, was purchased from ChemBridge
Corporation (San Diego, CA, USA) and formatted into 384-well mother plates (Beckman
Coulter, Brea, CA, USA) using a Biomek FX liquid handler (Beckman Coulter). Assay plate
copies (Greiner Bio-One, Kremsmunster, Austria) were subsequently made by dispensing
50 nL of either compound (10 µM final concentration per well) or DMSO from the mother
plates into transparent polystyrene 384-well plates using an Echo liquid dispenser (Beckman
Coulter). Plates were heat-sealed and stored at −20 ◦C until use. Dimethyl sulfoxide
(DMSO, at matching% v/v) was loaded in columns 1, 2, 23, and 24 as negative controls.

2.2. SR Preparations

For skeletal SR, rabbit muscles were freshly harvested from the back and hind leg
of New Zealand White rabbits and purified using a sucrose gradient. The resulting light
skeletal SR contains 80% SERCA, as a proportion of total protein content [32]. Cardiac SR
vesicles were isolated from fresh porcine left ventricular tissue [34].
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2.3. HTS NADH-Coupled Enzyme Assay Preparation and Measurements

Functional assays were performed using rabbit light skeletal sarcoplasmic (SR) vesicles [32].
For high-throughput NADH-coupled screening, assay mix containing a final concentration
of 50 mM MOPS (pH 7.0), 100 mM KCl, 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, 4 µg/mL skeletal SR, and added CaCl2 to obtain pCa 5.4 was
dispensed into 384-well DIVERSet assay plates containing 50 nL of compound or DMSO
using a FlexDrop Precision liquid dispenser (Perkin Elmer, Waltham, Massachusetts). Plates
were sealed, covered from light, and incubated at room temperature for 20 min. The assay
was then started by dispensing MgATP (termed “initiation mix”), to a final concentration
of 5 mM in each well (80 µL total assay volume) with the FlexDrop liquid dispenser (Perkin
Elmer). The time dependence of absorbance was measured at 340 nm in a SpectraMax
Plus384 microplate spectrophotometer (Molecular Devices, Sunnyvale, CA). For follow-up
concentration response curves of Hit compounds, 400 nL of either compound or DMSO
was dispensed into each well using an Echo liquid dispenser (Beckman Coulter). Testing
dose-dependent compound effects on rabbit skeletal SR vesicles was done using the same
method, as described above in 384-well plates. Determining compound effects on cardiac
SR vesicles was done in a similar method as above, with the exception of 10 µg/mL of
cardiac SR incubated in assay mix consisting of a final concentration of 50 mM MOPS
(pH 7.0), 100 mM KCl, 1 mM EGTA, 1 µM of the calcium ionophore A23187, and added
CaCl2 to the desired free calcium values. After a 20 min incubation, the “initiation mix”,
containing a final concentration of 0.2 mM NADH, 1 mM phosphoenol pyruvate, 10 IU/mL
of pyruvate kinase, 10 IU/mL of lactate dehydrogenase, and 5mM MgATP, was dispensed
into each well.

2.4. Ca2+-Uptake Assays

To determine compound effect on the Ca2+-uptake activity of SERCA1a and SERCA2a,
we used an oxalate-supported assay [35]. A solution containing 50 mM MOPS (pH 7.0),
100 mM KCl, 30 mg/mL sucrose, 1 mM EGTA, 10 mM potassium oxalate, 2 µM Fluo-4,
30 µg/mL cardiac SR vesicles or 12 µg/mL skeletal SR vesicles, and CaCl2 calculated to
reach the desired free [Ca2+] was dispensed into 384-well black walled, transparent bot-
tomed plates (Greiner Bio-One) containing the tested small molecule and incubated at
21 ◦C for 20 min while covered and protected from light. To start the reaction, MgATP
was added to a final concentration of 5 mM, and the decrease in 485-nm excited fluo-
rescence was monitored at 520 nm for 15 min using a FLIPR Tetra (Molecular Devices,
San Jose, CA, USA).

3. Results
3.1. High-Throughput Screening for SERCA Modulators

To identify SERCA-activating compounds from the 46,000-compound DIVERSet li-
brary, we adapted an established NADH-coupled enzyme-linked ATPase activity assay [36]
to assess changes in ATPase activity in light skeletal SR microsomes prepared from rabbit
hind limb muscle—A preparation enriched in SERCA1a [32]. While our primary goal is
to identify cardiac therapeutics, skeletal SR preparations were chosen over cardiac SR for
the primary screen due to sample purity and reproducibility, in addition to the expectation
of extensive overlap between SERCA1a and SERCA2a activators. Typically, such ATPase
assays are performed over a range of Ca2+ concentrations to assess in detail the effects of
compounds on Ca2+ affinity and maximum velocity of SERCA activity. However, to stream-
line our approach for the high-throughput phase of this study, a single [Ca2+] concentration
(pCa 5.4; i.e., [Ca2+]~4 µM) was chosen, which achieves maximal SERCA activity under
basal, unstimulated conditions (Vmax). Assay mixtures were added to pre-plated library
compounds on 384-well plates for a final assay concentration of 10 µM compound. In total,
145 plates were analyzed over the course of 6 days.
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Results from the screen are represented in Figure 1A, depicted as a percent increase
or decrease in activity at Vmax, relative to DMSO controls in each assay plate. The percent
change in ATPase activity was normally distributed over the entire library, representing a
mixture of both activators and inhibitors, and centered on zero (Figure 1B). The coefficient
of variance (CV%) calculated for each plate was typical for the SERCA ATPase assay, and
remained largely consistent throughout the screen (Figure 1C). A small but significant
decline of assay quality (increase in CV%) was noted for several plates near the end of the
screen, probably due to decline in performance of the MultiDrop dispensing cassette. Using
the CV data in Figure 1C and thapsigargin as a tool compound, the HTS assay quality
factor, Z’ [37], was calculated as Z’ = 0.75 ± 0.06 for ∆Vmax = 100%, Z’ = 0.51 ± 0.11 for
∆Vmax = 50%, and Z’ = 0.18 ± 0.19 for ∆Vmax = 30%. An HTS assay is considered excellent
when Z’ > 0.5 and feasible when 0.5 ≥ Z’ > 0 [37].
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Figure 1. DIVERSet ATPase screen for SERCA effectors. (A) Percent change in ATPase activity for
46K compound screen. Selected activating compounds displayed in red. (B) Gaussian fit of percent
effect distribution. (C) CV% for each assay plate. (D) Numbers of SERCA activating and inhibiting
compounds that meet various SD thresholds above (activators) or below (inhibitors) the mean.

