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ABSTRACT: The common milkweed Asclepias syriaca is wide-
spread in North America and produces cardenolide toxins that
deter herbivores by targeting the transmembrane enzyme Na*/K*-
ATPase. In 1979, Nobel Laureate Tadeus Reichstein elucidated 3 R S
the structure of novel cardenolides isolated from A. syriaca roots R ‘; & o "\\\E—"’-\ :
and proposed structures for several other cardenolides that could tC‘TO"I‘/;\k/T-\’j,’ o
not be confirmed. In this study, we investigate the cardenolide ®¢ Y& "I VL ki
composition of A. syriaca seeds, focusing on their abundance and in L %

m Metrics & More ’ Q Supporting Information

Structure proposed by Nobel Prize
laureate Tadeus Reichstein in a 1979
handwritten manuscript, available here!§

(R=H, N: 34&«»51)

vitro inhibitory potency on the sensitive porcine Na*/K*-ATPase e 00
and that of the highly resistant large milkweed bug, Oncopeltus JO o owe
fasciatus. We identify five previously unreported cardenolides (1— on ('\/Fo;ij/égy
5), three of which are predominantly found in seeds, in addition to SO 2

the known syrioside (6), aspecioside (7), and the 2-thiazoline ring-

containing cardenolide labriformin (8). Glucopyranosyl-allomethylosyl-12-deoxy aspecioside (5) is distinguished by lack of
oxidation at C-12, and compounds 2, 3, 6, and 8 contain a rare 1,4-dioxane motif. Inhibitory efficacy of the isolated cardenolides for
sensitive and resistant enzymes appears to be correlated. Finally, we confirmed the structure of compound 2, originally proposed by
Tadeus Reichstein, and are pleased to share his original 1979 handwritten manuscript.

t is impossible to talk about the history of cardenolides

without mentioning Reichstein, laureate of the 1950 Nobel
Prize in Medicine and Physiology for his work on human
steroid hormones, which culminated in the characterization of
cortisone." Reichstein was a pioneer in the chemistry of
steroids, not only in humans but also in plants, which he had
been studying since the 1930s, with a particular passion for the
cardenolide glycosides produced by plants of the Apocynaceae
family.” Cardenolides are notorious poisons that have been
used by many human societies on the tips of arrows for
hunting, as they are toxic to animals due to their inhibition of
the essential enzyme Na'/K'-ATPase.”” In 1964, Reichstein
was contacted by the entomologist and ecologist Miriam
Rothschild, who believed that certain aposematic insects
sequester cardenolide from their host plants to defend
themselves against predators.” Their collaboration resulted in
two papers published in 1967 and 1968 that are among the
foundational works of the discipline known as chemical
ecology. The studies reported several cardiac glucosides
sequestered in the emblematic North American monarch
butterfly (Danaus plexippus) and in a North African grass-
hopper (Poekilocerus bufonius),”” confirming Rothschild’s
hypothesis. Reichstein even corrected the hypothetical
structure of one of the most complex cardenolides,
voruscharin, isolated from Asclepias curassavica, which contains
a thiazolidine heterocycle in position 3" and a rare 1,4-dioxane
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motif.® Since then, cardenolide structures have been isolated
from a number of plant families,”'? and their functions in
plant—herbivore interaction continues to be revealed in the
context of evolutionary ecology.'' ™"

Cardenolides from the genus Asclepias have been extensively
studied chemically."*"*" Previous X-ray analyses have
determined the main stereogenic centers, indicating trans-
fused rings A and B in their triterpene scaffold.”*~** Although
A. syriaca leaf phytochemistry has been reported, " it is
surprising that important tissues of this plant have not yet been
studied. This is particularly true for the seeds, which from an
ecological perspective are expected to be chemically defended
against seed predators such as the lygaeid bug Oncopeltus
fasciatus.”” In the present work we isolated five previously
unreported compounds from the seeds of A. syriaca (1—5) in
addition to the known 6—8. The structures of 2 and $ had
been proposed already by Tadeus Reichstein in an article
discussing the possible structures of syrioside (6) and
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syriobioside.”® This article, published in 1979 when Reichstein
was 82 years old, was dedicated to Miriam Rothschild for her
70th birthday. In addition to our scientific findings in
cardenolide chemistry, we present the original handwritten
manuscript authored by Reichstein (Supporting Information),
documenting the history of chemical ecology and natural
products chemistry.

B RESULTS AND DISCUSSION

In a previous report, we used UPLC-HRMS to quantify 21
cardenolide toxins in A. syriaca seeds across a latitudinal
gradient in the USA, revealing a pattern of increasing
cardenolide concentrations toward the center of the range of
specialized lygaceous seed bugs.”” Here we report the isolation
and characterization of eight of these cardenolides from this
plant material. A sample of the seeds of A. syriaca (100 g)
collected in Ithaca, NY, was extracted with MeOH and then
defatted of its wax content by liquid—liquid extraction with
hexane. The dry methanolic extract was suspended in 16%
MeCN, the solubilized fraction was subjected to successive
preparative chromatography steps, and purity of isolated peaks
was assessed by UPLC-HRMS. The process yields eight pure
cardenolides, which were characterized by 1D and 2D NMR
spectrosco(?y. We identified three known cardenolides: syrio-
side (6),” aspecioside (7),”> and labriformin (8).”' Com-
pounds 6 and 8 were elucidated by NMR spectroscopic
analysis (Table S1), while aspecioside was characterized based
on UPLC-HRMS and MS/MS data. Furthermore, we isolated
five new cardenolides, including glucopyranosyl aspecioside

HO

(1), glucopyranosyl syribioside (2), C-3' epi-syrioside (3),
glucopyranosyl allomethylosyl syriogenin (4), and glucopyr-
anosyl-methyallosyl 12-deoxy aspecioside (5), all obtained as
white solids.

