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The karlotoxins (KmTxs) are a family of compounds produced by the dinoflagellate Karlodinium veneficum
which cause membrane permeabilization. The structure of KmTx 1, determined using extensive 2D NMR
spectroscopy, is very similar to that of the amphidinols and related compounds, though KmTx 1 features
unique structural modifications of the conserved core region. The structure of KmTx 1 differs from that
reported for KmTx 2, the only other reported karlotoxin to date, in lacking chlorination at its terminal
alkene and possessing a hydrophobic arm that is two carbons longer.

© 2008 Elsevier Ltd. All rights reserved.

Karlotoxins (KmTxs) are a group of potent amphipathic ichthy-
otoxins produced by the dinoflagellate Karlodinium veneficum. This
organism, first described as Gymnodinium galatheanum, collected
from Walvis Bay, Namibia in 1950 during the second famed Danish
‘Galathea’ expedition! and as Gymnodinium veneficum collected
from the English Channel in the same year,2 has been associated
with fish kills worldwide ever since.>® The taxonomic identity of
the organism has changed several times in recent years with syn-
onyms now including Gymnodinium/Gyrodinium galatheanum,
Gymnodinium micrum, Gymnodinium veneficum, and Karlodinium
micrum.”® Several hemolytic, cytotoxic, and ichthyotoxic com-
pounds were first described from then K. micrum following an
investigation of a large mortality event at HyRock fish farm, Mary-
land, USA in 1996.° Karlotoxins appear to function by non-specifi-
cally increasing the ionic permeability of biological membranes
resulting in osmotic cell lysis.'® They kill fish through damage to
sensitive gill epithelial tissues."' The physiological effects of the
karlotoxins suggest similarities with the amphidinols, a series of
amphipathic linear polyketides isolated from various species of
the dinoflagellate Amphidinium (Fig. 1). The amphidinols have been
shown to adopt a hairpin-like conformation when associated with
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micelles and to form pores in membranes that promote cellular
lysis.'? The improved lytic activity of several amphidinols in the
presence of even very low levels of unsaturated sterols in lipid

Figure 1. Structures of the karlotoxins and amphidinol 3. KmTx 1 (1), KmTx 2 (2),
and amphidinol 3 (3).
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Table 1

'H and '>C NMR data for KmTx-1 (1)

Posn. OH (mult, Hz) d¢ (mult)
1a 3.59 (dd, 4.6, 11.0) 66.8 (t)
1b 3.55 (dd, 6.3, 11.1)

2 3.73 m 72.8 (d)
3a 232 m 37.4 (t)
3b 2.22 m

4 5.75 (dt, 15.5, 7.3) 127.9 (d)
5 5.59 (dd, 15.5, 6.7) 136.9 (d)
6 4.05 (q, 6.7) 73.1 (d)
7a 1.55 m 38.0 (t)
7b 1.51 m

8a 1.60 m 22.8 (t)
8b 1.42 m

9 1.45 m 38.1 (t)
10 3.56 m 72.0 (d)
11 1.41 m 38.1 (t)
12a 1.66 m 23.0 (t)
12b 1.42 m

13 1.47 m 39.8 (t)
14 3.68 m 70.1 (d)
15a 1.76 m 41.0 (t)
15b 1.29 m

16 2.09 m 33.3(d)
17 3.19 (dd, 4.2, 6.1) 79.6 (d)
18 3.68 m 72.8 (d)
19a 1.70 m 32.0 (t)
19b 1.62 m

20a 1.72 m 31.4 (t)
20b 1.45 m

21 2.02 m 34.8 (d)
22 3.86 (dd, 2.3, 9.0) 73.8 (d)
23 3.47 (dd, 0.9, 9.0) 73.6 (d)
24 4,02 m 71.4 (d)
25a 1.78 m 35.4 (t)
25b 1.58 m

26a 1.53 m 24.2 (t)
26b 1.46 m

27a 1.72 m 32.7 (t)
27b 1.27 m

28 1.78 m 36.4 (d)
29 3.12 (dd, 3.3, 7.2) 79.9 (d)
30 4.03 m 68.1 (d)
31a 1.93 m 34.6 (t)
31b 1.80 m

32 434 (dt, 10.9, 3.1) 74.6 (d)
33 3.88 (dd, 3.1, 3.1) 73.0 (d)
34 3.91 (dd, 3.3, 7.8) 73.0 (d)
35 411 (dd, 7.8, 7.8) 71.2 (d)
36 3.57 m 77.9 (d)
37 4.19 m 71.7 (d)
38a 2.16 m 31.8 (t)
38b 1.82 m