Defining a Hit as a compound that changes ATPase activity by more than 4SD vs. DMSO
controls, 70 activators and 138 inhibitors were identified (Figure 1D). Although inhibitors of
SERCA are an interesting area of study, numerous high-affinity and well-characterized in-
hibitory compounds exist, while SERCA-activating compounds are more elusive. Therefore,
the remainder of this study focuses on activators, 19 of which were chosen for additional
investigation based on the screen response and commercial availability.

3.2. Characterization of Hit Compounds in Skeletal SR ATPase Assay

The initial screen assay was performed with compounds at 10 µM. To better study
the selected Hit compounds for their activation potential, we performed ATPase analyses
(in triplicate) over a range of Hit concentrations (0.05 to 50 µM), generating concentration-
response curves (CRCs) to determine maximal effects and EC50 (Figure 2). We used
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the same Ca2+ concentration (pCa 5.4) as in the screening assays, thus focusing on the
effects on the maximal velocity of SERCA. Two of the selected Hits yielded no response
in follow-up assays, probably due to a mismatch in chemical composition between the
library compound and the subsequently ordered compound (DS95401435 and DS41547941).
This type of discrepancy is a typical hurdle in the screening process. Each of the other
19 compounds produced a substantial increase in ATPase activity, ranging from 30% to
72% (Table 1 and Supporting Information, Figure S1), as expected due to similarity of
the CRC assay to the initial screen. About half of the compounds were saturable over
the dosing range and had EC50 of 5 µM or less (Table 1). These follow-up CRC studies
also demonstrate the robustness of the initial assay, which clearly identified reproducible
modulators of SERCA activity.
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Table 1. Summary of selected DIVERSet ATPase activators.

Skeletal SR Cardiac SR
Compound ATPase Activity Ca2+ Uptake Activity ATPase Activity Ca2+ Uptake Activity

N, Cluster DIVERSet ID Percent
Increase EC50

Percent
Increase EC50

Percent
Increase EC50

Percent
Increase EC50

1, 1 67200668 50 ± 25 40 ± 21 27 ± 3 28 ± 9 42 ± 12 31 ± 10 32 ± 2 37 ± 4
2, 1 75082844 36 ± 2 4.0 ± 0.5 15 ± 1 2.2 ± 0.4 33 ± 3 2.9 ± 0.6 12 ± 1 1.2 ± 0.2
3, 1 76145530 54 ± 2 7.3 ± 0.5 20 ± 1 3.4 ± 0.5 48 ± 4 6.7 ± 1.0 37 ± 3 3.5 ± 0.7
4, 1 81260867 53 ± 2 5.4 ± 0.4 14 ± 2 1.4 ± 0.5 58 ± 4 4.8 ± 0.6 24 ± 1 1.6 ± 0.3
5, 1 11966966 41 ± 3 9.0 ± 1.0 10 ± 1 1.4 ± 0.6 58 ± 6 7.7 ± 2 16 ± 3 1.0 ± 0.7
6, 1 25365366 45 ± 8 24 ± 6 9 ± 1 4 ± 1 63 ± 17 29 ± 12 17 ± 1 3.8 ± 0.6
7, 2 31221514 41 ± 3 3.6 ± 0.4 14 ± 2 1.4 ± 0.4 51 ± 3 2.9 ± 0.3 24 ± 3 1.3 ± 0.4
8, 2 39746187 45 ± 2 4.0 ± 0.4 13 ± 1 1.3 ± 0.4 43 ± 2 3.4 ± 0.3 18 ± 2 0.8 ± 0.3
9, 2 84875791 72 ± 2 13.3 ± 0.7 31 ± 7 8 ± 5 85 ± 5 11 ± 1 33 ± 3 4.0 ± 0.8
10, 3 19784159 57 ± 3 10 ± 1 11 ± 3 4 ± 2 55 ± 2 7.5 ± 0.4 16 ± 3 1.6 ± 0.7
11, 3 27035959 61 ± 2 7.2 ± 0.4 9.1 ± 0.8 1.2 ± 0.3 62 ± 2 6.4 ± 0.4 18 ± 2 1.2 ± 0.4
12, 3 60405307 41 ± 2 3.4 ± 0.4 6.5 ± 0.5 0.6 ± 0.2 29 ± 1 2.3 ± 0.3 −10 ± 3 1.3 ± 0.1
13, 4 71721828 36 ± 4 3.2 ± 0.6 8 ± 2 1.1 ± 0.6 36 ± 4 2.9 ± 0.6 21 ± 10 1.8 ± 2
14, 4 32014423 25 ± 3 3.3 ± 0.6 8 ± 2 1.1 ± 0.6 56 ± 3 5.2 ± 0.5 28 ± 5 2.5 ± 0.9
15, 5 19396790 30 ± 1 30 ± 12 – – 46 ± 6 16 ± 3 6 ± 5 5 ± 11
16, 5 33804556 25 ± 1 3.0 ± 0.3 −10 ± 2 7 ± 13 26 ± 2 2.2 ± 0.4 −27 ± 3 8.9 ± 2
17, 5 39779602 42 ± 4 16 ± 3 – – 62 ± 5 9.4 ± 1 – –
18, 6 81801810 39 ± 1 5.2 ± 0.3 8.9 ± 0.1 1.1 ± 0.3 37 ± 1 4.3 ± 0.3 12 ± 1 0.9 ± 0.2
19, 7 30616130 42 ± 2 7.3 ± 0.8 7.2 ± 0.1 1.8 ± 0.7 22 ± 2 6.3 ± 0.4 8 ± 1 2.4 ± 0.6

Compounds are listed 1–19, along with corresponding physicochemical cluster number (see
Supporting Information, Table S1) and DIVERSet ID #, along with mean ± SD of percent increase and EC50 of a com-
pound for ATPase and Ca2+ uptake activities for both skeletal and cardiac SR preparations (n = 3). Dashed entries
indicate no observable effect. All CRCs for data in this table are included in Supporting Information (Figure S1).
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3.3. Characterization of Hit Compounds in Skeletal SR Ca2+ Uptake Assays