Compound 1 had the molecular formula C;Hg,Op5, as
determined by 'H and *C NMR measurements with an ion
peak at m/z 713.3355 [M + H]". 2D NMR experiments show a
cardenolide featuring an epoxide at C-7 (8 3.23, 8¢, 53.5) and
C-8 (6 64.2), with a signal at 5 3.61 (5 76.1) corresponding
to a hydroxylation at C-12. The NOESY signal between H-12
and H-17 agrees with a 125* configuration, all suggesting 1 as
an aspecioside derivative.”> However, 1 shows two signals
characteristic of anomeric glycosyl positions in the 'H and "*C
NMR spectra at 5y 4.40 (5, 105.9, H-1') and &y 4.72 (S,
99.8, H-1'), thus indicating a diglycosyl chain, with the first
sugar unit being methylallose, judging by the spin coupling
system that includes five carbinolic protons (H-1'—H-2'—H-
3'—=H-4'—H-§'), ending with a methyl doublet Hy-6" (}Jyy >
6.3 Hz).

For the characterization of the second glycosyl group, we
observed the triplet multiplicity of H-3" with a large coupling
constant (*Jyyy; > 8 Hz), plus the NOESY correlation between
H-1” and H-3", both pointing to an antiperiplanar arrange-
ment of H-3" with H-2” and H-4", typical of a glucosyl moiety.
The correlation found in HMBC data between H-1" and C-4’
places the linkage of the second sugar at that position. The
coupling constant above 7 Hz of both anomeric protons
suggests /3 linkages. Therefore, compound 1 corresponds to 4’-
O-f-glucopyranosyl aspecioside.
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HO

Figure 2. Key ROESY (blue <) correlations for compounds 1—5 generated with Avogadro 1.2.0 software.

Compound 2 has a molecular formula of C33Hs,0,4 and an
ion peak at m/z 709.3069 [M — H,O + H]". Signals at 5y 3.28
(8¢ 53.7) and 8¢ 64.6 suggest an epoxide between C-7 and C-
8. The signals at &y 3.57 (6¢c 79.8) and &y 4.15 (5:71.4)
describe two hydroxylations at C-11 and C-12 in a syn/cis

arrangement according to a NOESY correlation between H;-
18 and H-11 and the small coupling constant of H-12 (3] =
2 Hz). The presence of two anomeric protons indicates a
diglycosylated cardenolide, with glucose as the second sugar
moiety, going by similarities with 1. Nonetheless, a key
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difference between 1 and 2 is a non-hydrogenated carbon at
90.8 ppm (C-2') and a HMBC correlation between the
anomeric proton H-1’ (8 4.70) and the methylene (CH,-4’),
thus suggesting a dioxane ring fusion between the sterol and
the first sugar moiety. NOESY correlations between H-3 and
H-S, and H-2 and H;-19, describe a trans/anti arrangement in
this ring at C-2/C-3. These characteristics align with the
structure identified by Reichstein as syribioside,” isolated here
in its glucosylated form at position C-3’ with a f linkage;
therefore we characterize 2 as 3'-O-f-glucopyranosyl syribio-
side.

Compound 3, with a molecular formula of C;5H,;504
determined by 'H and *C NMR with an ion peak at m/z
742.3286 [M + NH,]*, shares the same pattern of epoxide in
C-7 and C-8, a hydroxylation on C-12, and the fusion at C-2
and C-3 with the first sugar moiety, to give compound 2.
However, instead of hydroxylation at C-11, a carbonyl group is
present in that position (8¢, 213.5), aligning with the
cardenolide proposed by Reichstein as a syrioside, identified
here as compound 6. Further ROESY experiments revealed a
correlation between H-1' and H-3’, which suggests a syn-
periplanar position of the two carbinolic protons. Therefore,
this cardenolide is the epimer of the reported substance,
making compound 3 a C-3’ epi-syrioside.

Compound 4, with a molecular formula of C3sH,0,, and
an ion peak at m/z 699.3586 [M + H]*, displays signals at &y
3.34 (8¢ 75.6) indicative of a cardenolide with a hydroxylation
at C-12, with an R* stereocenter defined by the NOESY signals
of H-12 with H-9 and H-17. All of the above is characteristic of
a syriogenin derivative, first described in 1962>* and later
reported with a monoglycosylated unit.>> The signals
correlated to two sugar units, as in compound 1. The spin
coupling system that includes the carbinolic proton H-3 place
the linkage of an allomethylose unit at that position. The
second unit corresponds to a glucose moiety at position C-4'.
The coupling constant above 7 Hz of anomeric protons H-1
and H-1" suggests a f linkage for both sugars. Therefore, we
describe compound 4 as 4'-O-f-glucopyranosyl-3-O-f-allome-
thylosyl syriogenin. This structure was hypothesized by
Reichstein et al. but never confirmed.

Compound §, with a molecular formula of C;sH;,0,, and
an ion peak at m/z 714.3695 [M + NH,]*, resembles the
cardenolide described as aspecioside, originally reported from
caterpillar tissues reared on Asclepias fruticosa.”> The H-7
signal multiplicity (d, 6.0 Hz) confirms a syn-periplanar
position of H-6a and H-7, with an angle close to 90° between
H-6p and H-7. Here an additional glucose moiety is observed,
making $ similar to 1 linked at the same C-4’ and f linkage,
although it differs from it by lacking the common
hydroxylation at C-12. Compound $ is described here as 4'-
O-p-glucopyranosyl-3-O-p-allomethylosyl-12-deoxy aspecio-
side.

The eight compounds revealed five distinct oxidation
patterns in the steroidal core, with compounds 1 and 7
differing only in the number of sugar units, and 3, 6, and 8
sharing similar structural features, including an epoxide ring, a
carbinolic group at C-12, and hydroxylation at C-11. We then
quantified the cardenolide 1—8 concentrations in seeds (Figure
3 and Table S2). Among them, 4’-O-f-glucopyranosyl
aspecioside 1 emerges as the most abundant cardenolide in
A. syriaca seeds, with a concentration of 720 + 40 ug/g,
approximately 2.5 times higher than that of compound 5 with
280 + 40, followed by that of compound 4 (220 + 40).

800
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o
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Concentration in ug/g of dried seeds
oo
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o H
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o e
1 4 7 2 6 3 5 8

Figure 3. Quantification for compounds 1-8 in A. syriaca seeds
sorted from left to right by retention time under the described
chromatographic conditions. Blue bars correspond to compounds
with glucopyranosyl-allomethylose moieties (1, 4, and §), and
compounds with other glycosylation patterns are shown in red.
Shown are means + standard errors.