39 2.63 (ddd, 5.0, 10.8, 15.8) 274 (t)
39b 2.26 (ddd, 6.0, 10.0, 15.8)

40 151.7 (s)
41 439 (d, 8.7) 76.7 (d)
42 3.51 (dd, 1.1, 8.8) 74.9 (d)
43 421 (dt, 12.2, 1.8) 70.7 (d)
44a 2.32 m 31.7 (t)
44b 1.63 m

45 417 m 67.2 (d)
46 431 (t, 2.3) 68.5 (d)
47 3.99 (dd, 1.2, 10.0) 80.6 (d)
48 419 m 72.5 (d)
49 461 (dd, 2.9, 7.4) 74.1 (d)
50 5.74 (dd, 8.1, 15.6) 128.6 (d)
51 5.81 (dt, 15.6, 6.8) 135.1 (d)
52 1.94 m 33.4 (t)
53 1.26 m 30.1 (t)
54 1.12-1.20 m 29.0-31.4 (t)
55 1.12-1.20 m 29.0-31.4 (t)
56 1.12-1.20 m 29.0-31.4 (t)
57 1.12-1.20 m 29.0-31.4 (t)
58 1.12-1.20 m 29.0-31.4 (t)
59 1.12-1.20 m 29.0-31.4 (t)
60 1.27 m 30.0 (t)

Table 1 (continued)

Posn. OH (mult, Hz) d¢ (mult)
61 1.98 m 334 (1)
62 5.63 (dt, 15.0, 7.0) 136.2 (d)
63 6.00 (dd, 10.5, 15.0) 132.1 (d)
64 6.27 (ddd, 10.3, 10.5, 17.0) 138.5 (d)
65a 5.03 (dd, 1.3, 17.0) 114.7 (t)
65b 4.88 (dd, 1.3, 10.3)

66 0.98 (d, 7.0) 17.8 (q)
67 0.97 (d, 7.0) 13.5 (q)
68 0.92 (d, 6.7) 16.8 (q)
69a 5.10 s 112.9 (t)
69b 5.01 s

3 Recorded in 2:1 CDs0D/pyridine-ds at 800 MHz for 'H. Referenced to residual
CD30D peak at 6y 3.30 ppm and ¢ 49.0 ppm.

bilayers has been proposed to suggest direct interactions between
amphidinols and sterols.!> The allelopathic, cytotoxic, and anti-
fungal properties of karlotoxins are likewise believed to be due
to differential membrane specificity determined by membrane ste-
rol composition, which also appears to be responsible for the
apparent immunity of K. veneficum to the membrane-disrupting
properties of its own toxins.!4'® KmTx 2 (2), found in isolates
and fish kill waters from outside of the Chesapeake Bay watershed,
Maryland, USA, was recently reported to be a linear polyketide
with a molecular weight of 1344.8 Da.'®?° We report here for the
first time the planar structure of KmTx 1 (1), which is isolated from
a K. veneficum culture originating from the inland bays of Dela-
ware, USA. This compound is characterized by a close structural
similarity to the amphidinols.

The strain of K. veneficum investigated in these studies (CCMP
2936) was originally isolated from the Delaware Inland Bays,
USA, and was provided as a gift from Kathy Coyne (U. Delaware,
Lewes, DE). Cultures were grown using an f/2-Si-based medium.?!
Culture filtrate was subjected to solid phase extraction and desalt-
ing on octadecyl bonded phase silica, and the organic material was
recovered by elution with methanol and 1:1 acetone/methanol.
The extract (125 mg) was subjected to reversed phase flash chro-
matography (1.2 x 19 cm) using stepwise elution with 20 mL each
of 30%, 45%, 60%, and 80% aqueous methanol followed by 60 mL of
methanol. Fractions derived from the 80% and 100% methanol elu-
tions were combined (10.2 mg) and subjected to purification by
HPLC using isocratic elution with 38% acetonitrile in water at
0.8 mL/min to give pure karlotoxin 1 (1) as a colorless amorphous
solid (1.0 mg); [2]2* +9 (c 0.1, MeOH); UV /m.x (MeOH) 228 nm (&
23000); IR (KBr film) viax 3354, 1066 cm ™.

