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ABSTRACT: Waixenicin A, a xenicane diterpene from the
octocoral Sarcothelia edmondsoni, is a selective, potent inhibitor of
the TRPM7 ion channel. To study the structure−activity relation-
ship (SAR) of waixenicin A, we isolated and assayed related
diterpenes from S. edmondsoni. In addition to known waixenicins A
(1) and B (2), we purified six xenicane diterpenes, 7S,8S-
epoxywaixenicins A (3) and B (4), 12-deacetylwaixenicin A (5),
waixenicin E (6), waixenicin F (7), and 20-acetoxyxeniafaraunol B
(8). We elucidated the structures of 3−8 by NMR and MS analyses.
Compounds 1, 2, 3, 4, and 6 inhibited TRPM7 activity in a cell-
based assay, while 5, 7, and 8 were inactive. A preliminary SAR
emerged showing that alterations to the nine-membered ring of 1
did not reduce activity, while the 12-acetoxy group, in combination
with the dihydropyran, appears to be necessary for TRPM7 inhibition. The bioactive compounds are proposed to be latent
electrophiles by formation of a conjugated oxocarbenium ion intermediate. Whole-cell patch-clamp experiments demonstrated that
waixenicin A inhibition is irreversible, consistent with a covalent inhibitor, and showed nanomolar potency for waixenicin B (2).
Conformational analysis (DFT) of 1, 3, 7, and 8 revealed insights into the conformation of waixenicin A and congeners and provided
information regarding the stabilization of the proposed pharmacophore.

The soft coral Sarcothelia edmondsoni Verrill [family
Xeniidae; order Alcyonacea; synonym: Anthelia edmond-

soni (Verrill 1928)]1 is endemic to Hawai’i. Chemical studies on
the genus Sarcothelia are rare. Two previous reports described
the structure determination and/or the isolation of the xenicane
diterpenoids waixenicins A−D2,3 from S. edmondsoni (syn:
Anthelia edmondsoni) but reported no biological activity. In the
course of our search for ion channel inhibitors from chemical
libraries derived frommarine organisms,4,5 the organic extract of
S. edmondsoni was identified as a selective inhibitor of the
seventh member of the melastatin-type transient receptor
potential ion channel subfamily (TRPM7).6

TRPM7 is a ubiquitously expressed mammalian divalent
cation channel that constitutes the principal mechanism for
regulated Mg2+ entry into cells. Due to this critical function,
TRPM7 is the only ion channel that is required for cell survival
under normal growth conditions.7 It is also unique in that the
protein includes a functional kinase domain, which inhibits the
channel conductance when bound to intracellular Mg2+ or Mg-
ATP and thereby confers the ability to sense and respond to

conditions of low intracellular Mg2+ and allow entry of divalent
cations. The TRPM7 channel is abundantly expressed in a
variety of human carcinomas,8−12 and suppression of the
channel by siRNA and/or inhibitors restrains cell growth.
Moreover, high expression of TRPM7 was detected in breast
cancer tissues, and the expression level correlates with the
proliferative potential of breast cancer.9 The involvement of
TRPM7 in a variety of proliferative pathologies supports the
investigation of TRPM7 as a potential therapeutic target for
some cancers.

In another context, that of brain ischemia, TRPM7
abnormally conducts Ca2+ across the plasma membrane and
plays a key role in Ca2+-mediated neuronal death during
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hypoxia/reperfusion injury. In fact, the expression of TRPM7 is
upregulated after ischemia.13 Anoxic neuronal death is
attributed to elevated intracellular Ca2+ concentration after
reperfusion14 and is sustained due to a continuous influx of Ca2+
through TRPM7.15 This conductance is independent of
glutamate pathways, explaining the ineffectiveness of anti-
excitotoxic therapies,15 and is potentiated by low extracellular
Ca2+, low pH, and increased ROS/RNS production, which
collectively are characteristic of an ischemic environment.15,16

Most convincingly, silencing of TRPM7 with siRNA in both
cell15 and animal16,17 ischemic models blocks the influx of Ca2+
and protects neurons from reperfusion injury. As such, TRPM7
is emerging as a promising target for ischemic disease.17−20

Despite the potential of TRPM7 as a target for intervention in
cancer and ischemia/reperfusion injury, waixenicin A (1)
remains the most potent and selective inhibitory modulator of
the channel to date. Importantly, waixenicin A does not affect its
highly homologous channel TRPM6.6 Several nonspecific ion
channel modulators can inhibit TRPM7 including lanthanum
(La3+),21 2-aminoethyl diphenylborinate,22 spermine and other
polyvalent cations,24 gadolinium (Gd3+),25 carvacrol,26 and 5-
lipoxygenase inhibitors.23 A viable and commercially available
TRPM7 inhibitor is NS8593, which blocks channel activity with
an IC50 of 1.6 μM in the absence of intracellular Mg2+.27 Under
more physiological conditions of 780 μM free intracellularMg2+,
we have recorded an IC50 for NS8593 of 3.9 μM (data not
shown), which is aligned with previous findings at 300 μM free
intracellular Mg2+ and an IC50 of 5.9 μM.27 NS8593 is also a
negative modulator of small conductance Ca2+-activated K+

(KCa2) channels
28 and, in addition, effectively inhibits TRPM7’s

sister channel TRPM6 at 10 μM.29 Still, NS8593 has proven to
be a valuable tool to probe for TRPM7 involvement in various
disease models.29−31 Similarly to NS8593, the cannabinoid
cannabigerolic acid (CBGA) has been found to inhibit TRPM7
with an IC50 of 2.7 μM.31 Systemic treatment of mice with
CBGA ameliorates chronic kidney disease induced by ureteral
obstruction and inhibits cisplatin-induced nephrotoxicity. This
is likely due to CBGA’s dual anti-inflammatory and anti-fibrotic
activity paired with TRPM7 inhibition.31,32 FTY720 is a
clinically useful treatment for multiple sclerosis that, once
phosphorylated, inhibits sphingosine 1-phosphate signaling,33

but also inhibits TRPM7 in its nonphosphorylated form with an
IC50 of 720 nM.34 Recently, Chubanov and colleagues identified
several compounds that are also able to differentiate between
TRPM7 and its sister channel TRPM6.29 The most promising
compound, VER155008, is a purine nucleoside analog that
inhibits heat shock protein 7035 and inhibited TRPM7 with an
IC50 of 110 nM in the absence of intracellular Mg2+ without
affecting TRPM6. Unfortunately, Chubanov and colleagues only
provide IC50 values under nonphysiological conditions in the
absence of intracellular Mg2+, so it remains unclear whether
these compounds will be as effective in intact cells. These many
TRPM7 inhibitors show promise, including as effective probes,
but all exhibit reported bioactivities aside from TRPM7,
prompting concerns about off-target effects.

Previously, we isolated waixenicin A (1) using bioassay-linked
fractionation from an extract of S. edmondsoni that showed
inhibitory activity in our TRPM7 marine natural products
screening campaign. Waixenicin A (1) is currently the most
potent (IC50 16 nM) and the first reported selective inhibitor of
TRPM7.6 Extensive patch-clamp experiments showed that
waixenicin A (1) potently blocks TRPM7 in a Mg2+-dependent
manner in both TRPM7-overexpressing and native cells. Cell
cycle analysis indicated that waixenicin A (1) arrests cell growth
in G0/G1, consistent with TRPM7 silencing. Furthermore, the
inhibition is highly selective toward mammalian TRPM7 versus
other TRP channels, including its closest homologue mamma-
lian TRPM66 and zebra fish TRPM7,36 for which waixenicin A
(1) showed no effects on either channel’s conductance in patch-
clamp experiments at concentrations as high as 10 μM. Since the
first report of its TRPM7 inhibitory activity, waixenicin A (1)
has been used as a pharmacological tool for studying the role of
TRPM7 in cancer,11,37−40 malaria,41 cystic and pulmonary
fibrosis,42,43 epilepsy,44 and ischemic diseases.17,18,45,46 Waix-
enicin A (1) has played a role in advancing TRPM7 as a
potential drug target, especially for ischemic diseases, as it
demonstrates exceptional selectivity and has good “drug
likeness” with a molecular weight of 460 Da, no hydrogen-
bond donors, 7 hydrogen bond acceptors, 10 rotatable bonds,
and a calculated logP of 4.0.47 Given its utility in inhibiting
TRPM7 and drug-like physiochemical properties, the waixenicin
A pharmacophore represents a potential lead compound for
therapeutics based on TRPM7 inhibition, particularly toward
novel intervention in cancer48 and central nervous system
(CNS) ischemic disease.18 Recently, the interest in waixenicin A
(1) as a starting point for drug development was punctuated by
the first total synthesis, which established the absolute
configuration of naturally occurring (+)-waixenicin A.49

In order to explore the structure−activity relationship (SAR)
of the waixenicin A pharmacophore in inhibiting TRPM7 and to
identify additional inhibitors, we conducted a systematic
isolation of related diterpenes from an extract of S. edmondsoni.
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Here we report the isolation and structure determination of six
xenicane diterpenoids (3−8), isolated together with the known
compounds waixenicins A (1) and B (2). The comparative
potency of compounds 1−8 in an established TRPM7 cell-based
assay allowed us to construct a preliminary SAR for the
inhibition of TRPM7 by waixenicin A. Conformational analysis
of 1, 3, 7, and 8 revealed a relatively constrained conformation of
the bicyclic xenicin ring system that may define the waixenicin A
pharmacophore’s three-dimensional structure. The irreversible
binding of waixenicin A was also established, and we propose
generation of an oxocarbenium ion and capture by nucleophilic
amino acid residues as a possible mechanism of covalent
inhibition of TRPM7.