Notably, the three most abundant compounds, each exceeding
200 pg per g, share the same glycosylation pattern composed
of allomethylosyl and glucopyranosyl moieties, differing from
the remaining cardenolides (Table S3).

A correlational heat map confirms the lack of correlation of
5 with the other seven compounds (Figure S1), suggesting a
divergence for the biosynthesis of this compound. Cardenolide
S is the only one is this study without the characteristic
hydroxylation at C-12, commonly described in phytochemical
reports from A. syriaca.'””’*?® We hypothesize a key
branching in the biosynthetic pathway of this milkweed,
wherein a compound with the epoxide group, but without
further oxidations, can accumulated at significant levels.

We assessed the in vitro inhibitory activity of cardenolides
1-8 on purified porcine (Sus domesticus) Na*/K'-ATPase,
along with the enzyme from neural tissues of Oncopeltus
fasciatus, a well-known adapted herbivore of milkweed seeds.
The standard in vitro assay to determine the ICy, of each
compound used ouabain as a reference (Table 3). The
inhibitory capacity of the compounds was correlated across the
two enzymes, despite the almost 1:500-fold difference in the
values obtained for the porcine enzyme and that from the
resistant enzyme from the cardenolide specialist insect. To
further explore this, we analyzed the association between the
ICy, values of the compounds in both enzymes (Figure 4),
revealing a positive correlation of the toxic potential of isolated
compounds against both the sensitive and resistant species
(Estimate = 0.304 + 0.065, t = 4.681, p-value = 0.003).

Labriformin 8, as described by Agrawal et al,,” exhibits the
highest inhibitory potency against both enzymes tested, closely
followed by glucopyranosyl allomethylosyl syriogenin 4
(although no significant difference was observed) (Table
S4). Consistent with previous studies on the inhibitory activity
of monoglycosylated versus diglycosylated cardenolides,””*"
the number of glycosylations does not necessarily have a strong
impact on inhibitory activity: compounds 1 and 6, differing by
only one glucose moiety, display nonsignificantly different
ICsy, regardless of the enzyme. C-3’ epi-syrioside 3 consistently
exhibited the lowest inhibitory activity among the tested
cardenolides. Despite epimers 3 and 6 differing by a single
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Table 1. '"H NMR (800 MHz) for Compounds 1—6 in CD;0D (J in Hz, Chemical Shifts in ppm.)

position 1 2
1 1.81, m 2.56, dd (12.9, 4.2)
1.07, td (13.6, 3.6) 1.14, dd (134, 11.8)
2 1.52, qd (13.1, 3.6) 412, m
1.70, m
3 3.62, m 3.90, m
4 1.79, m 1.57, m
1.20, m 1.33, m
S 125, m 1.38, m
6 1.82, m 1.84, m
1.63, dd (154, 12.3) 1.62, m
7 323, m 328, m
8
9 1.70, m 220, d (10.2)
11 1.84, m 4.15, m
1.70, m
12 3.61, m 3.57,d (3.0)
13
15 224, m 2.44, ddd (12.8, 10.9, 9.4)
1.70, m 1.59, m
16 2.24, m 2.14, m
2.04, m 1.95, m
17 3.35, m 3.59, m
18 0.83, s 092, s
19 091, s 1.10, s
21 4.97,dd (18.4, 1.9) 5.03, dd (18.4, 1.8)
4.90, dd (184, 1.9) 4.95, dd (184, 1.8)
22 592, s 591, s
1’ 4.72, d (8.0) 4.70, s
2 324, m
3 4.32,t (2.9) 3.79, t (2.8)
4 33, m 1.84, m
1.68, m
s 3.85, m 4.13, m
6 1.29, d (6.3) 1.20, d (6.2)
1” 44,d (7.7) 431, d (7.8)
2" 3.30, m 324, m
3" 3.36, t (8.4) 3.34, m
4" 3.34, m 327, m
5" 329, m 3.30, m
6" 3.86 m 3.89, m

3.71 dd (119, 5.1)

3.64, dd (119, 6.3)

3 4 S
2.69, dd (12.9, 4.1) 1.76, m 1.79, m
1.10, m 1.04, td (13.9, 4.0) 1.04, m
4.08, m 1.71, m 1.81, m
1.31, m 1.48, m
3.89, ddd (11.7, 10.1, 4.7) 3.63, tt (11.3, 4.7) 3.58, m
1.61, ddd (12.5, 4.7, 3.2) 1.88, m 1.77, m
1.38, ddd (12.8, 5.1,11.7) 1.51, m 119, m
1.45, tdd (12.8, 5.1, 3.2) 1.10, m 1.66, m
1.90, m 1.37, m 1.79, m
1.69, m 1.28, m 1.61, m
347,d (6.2) 1.70, m 3.24, d (6.0)
131, m
191, m 0.98, td (12.3, 3.6) 121, m
201, m 1.70, m
1.09, m 1.63, m
334, m 1.70, m
1.65, m
1.85, m 1.89, m 2.39, m
1.75, ddd (13.5, 6.6, 3.2) 1.73, m 1.68, m
2.01, m 211, m 227, m
2.01, m 192, m 1.96, m
4.10, m 3.33, m 2.89, dd (9.5, S.5)
1.10, s 0.78, s 0.92, s
120, s 0.83, m 0.88, s

4.99, dd (18.4, 1.9)
4.94, dd (18.4, 1.9)
6.00, s

4.96, dd (18.3, 1.8)
4.89, dd (18.3, 1.8)
5.89, s

5.02, dd (18.3, 1.8)
4.89, dd (18.3, 1.8)
5.89, s

4.48, s 4.72,d (8.1) 4.70, d (8.0)
328 m 327, m
3.73,dd (12.2, 4.7) 430, t (2.9) 4.30, t (3.0)
2.04, m 328, m 328 m
1.69, m
3.68, m 3.84, m 3.84, m
1.23,d (6.2) 1.28,d (6.3) 1.27,d (6.2)
447, m 4.38,d (7.8) 4.38,d (7.8)
328, m 321, t (84) 3.21,t (84)
329, m 333, m 3.33, m
328 m 332, m 332, m
3.36, m 327, m 3.26, m
3.86, m 3.85, m 3.82, m
3.65, m 3.69, dd (119, 5.1) 3.69, dd (11.8, 5.1)

configurational difference at C-3’, they displayed significantly
different inhibitory activities (p-value <0.001), with a 4.6- and
5.9-fold difference in their ICs, values for the adapted bug and
sensitive porcine enzyme, respectively. This result resonates
with another pair of C-3' cardenolide epimers, known from A.
curassavica, calotropin and calactin,” which display a 3-fold
difference when tested against the adapted monarch butterfly
enzyme.'” A key unresolved question in pharmacology and
chemical ecology is whether the most abundant toxins are also
the most toxic. For both the highly specialized O. fasciatus and
the porcine Na*/K*-ATPses, ICy, values varied approximately
10-fold, but as shown in Figure S48, no correlation exists
between cardenolide concentration and toxicity for either
enzyme.

