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Abstract

The biosynthesis of cardiac glycosides, broadly classified as cardenolides and
bufadienolides, has evolved repeatedly among flowering plants. Individual species
can produce dozens or even hundreds of structurally distinct cardiac glycosides.
Although all cardiac glycosides exhibit biological activity by inhibiting the function
of the essential Na*/K*-ATPase in animal cells, they differ in their level of inhibitory activ-
ity. For within- and between-species comparisons of cardiac glycosides to address
ecological and evolutionary questions, it is necessary to not only quantify their relative
abundance, but also their effectiveness in inhibiting the activity of different animal
Na*/K"-ATPases. Here we describe protocols for characterizing the amount and toxicity
of cardenolides from plant samples and the degree of insect Na*/K*-ATPase tolerance
to inhibition: (1) an HPLC-based assay to quantify the abundance of individual
cardenolides in plant extracts, (2) an assay to quantify inhibition of Na*/K*-ATPase activ-
ity by plant extracts, and (3) extraction of insect Na*/K*-ATPases for inhibition assays.

1. Introduction

Cardiac glycosides are a structurally diverse group of natural products

that inhibit the activity of Na' /K -ATPase, an essential membrane ion
transporter in almost all animal cells (Fig. 1). All cardiac glycosides have a

Cardiac
glycoside
Extracellular fluid binding

3 Na*

ATP  ADP + Pi

Fig. 1 Sodium-potassium pump is inhibited by cardiac glycosides. Na*/K*-ATPase is a
membrane-bound protein complex found in animal cells. For every ATP that is
consumed, three sodium ions are exported, and two potassium ions are imported.
Inorganic phosphate that is released by the reaction can be measure spectrophotomet-
rically. Binding of cardiac glycosides (cardenolides and bufadienolides) to Na*/K*-

ATPase inhibits the enzyme function and the release of inorganic phosphate.
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Fig. 2 Examples of cardiac glycosides. Digitoxin, a cardenolide found in Digitalis
purpurea; ouabain, a cardenolide found in Acokanthera schimperi; voruscharin, a
nitrogen- and sulfur-containing cardenolide found in Asclepias curassavica; and
bersaldegenin-3-acetate, a bufadienolide found in Kalanchoe daigremontiana. The
key difference between cardenolides and bufadienolides is the presence of a five- or
six-membered lactone ring, respectively.

steroid core (5B,14P-androstane-3p14-diol; Fig. 2), which is essential for
the binding of these compounds to animal Na'/K'-ATPase (Dzimiri,
Fricke, & Klaus, 1987). Two classes of cardiac glycosides, cardenolides
and bufadienolides (Fig. 2), have five- and six-membered lactone rings,
respectively. Addition of sugar moieties, other modifications of the steroid
core, as well as formation of stereoisomers, produce more than 500 known
cardiac glycoside structures (Kreis & Muller-Uri, 2010; Melero, Medarde, &
San Feliciano, 2000; Singh & Rastogi, 1970). Although most of these com-
pounds have been identified from plants, they are also produced by toads
(hence the bufadienolide name) and some beetles (Daloze & Pasteels,
1979; Qi, Zulfiker, Li, Good, & Wei, 2018; Steyn & van Heerden, 1998;
Yoshida et al., 2020).

Given the toxicity of cardiac glycosides for most animals, it is likely that
the primary function of these compounds in plants is protection against
herbivory. Species in at least 16 plant families (Apocynaceae, Asparagaceae,
Brassicaceae, Celastraceae, Crassulaceae, Euphorbiaceae, Fabaceae, Iridaceae,
Malvaceae, Melianthaceae, Moraceae, Plantaginaceae, Ranunculaceae,
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Santalaceae, Sterculaceae, and Zingiberaceae) independently evolved
biosynthesis of cardiac glycosides, either in the form of cardenolides or
bufadienolides (Afolabi, Adegoke, & Mathooko, 2011; Agrawal, Petschenka,
Bingham, Weber, & Rasmann, 2012; Malcolm, 1991; Melero et al., 2000;
Steyn & van Heerden, 1998). This convergent evolution of plant toxins that
all target the same Na' /K "-ATPase in animal cells suggests strong selection
for protection against herbivory, as well as the presence of common precur-
sors in plant primary metabolism that facilitate the repeated evolution of
similar compounds. Cardenolides occur in all plant parts, including
floral nectar, although the composition of compounds typically differs
between plant organs (Alani, Younkin, Mirzaei, Kumar, & Jander, 2021;
Lopez-Goldar, Hastings, Zust, & Agrawal, 2022).

Plant species in which the biosynthesis and function of cardenolides have
been studied extensively include foxgloves (Digitalis spp.; Plantaginaceae),
milkweeds (Asclepias spp.; Apocynaceae) (Fig. 3A), and wallflowers
(Erysimum spp.; Brassicaceae) (Fig. 3B). In the Apocynaceae, cardenolides
are broadly distributed and likely represent an ancestral trait in this plant
family (Agrawal, 2017; Agrawal, Salminen, & Fishbein, 2009). By contrast,
Erysimum is one of only a small number of genera in the Brassicaceae that
produce cardenolides, and likely represents a more recent evolution of this
plant defensive trait (Moon, Rahman, Manir, & Ahamed, 2010; Zust et al.,
2020). Cardenolide synthesis is likely a derived trait in other plant families
as well, as typically only a small subset of the species in each plant family
accumulate these compounds.