■ RESULTS AND DISCUSSION
Isolation and Structural Determination of Waixenicin

A Analogs. The soft coral S. edmondsoni was collected off the
east shore of Oahu, Hawaii, and immediately frozen. The soft
coral biomass was freeze-dried and extracted with a CH2Cl2−
methanol mixture to yield a dark green residue. The extract was
subjected to MPLC over silica gel and then repeated reverse-
phase HPLC to yield compounds 1−8.

Compounds 1 and 2 were identified as (+)-waixenicins A (1)
and B (2), respectively, by comparison of NMR (in benzene-d6),
MS data, and optical rotations with literature values.3 The full 1H
and 13C NMR assignments of both compounds in CD3OD
(Tables 1 and 2) were determined by 1H, 13C, 1H−1H COSY,
and HSQC experiments.

Compound 3 has a molecular formula of C26H36O8, as
determined byHRESIMS and 13CNMR, differing from 1 by one
additional oxygen atom. Inspection of the 1H and 13C NMR
spectra of 3 (Tables 1 and 2) revealed the absence of the Δ7

double-bond signals, and in their place was the presence of
signals consistent with an epoxide (δC 61.7, C-7; δC 64.2, C-8; δH
2.99, dd, H-8). The 1H−1H COSY correlations of H-8 and H2-9
(δH 2.22, m; 1.51, m) and the HMBC correlations from H3-18
(δH 1.33, s) to C-6 (δC 40.9), C-7, and C-8 confirmed the
presence of an epoxide at C-7/C-8. The ROESY cross-peaks
between H-8 and H-4a (δH 2.25 m), H-8 and H-6α, H3-18 and
H-11a (δH 2.45, m), H3-18 and H-6β (δH 2.21, dt), H3-18 and
H-5β (δH 1.74, m), and H3-18 and H-9β (δH 1.51, m) revealed
that H3-18 and H-8 were oriented trans on the nine-membered
ring. Accordingly, the epoxide ring was assigned as 7S*,8S*.
These along with further ROESY correlations, including H-11a
to H-5β and H-4a to H-19pro‑Z (δH 4.89, d), were consistent with
the configuration and conformation of the crystal structure
reported for the structurally similar waixenicin B (2),1 which
exposes the si−si face of the Δ7 double bond to a position
vulnerable to epoxidation that presumably leads to the 7S,8S-
epoxide (see Figure 7 for the crystal structure of 2 and the
calculated low-energy conformations for 1). We assigned the
relative orientation of the 12-OAc of 3 as α (S), consistent with
the crystal structure of waixenicin B (2); we base this assignment
on putative shared biosynthetic pathways and nearly identical
NMR chemical shifts of 1, 2, and 3 for that section of the
molecule (Tables 1 and 2).

Using identical arguments, compound 4 was identified as
7S,8S-epoxywaixenicin B. The molecular formula of C26H36O9
was confirmed from HRESIMS and 13C NMR data. The
comparison of 1H and 13C NMR data of 2 and 4 (Tables 1 and
2) shows the same relationship as determined between 1 and 3,
indicating the absence of the E-double bond and the presence of
an epoxide at C7/C-8 in 4. This was confirmed by the 1H−1H

COSY correlations between H-8 (δH 2.86, dd) and H2-9 (δH
2.61, ddd; 1.46, ddd) and the HMBC correlations between H3-
18 (δH 1.41, s) and C-6 (δC 41.3), C-7 (δC 62.2), and C-8 (δC
62.5). The α-orientation of H-8 was deduced from the ROESY
correlation between H-8 and H-4a (δH 2.12, m). Concurrently,
the β-orientation of H3-18 was deduced from the strong ROESY
correlation between H3-18 and H-11a (δH 2.80, br s). The trans
configuration of H-8 and CH3-18 requires an epoxide
configuration of 7S*,8S*, as in compound 3. In addition, the
ROESY cross peaks from H-19pro‑E (δH 4.94, s) to H-4a and H-
5β (δH 1.89, m) to H-11a require a conformation of the nine-
membered ring that is consistent with the crystal structure
reported for waixenicin B (2)1 and is discussed in detail below.

Compounds 3 and 4 are the corresponding epoxides of 1 and
2, respectively. Coval and co-workers reported the 7,8-epoxide
of waixenicin A as a product of pyridinium dichromate and air
oxidations, without NMR or MS data. We also observed the
partial conversion of waixenicin A (1) to 7,8-epoxywaixenicin A
(3) after bubbling air through a methanolic solution for ∼24 h,
and we regularly observed that storing waixenicins A (1) and B
(2) as dry films at −20 °C leads to the slow conversion to their
corresponding 7,8-epoxides as monitored by LC-MS (data not
shown). Although the epoxidation of waixenicins A (1) and B
(2) may well occur in S. edmondsoni or following natural release

Table 1. 1H NMR Data (500 MHz, CD3OD) for Waixenicins
A (1) and B (2) and 7S,8S-Epoxywaixenicins A (3) and B (4)

1 2 3 4

position
δH, multi, (J

in Hz)
δH, multi, (J

in Hz)
δH, multi, (J in

Hz) δH, multi, (J in Hz)

1 5.81, d (1.7) 5.83, d (2.1) 5.91, d (2.0) 5.97, d (1.2)
3 6.53, d (2.1) 6.51, d (3.2) 6.56, d (2.0) 6.55, d (2.0)
4a 2.17, m 2.13, br d

(10.0)
2.25, br d (9.8) 2.12, m

5 2.03, m 2.05, m α: 2.12, m α: 2.13, m
1.61, m 1.71, m β: 1.74, m β: 1.89, m

6 2.05, m 2.03, m α: 1.14, m α: 1.09, td (13.4,
4.3)

2.22, m 2.24, m β: 2.21, dt
(13.3, 6.7)

β: 2.24, dt (13.3,
6.7)

8 5.38, m 5.18, m 2.99, dd (10.7,
3.9)

2.86, dd (2.2, 11.1)

9 2.51, m 2.49, m α: 2.22, m α: 2.61, ddd (14.5,
8.7, 4.1)

2.09, m 2.44 m β: 1.51, m β: 1.46, ddd (14.7,
11.1, 1.5)

10 α: 2.31 m 4.42, d (7.3) 2.44, m 4.56, dd (8.5, 1.4)
β: 2.29, m 2.40, m

11a 2.01, s 2.49, br s 2.45, m 2.80, br s
12 5.34, t (7.6) 5.34, t (5.1) 5.33, t (7.4) 5.34, t (7.5)
13 2.52, m 2.52, m 2.53, m 2.51, m

2.45, m 2.46, m 2.42, m 2.43, m
14 5.38, br t

(7.1)
5.38, m 5.38, br t (7.1) 5.38, br t (6.6)

16 1.72, s 1.71, s 1.69, br s 1.68, s
17 4.44, s 4.44, s 4.44, s 4.44, s
18 1.69, s 1.78, s 1.33, s 1.41, s
19 4.78, d (1.5) 4.85, s pro-Z: 4.89, d

(0.9)
pro-E: 4.94, s

4.89, br s 4.94, s pro-E: 5.05, s pro-Z: 5.12, s
1-OAc 2.01, sa 2.01, sb 2.06, s 2.05, s
12-OAc 2.02, sa 2.01, sb 2.01, s 2.01, s
17-OAc 2.04, sa 2.05, sb 2.05, s 2.04, s
a,bSignal may be interchanged.
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into the environment (following wounding for instance), the
evidence suggests that at least some of our isolated waixenicin A
and B epoxides (3 and 4, respectively) are artifacts of isolation.
Nonetheless, these compounds add an important contribution
to the structure−activity relationship of the waixenicin A
pharmacophore as a TRPM7 inhibitor.

Compound 5 was identified as 12-deacetylwaixenicin A. Its
molecular formula is C24H34O6 as deduced fromHRESIMS ([M
+ Na]+, Δ −0.2 ppm) and NMR data. The 1H and 13C NMR
spectra (Table 3) of 5 closely resemble those of waixenicin A
(1), but 5 lacks one of the three acetyl groups found in 1. The
presence of a hydroxy in 5 in place of the 12-OAc in 1 was
evident from 1H and 13C NMR chemical shifts of H-12 (δH 4.12,
t) and C-12 (δC 74.0), respectively, in 5 that were less deshielded
relative to those of waixenicin A (1). COSY, HSQC, andHMBC
analyses confirmed that 5 is the 12-deacetyl analog of 1, and the
relative configuration of 5was deduced to be identical to 1 based
on similar optical rotation, ROESY correlations, and NMR
chemical shifts (with the exception of those in close proximity to
the 12-OAc) as well as the very likely shared biosynthetic origin.