Chemo-prospecting guided by the natural history of
organisms leads to the discovery of unique structures.
Conversely, molecules isolated from specific tissues can reveal
their functional roles in biological interactions. As Reichstein

noted in 1967, “The cardenolide and pregnane glycosides are
often found in the seeds in high concentrations. This suggests
that they have a biological role, because it is unlikely that the
plant would accumulate unwanted byproducts in the seeds.”'”
It is now accepted that these seed toxins protect them from
herbivorous insects, and that some of these herbivores, such as
O. fasciatus, are remarkably adapted to these toxins.”’
Honoring the memory and significant contributions of
chemists from the last century is important for our community
because it is a poignant reminder of their ability to characterize
complex structures with remarkable accuracy, despite limited
resources in analytical chemistry. We were fortunate enough to
acquire Reichstein’s handwritten manuscript from 1979 (see
Supporting Information and compare with the published
manuscript)'” in which he described magnificent cardenolide
structures, underscoring the richness of his legacy. We have
humbly described new cardenolide structures from A. syriaca
seeds but are above all delighted to have characterized a
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Table 2. *C NMR (150 MHz) for Compounds 1—6 in CD,0D (Chemical Shifts Are Given in ppm)

position 1 2

1 39.1, CH, 45.7, CH,
2 29.8, CH, 69.8, CH
3 79.1, CH 73.2, CH
4 34.9, CH, 32.96, CH,
S 40.7, CH 41.6, CH
6 29.4, CH, 28.5, CH,
7 53.5, CH 53.7, CH
8 64.2, C 64.6, C

9 44.1, CH 45.5, CH
10 354, C 379, C
11 29.9, CH, 71.4, CH
12 76.1, CH 79.8, CH
13 59.1, C 559, C
14 824, C 819, C
15 35.8, CH, 37.2, CH,
16 29.6, CH, 31.1, CH,
17 47.4, CH 46.7, CH
18 10.3, CH; 14.5, CH;
19 13.3, CH; 18.0, CH;
20 177.8, C 178.1, C
21 75.4, CH, 75.7, CH,
22 117.8, CH 117.9, CH
23 1772, C 1772, C

1’ 99.8, CH 96.1, CH
2 75.1, CH 90.8, C

3 72.3, CH 78.7, CH
4 83.8, CH 35.8, CH,
s’ 69.4, CH 67.4, CH
6’ 18.2, CH;, 21.2, CH;
1” 105.9, CH 102.7, CH
2" 72, CH 74.6, CH
3" 77.9, CH 77.9, CH
4" 71.2, CH 71.7, CH
s” 77.8, CH 78.1, CH
6" 62.3, CH, 62.7, CH,

3 4 5
45.1, CH, 38.3, CH, 38.8, CH,
69.3, CH 35.5, CH, 29.6, CH,
73.2, CH 79.4, CH 78.9, CH
329, CH, 30.4, CH, 34.7, CH,
41.6, CH 45.8, CH 46.8, CH
28.1, CH, 29.9, CH, 29.1, CH,
54.8, CH 30.8, CH, 532, CH
63.8, C 42.1, CH 64.6, CH
49.1, CH 47.0, CH 40.2, CH
38.6, C 369, C 352, C
752, CH 28.9, CH, 212, CH,
213.5, C 75.6, CH 41.1,CH,
652, C 572, C 528, C
824, C 86.6, C 82.1, C
37.0, CH, 33.5, CH, 35.6,CH,
292, CH, 28.3, CH, 28.9,CH,
43.6, CH 49.8, CH 51.6,CH
18.6, CH, 9.8, CH, 16.9,CH,
13.9, CH, 12.6, CH, 13.1,CH,
1752, C 178.5, C 1769, C
75.5, CH, 75.5, CH, 75,CH,
118.8, CH 117.7, CH 117.7,CH
1767, C 177.3, C 1774, C
97.1, CH 99.6, CH 99.5,CH
929, C 72, CH 71.7,CH
83.8, CH 72.3, CH 71.9,CH
38.8, CH, 83.9, CH 83.6,CH
69.4, CH 69.4, CH 69.1,CH
21.3, CH, 18.2, CH, 17.9,CH,
106.6, CH 105.9, CH 105.6,CH
75.5, CH 75.1, CH 74.8,CH
78.1, CH 77.9, CH 77.6,CH
71.5, CH 71.2, CH 70.9,CH
77.9, CH 77.8, CH 77.5, CH
627, CH, 62.4, CH, 622, CH,

Table 3. Comparison of Na*/K'-ATPase Inhibition Activity
(ICsy in uM + Std. Error) of Compounds 1—8 Using Seed
Bug and Porcine Proteins

compound Oncopeltus fasciatus Sus domesticus
8“ 220 + 40 09 + 0.1
4 220 + 30 1.1 £0.1
6 640 + 70 09 £ 0.1
S 830 + 80 1.1 +£0.1
1¢ 1040 + 150 14 £ 0.1
7¢ 1080 + 20 14 + 0.1
2 1960 + 80 22+ 02
3 2950 + 170 5S4 +£02
ouabain 2100 + 200 0.7 £ 0.1

“Data of compounds 1, 4, 7, and 8 previously reported in Agrawal, et
al. 2022.”

structure that Reichstein had proposed many years ago. We
hope that his manuscript will inspire younger generations and
shape vocations in the elucidation of natural products.