Several cardenolide-producing species, including foxglove (Digitalis
spp.) (Kreis, 2017; Luckner & Wichtl, 2000) and wallflowers (Bock,
1577; Cordus, 1542; Dioscorides, 70AD; Jaretzky & Wilcke, 1932;

Fig. 3 Examples of cardenolide-producing plants. (A) Asclepias curassavica (tropical
milkweed), Apocynaceae. (B) Erysimum cheiranthoides (wormseed wallflower),
Brassicaceae.
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Makarevich, Zhernoklev, Slyusarskaya, & Yarmolenko, 1994; Pliny the
Elder, 77AD; Tabermontanus, 1588; Zhu, 1989), have been used exten-
sively as traditional herbal medicines. The application of cardenolide-
containing Digitalis extracts in the treatment of congestive heart failure,
where partial inhibition of Na'/K"-ATPase activity causes a slower and
stronger heartbeat, was first described in 1785 (Withering, 1785). The phar-
maceutical digoxin, also known as Lanoxin, is listed on the World Health
Organization’s Model List of Essential Medications and is commercially
derived from foxglove. More recent research shows that the therapeutic
potential of cardenolides extends beyond the treatment of heart disease to
include cancer, cystic fibrosis, ischemic stroke, neurodegenerative diseases,
and viral infections (Ayogu & Odoh, 2020; Bejcek, Jurasek, Spiwok, &
Rimpelova, 2021; Boff et al., 2019; Manna, Sreenivasan, & Sarkar, 2006;
Mekhail et al.,, 2006; Mijatovic et al., 2006; Newman et al., 2020;
Newman, Yang, Pawlus, & Block, 2008; Piccioni, Roman, Fischbeck, &
Taylor, 2004; Pierre et al., 2007; Prassas & Diamandis, 2008; Reddy,
Kumavath, Barh, Azevedo, & Ghosh, 2020; Shandell, Capatina,
Lawrence, Brackenbury, & Lagos, 2022; Wang et al., 2006; Wong,
Lingwood, Ostrowski, Cabral, & Cochrane, 2018). Thus, there is renewed
interest in documenting the functional diversity of cardenolides and their
possible medical applications.

Individual plant species can produce dozens to hundreds of structurally
unique cardenolides. Wide variation in cardenolide solubility, stability,
and binding site specificity may be necessary to protect plants against
herbivores with different physiological characteristics. For instance, unique
nitrogen-containing cardenolides in some milkweeds (e.g., voruscharin;
Fig. 2) provide protection against monarch butterfly caterpillars and seed
bugs, which are otherwise highly resistant to these compounds (Agrawal
et al.,, 2021; Agrawal et al.,, 2022). Both in vivo toxicity and in wvitro
Na'/K'-ATPase inhibition assays show that not all cardiac glycosides
function in the same manner, and the most abundant compounds are not
necessarily the most efficacious against a particular herbivore (Petschenka
et al., 2018; Tverskoi et al., 2021).

Given the structural diversity and the variation in Na'/K -ATPase
inhibitory activity that is observed among different cardenolides, there is
a need to implement uniform assays to: (1) estimate the abundance of
individual cardenolide compounds in plant samples, and (2) compare the
inhibition of diverse Na' /K" -ATPases by samples prepared from different
plant species or tissue types.



Georg Petschenka et al.

2. Rationale

Cardenolides (Fig. 2) contain a single five-membered lactone ring,
which has an absorbance maximum at 218 nm. No additional components
of the cardenolides typically found in plants absorb at this wavelength.
Therefore, equimolar amounts of difterent cardenolides will have approxi-
mately equivalent UV absorption. By preparing an HPLC standard curve
with a commercially available cardenolide, e.g., digitoxin (Fig. 2), it is
possible to calculate the abundance of unknown cardenolides in plant
samples that are separated using the same HPLC conditions. An assay for
quantification of cardenolides in plant extracts (Zust,
Hastings, & Agrawal, 2019) is described in Section 4.

Na" /K -ATPase activity results in the hydrolysis of ATP and release of
inorganic phosphate (Fig. 1), which can be detected spectrophotometrically,
with an absorbance plateau between 700 and 900nm (Fig. 4). When
cardenolides are added to the reaction mix, Na'/K -ATPase activity is
inhibited and there is reduced accumulation of inorganic phosphate.
Inhibition of Na'/K'-ATPase by cardenolides follows a sigmoid

Petschenka,
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Fig. 4 Absorption spectrum of the blue color complex obtained by reduction of

phosphomolybdic acid with ferrous sulfate. We recommend determination at 700 nm
to achieve optimal resolution.
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dose-response curve. By comparing the amount of cardenolides required
to cause 50% Na'/K*-ATPase inhibition (ICs0), the assay can be used to: 1)
quantify the cardenolide content of biological samples against a standard
enzyme, 2) quantify the activity of different Na"/K"-ATPase enzymes
against a standard cardenolide, e.g., ouabain (Fig. 2), or 3) a combination
of both (Figs. 5 and 6). An assay for inhibition of porcine Na*/K "-ATPase
activity by plant extracts is described in Section 5. An assay to determine
the inhibition of insect nervous tissue Na* /K "-ATPases by cardenolides is

control (100 %) increasing complete inhibition
A cardenolide (no K’ plus 10° M ouabain)
concentrations