Compound 6, waixenicin E, was assigned a molecular formula
of C28H38O9 based on the HRESIMS of its sodium adduct (Δ
+0.9 ppm). The 1H and 13C NMR spectra of compound 6
(Table 3) were similar to those of waixenicin A (1), with notable
exceptions in the nine-membered ring. Namely, the olefinic
methyl group on the nine-membered ring in 1 (C-18, δC 17.0) is
replaced with a Δ7(18)-exocyclic double bond in 6 (δC‑7 147.6;
δH‑18 5.30 and 5.19, δC‑18 118.3), while the olefinic methine C-8
(δC 125.1; δH‑8 5.38, m) of waixenicin A (1) is replaced by an
acetoxy-substituted methine (δC‑8 79.3; δH‑8 5.26, dd) in
waixenicin E (6). The positions of the exocyclic double bond
and acetoxy-methine were determined by COSY and HMBC
data. COSY peaks were observed between H-8 (δH‑8 5.26) and
H-9 (δH 2.01−2.03), while H-8 showed HMBC correlations to
C-6 (δC 27.6), C-7 (δC 147.6), C-18 (δC 118.3), and the 8-OAc
carbonyl (δC 171.9). In turn, H-18 protons (δH 5.19 and 5.30)
showed HMBC correlations to C-8 and C-6. Together, these
data firmly establish the gross structure of waixenicin E (6).

The relative configuration of 6 was established by analysis of
ROESY correlations. An E-configuration was assigned to the Δ14

double bond based on the ROESY correlation between H-17
(δH 4.43) and H-14 (δH 5.30). ROESY correlations between H-
4a (δH 2.45) and H-1 (δH 6.03) place H-4a and H-1 on the same
face of the ring as in 1. The correlation of both H-4a and H-1 to
the pro-ZH-19 (δH 4.82) suggests a prominent conformation for
6 in which the H-11/H-19 exocyclic double bond is oriented
similarly to that of 2 as established by the crystal structure of 2.3

Similarly, ROESY correlations between H-3 (δH 6.50) and both
H-12 (δH 5.29) and H-13 (δH 2.53 and 2.37) are consistent with
the α-orientation of 12-OAc. Finally, H-8 was assigned an α-

Table 2. 13C NMR Data (125 MHz, CD3OD) for Waixenicins
A (1) and B (2) and 7S,8S-Epoxywaixenicins A (3) and B (4)

1 2 3 4

position δC δC δC δC

1 92.8 93.4 92.4 93.1
3 141.8 142.0 142.4 142.7
4 116.8 117.0 116.8 117.0
4a 37.9 38.6 38.1 39.0
5 31.4 30.9 30.8 30.9
6 41.0 41.5 40.7 41.3
7 136.8 138.1 61.6 62.2
8 125.1 124.5 64.0 62.5
9 27.0 35.9 25.4 36.0
10 36.3 77.2 33.4 74.3
11 152.8 155.1 150.5 153.6
11a 50.4 42.9 48.6 41.9
12 75.6 76.0 75.4 75.9
13 31.6 31.8 31.8 32.0
14 124.4 122.5 124.5 124.7
15 134.1 134.2 134.5 134.6
16 14.6 14.5 14.4 14.6
17 70.4 70.5 70.5 70.7
18 17.0 17.5 16.8 17.2
19 113.5 113.4 115.1 114.9
1-OAc 170.8 170.8 171.1 170.9

20.9 20.9 20.8 21.0
12-OAc 171.7a 172.0b 172.1 172.3

21.0 21.4 21.3 21.4
17-OAc 172.1a 172.5b 172.5 172.8

21.4 20.9 21.8 21.0
a,bSignals may be reversed.

Figure 1. Key 1H−1H COSY (bold bonds) and HMBC correlations
(→, H to C) for compounds 7 and 8.

Figure 2. Observed NOE correlations (blue arrows) for waixenicin F
(7) and 20-acetoxyxeniafaraunol B (8) from ROESY experiments
depicted on the lowest energy conformers as determined through DFT
calculations using a methanol continuum solvation model (B3LYP/6-
31G, SMD-MeOH).

Figure 3. Preliminary structure−activity relationships for inhibition of
TRPM7 by waixenicin A (1) analogs.
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orientation based on ROESY cross peaks with H-18, H-4a, and
H-10α (δH 2.22). Accordingly, 8-OAc is assigned as β-oriented.

Compound 7, waixenicin F, was isolated as a colorless oil. Its
HRESIMS gave a sodium adduct (Δ +0.3 ppm) consistent with
the molecular formula C22H30O5, which requires eight degrees
of unsaturation. The IR spectrum suggested the presence of
hydroxy and carbonyl groups and carbon−carbon double bonds,
while the UV spectrum suggested a conjugated diene system
(λmax 238 nm). The 1H NMR spectrum (Table 4) revealed an
E,E-diene system at δH‑12 6.01 (d, J = 15.5Hz), δH‑13 6.76 (dd, J =
11.1, 15.5 Hz), and δH‑14 6.16 (d, J = 11.1 Hz), an exo-methylene
at δH‑19 5.14 (s) and 4.82 (s), an olefinic proton at δH‑8 5.29, two
oxygenated methine protons at δH‑1 5.21 (s) and δH‑3 5.08 (s),
one acetyl group methyl at δH 2.07 (s), and two methyl singlets
at δH‑16 1.83 and δH‑18 1.69. The 13C NMR and HSQC spectra
confirmed the presence of an E,E-diene system, a trisubstituted
double bond, an exocyclic double bond, one acetoxy group, two
methyls, five methylenes (including one oxygenated methyl-
ene), four methines (including two oxygenated methines), and
one oxygenated tertiary carbon. Four double bonds and one

carbonyl account for five degrees of unsaturation, and the
remaining three degrees of unsaturation indicate the presence of
three rings in compound 7.

Two partial structures (Figure 1) were established on the
basis of the 1H−1H COSY and HSQC spectra of compound 7.
Connection of the E,E-diene system with the nine-membered
ring through an oxygenated non-hydrogenated carbon C-4 was
deduced by HMBC cross peaks from H-4a (δH 1.67), H-12, and
H-13 to C-4 (δC 91.0) in 7. The deshielding of signals for C-1
(δC 105.6) and C-3 (δC 94.5) and the HMBC correlation from
H-1 to both C-3 and C-4a (δC 57.3), from both H-3 and H-11a
(δH 1.79) to C-1, and from H-3 to C-4 suggested a six-
membered ring connecting C-1/O/C-3/C-4/C-4a/C-11a in
compound 7, consistent with the xenicin carbon skeleton. The
position of the exocyclic double bond on the nine-membered
ring was confirmed by HMBC correlations from H-19α/β to C-
10 (δC 37.4) and C-11a (δC 62.2). The acetoxyl group was
placed at C-17 due to the cross peak from H-17 to the OAc
carbonyl at δC 172.8 in the HMBC spectrum. Furthermore, the
strong cross peak of H-1/C-4 in the HMBC spectrum indicated
that C-1 (δC 105.6) was connected to the oxygenated carbon C-
4 (δC 91.0) through an oxygen atom bridge, which meets the
requirement of the eight degrees of unsaturation and explains
the low chemical shifts of C-1 and C-4.

The relative configuration of compound 7 was determined by
analysis of its ROESY, as shown in Figure 2 and Table 4. The
E,E-diene was confirmed by the ROESY correlations between
H-14 and both H-12 and H-17 and between H-13 and H-16.
The E configuration of Δ7 was deduced from ROESY
correlations between H-18 with H-9β and between H-8 and
H-6α. The strong ROESY correlations of H-3 with H2-5
revealed that H-3 andC-5 are on the same face of the ring andH-
3 is β-oriented, while the 3-OH and H-4a are α-oriented.
ROESY correlations from H-4a to both H-8 and H-19α and
from methyl H-18 to H-11a indicated that H-11a was in the β
orientation. The presence of a ROESY correlation between H-1
and H-11a suggests that H-1 and H-11a are cis to each other on
the six-membered ring and are in the β orientation.

Together, the data indicate compound 7 is a novel xenicin
diterpenoid with an oxygen atom bridge between C-1 and C-4 in
the six-membered tetrahydropyran ring, and compound 7 was
named waixenicin F.

Compound 8 was isolated as a colorless oil. In the
(−)-ESIMS, it gave adduct peaks at m/z 409/411 [M + Cl]−

Figure 4.Waixenicin B (2) blocks TRPM7 currents in HEK293 cells induced to overexpress human TRPM7 (hTRPM7) in a dose-dependent manner.
Error bars represent SEM. (A) Average inward (assessed at −80 mV) and outward hTRPM7 current densities (at +80 mV) in the presence of various
concentrations of waixenicin B (n = 4−9). (B) Representative current/voltage (I/V) relationships for hTRPM7, under conditions described in A. All I/
V relationships were analyzed at 600 s. (C) Dose−response curve for the inhibition of hTRPM7 currents by various concentrations of waixenicin B (2)
(Hill coefficient = −1.2). Data points correspond to average current amplitudes measured at +80 mV at 600 s and normalized to 1 by dividing with
current amplitudes at 200 s.