B EXPERIMENTAL SECTION

General Experimental Procedures. Nuclear magnetic reso-
nance (NMR) spectra were recorded on a Bruker 800 Avance III HD
console and a TCI HCN cryoprobe. 'H data were obtained using

w

0 500 1000 1500 2000 2500 3000 3500
Milkweed bug ICso M

Figure 4. Correlation between inhibitory activity of the eight A.
syriaca seed cardenolides on the Na*/K"-ATPase of a sensitive and
resistant species. Blue lines represent the standard errors of the shown
means. The black line shows the fitted exponential model, and the
gray area shows the 95% confidence interval.

Bruker’s standard pulse sequence zg. COSY 2D data were obtained
with Bruker’s double-quantum filtered pulse sequence cosydfphpp.
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HSQC used Bruker’s edited adiabatic pulse sequence hsqcedetg-
psisp2.3 with 'H decoupling removed during acquisition.

HMBC wused Bruker’s constant time pulse sequence
hmbcctetgpl2nd. NOESY used Bruker’s gradient-enabled phase-
sensitive pulse sequence noesygpph. The C NMR data were
obtained using a Bruker 600 Avance III HD console and BBFO*
probe using Bruker’s standard proton decoupling power-gated pulse
sequence zgpg30. Data processing was performed using MestReNova
version 15.0.0-34764 Mestrelab Research S.L. Samples were measured
in CD;OD (99.5%). For compounds measured in CD,OD, the
residual solvent signals were oy 3.31/6¢ 49.15 as reference peaks.

For UPLC-HRMS and MS/MS analysis, we utilized a Dionex 3000
LC reversed-phase chromatography system coupled to an Orbitrap Q-
Exactive mass spectrometer, controlled by Xcalibur software (Thermo
Fisher Scientific). Methanolic extracts were chromatographically
separated on an Agilent Zorbax Eclipse XDB-C18 column (150 X
2.1 mm, particle size 1.8 gm) maintained at 40 °C with a flow rate of
0.5 mL/min. Solvent A comprised 0.1% formic acid (FA) in H,O,
while solvent B contained 0.1% FA in MeCN. The gradient started at
5% B for 2 min postinjection, then increased linearly to 98% B at 11
min, held for 3 min, returned to 5% B over 0.1 min, and finally
maintained at 5% B for 2.9 min to reequilibrate the column. Mass
spectrometer parameters were set as follows: spray voltage (=3.0 kv,
+3.5 kV), capillary temperature 380 °C, probe heater temperature 400
°C, with sheath, auxiliary, and sweep gas at 60, 20, and 2 AU,
respectively. The S-Lens radio frequency level was 50, resolution
240,000 at m/z 200, and automatic gain control (AGC) target set at
3e6. Samples were analyzed in positive electrospray ionization mode
with an m/z range of 70 to 1000. Data-dependent tandem mass
spectrometry (MS/MS) (dd-MS2) parameters included MSI
resolution at 60,000 with an AGC target of 1e6, while MS2 resolution
was set at 30,000 with an AGC target of 2eS. The maximum injection
time was 50 ms, isolation window 1.0 m/z, stepped normalized
collision energy (NCE) at 10 and 30, and a dynamic exclusion of 1.5
s, with the top five masses selected for MS/MS per scan.

Absolute quantification via HPLC-HRMS was performed on a
reversed-phase liquid chromatography system consisting of an Agilent
1260 Infinity II coupled to an Agilent 6545 Q-TOF mass
spectrometer. Methanolic extracts were chromatographically sepa-
rated on an Agilent Infinity Lab Poroshell 120 ER-C18 column (150
X 2.1 mm, particle size 1.9 ym) maintained at 40 °C with a flow rate
of 0.3 mL/min. Separation was achieved using an MeCN—-H,O
gradient with 10 mM ammonium formate and 0.1% formic acid: 5%
MeCN at 0 min, followed by 5—95% MeCN from 0 to 14 min, 100%
MeCN from 14 to 17 min, and a 3 min postrun at 5% MeCN. Each
sample was analyzed in positive electrospray ionization mode with an
m/z range of 100—900. Optimal parameters for sensitive detection of
solanidine included a gas temperature of 225 °C, drying gas at 10 L/
min, nebulizer pressure set to 35 psi, sheath gas temperature of 325
°C, and sheath gas flow at 11 L/min. Quantification of cardenolides
1-8 was performed using the Agilent MassHunter Quantitative
Analysis Software. Sample analysis involved injecting three replicates
of the cardenolides 1—8 mixed together (standards solution) in
MeOH at concentrations of 12.5 ng/mL, 125 ng/mL, 1.25 ug/mL,
and 25 pg/mL, collectively used to construct a calibration curve for
absolute quantification of each cardenolide in samples.

Plant Material. The seeds of Asclepias syriaca were collected at
three locations in Tompkins, NY, USA: Ronz Pond (42.4731242,
—76.3223601), Ellis Hollow Primrose site (42.430843, —76.386320),
and Durland Bird Preserve (42.437641, —76.397634) in September
2018. Plants were identified by A. A. Agrawal in relation to many
specimens collected and compared to A. syriaca preserved in the
Herbarium of the L.H.B. Hortorium at Cornell University.

Extraction and Isolation. Extraction. Seeds (100 g) were
collected and deflossed when brown (mature) but before dehiscence
(opening and dispersal). Seeds were freeze-dried, ground, and then
extracted with MeOH (1 L) for a week. The extract was washed with
hexane (100 mL) a few times, followed by drying. The remaining
residue was then suspended in 16% MeCN and H,O (9 mL),
sonicated for 30 s, vortexed, and centrifuged at 20800g for 12 min.

After centrifugation, the clear supernatant was immediately injected
for preparative HPLC fractionation.

All prepared samples were injected into an Agilent 1260 series
preparative LC system with an Agilent 21.2 X 150 mm, C8, 5 um
column. Each first-pass injection was eluted at a constant flow rate of
14.87 mL/min with a gradient of MeCN and H,O: 0 to 2 min at 16%
MeCN, 2 to 25 min from 16% to 70%, 25 to 30 min from 70% to
95%, and 30 to 35 min at 95%. Target peaks were detected at 218 nm.
In many cases, each first-pass target fraction required drying,
resuspension in 16% MeCN, and reinjection for further cleanup.
Fractions needing reinjection often required adjustments to the
method gradients to increase column retention times for better
isolation of the target peaks. The isolated fractions were pooled, dried,
resuspended in 0.5 mL of 100% MeOH, and then analyzed on the
Dionex 3000 LC reversed-phase chromatography system coupled to
an Orbitrap Q-Exactive mass spectrometer UPLC-HRMS system in
positive ionization mode for quality check.