While Ca2+-dependent ATPase activity is a direct measure of SERCA activity, cou-
pling of ATP hydrolysis to transport of Ca2+ across the SR membrane is essential for the
role of SERCA in cellular physiology. Therefore, we next asked whether our ATPase-
based HTS assay could successfully identify compounds that also increase Ca2+ uptake of
SERCA. We adapted a Ca2+ transport assay to generate CRCs, which yield the maximal
effects (efficacy) and EC50 (potency) parameters in rabbit skeletal SR, in a similar fashion
to the ATPase CRCs (again, at pCa 5.4; (Table 1). Two compounds had no apparent
effect on Ca transport, while compound DS33804556 was inhibitory, despite all three
substantially increasing ATPase activities (25–42%). Thus, all three compounds decou-
ple Ca2+ uptake from ATPase activity, allowing for ATPase hydrolysis in the absence
of Ca2+ transport. The remaining 16 compounds substantially increased Ca2+ uptake
(7–31%), although the percent response was generally smaller than the ATPase response
(Table 1), indicating increased Ca2+ transport at the expense of a loss in efficiency with
respect to ATP hydrolysis.

3.4. Characterization of Hit Compounds in Cardiac SR ATPase Assay

While initial screening was performed in skeletal SR enriched with the SERCA1a
isoform, high sequence and structural homology with the cardiac SERCA2a isoform predicts
a potential for cross reactivity of the Hit compounds. To test this hypothesis, we performed
ATPase analyses with cardiac SR microsomes, which are enriched for SERCA2a. As with
the skeletal SR samples, all Hit compounds dramatically increased ATPase activity at pCa
5.4, indicating that our Hit compounds activate both 1a and 2a isoforms of SERCA (Table 1).
In fact, about a third of compounds generated a far greater response in cardiac SR than
in skeletal SR, indicating that our methodology provides a robust and global approach to
identifying activating compounds of SERCA in differing isoforms.

3.5. Characterization of Hit Compounds in Cardiac SR Ca Uptake Assays

To determine whether the observed increases in SERCA2a ATPase activity translate
to Ca2+ uptake function, we applied our Ca2+ transport assay to test our selected Hit
compounds in cardiac SR (Table 1). Indeed, 16 of the 19 compounds yielded a clear increase
in Ca2+ uptake activity. In fact, eight compounds generated an increase at least 50% greater
in cardiac SR than in skeletal SR. Three compounds had either an inhibitory or no effect on
Ca2+ transport, and two of these were also non-activating compounds in skeletal SR.

3.6. Compound Physico-Chemical Characteristics

After cheminformatic analysis, the 19 Hits chemically cluster into seven groups,
of which five groups contain multiple examples sharing a common scaffold (see
Supporting Information Table S1). The tertiary amide/amine scaffold found in clus-
ter #1 (Figure 3) is the most abundant scaffold, with six Hits. Compounds in this cluster
have potencies ranging from 4 to 40 µM in the ATPase assay, correlating closely with the
Ca2+ uptake assay. The tertiary amide/amine scaffold is attractive for further develop-
ment, given its tractable structure-activity relationships (SAR), favorable physicochemical
properties that include a low molecular weight (~300 Da) and moderate lipophilicity [cal-
culated partition coefficient (clogP) of ~3–4 and total polar surface area (tPSA) of ~30 Å2]
as well as lack of any conspicuous structural alerts. In general, compounds with molecular
weights < 500 and clogP < 5 are desirable, since higher molecular weight drugs tend to
have lower permeability, reducing oral bioavailability and tissue distribution, while highly
lipophilic drugs tend to have low metabolic stability, poor solubility (which can also limit
oral absorption) and reduced receptor selectivity [38,39].
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The piperidinyl amides of cluster #2 are typified by compound 9 (Figure 3) and contain
three closely related Hits with good activity in the ATPase and the Ca2+ uptake assays. This
scaffold is also potentially attractive for further development, but the most active analogs
are more lipophilic (~logP 4.5) and possess higher molecular weights (~400 Da) than
observed for the tertiary amide/amine scaffold (cluster #1). Additionally, the piperidinyl
amides contain a potentially labile ethyl ester moiety.

The diarylmethanes of cluster #3 contain three analogs including two closely related
compounds with an appended tertiary amide (compounds 10 and 11) and a third com-
pound containing an oxadiazole amide isostere (compound 12). Among these analogs,
compound 12 (Figure 3) is the most potent in the Ca2+ uptake assay (EC50 = 0.6 µM in
skeletal SR) but has a unique divergent effect on Ca2+ uptake between cardiac and skeletal
SR (see Discussion), which is not observed with its cluster analogs (compounds 10 and 11).
The limited number of analogs preclude detailed interpretation of the SAR, but the
lipophilicity and activity appear to be directly correlated, such that the higher potency of
compound 12 comes at the expense of a relatively high molecular weight (MW = 442 Da)
and lipophilicity (logP = 4.8).

Several other chemotypes were also identified (Figure 3), including the benzylamino
heterocycles (cluster #4) (hetero)aryl amides (cluster #5) and two compounds with no clear
chemical analogs (compounds 18 and 19). Cluster #4, containing only two compounds,
has attractive physicochemical properties (MW ~330 Da; cLogP 3.0–4.4) and good activity
(ATPase EC50 ~3 µM and Ca2+ uptake EC50 ~1 µM). On the hand, cluster #5 has moderate
activity in the ATPase assay (EC50 ~3–30 µM) but displays inhibition or no effect on
Ca2+ uptake. Consequently, cluster #5 is de-prioritized from further development.

The remaining unique compounds with no closely related analogs possess activity
commensurate with many of the active clusters. However, both 18 and 19 (Figure 3)
contain three linked (hetero)aromatic rings and thus are relatively flat compared to the
other identified compounds. In general, compounds with a high degree of planarity are
less desirable for drug development, since high planarity is associated with lower receptor
selectivity and reduced solubility [40].
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4. Discussion
4.1. Robustness of HTS Assay

Our overall goal is to identify SERCA-activating compounds for development to treat
muscle diseases. Therefore, we adapted and miniaturized our well-established NADH-
coupled SERCA activity assay [41] to screen a 46,000-compound library. This target-
directed screening approach facilitated a high success rate in identifying SERCA-activating
compounds. The use of a direct assay for SERCA enzymatic activity in the primary
screen was slower (lower throughput) than our previous protein structure-based screening
method [32], but it resulted in a pool of compounds that more reliably produced desired
effects on SERCA activity.