Figure 5. Time-dependent inhibition of hTRPM7 by waixenicin A (1).
(A) Inhibitory effects of waixenicin A on TRPM7 currents were
investigated by whole-cell patch-clamp recordings from HEK293 cells
overexpressing human TRPM7 (hTRPM7). Average hTRPM7-
mediated outward currents at +80 mV extracted from voltage ramp-
evoked currents at 0.5 Hz and plotted as a function of time. Waixenicin
A (10 μM) was applied at 200−250 s (green circles, n = 6), 200−300 s
(red circles, n = 6), and 200−350 s (blue circles, n = 6). Each color bar
indicates application time. Standard external Ringer (see Experimental
Section) without waixenicin A-containing methanol as vehicle control
(black circles, n = 7). (B) Average I/V curve of hTRPM7 currents
extracted before (200 s) and after (350 s) 10 μM waixenicin A
application and the end of recording (600 s) taken from an application
time of 150 s (blue circles) in panel A.
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and 419 [M + HCOO]−, indicating a molecular weight of 374.
The molecular formula of C22H30O5, requiring eight degrees of
unsaturation, was deduced from HRESIMS in positive mode

([M +Na]+, Δ +1.0 ppm) in conjunction with 1HNMR and 13C
NMR data (Table 5). The IR spectrum of 8 suggested the
presence of a hydroxy (νmax 3445 cm−1), an ester carbonyl (νmax

Figure 6. (A) Proposed electrophilicity and covalent binding mechanisms for the waixenicin A pharmacophore. Loss of the C-12 acetoxy results in a
resonance-stabilized oxocarbenium cation that is electrophilic at C-3 and C-12. Hydrolysis of the C-1 acetate gives a hemiacetal that opens to an
aldehyde and enol, the latter of which would readily tautomerize into a 1,5-dialdehyde. (B) Structures of waixenicins C and D.

Figure 7. (A) Chemical structure and single-crystal X-ray structure of waixenicin B (2).3 (B) Chemical structure of waixenicin A (1) and overlay of two
low-energy conformers identified throughMOE followed by DFT calculations. (C) Chemical structure of 7S,8S-epoxywaixenicin A (3) and overlay of
two low-energy conformers identified through MOE followed by DFT. All DFT calculations were performed using a methanol continuum solvation
model (B3LYP/6-31G, SMD-MeOH).
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1734 cm−1), a conjugated carbonyl (νmax 1678 cm−1), and
carbon−carbon double bonds (νmax 1632 cm−1). The strong UV
absorption at 233 nm further supported the existence of a
conjugated system in the molecule.

The 1H NMR spectrum of compound 8 showed the presence
of one tertiary methyl group (δH‑15 1.23, s), one vinyl methyl
group (δH‑19 1.79, d), one acetyl methyl group (δH 2.06, s), one
disubstituted exocyclic double bond (δH‑14 5.11, s; 5.16, s), one
trisubstituted double bond (δH‑17 5.39, dd), and one α,β-
unsaturated aldehyde (δH‑11 6.41, br s; δH‑16 9.36, s). The 13C
NMR spectrum indicated an epoxide (δC‑5 65.7; δC‑6 62.1), a
trisubstituted double bond (δC‑17 129.5; δC‑18 135.6), an
exocyclic double bond (δC‑2 148.2; δC‑14 119.6), one α,β-
unsaturated aldehyde (δC‑10 147.9; δC‑11 152.0; δC‑16 195.8), one
acetyl carbonyl (δC 172.8), one acetyl methyl (δC 20.9), two
othermethyls (δC‑19 14.9; δC‑15 19.5), fivemethylenes (including
one oxygenated methylene), and four methines (including one
oxygenated methine). The aldehyde carbon, acetyl carbonyl,
and three double bonds accounted for five degrees of
unsaturation; the remaining three degrees of unsaturation in 8
were consistent with a tricyclic diterpenoid (including the
epoxide).

1H−1H COSY (including a ‘W’-type correlation) and HSQC
allowed us to distinguish two spin systems in 8 (Figure 1),
including one conjugated aldehyde and one acetyl group. An
HMBC experiment was used to assemble the partial structures
through fully substituted carbons and heteroatoms. The
connection of C-1 with C-2 was deduced from HMBC
correlations between H-1 (δH 2.26, t) and C-3 (δC 27.7), C-2,
and C-14 and correlations between exocyclic double-bond
protons H-14 and both C-1 (δC 61.4) and C-3. Cross peaks
between H-15 (δH 1.23, s) and C-7 (δC 39.9) and epoxide
carbons (δC‑5 65.7, δC‑6 62.1), as well as correlations between H-
7 (δH 1.57, dd, 1.97, dd) and each of C-5, C-6, and C-15,
suggested that C-5 is connected to C-7 and C-15 through the
fully substituted carbon C-6. HMBC correlations from H-16 to
C-9 (δC 37.8), C-10, and C-11 and from H-11 to C-9 and C-10
indicated that C-9 is connected to C-11 and C-16 through the
non-hydrogenated alkene carbon C-10. Furthermore, C-19 and
C-20 (δC 70.7) are connected through C-18 based on HMBC
correlations from H-19 to C-17, C-18, and C-20 and from H-20
(δH 4.54, s) to C-17, C-18, and C-19. Finally, HMBC
correlations from H-20 and the acetyl methyl to the acetyl
carbonyl suggested that the C-20 oxygenated methylene is
acetylated. These correlations are depicted in Figure 2, and full

Table 3. 1H and 13C NMR Data (500/125 MHz, CD3OD) for 12-Deacetylwaixenicin A (5) and Waixenicin E (6)

5 6

position δC, type δH (J in Hz) δC, type δH (J in Hz)

1 93.6, CH 5.79, d (2.0) 94.5, CH 6.03, d (4.5)
3 139.8, CH 6.39, d (2.0) 142.9, CH 6.50, d (1.4)
4 120.7, C 115.5, C
4a 38.1, CH 2.21, m 34.3, CH 2.45, m
5 32.1, CH2 α: 2.24, m 31.3, CH2 α: 2.21, m

β: 1.55, m β: 1.85, m
6 41.2, CH2 α: 2.09, m 27.6, CH2 α: 2.23, m

β: 2.18, m β: 2.42, m
7 137.3, C 147.6, C
8 125.2, CH 5.39, t (8.1) 79.3, CH 5.26, dd (6.2, 8.6)
9 26.2, CH2 α: 2.09, m 30.3, CH2 2.01, m

β: 2.51, m 2.03, m
10 36.5, CH2 α: 2.29, m 32.7, CH2 α: 2.22, m

β: 2.29, m β: 2.34, m
11 153.4, C 149.1, C
11a 51.2, CH 2.01, br s 41.7, CH 2.88, t (4.5)
12 74.0, CH 4.12, t (7.5) 75.6, CH 5.29, t (7.5)
13 34.2, CH2 2.41, m 31.8, CH2 2.53, m

2.41, m 2.37, m
14 126.4, CH 5.41, t (6.2) 124.7, CH 5.30, m
15 133.2, C 134.5, C
16 14.6, CH3 1.71, s 14.6, CH3 1.70, s
17 71.1, CH2 4.44, s 70.7, CH2 4.43, s
18 17.1, CH3 1.68, s 118.3, CH2 pro-Z: 5.19, s

pro-E: 5.30, s
19 113.7, CH2 pro-Z: 4.85, s 112.8, CH2 pro-Z: 4.82, s

pro-E: 4.80, d (1.4) pro-E: 4.95, s
1-OAc 171.6, C 171.1, C

21.0, CH3 2.05, s 21.0, CH3 2.04, s
8-OAc 171.9, C

21.3, CH3 2.01, s
12-OAc 172.3, C

21.5, CH3 2.02, s
17-OAc 172.8, C 172.7, C

21.1, CH3 2.03, s 21.0, CH3 2.05, s
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NMR assignments are compiled in Table 5. Together, these data
indicate that 8 is a diterpenoid with a rare bicyclo[7.4.0]-
tridecane carbon skeleton, closely related to xeniafaraunol B,
where 8 is the 20-acetoxy derivative.

With the gross planar structure of compound 8 in hand, the
relative configuration of compound 8 was deduced from the
magnitude of 3JH,H coupling constants obtained from the 1H
NMR spectrum and using a ROESY experiment to determine
proximity through space. The configuration of the Δ10 double
bond is obvious based on the constraint of the ring and
consistent with a ROESY correlation between H-11 (δH 6.41, s)
and H-16 (δH 9.36, s). The E configuration of the Δ17 double
bond was established by ROESY correlations between H-17 (δH
5.39) and H-20 (δH 4.54) and between H-19 (δH 1.78) and H-
12 (δH 3.33). The absence of coupling between H-11 and H-12
suggested a ∼90° dihedral angle between H-11 and H-12, which
is consistent with the conformation predicted in the conforma-
tional analysis shown in Figure 2 and with a β orientation for H-
12. The large coupling constant of ∼9Hz betweenH-9 (δH 2.82,
d) and H-1 (δH 2.26, t), between H-1 and H-13 (δH 3.36, t), and
between H-13 and H-12 (δH 3.33, m) revealed each pair is trans
to each other. The cross peaks of H-1 with H-12 and H-8 in the
ROESY spectrum indicated H-1, H-8, and H-12 were on the
same side of the cyclohexene and were β oriented, while H-9 and
H-13were α oriented based on the ROESY correlations between
H-9 and H-13 (δH 3.36, t). ROESY correlations between H-5
(δH 3.12, dd) and H-9α (δH 2.82, d), between H-15 and both H-
14 protons, and between pro-ZH-14 andH-1 indicated that H-5
and H-15 were trans on the cyclononene ring. Accordingly, the
relative configuration of the epoxide is 5S*,6S*. The full NMR
assignments and key ROESY correlations are shown in Table 5.