E
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Fig. 5 Principle of Na*/K*-ATPase activity determination in crude enzyme preparations.
Reactions contain several potential sources of inorganic phosphate (P;) including P; as a
contaminant of samples, P; from non-enzymatic hydrolysis of ATP (endogenous P;), and
P; enzymatically released from ATP by Na*/K*-ATPase and other ATPases. Left column:
under conditions of optimal ionic composition (Na*, K*, Mg®*), pH, and ATP,
Na*/K*-ATPase is fully active. Central column: Na*/K*-ATPase is specifically inhibited
by various concentrations of cardiac glycosides leading to reduced P;. Right column:
Na*/K*-ATPase is fully inhibited due to a high concentration of the cardiac glycoside
ouabain and a lack of K*. The difference in absorbance between left and right
(A) represents Na*/K*-ATPase activity. Combining a buffer regime free of K* with a high
concentration of ouabain (e.g.,, 107> M) eliminates residual Na*/K*-ATPase activity due
to potentially contaminating K* from the sample or enzyme preparation. In addition,
cardiac glycoside tolerant forms of Na*/K*-ATPase having residual activity at high
concentrations of cardenolides under optimal conditions will be fully inhibited due
to the lack of K*, combined with the high concentration of inhibitor.
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described in Section 6. Quantification of cardenolides by Na* /K -ATPase
inhibition was originally described by Klauck and Luckner (1995) and has
subsequently been modified (Petschenka & Agrawal, 2015; Zust et al.,
2019). The in vitro assay of Na' /K -ATPase described here (for the orig-
inal description, see Petschenka et al., 2013) is based on work from several
prior authors, including: Moore and Scudder (1986), Mori et al. (2009),
and Taussky and Shorr (1953).

The sigmoid dose-response curve of Na'/K'-ATPase inhibition by
cardenolides (Fig. 6) can be estimated using a logistic model, where the
absorption A at concentration x is a function of the absorption by an unin-
hibited (K) and fully inhibited enzyme (L), the concentration at the inflec-
tion point, IC5y (equal to the concentration/dilution required to inhibit
enzyme activity by 50%), and a scaling coefficient s:

A= K-L |

(1 + e(—))

Other equivalent approaches and proprietary software solutions exist to esti-
mate a sigmoid dose-response curve, but the above function can easily be
fitted using the open-source statistical software R. If all parameters are to

Fig. 6 Sigmoid dose-response curves. (A) Phosphate absorption signal of porcine
Na*/K*-ATPase reactions inhibited by a leaf extract with unknown cardenolide content
at different dilutions (orange), and the unspecific background absorption of the same
reaction mixture and leaf extract inhibited by a high dose of ouabain and a lack of KCl
(gray). Strongly colored extracts may cause even stronger background absorption.
Absorption of the fully active and fully inhibited enzyme can be approximated from
control reactions (dashed lines). Note that leaf extracts may change enzyme activity
compared to control reactions, thus estimating of the asymptotes directly from the inhi-
bition series can improve model fit. (B) Relative enzyme activity estimated by sub-
tracting background absorption from each reaction and dividing by the absorption
of a fully active enzyme reaction. The upper and lower asymptote of the sigmoid func-
tion are fixed at 1 and 0, respectively, allowing to estimate the extract dilution required
to achieve 50% inhibition (xniq) and the function shape (s) from as few as three dilutions.
(C) Phosphate absorption signal of Na*/K*-ATPase reactions inhibited by a concentra-
tion series of the cardenolide ouabain, using brain extracts from a susceptible (Euploea
core, blue) and a cardenolide-resistant (Danaus plexippus, red) insect. Absorption of the
fully active and fully inhibited enzyme can be approximated from control reactions in
separate wells (dashed lines). (D) Relative enzyme activity estimated by dividing the
absorption of each reaction by the absorption of its respective control. The upper
and lower asymptote of the sigmoid function are fixed at 1 and 0, respectively.
Sampling of more ouabain concentrations allows for a more accurate estimation of
curve shapes.
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be estimated, a minimum of five different concentrations per biological
sample need to be assayed. To reduce the number of reactions, uninhibited
and fully inhibited activity can be estimated from additional reactions
(one value per microtiter plate) to calculate relative activity of each sample
well before curve fitting (Figs. 5 and 6) by allowing K and L to be fixed to
1 and 0, respectively. This simplified approach is implemented in Section 5
to allow the processing of more biological samples in each individual micro-
titer plate. However, the assaying of more concentrations is recommended,
particularly if different insect enzymes are being compared.

3. Plant sample preparation
3.1 Equipment

* Lyophilizer (Labconco, Kansas City, MO, USA)

» Savant Speedvac rotary vacuum concentrator (ThermoFisher, Waltham,
MA, USA)

e FastPrep-24 homogenizer (MP Biomedicals, Irvine, CA, USA)

*  Microcentrifuge (Eppendort, Hamburg, Germany)

3.2 Reagents

* Liquid nitrogen

¢ Methanol

e FastPrep beads (2.3 mm zirconia/silica beads, MP Biomedicals, Irvine,
CA, USA)

e 2 mL screw-cap vials (Sarstedt, Nurmbrecht, Germany)

e Digitoxin (Sigma Aldrich, St. Louis, MO, USA)

3.3 Procedure

Harvest 0.5 to 1g plant material.