Conformational Analyses. 3D models of the isolated com-
pounds were obtained using Avogadro 1.2.0 software. Conformational
analyses were performed using molecular mechanics (MMFF) to
select among conformers with the lowest energy according to the
Boltzmann distribution values.

The isolated cardenolides, together with their chemical data, are
listed below. For 'H NMR and *C NMR data, see Table 1 and
Supporting Information, Table S1.

4'-0-p-Glucopyranosyl aspecioside (1): [a]y —48 (c 0.005,
MeOH); HRESIMS m/z 713.3355 [M + H]" (caled for CysHg Oy,
713.3379, Appm = 3 ppm); UV spectrum (Figure $49).

3'-0-p-Glucopyranosyl syribioside (2): [a]ly —24 (¢ 0.005,
MeOH); HRESIMS m/z 709.3069 [M — H,O + H]" (calcd for
CysHO,5, 709.3066, Appm = 0.4 ppm).

C-3'-epi-Syrioside (3): [a]¥ —16 (¢ 0.005, MeOH); HRESIMS m/
z 742.3286 [M + NH,]" (caled for CyHs,O 4N, 742.3281, Appm =
0.6 ppm).

4'-0-p-Glucopyranosyl allomethylosyl syriogenin (4): [a]3 —24
(c 0.005, MeOH); HRESIMS m/z 699.3586 [M + H]* (caled for
CysHs0,4, 699.3586, Appm = 0 ppm).

4'-O-f-Glucopyranosyl-allomethylosyl 12-deoxy aspecioside (5):
[a]¥ —48 (c 0.005, MeOH); HRESIMS m/z 714.3695 [M + NH,]"
(caled for C43sHg,0 14N, 714.3695, A 0 ppm).

Syrioside (6): white powder; HRESIMS m/z 747.2828 [M + Na]*
(caled for C35H,50,4Na, 747.2835, Appm = 1.6 ppm).

Aspecioside (7): white powder; HRESIMS m/z 551.2856 [M +
H]" (caled for CyoH430,4, 551.2851, Appm = 0.9 ppm).

Labriformin (8): white powder; HRESIMS m/z 600.2264 [M —
H,0 + HJ" (caled for C5;H3;yNO,S, 600.2262, Appm = 0.3 ppm).

Sample Preparation for the Quantification of Cardenolides
in Asclepias syriaca Seeds. Fifteen collections (one fruit pod per
plant) were made from individual milkweed stems at least S m apart at
a single field site (Durland Bird Preserve (42.437641, —76.397634))
in Ithaca, NY. Those were separated in three biological replicates,
each composed of 20 seeds, four from each fruit pod, i.e., representing
the chemical diversity of five collections. The seeds were exposed to
liquid nitrogen, later pulverized, and divided into three technical
replicates each of 20 mg of dried weight (d.w.).

The dried samples were placed into a fast prep matrix tube with
zirconium/glass-pellets and 1 mL of MeOH. The sample was
processed in a FastPrep-24 homogenizer (MP Biomedicals). Samples
were centrifuged at 20,817g for 12 min to remove particulates, and the
supernatant was taken to dryness in a rotary evaporator (Labconco
CentriVap). Extracts were defatted twice by dissolving residues in 250
mL of MeOH, adding 750 mL of hexane, vortexing 3 times for 30 s,
centrifuging for 10 min at 19,480g, and pipetting off the hexane layer.
Defatted samples were dried and reconstituted in 100 uL of MeOH.
These samples were filtered through a (0.2 gm) Millipore syringe
filter during the sample preparation for HPLC-MS analysis. Three
biological replicates and three technical replications from each
resulted in nine data points per compound. The concentration per
injection was later expressed in pg of cardenolide per gram of seed
d.w. We employed Bonferroni-adjusted significance tests for pairwise
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comparisons between the concentration values of the isolated
compounds.

Na*/K* ATPase Inhibitory Activity Assay. We quantified the
inhibitory potential of isolated cardenolides using Na*/K*-ATPase
from porcine cerebral cortex (Millipore Sigma) and dissected
Oncopeltus neural tissues following methods of Petschenka et al.*
Briefly, each compound was resuspended in 20% dimethyl sulfoxide
(DMSO)/H,0 to 5 X 10 ~> M. We then prepared 1/10 serial
dilutions to produce a six-point inhibition curve for each compound
(51073 M,5x107* M, 5X 107°M, 5 X 107°M, 5 X 1077 M, § X
107® M). The compound solutions were diluted 1:5 with a buffered
reaction mix containing Tris-buffered ATP, NaCl, KCI, MgCl,, and
Na*/K*-ATPase solution and incubated on a BioShake iQ microplate
shaker (Quantifoil Instruments) at 200 rpm and 37 °C for 20 min.
Each milkweed cardenolide was run in three technical replicates
alongside equivalent molar solutions of ouabain. Reactions were
terminated with 10% sodium dodecyl sulfate; then inorganic
phosphate was stained with Taussky—Shorr reagent and absorbance
measured spectrophotometrically at 700 nm. Absorbance values of
reactions were corrected by their respective backgrounds (containing
10 mM ouabain, ATP, NaCl, MgCl,, and appropriate enzyme but
lacking KCI), and dose—response curves were fitted using a nonlinear
mixed effects model with a four-parameter logistic function in the
statistical software R studio.”® We focus analyses on the cardenolide
concentration at which the enzyme is inhibited by 50% (ICsy)
compared to a control without toxins added.

We employed Bonferroni-adjusted significance tests for pairwise
comparisons between the ICg, values for cardenolides 1—8 across
both analyzed enzymes. For potential correlation between the
inhibitory capacity of the compounds across both enzymes, ICs,
values were analyzed using a GLM with a Gaussian distribution and
identity link function.