4.2. Compound Classifications: ATPase vs. Ca Uptake Activities

Under ideal conditions, SERCA transports two Ca2+ per molecule of ATP
hydrolyzed [2,42–44]. Some experimental studies have directly observed this 2:1 cou-
pling ratio [45], whereas others have also observed significantly lower enzymatic efficien-
cies (≤1:1 Ca2+:ATP) [46]. Nevertheless, changes in SERCA activity have typically been
presumed to have equivalent, proportional effects on both the Ca2+ uptake and ATPase
activities. The major known exception is regulation by sarcolipin (SLN), which partially
uncouples these activities, allowing hydrolysis of ATP in the absence of Ca2+ transport,
a function found to be critical for thermogenesis [47]. Through our analysis, we identi-
fied several classifications of compounds that differentially affect the Ca2+ uptake and
ATPase functions of SERCA (detailed below). The critical variations were observed in the
Ca2+ transport component, as all hit compounds strongly increased ATPase activities; this
is presumably a selection bias due to the initial primary screen, which measured ATPase
activity. Furthermore, all compounds have significantly larger effects on ATPase activity
compared to Ca2+ uptake at the highest compound concentrations (>10 µM), but have more
comparable and/or variable effects at lower concentrations (Table 1). Several compounds
induced a 60% or more (as high as 85%) increase in ATPase activity, and all compounds
increased ATPase function more than Ca2+ uptake, by a factor ranging from 0.5 to 8.

The ability to drive ATPase function much higher could be a result of an intrinsic
thermodynamic threshold of SERCA enzymatic activity and/or an artifact of the assay
systems. The rate limiting steps in SERCA’s transport process are a sequence of discrete
structural transitions allowing for binding of cytosolic calcium and release into the ER/SR
lumen, which physically constrains the maximal speed of Ca uptake. Breaking of a single
chemical bond for ATP hydrolysis does not have the same thermodynamic limitations
and thus can be driven faster than Ca uptake. Therefore, high compound concentrations
can push rates of ATPase activity beyond the physical limits of Ca2+ transport. On
the other hand, these inefficiencies, while important and interesting, appear to only
occur at higher than therapeutically relevant concentrations (ideally < 1 mM). Medicinal
chemistry may also be able to identify more efficient derivatives. Further physiological
and metabolic testing is needed to determine if such inefficiencies extend to the cellular
and organ level.

4.2.1. Linked Activating Compounds

We identified several compounds where the initial increases in the CRCs for ATPase
and Ca2+ transport activities appear closely matched at lower compound concentrations,
which we have termed “Linked Activating Compounds” (Figure 4). The ATPase activity
response for these compounds appears to rise in unison with Ca2+ uptake, up until the
Ca2+ uptake effect begins to saturate, and ATPase continues to increase. This class of
compounds increases SERCA activity while maintaining a consistent coupling ratio, at least
at lower concentrations.
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4.2.2. Improved Coupling Compounds

We identified another class of compounds where the CRC response in Ca2+ uptake
precedes that observed with ATPase function, which we have termed “Improved coupling
compounds” (Figure 5). At lower concentrations, these compounds increase SERCA
Ca2+ uptake through an increase in coupling efficiency rather than just driving overall
kinetics of the enzyme. As the concentrations increase with these compounds, the ATPase
effect catches and surpasses the Ca2+ uptake effect. This additional capacity to enhance the
coupling efficiency of SERCA suggests that our baseline system and assay conditions are
operating below the theoretical 2:1 Ca2+ to ATP ratio.
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4.2.3. Uncoupling Compounds

We also identified several compounds classified as uncouplers or uncoupling com-
pounds (Figure 6). Similar to the protein inhibitor SLN, these compounds substantially
increase SERCA ATPase function at the expense of Ca2+ uptake. The primary rate-
limiting components of the SERCA reaction cycle are Ca2+ binding and subsequent
transport. Thus, uncoupling allows for less constrained ATPase hydrolysis, resulting in
higher observed activity rates. Interestingly, all compounds were contained in cluster 5.
Compounds 15 and 17 have little to no Ca2+ uptake effect, while compound 16 has a
sizeable inhibitor effect.
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Figure 6. Uncoupling Compounds: Concentration response curve of compound #16 (DS33804556) in
cardiac SR and skeletal SR show an inhibition of Ca2+ uptake activity despite a substantial increase in
ATPase activity.

4.2.4. Tissue and Isoform Specificity

Dual analysis of our Hit compounds in cardiac and skeletal SR further reveals unique
targeting specificity of SERCA modulation. The primary difference between the tissue
preparations is the isoform present, with SERCA2a in cardiac SR and SERCA1a in skeletal
SR. These sample preparations also have different SERCA regulatory proteins, with cardiac
SR containing PLB and skeletal SR containing SLN and myoregulin [48].

While the relative increases in ATPase activity Vmax were generally consistent between
the two sample preparations, the compound effects on Ca2+ transport tended to be higher
in cardiac SR compared to skeletal (Table 1). In fact, nine compounds had a >50% increase
in Ca2+ uptake Vmax effect in cardiac SR compared to skeletal. In addition, compound 16
(DS33804556) was observed to be an inhibitor of Ca2+ uptake in both cardiac and skeletal
SR. These substantial similarities are likely due to the high degree of homology between
SERCA1a and SERCA2a.

The key exception was compound 12 (DS60405307), which shows a strong uncoupling
effect in cardiac SR (decreasing Ca2+ uptake activity), with significant activation in Ca2+

uptake activity in skeletal SR (Figure 7). In addition, the two compounds in cluster 4
(compounds 13 and 14) were the only ones with a greater than 2-fold increase in Ca2+

uptake in cardiac SR vs. skeletal. These discrepant effects are probably due to a critical
structural difference between SERCA isoforms, and/or the presence/absence of a tissue-
specific SERCA regulatory partner.
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shows an inhibition of Ca2+ uptake activity despite a substantial increase in ATPase activity in cardiac
SR. However, the same compound has a small but significant increase in Ca2+ uptake activity in
skeletal SR. This tissue-dependent effect is presumably due to SERCA2a (cardiac) vs. SERCA1a
(skeletal) isoform differences or the presence/absence of regulators (PLB vs. SLN). n = 3, ± SEM.