Freeze plant material in liquid nitrogen (See Note 1).

Dry plant material overnight in a lyophilizer.

Weigh out ~50mg dry plant material into a 2mL screw cap vial.
Add 1.25mL 100% methanol and ~ 30 FastPrep beads to each sample.
Agitate samples twice for 455 at a speed of 6.5m/s on a FastPrep-24

S

homogenizer.

N

Centrifuge samples for 12min at 15,000 X ¢ in a microcentrifuge.

o

Collect supernatants.
9. Extract pellet again with 1.25mL 100% methanol. (See Note 2).
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10. Centrifuge samples for 12min at 15,000 X ¢ in a microcentrifuge.

11. Collect supernatant and combine with supernatant from Step 8,
mix well.

12. Split supernatant into two aliquots, 2mL to be used for HPLC analysis
(Section 4) and 0.25mL to be used in the Na'/K'-ATPase assays
(Section 5) (see Note 3).

13. Add 20 pg of the digitoxin cardenolide to the samples that will be used
for HPLC analysis.

14. Evaporate all samples to dryness in a rotary vacuum concentrator.

3.4 Notes

1. Samples frozen within a few hours of collection still allow detection of
cardenolides.

2. The second extraction (Steps 9—11) may not be necessary for all
sample types.

3. If only HPLC analysis or only Na* /K "-ATPase assays are planned, it is
not necessary to prepare both sample types.

4, HPLC analysis of cardenolide abundance
4.1 Equipment

* Agilent 1100 HPLC (Agilent, Santa Clara, CA, USA)
* Diode array detector (Agilent, Santa Clara, CA, USA)
*  Microcentrifuge (Eppendorf, Hamburg, Germany)

4.2 Reagents

*  Gemini C18 reversed-phase column (3 pm, 150 X 4.6 mm) (Phenomenex,
Torrance, CA, USA)

* Acetonitrile

*  HPLC-grade water

* 0.2um syringe filter with Kinesis PTFE membrane (Cole Parmer,
Vernon Hills, IL, USA)

e 2 mlL screw cap HPLC vials (ThermoFisher, Waltham, MA, USA)

* Caps for HPLC vials (ThermoFisher, Waltham, MA, USA)

e 300 puL polyspring HPLC wvial inserts (ThermoFisher, Waltham,
MA, USA)
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4.3 Procedure

1.

Resuspend dried aliquots for HPLC from Section 3 in 300 pL methanol.
(See Notes 1,2)

Filter samples using a 0.2pm syringe filter with a PTFE membrane.
(See Note 3)

Add samples to polyspring inserts in HPLC vials.

. Inject 15pL of each sample into the HPLC for separation on a C18

reversed phase column.

Run HPLC with a constant flow of 0.7 mL/min using the following gra-
dient of acetonitrile and water: 0—2min at 16% acetonitrile; 2-25 min
from 16% to 70% acetonitrile; 25—30 min from 70% to 95% acetonitrile;
30-35min at 95% acetonitrile; followed by 10min reconditioning at
16% acetonitrile. (See Notes 4—6)

Record UV absorbance spectra of eluted compounds at 200 to 400 nm.
Calculate areas of peaks with an absorption maximum in the 214 to
222nm range (Fig. 7). (See Note 7)

Calculate cardenolide concentrations by relating peak areas to a calibra-
tion curve created with the internal standard, digitoxin. (See Note 8)

4.4 Notes

1.

Some samples with a high content of UV-absorbing compounds, such as
Apocynum and Digitalis leaf extracts, benefit from a lead acetate precipi-
tation step (Brower, Seiber, Nelson, Lynch, & Tuskes, 1982).

. Seed and animal samples benefit from being defatted by liquid-liquid

extraction with hexane.

. In Step 2, it is important to avoid using nylon filter membranes, as

digitoxin can adsorb to these membranes if it is not diluted in methanol
(e.g., in acetonitrile-water).

The chromatographic separation method described here is optimized
for use on HPLC instruments and has broad applicability across plant
species. The method run time can be substantially reduced using
core-shell or UHPLC columns with smaller pore sizes, and by optimiz-
ing the gradient conditions for each species of interest.

For certain column conditions and polar cardenolides, in particular,
there are benefits to injecting the samples in 16:16:68 methanol:aceto-
nitrile:water, rather than 100% methanol (Agrawal et al., 2021).
Cardenolides can also be detected by HPLC-MS, which provides
greater specificity for compound identification (Agrawal et al., 2021;
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Zust et al.,, 2020). However, in the absence of standards for
each cardenolide, absolute quantification is not possible from MS
signals alone.

Peaks showing a single absorption maximum in the 214 to 222nm UV
range, corresponding to an unsaturated lactone ring, are considered
representative of cardenolides in this assay. All cardenolides contain a
single lactone ring and do not have additional components that absorb
in the 214 to 222 nm range. Therefore, equimolar amounts of different
cardenolides have approximately equivalent UV absorption. A sample
chromatogram produced using the HPLC-UV conditions described
in the protocol is shown in Fig. 7

Each injected sample contains the equivalent of ~2 mg dried plant mate-
rial and 1 pg digitoxin. Therefore, the concentration of each cardenolide
in the original plant sample can be calculated as: concentration (pg/mg
dried plant material) =peak area (cardenolide of interest)/peak area
(digitoxin)/2.