B ASSOCIATED CONTENT

Data Availability Statement

The NMR data for compounds 1—5 have been deposited in
the Natural Products Magnetic Resonance Database (NP-
MRD) and can be found at NP0341890 (compound 1),
NP0341891 (compound 2), NP0341892 (compound 3),
NP0341893 (compound 4), and NP0341894 (compound 5).
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The Supporting Information is available free of charge at
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1D and 2D NMR and HR-ESI-MS spectra; Tadeus
Reichstein’s original handwritten manuscript (PDF)
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Table S1: NMR data of syrioside (6) and labriformin (8) The coupling constants (J) are in

parentheses and reported in Hz; chemical shifts are given in ppm.

Position

coO~NOOTD WN -

U WNREPNNNNMNRPERPRERPRRRERRERREO
ST N N T WON P O OO N U WN R O

1
o
o
4
5
6

C=N
C-S

Syrioside Labriformin
13C 1H 13C lH
455 1.08 (m) 44.1 1.07 td (12)
69.7 4.12() 68.9 4.14 ddd (11.8, 9.8, 4.0)
73.1 3.88() 71.4 4.01 ddd (11.3, 10.0, 4.5)
32.9 1.60 (m) 317 1.44 q (12.0)
41.7 1.45tdd (12.8,5.1, 3.3) 40.7 1.40 (m)
28.1 1.89 (m) 26.7° 1.75td (13)
54.8 3.46 d(6.1) 54.1 3.45d (6.2)
65.2 62.2
48.9 1.88 (m) 48.3 1.71d (12.8)
38.7 37.7
75.2 4.79 735 4,79 dd (12.8, 4.6)
212.1 2125
63.8 63.1
82.4 81.1
37 1.85 36.0 1.72 qd (11)
29.2 2.01(2H) 28.4° 1.98-2.05 (2H, m)
43.6 4.10t(8.2) 425 3.931(8.3)
185 1.09s 18.3 1.07s
13.9 1.20s 13.6 1.20s
173.8 170.5
75.4 4,98 dd (18.5, 1.9 Hz) 73.7 4,78 dd (18.1, 1.9)
1174  599s 118.8  6.00ddd (1.9, 1.9, 1.0)
175.3 173.8
96.1 4.69s 95.0 5.08s
90.8 91.7
78.7 3.791(2.8) 99.5
35.7 1.82 (m) 47.2 2.23dd (13.1, 11.2)
67.4 4,12 68.2 4.26 ddd (11.2, 6.3, 2.0)
21.2 1.19d (6.3) 20.8 1.21d(6.3)
1027 4.31d(7.8)
74.6 3.24dd (9.2, 7.8)
77.9 3.34
71.7 3.27
78.1 3.3
62.7 3.88
3.64 dd (11.9, 6.3)
160.1  7.52t(1.4)
42.7 3.85dd (16.5, 1.4)

3.89 dd (16.5, 1.4)

@ James N. Seiber, et al. Phytochemistry, 1978, (17), 967-970 doi: 10.1016/S0031-9422(00)88658-6.
b For labriformin the assignments for C-6, C-15 and C-16 were incorrectly identified as C-16, C-6 and C-15,
respectively, in the original literature however the numerical values are in very close agreement.



Table S2. Spectrometric quantification of compounds 1-8 (concentration in pg/g of dried seeds)

Compound Concentration * std.error
280 +40
110 8
720 +40
220 +40
2.6 £0.2
89 18
40 +4
129 £12

Wo NN PP 0o



Table S3. Multiple comparison test of the spectrometric quantification of compounds 1-8
groupl group?2 df statistic p p.adj p.adj.signif
5 8 64 5.02524 4.30E-06 1.20E-04 ***

64 -13.031  1.14E-19 3.20E-18 ****

64 1.7786 8.01E-02 1.00E+00 ns

64 8.17288  1.60E-11 4.48E-10 ****

64 5.64048 413E-07 1.16E-05 ****

64  7.0814  1.34E-09 3.75E-08 ****

64 4.45123 3.49E-05 9.77E-04 ***

64 -18.056 8.26E-27 2.31E-25 ****

64  -3.2466 1.86E-03 5.21E-02 ns

64 3.14764 2.50E-03 7.00E-02 ns

64 0.61524 5.41E-01 1.00E+00 ns

64 2.05616  4.39E-02 1.00E+00 ns

64 -0.574 5.68E-01 1.00E+00 ns

64 14.8099 2.37E-22  6.64E-21 ****

64 21.2041 1.21E-30 3.39E-29 ****

64 18.6717 1.36E-27 3.80E-26 ****

64 20.1127 2.30E-29 6.45E-28 ****

64 17.4825 4.63E-26 1.30E-24 ****

64 6.39428 2.12E-08 5.94E-07 ****

64 3.86189 2.65E-04 7.42E-03 **

64 5.3028 1.51E-06 4.23E-05 ****

64 2.67263 9.54E-03 2.67E-01 ns

64 -2.5324 1.38E-02 3.86E-01 ns

64 -1.0915  2.79E-01 1.00E+00 ns

64 -3.7216 4.20E-04 1.18E-02 *

64 1.44092  154E-01 1.00E+00 ns

64 -1.1893 2.39E-01 1.00E+00 ns

64 -2.6302 1.07E-02 2.99E-01 ns

O NN NN DD DdMNPFRP PP PP O0O0OO00OOCOOCOCOKO ool 01 01 01
W W o WO N WONDNSNWODNNPPWODNNPAP, WODNSN DM P



Table S3. Multiple comparison test of the inhibitory capacity of compounds 1-8

Sus domesticus (df: 28)

groupl

W oo oON DM DN NNNANPDPDEPMEPEEPPPRPRP PP PP 00 O00O0COC0COKCOK0COC O O OO o o1 ool

group2

ouabain
2
6
3
ouabain
6
3
ouabain
3
ouabain
ouabain

p.adj
1.00E+00
1.00E+00
1.00E+00
1.00E+00
8.23E-04
1.00E+00
9.83E-17
1.00E+00
2.91E-02
1.00E+00
7.41E-01
3.73E-06
1.00E+00
3.46E-19
1.00E+00
1.00E+00
1.00E+00
9.32E-03
3.83E-01
9.26E-18
1.18E-01
1.00E+00
1.07E-04
1.00E+00
1.38E-18
1.00E+00
1.22E-01
1.00E+00
1.28E-14
6.10E-01
9.98E-05
1.60E-13
6.88E-05
3.67E-17
1.00E+00
2.45E-16