4.3. Study Limitations

Our initial primary screen, along with all our follow-up ATPase and Ca2+ uptake
assays, were performed only at a saturating Ca2+ concentration, pCa 5.4 (4 µM). While
this facilitated data acquisition, we acknowledge that these compounds may differentially
affect SERCA at lower Ca2+ concentrations. Future screens at different Ca2+ are expected to
reveal additional unique classifications of SERCA modulating compounds.

In addition, since our primary screen and Hit selection process utilized ATPase activity
in skeletal SR, our Hit compounds are biased toward ATPase activators; this might partially
explain the higher maximal effects of compounds on ATPase versus Ca2+ uptake. In other
words, we may have artificially selected compounds that have some uncoupling effect,
thus facilitating the enhanced ATPase function.

4.4. Next Steps

While this study represents a substantial screening effort, especially from an academic
laboratory, a 46,000-compound screen such as ours only represents an industrial pilot
screen, with true HTS efforts sometimes utilizing libraries more than 100 times larger. Thus,
we believe it would be premature to identify any lead compounds for a full battery of
testing. The major takeaways from this study are not the compounds themselves but the
strategic advances we have made toward an effective large-scale screening effort. Our
primary goal was to optimize selection criteria for in-depth mining of existing screens
and/or performance of a larger screen.

Moving forward, assessment of compound effects at lower [Ca2+] (e.g., pCa 6.2;
i.e., 630 nM) will add another biochemical classification parameter, facilitating better se-
lection criteria for advancement of compounds for further testing. Full Ca2+ response
curves as is common in SERCA activity assays would also be informative in understanding
Ca2+ affinity and cooperativity. However, such in-depth analysis will be better suited
for the structure-activity response (SAR) phase of the drug discovery process, done in
conjunction with medicinal chemistry in order to tease out more nuanced variations be-
tween similar compounds. We will also expand our pool of Hit compounds to be tested,
from this screen or others, which will be prioritized based on physico-chemical criteria we
have identified. Combinations of compounds from different classifications and scaffolds
may yield an enhanced and synergistic response. Importantly, we will test the physiolog-
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ical (in situ, in vivo) effects of compounds to determine whether the in vitro activating
effects on SERCA produce enhanced muscle function. Furthermore, we speculate that
different compound classifications will differentially affect muscle function. Ideally, these
avenues will be explored in parallel, as we discover which compound classifications are
better suited as therapeutic leads. These additional experimental endeavors are critical
before any lead selection. Above all, we are developing a systematic process for the se-
lection of SERCA-activating compounds that could be advanced towards therapeutics of
muscle disorders.

5. Conclusions

We have developed a robust enzymatic screening assay and used it to identify a pool
of SERCA-activating compounds. These compounds yielded distinct effects, divided into
biochemical classifications based on Ca2+ uptake and ATPase activities. This diversity
is likely to be critical in the selection of SERCA-targeted lead compounds. Compounds
that improve coupling (between ATPase activity and Ca2+ transport) seem especially
promising as therapeutics, as they would increase Ca transport with minimal or even
reduced energetic demand, reducing concerns about metabolic insufficiencies of increased
Ca2+ handling and cardiac function.
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Author Contributions: Conceptualization, S.L.Y., J.L., R.L.C., D.D.T.; methodology, S.L.Y., J.L., R.T.R.;
validation, P.A.B., S.L.Y., J.L., R.T.R.; formal analysis, P.A.B., S.L.Y., J.L., K.B., C.C.A.; investigation,
P.A.B., S.L.Y., J.L.; resources, R.L.C., D.D.T.; data curation, S.L.Y., J.L., R.T.R.; writing—original draft
preparation, P.A.B., S.L.Y.; writing—review and editing, P.A.B., O.R., R.L.C., D.D.T.; visualization,
P.A.B., S.L.Y., K.B., C.C.A.; supervision, R.L.C., D.D.T.; project administration, R.L.C., D.D.T.; funding
acquisition, P.A.B., R.L.C., D.D.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by NIH grants R01HL139065 (formerly GM027906) to D.D.T.
and R.L.C., R37AG026160 to D.D.T., and AHA grant 20CDA35310575 to PAB. The content is solely
the responsibility of the authors and does not necessarily represent the official views of the National
Institutes of Health.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data discussed are presented within the article.

Acknowledgments: ATPase activity assays were performed at the Biophysical Technology Center,
University of Minnesota. Compound dispensing and Ca2+ uptake assays were performed at the
Institute of Therapeutic Drug Discovery and Development, University of Minnesota. We thank Sarah
Blakely and Destiny Ziebol for administrative assistance.

Conflicts of Interest: R.L.C. and D.D.T. hold equity in, and serve as executive officers for Photonic
Pharma L.L.C., which had no role in this study. Osha Roopnarine is the sole proprietor of Editing
Science L.L.C., which had no role in this study. These relationships have been reviewed and managed
by the University of Minnesota. P.A.B., S.L.Y., J.L., R.T.R., K.B. and C.C.A. have no conflict of interest
to disclose.

References
1. Bers, D.M. Excitation-Contraction Coupling and Cardiac Contractile Force, 2nd ed.; Kluwer Academic Publishers:

Dordrecht, The Netherlands; Boston, MA, USA, 2001.
2. Haghighi, K.; Bidwell, P.; Kranias, E.G. Phospholamban interactome in cardiac contractility and survival: A new vision of an old

friend. J. Mol. Cell. Cardiol. 2014, 77, 160–167. [CrossRef] [PubMed]
3. Carafoli, E.; Krebs, J. Why calcium? How calcium became the best communicator. J. Biol. Chem. 2016, 291, 20849–20857. [CrossRef]

[PubMed]
4. Liao, R.; Helm, P.A.; Hajjar, R.J.; Saha, C.; Gwathmey, J.K. [Ca2+]i in human heart failure: A review and discussion of current

areas of controversy. Yale J. Biol. Med. 1994, 67, 247–264. [PubMed]

https://www.mdpi.com/article/10.3390/biom12121789/s1
https://www.mdpi.com/article/10.3390/biom12121789/s1
http://doi.org/10.1016/j.yjmcc.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25451386
http://doi.org/10.1074/jbc.R116.735894
http://www.ncbi.nlm.nih.gov/pubmed/27462077
http://www.ncbi.nlm.nih.gov/pubmed/8579641