5. Assays of Na*/K'-ATPase inhibition by plant extracts
5.1 Equipment

Spectramax 190 microplate spectrophotometer (Molecular Devices, San
Jose, CA, USA)

BioShake Iq microplate shaker (Quantifoil Instruments, Jena, Germany)
Cole-Parmer sonicator (Antylia Scientific, Vernon Hills, IL, USA)
Multichannel pipette (ThermoFisher, Waltham, MA, USA)

5.2 Reagents

L]

96-well microtiter plates (Sarstedt, Numbrecht, Germany)

1.5 mL microcentrifuge tubes (ThermoFisher, Waltham, MA, USA)
Na /K -ATPase from pig (Sus scrofa) cerebral cortex (Sigma-Aldrich,
MO, USA) Chemicals, all available from Sigma Aldrich, St. Louis,
MO, USA:

Ouabain (octahydrate)

Dimethylsulfoxide (DMSO)

Imidazol

Sodium chloride (NaCl)

Magnesium chloride hexahydrate (MgCl,-6H,0O)

Potassium chloride (KCl)
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Adenosine 5 -triphosphate di(tris) salt hydrate (ATP)
Sodium dodecyl sulfate (SDS)

Antifoam A emulsion

Deionized water

10N H,SO,

(NH4)6M07024-4H,0

Iron(Il) sulfate heptahydrate

Concentrated HCI

Tris Base

5.3 Procedure

1.

Add 40pL 100% DMSO to each dried aliquot of plant material for the
Na' /K -ATPase assays (from Section 3).
Sonicate sample twice for 5min.

. Add 160 pL water to bring sample to 20% DMSO, briefly vortex, and

sonicate once for 5min. (See Note 1)

. Centrifuge sample for 12min at 15,000 X ¢ in a microcentrifuge to

precipitate particles.

. Collect supernatant into fresh 1.5 mL microcentrifuge tube.
. Each biological sample is assayed at a minimum of three concentrations.

For each sample, use 20% DMSO to make serial 10-fold dilutions (e.g.,
1, 0.1, and 0.01) of the plant extracts in 1.5mL microcentrifuge tubes.
(See Note 2)

. To control for coloration of leaf extracts, each concentration series is

run in both the presence of KCl (Reaction Mastermix) and absence
of KCI but with 0.2mM ouabain (Inhibited Control Reaction
Mastermix) (See Note 3). Add 20pL of each concentration of a
sample dilution series to two individual wells of a 96-well microtiter
plate (e.g., orange and green wells Al to G12 in Fig. 8A, respectively).

. Add 20 pL 20% DMSO to each of three wells of the plate designated as

full-activity controls, (e.g., wells H1 to H3 in Fig. 8A) and three wells
designated as fully-inhibited controls (e.g., wells H10 to H12 in
Fig. 8A).

. Prepare a standard curve by adding 20 pL ouabain at each of the follow-

ing concentrations: 5x 107>, 5x107* 5x 107>, 5x107°, 5x 1077,
5% 107% M, in 20% DMSO. These will be diluted 5 X in the assay,
so final ouabain concentrations will be 107> to 107 M. (e.g., wells
H4 to H9 in Fig. 8A).
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(B) Sample layout for the assaying of 12 enzyme samples by a cardenolide (e.g., ouabain) concentration series. Each enzyme sample is run at six cardenolide con-
centrations (orange), and for each sample a fully active control (purple) and a fully inhibited control (lacking KCl but containing 0.2 mM ouabain, white) is included.
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10.
11.

Cover plate and set aside.

0.05 units/mL (See Note 4).
12.

Prepare porcine ATPase by dissolving it in deionized water, to

On ice, make up an Na'/K'-ATPase Reaction Mastermix and an

Inhibited Control R eaction Mastermix for your plate, by mixing either
Reaction Buffer (Table 1A, 25pL per sample) or Inhibited Control

Table 1 Stock solutions for Na+/K+-ATPase assays.

(A) Na*/K*-ATPase reaction buffer

(B) Inhibited control buffer

Compound g/100mL Concentration Compound g/100mL Concentration

NacCl 2.34¢ 400 mM NaCl 2.34¢ 400 mM

MgCI2 0.269g 16mM MgCl,-6H,O 0.325¢g 16mM

Imidazole 1.36¢g 200mM Imidazole 1.36¢g 200mM

KCl 0.596g 80mM Ouabain- 0.058g 0.8mM
octahydrate

Bring to 100mL with deionized
water, adjust pH to 7.4 with

Bring to 100mL with deionized water,
adjust pH to 7.4 with concentrated HCI,

concentrated HCI, and store at room and store at room temperature.

temperature.

(C) ATP stock solution

(D) Taussky-Shorr stock solution

Adenosine 5'-triphosphate di(tris) salt
hydrate

500mL 10N H,SO4

50 g (NH4) (,MO7024'4H20

Calculate the molecular weight based on
the certificate of analysis (molecular
weight depends on the amount of
included water) and make a 10mM
solution in deionized water, adjust to
pH6.5 with 1M Tris Base, and store
aliquots at —20°C.

Mix 400mL 10N H,SO,4 with 50¢g
(NH4)¢Mo07054:4H50 in a 1L beaker
under constant stirring, transfer into a
500mL volumetric flask when
completely dissolved, wash 1L beaker
quantitatively with small amounts of
10N H,SO, to achieve 500mL total
volume in the flask. See Taussky and
Shorr (1953).