Compound 8 is a diterpenoid with a bicyclo[7.4.0]tridecane
carbon skeleton. Since the first natural product with a
bicyclo[7.4.0]tridecane carbon skeleton was isolated from the
soft coral Ef f latounaria sp. in 1983,50 only two other compounds
possessing this ring system were reported, xeniafaraunol A and
B,51,52 and the total synthesis of (−)-xeniafaraunol A was
recently reported along with (+)-waixenicin A. Compound 8,
named 20-acetoxyxeniafaraunol B, is distinct from the previously
reported bicyclo[7.4.0]tridecanes by its oxygenation at C-20.

The absolute configuration of (+)-waixenicin A (1) was
established by its recent synthesis byMagauer and co-workers,49

and based on a putative shared biosynthesis and positive optical
rotations, we assign the absolute configurations of 2−7 to be as
drawn, consistent with that of (+)-waixenicin A. In the same
report, (−)-xeniafaraunol A was synthesized from rearrange-
ment of its corresponding xenicin under mild conditions. This
confirmed the absolute configuration of the natural (−)-xenia-
faraunol A, which corresponds to that drawn for 8. Since 8 shares
the same sign of specific rotation and has only minor structural
modifications compared with (−)-xeniafaraunol A, we assign the
absolute configuration of 8 as drawn. The demonstrated
rearrangement of a xenicin to form (−)-xeniafaraunol A suggests
that 8 arises from a xenicin precursor (its corresponding xenicin
is 3) either in vivo or during extraction and, thus, shares its
biosynthetic origin with 1, and the absolute configuration
assigned to 8 matches those of shared stereogenic centers in 1
and 3.
TRPM7-Inhbitory Activity and Structure−Activity

Relationships of Waixenicin A and Analogs. In order to
rank potencies of TRPM7 inhibition and assess the structure−
activity relationship of a series of waixenicin A-related
compounds, 1−8 were assayed using a well-established cell-

Table 4. 1H and 13C NMR Data (500/125 MHz, CD3OD) for Waixenicin F (7)

position δC, type δH (J in Hz) COSY key HMBC (H to C) key ROESY

1 105.6, CH 5.21, s 3, 4, 4a 11a
3 94.5, CH 5.08, s 1, 4 5α, 5β
4 91.0, C
4a 57.3, CH 1.67, dd (4.1, 11.2) 5β 3, 4, 5, 6, 11, 11a 5α, 6α, 8, 12, 19α
5 30.3, CH2 α: 1.87, dt (3.4, 13.8) 5β, 6β 6 3, 4a, 6α

β: 1.50, td (3.5, 13.4) 5α, 6α 6 3, 6β
6 41.4, CH2 α: 1.97, m 5β, 6β 5, 7, 8 4a, 5α, 8

β: 2.26, dt (3.2, 12.2) 6α 5 5α, 5β, 18
7 136.3, C
8 125.9, CH 5.29, t (7.5) 6α, 9β, 18 6, 9, 19 4a, 6α
9 26.4, CH2 α: 2.05, m 9β 7, 8, 10 10α

β: 2.44, m 8,9α,10α,10β 7, 8, 10 18
10 37.4, CH2 α: 2.37, dd (8.5, 12.2) 9β, 10β 9, 11, 11a, 18 9α, 19β

β: 2.16, m 9β, 10α 9, 11, 11a, 18 11a
11 154.5, C
11a 62.2, CH 1.79, dd, 1.0, 4.1 5β 1, 4a, 10, 11, 18 1, 10β, 18
12 127.6, CH 6.01, d (15.5) 13 4, 14 14
13 129.8, CH 6.76, dd (11.1, 15.5) 12, 14 4 16
14 128.3, CH 6.16, d (11.1) 13, 16, 17 16, 17 12, 17
15 135.1, C
16 14.7, CH3 1.83, s 14, 17 14, 15, 17 13
17 70.5, CH 4.56, s 14, 16 14, 15, 16, OAc-17 14
18 16.3, CH3 1.69, s 8 6, 7, 8 6β, 9β, 11a
19 112.4, CH2 pro-Z: 5.14, s 19β 10, 11, 11a 4a

pro-E: 4.82, s 19α, 11a 10, 11a 10α
17-OAc 172.8, C

20.9, CH3 2.07, s
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based cation-imaging assay that measures TRPM7 conduc-
tance.5,6 In addition to waixenicin A (1), compounds 2, 3, 4, and
6 showed significant inhibitory activity against the TRPM7
cation channel in the μM range (Table 6). Compounds 3, 4, and

6 retain activity despite variation in the nine-membered ring
system. However, compounds 5, 7, and 8were inactive up to 150
μM, suggesting that the 12-OAc and the dihydropyran ring
system are required for TRPM7 activity. Figure 3 shows a
proposed preliminary structure−activity relationship based on
our data.

The disparity between the potency in the patch-clamp versus
cell-based ion conductance assays, i.e., 3 orders of magnitude,
has been addressed previously and likely reflects the broader
time window in the cell-based ion conductance assay (e.g., the
preincubation period) for nonspecific binding of the relatively
nonpolar waixenicins to media components,6 whereas the patch-
clamp experiments demonstrate the inherent potency of the
compounds that are directly delivered to the cell membrane. We
view these assays as complementary, as they both measure
TRPM7 function; however, the patch-clamp assay more directly
measures compound−protein interactions, and the cation
imaging assay is able to also better reflect relevant
physiochemical properties.

Waixenicin B (2) demonstrated the highest potency in the
cation imaging assay, with an IC50 comparable to but
consistently lower than that of waixenicin A (1). The increased
potency may reflect a lowered logP for waixenicin B (2) based
on the additional hydroxy, which would be reflected in enhanced
water solubility.

The high inherent potency of waixenicin B (2) was confirmed
in whole-cell patch-clamp experiments, which demonstrated an
IC50 of 90 nM (Figure 4). With both compounds having strong
inherent potency in the patch-clamp experiments (waixenicin A
(1), IC50 = 16 nM),6 both of these natural products may be
strong starting points for lead development for TRPM7
inhibitors. The higher potency of waixenicin B (2) in the cell-
based assay compared with waixenicin A (1) may also reflect
higher solubility that provides waixenicin B (2) better
bioavailability compared with waixenicin A (1) during the
preincubation stage of the cell-based assay. Improving the
pharmacokinetics and solubility of the waixenicin A (1)
pharmacophore may be an important goal in medicinal
chemistry efforts to develop the pharmacophore based on and
expanding on the SAR presented here, along with conforma-
tional and structural analyses discussed in the next sections. The
high inherent potency of both waixenicins A (1) and B (2)
supports their use as starting points for structural optimization.
Electrophilicity andDrug-Likeness ofWaixenicin A (1).

Waixenicin A (1) possesses a high inherent potency (TRPM7
IC50 16 nM) and selectivity against its intended target, has
exhibited activity consistent with TRPM7 inhibition as a tool
compound in numerous laboratories, and has physiochemical
properties consistent with drug-likeness as illustrated by no
violations among five drug-likeness filters featured in the
SwissADME Web tool.47 As a predictor of blood brain barrier
permeation as needed for CNS therapeutics, the central nervous
systemmultiparameter optimization (CNSMPO)53 was used to
score waixenicin A. The CNS MPO considers calculated logP
and logD, molecular weight, total polar surface area, hydrogen
bond donors, and pKa of the conjugate acid of basic groups.
Waixenicin A scored 3.8 on the CNS MPO scale using a
calculated logP value (consensus 1-octanol−water logP value
from SwissADME is 4.0), whereas 77% of CNS drugs have CNS
MPO scores of ≥4.53 We directly measured the partition
coefficient for waixenicin A (1) (logP = 3.8, 95% confidence
interval 3.62−4.15), and with the measured value the CNS
MPO calculation is 4.0. Although waixenicin A (1) has

Table 5. 1H and 13C NMR Data (500/125 MHz, CD3OD) of
20-Acetoxyxeniafaraunol B (8)

position δC, type δH (J in Hz) COSY
key HMBC
(H to C)

key
ROESY

1 61.4, CH 2.26, t (10.0) 9, 13 2, 3, 9, 10,
12, 13,14

8β, 12,
14β, 15

2 148.2, C
3 27.7, CH2 α: 2.11, m 14β 1, 2, 4, 5, 14 13, 5

β: 2.48, m 4β,
14α,
14β

1, 2, 4, 5, 14 14α

4 28.2, CH2 α: 2.12 m 3β, 5α 2, 3, 5, 6 14α, 15
β: 1.53 m

5 65.7, CH 3.12, dd (2.7,
11.5)

3α, 4 3, 4 3α, 7α, 9

6 62.1, C
7 39.9, CH2 α: 1.57, dd

(12.0, 2.0)
8α, 8β,
15

5, 6, 8, 9,15 5, 9

β: 1.97, dd
(4.5, 12.0)