Oncopeltus fasciatus (df: 36)

p.adj.signif  groupl
ns
ns
ns
ns

**k*

ns
*hKk

ns
*

ns
ns

*kkk

ns
Fhkk
ns
ns
ns

ns
Fhkk
ns
ns

**kx

ns
*hkk
ns
ns
ns
*hKk
ns
*hKk
Fhkk
*hKk
Fkkk

ns

*kkk

Ww oo oMM MM DN NANANANPDDPPESAPAEAEPAPPPRP PP P PR 0 0O0OC0COCKCOKDCOC o O1o1orol o1 ool

group2

ouabain
2
6
3
ouabain
6
3
ouabain
3
ouabain
ouabain

p.adj
7.63E-03
1.00E+00
1.04E-02
1.00E+00
1.53E-05
1.00E+00
4.80E-12
1.58E-05
1.12E-07
1.00E+00
4.41E-05
2.04E-12
2.66E-01
1.96E-18
2.79E-11
3.19E-07
1.00E+00
2.18E-05
4.66E-01
4.44E-13
3.22E-05
6.85E-05
4.06E-12
3.22E-01
4.25E-18
4.53E-11
9.76E-04
8.29E-01
1.54E-10
6.49E-04
6.85E-07
1.95E-04
1.00E+00
4.07E-13
9.73E-07
7.45E-03

p.adj.signif

**

ns
*

ns
*hkKk

ns

*hkKk
*hkk
*hkKk
ns

*hkKk
*hkk
ns

*hkk
*hkKk
*hkk

ns

*hkk
ns
*hkk
*hkKk
*hkk
*hkk
ns
*hkk
*hkk
KKk
ns
*hkKk
Kk
*hkKk
Kk
ns
*hkk
*hkKk

**



Figure S1: Spearman correlation heat map of cardenolide abundance in Asclepias syriaca
seeds. Only significant correlations are displayed with numbers, non-significant in white boxes.



Figure S2: HR-ESI-MS spectrum of compound 1



Figure S3: MS/MS spectrum of compound 1
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Figure S4: IH-NMR spectrum (800 MHz, CDs0D) of compound 1.
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Figure S5: 3C-NMR spectrum (600 MHz, CD;0D) of compound 1.
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Figure S6: IH-13C HSQC spectrum (800 MHz, CD;0D) of compound 1.
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Figure S7: 1H-1H —COSY spectrum (800 MHz, CD30D) of compound 1.
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Figure S8: 1H-13C HMBC spectrum (800 MHz, CD;0D) of compound 1.
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Figure S9: 1H-'H -NOESY spectrum (800 MHz, CD3;0D) of compound 1.

16



Figure S10: HR-ESI-MS spectrum of compound 2
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Figure S11: MS/MS spectrum of compound 2
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Figure S12: 'H-NMR spectrum (800 MHz, CD3;0D) of compound 2.
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Figure S13: 13C-NMR spectrum (600 MHz, CD3;0D) of compound 2.
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Figure S14: 1H-13C HSQC spectrum (800 MHz, CD3;0D) of compound 2.
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Figure S15: 'H-'H —-COSY spectrum (800 MHz, CD3;0D) of compound 2.
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Figure S16: 1H-13C HMBC spectrum (800 MHz, CD3;0D) of compound 2.
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Figure S17: 'H-'H -NOESY spectrum (800 MHz, CD;0D) of compound 2.
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Figure S18: HR-ESI-MS spectrum of compound 3
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Figure S19: MS/MS of compound 3.
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Figure S20: 'H-NMR spectrum (800 MHz, CD3;0D) of compound 3.
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Figure S21: 13C-NMR spectrum (600 MHz, CD3;0D) of compound 3.
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Figure S22: 1H-13C HSQC spectrum (800 MHz, CD3;0D) of compound 3.
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Figure S23: 'H-'H —-COSY spectrum (800 MHz, CD3;0D) of compound 3.
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Figure S24: 1H-13C HMBC spectrum (800 MHz, CD3;0D) of compound 3.
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Figure S25: 'H-'H -NOESY spectrum (800 MHz, CD;0D) of compound 3.
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Figure S26: HR-ESI-MS spectrum of compound 4
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Figure S27: MS/MS spectrum of compound 4
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Figure S28: 'H-NMR spectrum (800 MHz, CD3;0D) of compound 4.

35



Figure S29: 13C-NMR spectrum (600 MHz, CD3;0D) of compound 4.
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Figure S30: 1H-13C HSQC spectrum (800 MHz, CD;0D) of compound 4.
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Figure S31: 'H-'H —-COSY spectrum (800 MHz, CD3;0D) of compound 4.
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Figure S32: 1H-13C HMBC spectrum (800 MHz, CD3;0D) of compound 4.
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Figure S33: 'H-'H —-NOESY spectrum (800 MHz, CD;0D) of compound 4.
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Figure S34: HR-ESI-MS spectrum of compound 5
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Figure S35: HR-ESI-MS spectrum of compound 5
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Figure S36: 'H-NMR spectrum (800 MHz, CD3;0D) of compound 5.
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Figure S37: H-'H —-COSY spectrum (800 MHz, CD3;0D) of compound 5.
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Figure S38: 1H-13C HMBC spectrum (800 MHz, CD3;0D) of compound 5.
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Figure S39: 'H-'H -NOESY spectrum (800 MHz, CD;0D) of compound 5.
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Figure S40: HR-ESI-MS spectrum of compound 6
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Figure S41: MS/MS spectrum of compound 6
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Figure S42: HR-ESI-MS spectrum of compound 7
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Figure S43: HR-ESI-MS spectrum of compound 7
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Figure S44: HR-ESI-MS spectrum of compound 8
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Figure S45: MS/MS spectrum of compound 8
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Figure S46: Inhibition curves of Oncopeltus fasciatus Na*/K* ATPase by compounds from Asclepias syriaca seeds and ouabain
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Figure S47: Inhibition curves of Sus domesticus Na*/K* ATPase by compounds from Asclepias syriaca seeds and ouabain
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Figure S48 Pearson correlations between cardenolide concentration and inhibition potency against the porcine and O. fasciatus Na*/K* ATPase
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Figure S49: UV spectrum of compound 1. Reference for cardenolides.
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