(E) SDS stock solution

10 g Molecular biology grade SDS

50 pL Antifoam A emulsion

Dissolve ingredients in deionized water, bring volume to 100 mL, store at room
temperature, invert before use (has tendency to sediment).
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13.

14.

15.

16.

17.

18.

19.

20.

21.

Bufter (Table 1B, 25pL per sample), ATP stock solution (Table 1C,
25 pL per sample), and porcine ATPase (30 pL per sample), for a total
volume of 80 pL per sample. Mix very well by vortexing followed by a
short spin in a microcentrifuge, then keep on ice to prevent ATPase
activity.

Using a multichannel pipette, add 80 pL of the appropriate Mastermix
to each well (samples, standards, and controls). Place plate on micro-
plate shaker and do 5-6 quick mixes at 1600rpm to mix wells
thoroughly.

Incubate plates at 37°C for 20min on the microplate shaker (cover
plates to reduce evaporation), shaking slowly at 200 rpm

Make up Taussky-Shorr staining solution fresh by diluting 1mL 10%
ammonium molybdate stock solution (Table 1D) with 7mL deionized
water, vortex to mix, and then add 500mg iron(ll) sulfate
heptahydrate, mix until dissolved, and bring volume up to 10 mL with
deionized water.

Stop the enzymatic reactions by adding 100 pL SDS stock solution
(Table 1E) to each well of the plate using a multichannel pipette and
mix at least 3 times with the pipette

Add 100 pL Taussky-Shorr staining solution to each well using a mul-
tichannel pipette and mix at least 6 times with the pipette to ensure
homogeneity. Incubate the plate at room temperature for 10min.
Measure absorbance at 700nm in a microplate spectrophotometer.
(See Notes 5 and 6)

Correct absorbance values of each reaction well by subtracting its
respective background well (lacking KCl and with ouabain, see
Step 13).

Correct absorbance value of full-activity control samples by subtracting
the absorbance of fully inhibited control samples, e.g., in the layout in
Fig. 8A, subtract the reading from A4 from that from Al.

Calculate the residual enzymatic activity by dividing each background-
corrected absorbance of each sample reaction by the background-
corrected absorbance of full-activity controls (e.g., in Fig. 8A, subtract
H10-H12 from H1-H3 and then calculate the mean) to calculate the
percentage relative to Na' /K "-ATPase activity in non-inhibited con-
trols. Instead, if four or more concentrations per sample are assayed, full
and residual enzymatic activity (K and L) can be estimated directly from
background-corrected sample absorbances.
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22. Estimate the sigmoid dose-response curve (Fig. 6) for each sample
by fitting a 2-parameter logistic model using generalized least squares
(gnls function in the nlme library for R). (See Note 7)

23. Extract the relative dilution at the inflection point (ICsg, residual
enzymatic activity of 50%).

24. Use the ouabain dilution series to calculate the ouabain equivalents in
the undiluted sample, i.e., the amount of ouabain that is required
to achieve equivalent inhibition of the porcine Na'/K'-ATPase.
(See Note 8)

5.4 Notes

1. Most cardenolides are also soluble in 10% DMSO, but we have chosen to

use 20% DMSO in assays in order to avoid solubility issues for some
very non-polar compounds. DMSO can inhibit enzymatic activity,
but this unspecific effect is still mostly negligible at 20% concentration.
If using different DMSO concentrations, be sure to do the same for plant
extracts, standards, and controls. Excessively high DMSO concentra-
tions can inhibit enzymatic activity.

Three dilutions of the samples are a minimum for estimating ICs,. The
sample layout in Fig. 8A allows for the assaying of 14 biological samples.
Five to six dilutions will give a more accurate result at the cost of fewer
samples per microplate.

. Based on past experience, the porcine Na'/K -ATPase is completely

inhibited at 0.1 mM ouabain, so a final concentration of 0.2mM should
be enough for the fully inhibited control in this experiment.

Frozen aliquots of porcine Na'/K'-ATPase at a concentration of
lunit/mL in individual 1.5mL tubes can be stored at —80°C.
Dilution of stock solution prior to storage at —80 °C may result in loss
of activity.

. The absorbance profile has a plateau at 700-900nm, but 700nm is

optimal (the baseline is increasing at >800 nm).

P; emission and absorbance values show a linear relationship from
0 to 1.2mM P; in the reaction. To ensure that measured absorbance
values fall within the linear range of Pi detection, a calibration curve
based on KH,PO, in deionized water (0.2mM intervals, 100 pL per
well for each concentration) can be used as a standard on the same
plate. KH,PO, standards are processed in the same way as other
samples.
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7.

Use of the gnls() function treats each sample dilution series as indepen-
dent, giving individual noisy datapoints more weight to distort the
curve fitting. Instead, curves can be fitted within a mixed-effects model
framework, in which each sample dilution series is estimated as a random
deviate from a universal mean curve. This approach can be implemented
using the nlme() function in the nlme package for R. Based on prior
experience, nlme fits are more robust with respect to technical noise,
but may be more challenging to fit. Sample R code is provided in the
supplementary materials. Other software, e.g., Origin Pro, GraphPad
Prism, or the Solver Add-in for Microsoft Excel can also be used for
curve fitting.