8α, 8β 5, 6, 8, 9,15 8α, 8β

8 33.3, CH2 α: 1.65, m 7β, 9 7 7β
β: 1.49, m 7α, 9 7 1, 7β, 15

9 37.8, CH 2.82, d (8.8) 1, 8α,
8β,
11

5, 7α, 13

10 147.9, C
11 152.0, CH 6.41, br s 9, 12 9, 10, 12,

13, 17
16

12 45.4, CH 3.33, m 11, 13,
17

10, 13 1, 19

13 73.8, CH 3.36, t (9.1) 1, 12 12, 17 3α, 9, 17
14 119.6, CH2 pro-Z: 5.16, s 3α, 3β 1, 3 1, 15

pro-E: 5.11, s 3β 1, 3 3β, 15
15 19.5, CH3 1.23, s 5α 5, 6, 7 7β, 8β,

14α, 14β
16 195.8, CH 9.36, s 10, 11, 9 11
17 129.5, CH 5.39, dd (1.1,

8.8)
12, 19,
20

12, 13, 19,
20

13, 20

18 135.6, C
19 14.9, CH3 1.79, d (1.1) 17 17, 18, 20 12
20 70.7, CH2 4.54, s 17 17, 18, 19,

20-OAc
17

20-Ac 172.8, C
20.9, CH3 2.06, s

Table 6. Inhibition of TRPM7-Mediated Ion Channel
Conductance by Sarcothelia edmondsoni Isolates Using the
Cation Imaging Assay

compound
IC50 value

(μM)
95% conf interval

(μM)

1 20 17−23
2 12 9.3−15
3 33 27−41
4 13 9.0−17
5 >130
6 20 16−23
7 >150
8 >150
2-aminoethyl diphenylborinate (2-
APB)

22 9−26
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demonstrated in vivo CNS activity in a neonatal mouse model,17

its predicted permeation is marginal, which provides some
parameters to direct structural optimizations.

We propose that waixenicin A (1) may be a covalent inhibitor
of TRPM7. Although the electrophilicity of waixenicin A (1) has
been discussed in the literature,49 here we report the first
evidence of irreversible inhibition of TRPM7 by waixenicin A
(1), consistent with an electrophilic mechanism for covalent
binding of the compound to its target. We applied waixenicin A
(1) to patched cells at 10 μM for 50, 100, and 150 s (Figure 5).
The inhibition of the TRPM7 current was pronounced and
caused essentially full inhibition following each application for
all infusion times, and no wash out of the effect was detected
within the experimental time frame of 10 min. These results are
consistent with irreversible and covalent inhibition. Waixenicin
A possesses several structural features that could serve as latent
electrophiles, and each is shared with TRPM7-active com-
pounds 2, 3, 4, and 6, while one or both of these features are
absent from the inactive compounds 5, 7, and 8. Figure 6 shows
two proposed mechanisms for electrophilic capture by
waixenicin A and related compounds. First, loss of the 12-
acetoxy group, part of a vinylogous acetal center (vide inf ra),
results in a resonance-stabilized oxocarbenium ion that is
electrophilic at C-3 and C-12, enabling a potential reaction with
nucleophilic residues in TRPM7. Second, the substituted
dihydropyran is a masked 1,5-dialdehyde that can form upon
hydrolysis of the C-1 acetate and following conversion to the
hemiacetal to an aldehyde and enol, which would rapidly
tautomerize to the dialdehyde and can then undergo carbonyl

addition and condensation reactions. Interestingly, the inactive
compound 7, the 12-deacetyl analog of waixenicin A, also
possesses the masked dialdehyde but lacks the acetoxy leaving
group at C-12, which would slow the generation of an
oxocarbenium ion. At the same time, waixenicins C and D,
which were reported previously from a hexane extract of S.
edmondsoni that was partitioned with methanol−water,2 are
both net substitution products of methanol presumably reacting
with the resonance-stabilized oxocarbenium ion that can
undergo capture at C-12 or C-3, respectively. These two
observations favor the substitution reaction as a potential
mechanism for waixenicin A inhibition of TRPM7.
Conformational Analysis of Compounds 1, 2, 3, 7, and

8. In order to explore the overall conformation of waixenicin A
and other potent analogs while also studying any potential
conformational requirements of the waixenicin A pharmaco-
phore, energy minimizations of waixenicin A (1), waixenicin B
(2), and 7S,8S-epoxywaixenicin A (3) were performed using
DFT calculations in a methanol continuum solvation model
(B3LYP/6-31G, SMD-MeOH), similar to those calculated for
waixenicin F (7) and 20-acetoxyxeniafaraunol B (8) (vide inf ra).
Low-energy conformers were initially generated by energy
minimization using Molecular Operating Environment (MOE)
with solvation in methanol using the crystal structure of
waixenicin B (2) as a reference point. Ten low-energy
conformers, ranging from the lowest to the highest obtained
by MOE, were then further optimized and minimized using
density functional theory (B3LYP/6-31G) in a methanol
continuum solvation model (SMD) utilizing Gaussian 16.54

Figure 8.Observed NOE correlations (blue arrows) from ROESY experiments depicted on the lowest energy conformers of (A) waixenicin A (1) and
(B) 7S,8S-epoxywaixenicin A (3). The depicted low-energy conformers and H−H distances (blue numbers in Å; determined in PyMol) were
determined through DFT calculations using a methanol continuum solvation model (B3LYP/6-31G, SMD-MeOH).
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These results were then compared to NOE data obtained in
CD3OD as a H2O mimic, to further understand the solution
conformation and potential biologically relevant conformation
of the rather rigid cyclononenes of these natural products. Not
surprisingly, the low-energy solution conformations of xenicin
diterpenes 1, 2, and 3 in methanol were very similar to that of
waixenicin B (2) in the solid state based on the single-crystal X-
ray structure reported by Coval (Figure 7A).1 Furthermore, an
overlay of the two lowest energy conformers identified for
waixenicin A (1) only showed minor variation in the side-chain,
and the two low-energy conformers, with differences primarily in
the more flexible side-chain as expected, had nearly identical
energies. These results support the idea that the bicyclic ring
structure is relatively rigid, while the bis-acetoxy side-chain
shows some flexibility beyond the C-12 acetoxy group (vide
inf ra) in methanol (Figure 7B). Very similar observations were
made for 7S,8S-epoxywaixenicin A (3); the 10 low-energy
conformers identified had nearly identical conformations except
for the side-chain beyond the C-12 acetoxy group (Figure 7C).

The rigidity and overall topology of the bicyclic cyclo-
nonene−dihydropyran sector of these natural products were
also corroborated by the presence of key transannular NOE
interactions identified through ROESY experiments. The
observed ROESY interactions were analyzed and compared to
H−H distances observed for the lowest energy conformer found
through DFT calculations (Figure 8). As expected, ROESY
correlations found in waixenicin A (1) and 7S,8S-epoxywaix-
enicin A (3) were similar, indicating that the major conforma-
tional rotamer of the cyclononene places the C-18 vinyl methyl
and C-11a methine proton in close proximity (Figure 8A).
Additionally, interactions between the cyclononene exocyclic
alkene hydrogens, H-19 (δ 4.78), and the dihydropyran ring
hydrogens, H-1 (δ 5.81), H-3 (δ 6.53), andH-4a (δ 2.17), reveal
that the exocyclic C-11/C-19 alkene adopts a conformation that
places it in close proximity and in a nearly orthogonal
relationship to the dihydropyran ring.

In the case of 7S,8S-epoxywaixenicin A (3), observed NOE
correlations were similar to those of waixenicin A (1) with some
exceptions (Figure 8B). The correlations betweenH-19 (δ 4.89)
and H-3 (δ 6.56), between H-19 (δ 5.05) and H-9 (δ 2.22), and
between H-8 (δ 2.99) and H-4a (δ 2.25) are absent. The
rotational conformer shown is supported by the presence of
NOE correlations between H-8 and H-6 (δ 1.14), H-18 (δ 1.33)
and H-9, and also H-11a (δ 2.45) and H-5 (δ 2.12). These NOE
correlations provide evidence for the rotational conformer
depicted for the cyclononene of waixenicin A (1) and 7S,8S-
epoxywaixenicin A (3), which is the same for these two
compounds. The observed ROESY correlations are also
consistent with the conformation of the waixenicin B (2)
observed in the X-ray crystal structure (Figure 7A), indicating
close correlation between the solid and solution state for these
overall rather rigid molecules.

As previously described by Corey,55 even simplified cyclo-
nonenes bearing two alkenes and a vinyl methyl group related to
those found in the caryophylloid family, which includes the
waixenicins, possess conformational chirality due to unfavorable
transannular interactions during interconversion. In the case of
waixenicin A (1), a single conformer is observed for the
cyclononene in the natural product in both the solid state (X-
ray) and solution state (NMR in CD3OD) based on our studies
(Figure 9A). Although the energy difference between these
conformational isomers is quite low (∼2 kcal/mol, DFT), a high
energy barrier likely precludes facile interconversion at ambient

temperatures. These NOE correlations support the lowest
energy rotational conformers of the cyclononene found via DFT
calculations. In the case of waixenicin A (1), this cyclononene
conformation exposes the si face of the C-7/C-8 alkene, leading
to peripheral attack and the observed single epoxide
diastereomer obtained through air oxidation leading to 7S,8S-
epoxywaixenicin A (3). This conformational isomerism was
previously observed in synthetic studies by Corey toward
caryophylloids51 andmore recently byMaguer in his synthesis of
waixenicin A (1).49 We anticipate that many members of the
caryophyllene terpene family bearing related cyclononene rings
will possess such conformational isomerism. Furthermore, these
conformations may correspond to the bioactive conformations
of the waixenicins.