Biomolecules 2022, 12, 1789 13 of 14

5. Schmidt, U.; Hajjar, R.J.; Helm, P.A.; Kim, C.S.; Doye, A.A.; Gwathmey, J.K. Contribution of abnormal sarcoplasmic reticulum
ATPase activity to systolic and diastolic dysfunction in human heart failure. J. Mol. Cell. Cardiol. 1998, 30, 1929–1937. [CrossRef]
[PubMed]

6. Del Monte, F.; Hajjar, R.J.; Harding, S.E. Overwhelming evidence of the beneficial effects of SERCA gene transfer in heart failure.
Circ. Res. 2001, 88, E66–E67. [CrossRef] [PubMed]

7. Roti, G.; Carlton, A.; Ross, K.N.; Markstein, M.; Pajcini, K.; Su, A.H.; Perrimon, N.; Pear, W.S.; Kung, A.L.; Blacklow, S.C.; et al.
Complementary genomic screens identify SERCA as a therapeutic target in NOTCH1 mutated cancer. Cancer Cell 2013, 23, 390–405.
[CrossRef]

8. Kang, S.; Dahl, R.; Hsieh, W.; Shin, A.; Zsebo, K.M.; Buettner, C.; Hajjar, R.J.; Lebeche, D. Small molecular allosteric activa-
tor of the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) attenuates diabetes and metabolic disorders. J. Biol. Chem.
2016, 291, 5185–5198. [CrossRef]

9. Vallejo-Illarramendi, A.; Toral-Ojeda, I.; Aldanondo, G.; Lopez de Munain, A. Dysregulation of calcium homeostasis in muscular
dystrophies. Expert Rev. Mol. Med. 2014, 16, e16. [CrossRef]

10. Rouf, R.; Greytak, S.; Wooten, E.C.; Wu, J.; Boltax, J.; Picard, M.; Svensson, E.C.; Dillmann, W.H.; Patten, R.D.; Huggins, G.S.
Increased FOG-2 in failing myocardium disrupts thyroid hormone-dependent SERCA2 gene transcription. Circ. Res.
2008, 103, 493–501. [CrossRef]

11. Lipskaia, L.; Keuylian, Z.; Blirando, K.; Mougenot, N.; Jacquet, A.; Rouxel, C.; Sghairi, H.; Elaib, Z.; Blaise, R.; Adnot, S.; et al.
Expression of sarco (endo) plasmic reticulum calcium ATPase (SERCA) system in normal mouse cardiovascular tissues, heart
failure and atherosclerosis. Biochim. Biophys. Acta 2014, 1843, 2705–2718. [CrossRef]

12. Bers, D.M.; Despa, S. Cardiac myocytes Ca2+ and Na+ regulation in normal and failing hearts. J. Pharmacol. Sci. 2006, 100, 315–322.
[CrossRef] [PubMed]

13. Schwinger, R.H.; Munch, G.; Bolck, B.; Karczewski, P.; Krause, E.G.; Erdmann, E. Reduced Ca(2+)-sensitivity of SERCA 2a in
failing human myocardium due to reduced serin-16 phospholamban phosphorylation. J. Mol. Cell. Cardiol. 1999, 31, 479–491.
[CrossRef] [PubMed]

14. Sande, J.B.; Sjaastad, I.; Hoen, I.B.; Bokenes, J.; Tonnessen, T.; Holt, E.; Lunde, P.K.; Christensen, G. Reduced level of serine(16)
phosphorylated phospholamban in the failing rat myocardium: A major contributor to reduced SERCA2 activity. Cardiovasc. Res.
2002, 53, 382–391. [CrossRef] [PubMed]

15. Hoshijima, M.; Ikeda, Y.; Iwanaga, Y.; Minamisawa, S.; Date, M.O.; Gu, Y.; Iwatate, M.; Li, M.; Wang, L.; Wilson, J.M.; et al.
Chronic suppression of heart-failure progression by a pseudophosphorylated mutant of phospholamban via in vivo cardiac
rAAV gene delivery. Nat. Med. 2002, 8, 864–871. [CrossRef] [PubMed]

16. Hadri, L.; Hajjar, R.J. Calcium cycling proteins and their association with heart failure. Clin. Pharmacol. Ther. 2011, 90, 620–624.
[CrossRef]

17. Jessup, M.; Greenberg, B.; Mancini, D.; Cappola, T.; Pauly, D.F.; Jaski, B.; Yaroshinsky, A.; Zsebo, K.M.; Dittrich, H.; Hajjar, R.J.
Calcium Upregulation by Percutaneous Administration of Gene Therapy in Cardiac Disease (CUPID): A Phase 2 Trial of
Intracoronary Gene Therapy of Sarcoplasmic Reticulum Ca2+-ATPase in Patients With Advanced Heart Failure. Circulation
2011, 124, 304–313. [CrossRef]

18. Hulot, J.S.; Ishikawa, K.; Hajjar, R.J. Gene therapy for the treatment of heart failure: Promise postponed. Eur. Heart J.
2016, 37, 1651–1658. [CrossRef]

19. Andersson, D.C.; Betzenhauser, M.J.; Reiken, S.; Meli, A.C.; Umanskaya, A.; Xie, W.; Shiomi, T.; Zalk, R.; Lacampagne,
A.; Marks, A.R. Ryanodine receptor oxidation causes intracellular calcium leak and muscle weakness in aging. Cell Metab.
2011, 14, 196–207. [CrossRef]

20. Lanner, J.T. Ryanodine receptor physiology and its role in disease. Adv. Exp. Med. Biol. 2012, 740, 217–234. [CrossRef]
21. Wilmshurst, J.M.; Lillis, S.; Zhou, H.; Pillay, K.; Henderson, H.; Kress, W.; Muller, C.R.; Ndondo, A.; Cloke, V.; Cullup, T.; et al.