In addition to ouabain, other commercially available cardenolides can be
used as standards for comparison of the enzymatic activity. Due to the
superior water-solubility of ouabain compared to most other commer-
cially available cardenolides, it does not require the use of organic
solvents such as DMSO.

6. Inhibition of Na*/K*-ATPase from insect nervous
tissue

6.1 Equipment

Lyophilizer (Labconco, Kansas City, MO, USA)

1 mL all-glass tapered tissue grinder (Wheaton, Millville, NJ, USA)
Spectramax 190 microplate spectrophotometer (Molecular Devices, San
Jose, CA, USA)

BioShake Iq microplate shaker (Quantifoil Instruments, Jena, Germany)
Cole-Palmer sonicator (Antylia Scientific, Vernon Hills, IL, USA)
Multichannel pipette (ThermoFisher, Waltham, MA, USA)

Dumont no. 5 tweezers (Manufactures D’Outils Dumont SA,
Montignez, Switzerland)

6.2 Reagents

Fresh or live-frozen insects

96-well microtiter plates (Sarstedt, Numbrecht, Germany)

1.5 mL microcentrifuge tubes (ThermoFisher, Waltham, MA, USA)
Deionized water

Parafilm

Chemicals, all available from Sigma Aldrich, St. Louis, MO, USA:
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Ouabain (octahydrate)

Imidazol

Sodium chloride (NaCl)

Magnesium chloride hexahydrate (MgCl,-6H,O)
Potassium chloride (KCI)

Adenosine 5 -triphosphate di(tris) salt hydrate
Sodium dodecyl sulfate (SDS)

Antifoam A emulsion

10N H,SO,

(NH4)sM07054-4H,0O

Iron(Il) sulfate heptahydrate

Concentrated HCI

Tris Base

6.3 Procedure

1.

N

10.

Dissect brain and thoracic ganglia (when possible) under ice-cold
deionized water in a black microscopy bowl pre-chilled on ice using
Dumont no. 5 tweezers (Fig. 9). (See Notes 1-3)

. Rinse dissected material in deionized water.
. If necessary, pool dissected tissues from several insects to obtain suffi-

cient nervous system material. The number of specimens needed may
vary substantially, even between closely related species. (See Note 4)

. Grind insect tissue in deionized water in a glass grinder by several

rounds of grinding. Chill grinder on ice in between.

. Freeze samples at —80°C in open 1.5mL microcentrifuge tubes

covered with stretched Parafilm and punctured with a needle for gas
exchange.

Lyophilize samples overnight.

Store lyophilized samples at —80 °C until they are used for assays.

. If ouabain is being used as the inhibitor (See Note 5), prepare

fully active and fully-inhibited controls in rows A and H, respectively,
by adding 20 puL of water (Table 1B, but see Note 6) to each well
(Fig. 8B). (See Note 7)

. Inrows B to G, add 20 uL of a ouabain concentration series at each of

the following concentrations: 5 X 107° M, 5x107* M, 5x 107> M,
5x107°M, 5x 107" M, 5x107® M, in water (Fig. 8B).
Cover plate and set aside.
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Fig. 9 Insect brain dissection. Brain and thoracic ganglia dissected from a monarch but-
terfly (Danaus plexippus), stored at —80°C. The dissection was carried out in deionized
water and tissue is starting to disintegrate, likely due to osmosis.

11.

12.

13.

14.

15.

Add water to the lyophilized insect nervous system tissue, with
the volume depending on how many assays need to be run.
(See Note 8)

Sonicate samples twice for 5 min, being sure that samples remain cold.
Centrifuge samples for 3min at 5000 X ¢ in a microcentrifuge to
precipitate particles.

Collect water-soluble supernatant containing insect Na' /K -ATPase
into fresh tubes.

On ice, make up an Na'/K'-ATPase Reaction Mastermix and an
Inhibited Control Reaction Mastermix for each enzyme sample, by
mixing either Reaction Buffer (Table 1A, 25pL per sample) or
Inhibited Control Bufter (Table 1B, 25puL per sample), ATP stock
solution (Table 1C, 25 pL per sample), and insect ATPase preparation
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16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

(30 pL per sample), for a total volume of 80 uL per sample. Mix very
well by vortexing followed by a short spin in a microcentrifuge, then
keep on ice to prevent ATPase activity.

Add 80 pL of the appropriate Mastermix to each well (enzyme samples
and controls). Place plate on microplate shaker and do 5-6 quick mixes
at 1600 rpm to mix wells thoroughly.

Incubate plates at 37°C for 20min on the microplate shaker (cover
plates to reduce evaporation), shaking slowly at 200 rpm.

Make up Taussky-Shorr staining solution fresh by diluting 1 mL 10%
ammonium molybdate stock solution (Table 1D) with 7mL deionized
water, vortex to mix, and then add 500mg iron(Il) sulfate hepta-
hydrate, mix until dissolved, and bring volume up to 10mL with
deionized water.

Stop the enzymatic reactions by adding 100pL SDS stock solution
(Table 1E) to each well of the plate using a multichannel pipette and
mix at least 3 times with the pipette.