Our DFT calculations also reveal a striking conformational
preference of the C-12 acetoxy group of waixenicin A (1),
leading to a preferred conformation about the C-4/C-12 bond of
the side-chain of waixenicins A and B. Interestingly, this C-4/C-
12 conformational preference is also observed in the waixenicin
B (2) crystal structure (see Figure 7). We attribute this
conformational preference to a vinylogous hyperconjugation
effect, an “anomeric-like” effect,52 that extends from the
dihydropyran oxygen to the C-12 acetoxy group (Figure 9B).
In the present case, the lone pair of the dihydropyran oxygen is
aligned to donate into the π-system of the alkene, in turn
donating electron density to the σ* of the C-12 acetoxy group
(nO − pC�C → σ*C−O). We posit that this stabilizing effect
contributes to the observed, preferred conformation of the
waixenicin A (1) side-chain about the C-4/C-12 bond and likely
is present in other members of this family. In the case of both
waixenicin A (1) and 7S,8S-epoxywaixenicin A (2), the dihedral
angle between the π-system of the dihydropyran and the C-12
acetoxy group is ∼70° for both observed low-energy side-chain
conformers (Figure 7B,C), which may be a compromise from
the ideal ∼90° dihedral angle to minimize A1,3-interactions.
Furthermore, natural bond orbital (NBO) analysis56 performed
on the lowest energy conformer of waixenicin A (1) supports

Figure 9. (A) Noninterchangeable (at ambient temperature) natural
and unnatural conformers of waixenicin A (1) involving rotation
around the allylic bonds (red arrows; side-chain presented as R for
clarity). The major conformer was supported by NOE correlations
(blue double-headed arrows) observed and not observed with the low-
energy conformer obtained through DFT calculations (B3LYP/6-31G,
SMD-MeOH). (B) A potential vinylogous hyperconjugation effect
impacting the lowest energy conformer about the C-4/C-12 bond (blue
bold arrow) of the waixenicin A (1) side-chain.
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this stabilizing interaction due to a vinylogous hyperconjugation
effect and also the observed C-4/C-12 conformations in these
natural products (see the SI for further details, Figure S34).
Conclusions. The TRPM7 ion channel is emerging as a

potential drug target for ischemic diseases and certain cancers.
At the same time, the waixenicin A pharmacophore, with
nanomolar potency in patch-clamp studies and no effect on
related channels including the closest homologue TRPM6,
demonstrates the inherent selectivity and potency for TRPM7
needed for a successful drug lead. As such, the SAR reported
herein employing novel xenicane diterpenes and the conforma-
tional analyses also described can serve as a starting point for the
full synthesis or semisynthesis of improved inhibitors of the
TRPM7 ion channel. This preliminary SAR begins to define the
essential structural features required for TRPM7 inhibition by
the waixenicin A pharmacophore, and both the structural
elements associated with activity and the in vitro bioassay data
presented here support the hypothesis that waixenicin A inhibits
TRPM7 activity through a covalent mechanism. The rigidity of
the bicyclic dihydropyran−cyclononene core and the vinylogous
anomeric effect begin to define possible structural requirements
for bioactivity. These insights into the structural and conforma-
tional requirements for activity are informing our ongoing
medicinal chemistry efforts to develop waixenicin A derivatives
as TRPM7 inhibitors with improved pharmacokinetics for
subsequent drug lead development.

■ EXPERIMENTAL SECTION
General Experimental Procedures. The optical rotation was

measured on a Rudolph Research AUTOPOL III polarimeter. The UV
spectra were recorded on a PerkinElmer Lambda 20 spectropho-
tometer. The IR spectra were recorded on a PerkinElmer Spectrum
RX1 FTIR spectrometer. The NMR experiments were performed on a
Varian 500 spectrometer operating at 500 and 125 MHz, for 1H and
13C, respectively, or a Varian 300 spectrometer operating at 300/75
MHz. Samples were dissolved in CD3OD, using the residual CHD2OD
signal (δH 3.31 ppm) as an internal standard for 1H NMR and CD3OD
(δC 49.15 ppm) for 13C NMR. High-accuracy mass spectrometric data
were obtained on an Agilent 6530 Q-TOF using ESI ionization; low-
accuracy mass spectrometric data were obtained on a Thermo Finnigan
LCQ Deca XP Max using ESI mode.
Animal Material. The soft coral S. edmondsoni was collected by

hand in 2−4 m depth in waters adjacent to Lanikai Beach, on the island
of Oahu, Hawaii, on March 3 and December 14, 2007. Samples were
frozen and freeze-dried. The soft coral was identified as S. edmondsoni
by Dr. Samuel Kahng (Hawaii Pacific University). A voucher sample
(030307-LAN-1) is preserved in 4% formaldehyde and stored in the
Department of Natural Science, Hawaii Pacific University.
Extraction and Isolation. The freeze-dried soft coral biomass

(80.1 g) was extracted with CH2Cl2−methanol (4:1) (1 L × 3) at room
temperature to yield 9.33 g of dark green residue. The organic extract
was subjected to MPLC over silica gel using multiple step gradients
from n-hexane−acetone (100:1) to acetone and then from CH2Cl2−
methanol (10:1) to 100% methanol, resulting in 22 fractions. The
fraction that eluted with n-hexane−acetone (20:1) was fractionated (in
several portions) by reversed-phase HPLC (Phenomenex Luna
C18(2), 10 μm, 21.2 × 250 mm) with an MeCN−H2O gradient
(50−100% MeCN over 50 min; flow rate: 7.6 mL/min; UV detection:
210 nm) to get the major component 1 (261 mg, tR 40.0 min) and
minor components 8 (0.8 mg, tR 23.4 min), 3 (26 mg, tR 28.1 min), and
7 (1.0 mg, tR 32.1 min). The MPLC fraction eluted with n-hexane−
acetone (8:1) was also fractionated by reversed-phase HPLC
(Phenomenex Luna C18(2), 5 μm, 10.0 × 250 mm) with a MeCN−
H2O gradient (30−100% MeCN over 50 min; flow rate: 3.8 mL/min;
UV detection: 210 nm) to yield compound 6 (4.8 mg, tR 33.5 min). The
MPLC fraction eluted with n-hexane−acetone (5:1) was fractionated

using the previous reversed-phase HPLC conditions to yield compound
5 (3.6 mg, tR 32.4 min). The MPLC fraction eluted with n-hexane−
acetone (4:1) was fractionated, also using the previous reversed-phase
HPLC conditions, to give compounds 4 (1.0 mg, tR 21.5 min) and 2
(2.0 mg, tR 30.5 min).
7S,8S-Epoxywaixenicin A (3): colorless oil; [α]27D +33 (c 0.049,

MeOH); UV (MeOH) λmax (log ε) 202 (4.09), 236 (3.43), 277 (3.36)
nm; IR (film on AgCl plate) νmax 2936, 2858, 1733, 1650, 1449, 1370,
1233, 1150, 1042 cm−1; 1H and 13C NMR data (CD3OD), see Tables 1
and 2; (+)-ESIMS m/z 477 [M + H]+, 494 [M + NH4]+, 499 [M +
Na]+; (+)-HRESIMS m/z 417.2273 [M − AcOH + H]+ (calcd for
C24H33O6

+, 417.2272; +0.2 ppm), 477.24683 [M + H]+ (calcd for
C26H37O8

+, 477.2483; 0.0 ppm), 499.2301 [M + Na]+ (calcd for
C26H36O8Na+, 499.2302; Δ −0.2 ppm).
7S,8S-Epoxywaixenicin B (4): colorless oil; [α]27D +38 (c 0.34,

MeOH); UV (MeOH) λmax (log ε) 207 (4.00) 240 (3.67), 274 (3.17)
nm; IR (film on AgCl plate) νmax 2935, 1734, 1454, 1372, 1230, 1143,
1021, 954 cm−1; 1H and 13C NMR data (CD3OD), see Tables 1 and 2;
(+)-ESIMS m/z 510 [M + NH4]+, 556 [M + CH3CN + Na]+;
(+)-HRESIMS m/z 433.2216 [M − AcOH + H]+ (calcd for
C24H33O7

+, 433.2221; −1.2. ppm), 515.2246 [M + Na]+ (calcd for
C26H36O9Na+, 515.2252; Δ −21.2 ppm).
12-Deacetylwaixenicin A (5): colorless oil; [α]28D +67 (c 0.26,

MeOH); UV (MeOH) λmax (log ε) 205 (4.14), 240 (3.50), 274 (3.22)
nm; IR (film on AgCl plate) νmax 3456, 2927, 2857, 1734, 1659, 1450,
1375, 1235, 1150, 1020, 950 cm−1; 1H and 13C NMR data (CD3OD),
see Table 3; (+)-ESIMS m/z 436 [M + NH4]+, 441 [M + Na]+;
(+)-HRESIMS m/z 441.2247 [M + Na]+ (calcd for C24H34O6Na+,
441.2248; −0.2 ppm).
Waixenicin E (6): colorless oil; [α]27D +22 (c 0.33, MeOH); UV