RYR1 mutations are a common cause of congenital myopathies with central nuclei. Ann. Neurol. 2010, 68, 717–726. [CrossRef]
22. Agrawal, A.; Suryakumar, G.; Rathor, R. Role of defective Ca(2+) signaling in skeletal muscle weakness: Pharmacological

implications. J. Cell Commun. Signal. 2018, 12, 645–659. [CrossRef] [PubMed]
23. Qaisar, R.; Bhaskaran, S.; Ranjit, R.; Sataranatarajan, K.; Premkumar, P.; Huseman, K.; Van Remmen, H. Restoration of SERCA

ATPase prevents oxidative stress-related muscle atrophy and weakness. Redox Biol. 2019, 20, 68–74. [CrossRef] [PubMed]
24. Mareedu, S.; Pachon, R.E.; Jayapalraj, T.; Fefelova, N.; Balakrishnan, R.; Niranjan, N.; Xie, L.H.; Babu, G.J. Sarcolipin haploinsuffi-

ciency prevents dystrophic cardiomyopathy in mdx mice. Am. J. Physiol. Heart Circ. Physiol. 2021, 320, H200–H210. [CrossRef]
[PubMed]

25. Umanskaya, A.; Santulli, G.; Xie, W.; Andersson, D.C.; Reiken, S.R.; Marks, A.R. Genetically enhancing mitochondrial antioxidant
activity improves muscle function in aging. Proc. Natl. Acad. Sci. USA 2014, 111, 15250–15255. [CrossRef]

26. Lawal, T.A.; Todd, J.J.; Meilleur, K.G. Ryanodine Receptor 1-Related Myopathies: Diagnostic and Therapeutic Approaches.
Neurotherapeutics 2018, 15, 885–899. [CrossRef]

27. Kushnir, A.; Todd, J.J.; Witherspoon, J.W.; Yuan, Q.; Reiken, S.; Lin, H.; Munce, R.H.; Wajsberg, B.; Melville, Z.; Clarke, O.B.; et al.
Intracellular calcium leak as a therapeutic target for RYR1-related myopathies. Acta Neuropathol. 2020, 139, 1089–1104. [CrossRef]

28. Volpatti, J.R.; Endo, Y.; Knox, J.; Groom, L.; Brennan, S.; Noche, R.; Zuercher, W.J.; Roy, P.; Dirksen, R.T.; Dowling, J.J. Identification
of drug modifiers for RYR1-related myopathy using a multi-species discovery pipeline. eLife 2020, 9, e52946. [CrossRef]

http://doi.org/10.1006/jmcc.1998.0748
http://www.ncbi.nlm.nih.gov/pubmed/9799647
http://doi.org/10.1161/hh1101.092004
http://www.ncbi.nlm.nih.gov/pubmed/11397790
http://doi.org/10.1016/j.ccr.2013.01.015
http://doi.org/10.1074/jbc.M115.705012
http://doi.org/10.1017/erm.2014.17
http://doi.org/10.1161/CIRCRESAHA.108.181487
http://doi.org/10.1016/j.bbamcr.2014.08.002
http://doi.org/10.1254/jphs.CPJ06001X
http://www.ncbi.nlm.nih.gov/pubmed/16552170
http://doi.org/10.1006/jmcc.1998.0897
http://www.ncbi.nlm.nih.gov/pubmed/10198180
http://doi.org/10.1016/S0008-6363(01)00489-8
http://www.ncbi.nlm.nih.gov/pubmed/11827689
http://doi.org/10.1038/nm739
http://www.ncbi.nlm.nih.gov/pubmed/12134142
http://doi.org/10.1038/clpt.2011.161
http://doi.org/10.1161/CIRCULATIONAHA.111.022889
http://doi.org/10.1093/eurheartj/ehw019
http://doi.org/10.1016/j.cmet.2011.05.014
http://doi.org/10.1007/978-94-007-2888-2_9
http://doi.org/10.1002/ana.22119
http://doi.org/10.1007/s12079-018-0477-z
http://www.ncbi.nlm.nih.gov/pubmed/29982883
http://doi.org/10.1016/j.redox.2018.09.018
http://www.ncbi.nlm.nih.gov/pubmed/30296699
http://doi.org/10.1152/ajpheart.00601.2020
http://www.ncbi.nlm.nih.gov/pubmed/33216625
http://doi.org/10.1073/pnas.1412754111
http://doi.org/10.1007/s13311-018-00677-1
http://doi.org/10.1007/s00401-020-02150-w
http://doi.org/10.7554/eLife.52946


Biomolecules 2022, 12, 1789 14 of 14

29. Wang, H.J.; Lee, C.S.; Yee, R.S.Z.; Groom, L.; Friedman, I.; Babcock, L.; Georgiou, D.K.; Hong, J.; Hanna, A.D.; Recio, J.; et al. Adap-
tive thermogenesis enhances the life-threatening response to heat in mice with an Ryr1 mutation. Nat. Commun. 2020, 11, 5099.
[CrossRef]

30. Schaaf, T.M.; Li, A.; Grant, B.D.; Peterson, K.; Yuen, S.; Bawaskar, P.; Kleinboehl, E.; Li, J.; Thomas, D.D.; Gillispie, G.D. Red-Shifted
FRET Biosensors for High-Throughput Fluorescence Lifetime Screening. Biosensors 2018, 8, 99. [CrossRef]

31. Rebbeck, R.T.; Essawy, M.M.; Nitu, F.R.; Grant, B.D.; Gillispie, G.D.; Thomas, D.D.; Bers, D.M.; Cornea, R.L. High-Throughput
Screens to Discover Small-Molecule Modulators of Ryanodine Receptor Calcium Release Channels. SLAS Discov. 2017, 22, 176–186.
[CrossRef]

32. Gruber, S.J.; Cornea, R.L.; Li, J.; Peterson, K.C.; Schaaf, T.M.; Gillispie, G.D.; Dahl, R.; Zsebo, K.M.; Robia, S.L.; Thomas, D.D.
Discovery of enzyme modulators via high-throughput time-resolved FRET in living cells. J. Biomol. Screen. 2014, 19, 215–222.
[CrossRef] [PubMed]

33. Lo, C.H.; Vunnam, N.; Lewis, A.K.; Chiu, T.L.; Brummel, B.E.; Schaaf, T.M.; Grant, B.D.; Bawaskar, P.; Thomas, D.D.; Sachs, J.N.
An Innovative High-Throughput Screening Approach for Discovery of Small Molecules That Inhibit TNF Receptors. SLAS Discov.
2017, 22, 950–961. [CrossRef] [PubMed]

34. Fruen, B.R.; Balog, E.M.; Schafer, J.; Nitu, F.R.; Thomas, D.D.; Cornea, R.L. Direct Detection of Calmodulin Tuning by Ryanodine
Receptor Channel Targets Using a Ca(2+)-Sensitive Acrylodan-Labeled Calmodulin. Biochemistry 2005, 44, 278–284. [CrossRef]
[PubMed]