Add 100 pL Taussky-Shorr staining solution to each well using a mul-
tichannel pipette and mix at least 6 times with the pipette to ensure
homogeneity. Incubate the plate at room temperature for 10 min.
Measure absorbance at 700nm in a microplate spectrophotometer.
(See Notes 9, 10)

Correct for background absorbance values of all samples by subtracting
the absorbance of fully inhibited control samples, e.g., Row H (lacking
KCl and with ouabain, see Step 15) in the layout in Fig. 8B, from the
corresponding samples in Rows A to G.

Calculate the residual enzymatic activity by dividing each
background-corrected absorbance of each sample reaction by the
background-corrected absorbance of full-activity controls (e.g.,
Row A in Fig. 8B) to calculate the percentage relative to
Na'/K"-ATPase activity in non-inhibited controls. Alternatively,
given that there are six concentrations of ouabain in this assay
(Rows B to G), full and residual enzymatic activity (K and L) can be
estimated directly from background-corrected sample absorbances.
Estimate the sigmoid dose-response curve (Fig. 6) for each sample by
fitting a 2-parameter logistic model using generalized least squares
(gnls function in the nlme library for R). (See Note 11)

Extract the relative dilution at the inflection point to calculate the ICs
(residual enzymatic activity of 50%). (See Note 12)
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6.4 Notes

1.

Live insects can be killed by freezing and can be stored frozen at —80°C
prior to dissection of nervous system tissue. Use of tight plastic enve-
lopes or tubes will prevent samples from drying out. Na* /K "-ATPase
is likely to remain stable for several months or years at —80°C.

. The brain and thoracic ganglia are a major site of Na' /K" -ATPase

expression in many insects, and are thus a good source of material
for enzymatic assays (Petschenka, Ofte, & Dobler, 2012). Active
Na'/K'-ATPase preparations have been obtained from nervous tissue
of Orthoptera (Acrididae, Pyrgomorphidae), Coleoptera (Cerambycidae,
Chrysomelidae), Diptera (Agromyzidae, Drosophilidae), Heteroptera
(Lygaeidae), and Lepidoptera (Erebidae, Nymphalidae, Sphingidae).

. In addition to nervous tissue, active preparations can also be obtained

from the rectum of some insects such as orthopterans. For small
insects, such as leaf miner flies or Drosophila, entire heads can be used.
The amount of required tissue material needs to be assessed for each
system. Differences of absorbance between non-inhibited Na*/K™-
ATPase and background (no-KCl, with ouabain) phosphate should
be >0.2 to obtain reliable low-noise data. For dissected Danaus
plexippus brains, 0.75 brain/1.5-2mL water will be sufficient for
45—60 reactions (i.e., 60—80 reactions per brain). Whole heads of
Drosophila melanogaster at a ratio of 12.5 heads/450 pL will be sufticient
for ~14 reactions (i.e., one reaction per head). Oncopeltus fasciatus
brains and thoracic ganglia at ~6—10 brains/600pL will allow for
~18 reactions (i.e., 2—3 reactions per brain). Tefraopes brains at
~10 brains/500pL will allow for ~15 reactions (i.e., 1.5 reactions
per brain).

. For less water-soluble cardiac glycosides, up to 20% DMSO can be

used. However high concentrations of DMSO will inhibit enzyme
activity and may also interfere with binding of cardiac glycosides to
the active site.

Although the MasterMix (Table 1B) contains 0.8 mM ouabain (for a
final concentration of 0.2mM, which is fully inhibitory for porcine
Na"/K"-ATPase), for insect enzyme assays, we recommend using
the highest ouabain concentration possible. Based on the water
solubility of ouabain, this would be 1072 M in the stock solution. If
this bufter is diluted 4 X, the final concentration in the assay will be
25%107° M. This is particularly important when generating
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10.

11.

12.

fully-inhibited controls for Na' /K -ATPase assays involving tissue
from insects such as monarchs and milkweed bugs, which have ele-
vated, and often unknown levels of cardenolide resistance. Monarch
and milkweed bug ATPases still show substantial residual activity at a
millimolar ouabain concentrations.

A sample layout of a 96-well microtiter plate with experimental and
control samples is shown in Fig. 8B.

Excessive dilution of Na' /K -ATPase preparations before lyophiliza-
tion may diminish activity or even result in a complete loss of
Na' /K -ATPase activity.

The absorbance profile has a plateau at 700-900nm, but 700nm is
optimal (the baseline is increasing at >800nm).

P; emission and absorbance values show a linear relationship from 0 to
1.2mM P; in the reaction. To ensure that measured absorbance values
fall within the linear range of Pi detection, a calibration curve based on
KH,PO, in deionized water (0.2mM intervals, 100 pL per well for
each concentration) can be used as a standard on the same plate.
KH,PO, standards are processed in the same way as samples.

Use of the gnls() function treats each sample dilution series as indepen-
dent, giving individual noisy datapoints more weight to distort the
curve fitting. Instead, curves can be fitted within a mixed-effects
model framework, in which each sample dilution series is estimated
as a random deviate from a universal mean curve. This approach can
be implemented using the nlme() function in the nlme package for
R. Based on prior experience, nlme fits are more robust with respect
to technical noise, but may be more challenging to fit. Sample R code
is provided in the supplementary materials. Other software, e.g., Origin
Pro, GraphPad Prism, or the Solver Add-in for Microsoft Excel can
also be used for curve fitting.

This protocol can be combined with that from Section 5 to investigate
inhibition of insect Na' /K -ATPases by plant extracts containing
cardenolides.
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