(MeOH) λmax (log ε) 204 (4.43) 238 (4.08), 276 (3.82) nm; IR (film
on AgCl plate) νmax 2935, 1734, 1438, 1367, 1230, 1148, 1016, 960
cm−1; 1H and 13C NMR data (CD3OD), see Table 3; (+)-ESIMS m/z
536 [M + NH4]+, 541 [M + Na]+; (+)-HRESIMS m/z 541.2413 [M +
Na]+ (calcd for C28H38O9Na+, 541.2408; +0.9 ppm).
Waixenicin F (7): colorless oil; [α]26D +19 (c 0.16, MeOH); UV

(MeOH) λmax (log ε) 238 (4.16) nm; IR (film onAgCl plate) νmax 3378,
2925, 2848, 1733, 1634, 1454, 1370, 1228 cm−1; 1H and 13C NMR data
(CD3OD), see Table 4; (+)-ESIMSm/z 357 [M +H − H2O]+, 375 [M
+H]+, 392 [M +NH4]+, 397 [M +Na]+; (+)-HRESIMSm/z 297.1851
[M − H2O − CH3COOH + H]+ (calcd for C20H25O2

+, 297.1849; +0.7
ppm), 357.2060 [M − H2O + H]+ (calcd for C22H29O4

+, 357.2060; 0.0
ppm), 397.1986 [M + Na]+ (calcd for C22H30O5Na+, 397.1985; +0.3
ppm), 771.4069 [2M +Na]+ (calcd for C44H60O10Na+, 771.4079; −1.3
ppm)
20-Acetoxyxeniafaraunol B (8): colorless oil; [α]28D −17 (c 0.15,

MeOH); UV (MeOH) λmax (log ε) 202 (3.93) 233 (3.90), 274 (3.32)
nm; IR (film on AgCl plate) νmax 3445, 2932, 2860, 1730, 1678, 1632,
1452, 1385, 1236, 1150, 1026, 855 cm−1; 1H and 13C NMR data
(CD3OD), see Table 5; (−)-ESIMSm/z 409.2/411.2 [M +Cl]−, 419.2
[M + HCOO]−; (+)-HRESIMS m/z 397.1989 [M + Na]+ (calcd for
C22H30O5Na+, 397.1985; +1.0 ppm).
LogPMeasurement.Waixenicin A (1) (15.0 mg) was dissolved in

30 mL of 1-octanol. The solution was combined with 30 mL of type 1
H2O in a separatory funnel. After mixing, the aqueous layer was
separated and 10 mL of the aqueous phase was extracted using 5 mL of
dichloromethane (3 times). After drying with anhydrous MgSO4,
dichloromethane and 1-octanol solutions were filtered and solvents
evaporated under vacuum. The experiment was conducted 3 times. LC-
MS analysis was conducted on each sample residue by reconstituting
each in 1.0 mL of methanol [LC-MS conditions: instrument: Agilent
QTOF; injection volume: 10 μL; column: Agilent Eclipse C18 2.1 mm
× 50 mmwith particle size 3.5 μm; column temperature: 40 °C; solvent
A: H2O with 0.1% formic acid, solvent B: acetonitrile with 0.1% formic
acid; gradient: 5% to 100% solvent B over 0−8 min, 100% B over 8−14
min; flow rate: 0.4 mL/min]. An LC-MS calibration curve was prepared
with 5−7 concentration points, and the curve was fit to a polynomial
equation and used to calculate the amount of waixenicin A on column
for each analysis. LogP was calculated by taking the log of the ratio of
[waixenicin A]1‑octanol/[waixenicin A]water.
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TRPM7 Inhibition Assay. The TRPM7 assay used was previously
published6 and is described here briefly. Human embryonic kidney cells
(HEK-293) transfected with the FLAG-murine TRPM7/pCDNA4/
TO7 (TRPM7-HEK) were provided by Dr. Andrew Scharenberg’s
laboratory. Cells were grown in 150 cm2 culture flasks (Techno Plastic
Products) with Dulbecco’s modified Eagle’s medium (DMEM,
Mediatech), supplemented with 10% fetal bovine serum, 5 μg/mL
blasticidin (Invitrogen), and 400 μg/mL zeocin (Invitrogen) in a
humidified incubator (5% CO2, 37 °C).

Divalent cation conductance through TRPM7 channels was
measured using an established assay6 that measures the decrease in
fluorescence resulting from the extracellular addition of Mn2+ to
TRPM7-HEK cells loaded with the Ca2+-indicator dye fura-2, which is
strongly bound and quenched by Mn2+. TRPM7-HEK cells (50,000−
60,000 cells/well) were plated in poly-L-lysine-coated 96-well plates,
and TRPM7 expression was induced 2−3 h postplating by the addition
of 2 μg/mL tetracycline. The culture medium was completely removed
at 16−20 h postinduction and replaced with the fura-2 loading buffer: 2
μM fura-2-acetoxymethyl ester (Invitrogen), 0.10% pluronic, and 2.0
mM probenicid (Sigma) in Krebs-Ringer-HEPES (KRH) buffer (135
mMNaCl, 5 mMKCl, 1.5 mMMgCl2, 1.5 mMCaCl2, 20 mMHEPES,
and 5.6 mM glucose). Following incubation (45 min at 37 °C), the
loading buffer was removed, and the cells were washed once with KRH
before addition of KRH as the assay buffer. The plates were then
transferred to a prewarmed (37 °C) FlexStation 3 (Molecular Devices).
Cells were initially incubated with compounds (5 or 6 concentrations of
3-fold serial dilutions in triplicate) or vehicle for ∼15 min. In all assays
performed, vehicle-receiving, induced TRPM7-HEK cells served as
vehicle control for the activation of a TRPM7-mediated Mn2+ influx,
while wells containing either parental HEK cells (receiving vehicle) or
uninduced TRPM7-HEK served as negative controls to define the
background for the changes of cytosolic [Mn2+]. The Ca2+-independent
fluorescence (excitation 360 nm; emission 510 nm) of fura-2 was
monitored for 90 s following the addition of 10 mMMnCl2. The flux of
Mn2+ was taken as the maximum slope of the change in fluorescence
following MnCl2 addition. Data were normalized by expressing the
background-corrected maximum slope for each well as a percent of the
slope for background-corrected vehicle control wells (% vehicle).
Assays were repeated on separate days, and the pooled data were fitted
to a dose−response curve with Prism statistical software (GraphPad
Software, version 5.01; log of inhibitor concentration vs normalized
response, variable slope). The nonselective ion channel inhibitor 2-
aminoethyl diphenylborinate (Sigma) served as a positive control in
each assay. Calculated IC50 values and 95% confidence intervals are
shown in Table 6.
Electrophysiology. Tetracycline (Tet)-inducible HEK293-TREx

cells, stably transfected with human TRPM7,57 were cultured in
DMEM medium (Gibco) containing 10% fetal bovine serum (FBS,
Gibco), zeocin (0.4 mg/mL, Invitrogen), and blasticidin (5 μg/mL,
Invitrogen). Overexpression was induced by adding 1 μg/mL
tetracycline (Gibco) to the culture medium. Patch-clamp experiments
were performed 18−22 h post-tetracycline induction. For whole-cell
patch-clamp experiments assessing overexpressed human TRPM7, the
extracellular solution contained (inmM) 140NaCl, 2.8 KCl, 2MgCl2, 1
CaCl2, 10 HEPES-NaOH, and 11 glucose (pH 7.2, 300 mOsm).
Intracellular pipet-filling solutions contained (in mM) 130 Cs-
glutamate, 8 NaCl, 1 MgCl2, 10 Cs-BAPTA, and 10 HEPES-CsOH
(pH 7.2, 300 mOsm). All salts were purchased from Sigma. Waixenicin
A (1) was dissolved in methanol and then diluted to a final
concentration of 10 μM for the extracellular solution used for patch-
clamp experiments. As a vehicle control application, appropriate
methanol was added to the extracellular solution. Patch-clamp
experiments were performed in the whole-cell configuration using an
EPC-9 amplifier (HEKA, Germany). hTRPM7 currents were elicited
by voltage ramps of −100 mV to +100 mV from a holding potential of 0
mV over 50 ms and acquired at 0.5 Hz. Current amplitudes over the
course of the experiment were extracted at −80 mV and +80 mV and
plotted versus time. Data were normalized to the time point before
compound application. All values are given as mean and standard error
of the mean (SEM). Patch glass pipettes (Sutter Instrument) were

pulled and heat polished and had a tip resistance of 2−3 MΩ with the
solutions used.
Calculations. Low-energy conformers were initially generated by

energy minimization using MOE with solvation in methanol. Ten low-
energy conformers, ranging from the lowest to the highest energies
obtained by MOE, were then further optimized and minimized using
density functional theory (B3LYP/6-31G) in a methanol continuum
solvation model (SMD). Analysis of the resulting structures was
performed using Gaussian and PyMOL. Structures shown were
generated in PyMOL.
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