35. Schaaf, T.M.; Kleinboehl, E.; Yuen, S.L.; Roelike, L.N.; Svensson, B.; Thompson, A.R.; Cornea, R.L.; Thomas, D.D. Live-Cell
Cardiac-Specific High-Throughput Screening Platform for Drug-Like Molecules that Enhance Ca(2+) Transport. Cells 2020, 9, 1170.
[CrossRef] [PubMed]

36. Li, J.; James, Z.M.; Dong, X.; Karim, C.B.; Thomas, D.D. Structural and functional dynamics of an integral membrane protein
complex modulated by lipid headgroup charge. J. Mol. Biol. 2012, 418, 379–389. [CrossRef]

37. Zhang, J.H.; Chung, T.D.; Oldenburg, K.R. A Simple Statistical Parameter for Use in Evaluation and Validation of High Throughput
Screening Assays. J. Biomol. Screen. 1999, 4, 67–73. [CrossRef]

38. Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, P.J. Experimental and computational approaches to estimate solubility and
permeability in drug discovery and development settings. Adv. Drug Deliv. Rev. 2001, 46, 3–26. [CrossRef]

39. Veber, D.F.; Johnson, S.R.; Cheng, H.Y.; Smith, B.R.; Ward, K.W.; Kopple, K.D. Molecular properties that influence the oral
bioavailability of drug candidates. J. Med. Chem. 2002, 45, 2615–2623. [CrossRef]

40. Lovering, F.; Bikker, J.; Humblet, C. Escape from flatland: Increasing saturation as an approach to improving clinical success.
J. Med. Chem. 2009, 52, 6752–6756. [CrossRef]

41. Cornea, R.L.; Gruber, S.J.; Lockamy, E.L.; Muretta, J.M.; Jin, D.; Chen, J.; Dahl, R.; Bartfai, T.; Zsebo, K.M.; Gillispie, G.D.; et al.
High-throughput FRET assay yields allosteric SERCA activators. J. Biomol. Screen. 2013, 18, 97–107. [CrossRef]

42. Dyla, M.; Basse Hansen, S.; Nissen, P.; Kjaergaard, M. Structural dynamics of P-type ATPase ion pumps. Biochem. Soc. Trans.
2019, 47, 1247–1257. [CrossRef] [PubMed]

43. Kirchberber, M.A.; Tada, M.; Katz, A.M. Phospholamban: A regulatory protein of the cardiac sarcoplasmic reticulum. Recent Adv.
Stud. Cardiac. Struct. Metab. 1975, 5, 103–115. [PubMed]

44. Racker, E.; Eytan, E. A coupling factor from sarcoplasmic reticulum required for the translocation of Ca2+ ions in a reconstituted
Ca2+ATPase pump. J. Biol. Chem. 1975, 250, 7533–7534. [CrossRef] [PubMed]

45. Yu, X.; Inesi, G. Variable stoichiometric efficiency of Ca2+ and Sr2+ transport by the sarcoplasmic reticulum ATPase. J. Biol. Chem.
1995, 270, 4361–4367. [CrossRef]

46. Reis, M.; Farage, M.; de Meis, L. Thermogenesis and energy expenditure: Control of heat production by the Ca(2+)-ATPase of fast
and slow muscle. Mol. Membr. Biol. 2002, 19, 301–310. [CrossRef]

47. Bal, N.C.; Periasamy, M. Uncoupling of sarcoendoplasmic reticulum calcium ATPase pump activity by sarcolipin as the basis for
muscle non-shivering thermogenesis. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2020, 375, 20190135. [CrossRef]

48. Rathod, N.; Bak, J.J.; Primeau, J.O.; Fisher, M.E.; Espinoza-Fonseca, L.M.; Lemieux, M.J.; Young, H.S. Nothing Regular about the
Regulins: Distinct Functional Properties of SERCA Transmembrane Peptide Regulatory Subunits. Int. J. Mol. Sci. 2021, 22, 8891.
[CrossRef]

http://doi.org/10.1038/s41467-020-18865-z
http://doi.org/10.3390/bios8040099
http://doi.org/10.1177/1087057116674312
http://doi.org/10.1177/1087057113510740
http://www.ncbi.nlm.nih.gov/pubmed/24436077
http://doi.org/10.1177/2472555217706478
http://www.ncbi.nlm.nih.gov/pubmed/28530838
http://doi.org/10.1021/bi048246u
http://www.ncbi.nlm.nih.gov/pubmed/15628869
http://doi.org/10.3390/cells9051170
http://www.ncbi.nlm.nih.gov/pubmed/32397211
http://doi.org/10.1016/j.jmb.2012.02.011
http://doi.org/10.1177/108705719900400206
http://doi.org/10.1016/S0169-409X(00)00129-0
http://doi.org/10.1021/jm020017n
http://doi.org/10.1021/jm901241e
http://doi.org/10.1177/1087057112456878
http://doi.org/10.1042/BST20190124
http://www.ncbi.nlm.nih.gov/pubmed/31671180
http://www.ncbi.nlm.nih.gov/pubmed/127351
http://doi.org/10.1016/S0021-9258(19)40975-7
http://www.ncbi.nlm.nih.gov/pubmed/126239
http://doi.org/10.1074/jbc.270.9.4361
http://doi.org/10.1080/09687680210166217
http://doi.org/10.1098/rstb.2019.0135
http://doi.org/10.3390/ijms22168891

	Introduction 
	Materials and Methods 
	Compound Handling 
	SR Preparations 
	HTS NADH-Coupled Enzyme Assay Preparation and Measurements 
	Ca2+-Uptake Assays 

	Results 
	High-Throughput Screening for SERCA Modulators 
	Characterization of Hit Compounds in Skeletal SR ATPase Assay 
	Characterization of Hit Compounds in Skeletal SR Ca2+ Uptake Assays 
	Characterization of Hit Compounds in Cardiac SR ATPase Assay 
	Characterization of Hit Compounds in Cardiac SR Ca Uptake Assays 
	Compound Physico-Chemical Characteristics 

	Discussion 
	Robustness of HTS Assay 
	Compound Classifications: ATPase vs. Ca Uptake Activities 
	Linked Activating Compounds 
	Improved Coupling Compounds 
	Uncoupling Compounds 
	Tissue and Isoform Specificity 

	Study Limitations 
	Next Steps 

	Conclusions 
	References