The positive ion ESIMS of 1 exhibited an [M+H]" molecular ion
(m/z 1339), an [M+Na]" ion (m/z 1361), and a series of losses of
water from the molecular ion (1321, 1303). In addition, the spectra
exhibited a complex and characteristic series of apparently doubly
charged ions and fragments, many resulting from consecutive
losses of water. A molecular formula of CggH126024 was determined
from HRESIMS analysis (m/z 1339.8682 [M+H]"; Calcd. 1339.8717;
A —2.6 ppm). The combined mass spectral data suggested a highly
oxygenated molecule with multiple hydroxyl groups. A total of
seven double bond equivalents are expected from the molecular
formula.

Initial 500 MHz NMR spectra showed considerable overlap for
several 'H and '3C resonances. A complete 2D NMR data set was
subsequently recorded at 800 MHz to resolve resonances and
derive the structure and NMR assignments for 1 (Table 1). A
multiplicity-edited HSQC spectrum of 1 revealed sixty-two
resolved and six overlapped protonated carbon cross-peaks. These
arise from the following types of carbons: seven sp?> methines, two
sp? methylenes, twenty-five oxygenated sp> methines, one oxy-
genated sp> methylene, three sp> methines, twenty-one resolved
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Connected by COSY/TOCSY

Figure 2. The two major substructures as determined by TOCSY and COSY NMR for 1 with selected HMBC (solid arrow) and HSQC-TOCSY (dashed arrow) correlations shown.

sp> methylenes, three methyls, and six overlapped sp> methylenes
near 29-31 ppm (Table 1). The 29-31 ppm carbon signals correlate
to overlapped 1.1-1.2 ppm proton resonances. Integration of these
overlapped 'H resonances in the 1D NMR spectrum showed the
presence of twelve protons, that is, six methylene groups. With
firm evidence for sixty-eight protonated carbons, only a single car-
bon remains unaccounted for. This is a quaternary sp? carbon res-
onating at 151.7 ppm, whose assignment to C-40 is confirmed by
HMBC (Fig. 2).

Comparison of these features with the molecular formula re-
veals that the molecule contains a minimum of five double bonds,
leaving two units of unsaturation to account for. Furthermore, the
number of oxygenated carbons (twenty-six) is two more than the
number of oxygens (twenty-four), suggesting that the two remain-
ing units of unsaturation must be accounted for by ether rings.
Moreover, the analysis above shows the presence of 104 protons
attached to carbon, leaving twenty-two protons attached to oxy-
gen atoms, which is again consistent with the molecular formula
and the presence of two ether rings.

Structural fragments were assembled through the combined
use of COSY, TOCSY, and two-dimensional HSQC-TOCSY spectra.
Substructure A-1 (Fig. 2) was deduced directly from the COSY
and TOCSY data, and was found to feature the primary alcohol
group, two secondary alcohols, and one of the olefinic bonds. The
olefinic proton coupling (3] = 15.5 Hz) indicated an E configuration
(Table 1). Analysis beyond H,-7 in substructure A-1 was hampered
by overlap of the NMR signals of H,-8 with those of H,-9. However,
HSQC-TOCSY and HMBC correlations from the resolved C-8 to H,-7
and from C-10 to H,-8 and H,-9 in concert with the homonuclear
data allowed extension of the spin system to Hp-11 in substructure
A-2 (Fig. 2). Likewise, HSQC-TOCSY correlations from C-12 to H,-11
and H,-13 enabled connection of the spin system through H-14
(Fig. 2). Further support for the presence of the two consecutive
1,5-pentanediol fragments in 1 is provided by comparison of the
'H and 3C chemical shifts observed for C-6 through C-14 with
the assignments for similar fragments in structurally related com-
pounds such as amphidinols 3 (3),%? 5, 6,22 9, and 10,>* lingshuiol
A,%® and luteophanol D.?%

Substructure A-3 spans C-13 to C-39 (Fig. 2). TOCSY and COSY
correlations to a methine signal at éy 2.09 ppm (H-16) indicated
adjacency to a methyl group (C-66), a methylene (C-15), and a
vic-diol group (C-17 and C-18). The latter group is part of another
1,5-pentanediol fragment that contains a methyl substituent at C-
21. The moiety C-27 through C-30 is structurally similar to that at
C-15 through C-18, and indeed there are distinct similarities be-
tween the chemical shift values for H-15 through H-17 and the cor-
responding values at H-27 through H-29 (Table 1). For example,
both structural moieties contain oxymethine groups that exhibit
relatively high-field oy values (3.19 and 3.12 ppm, respectively,
for H-18 and H-28) and relatively low-field d¢ values (79.6 and
79.9 ppm for C-18 and C-28, respectively). C-30 is connected by a
methylene group to a string of six consecutive oxymethines
(C-32 through C-37). TOCSY correlations were crucial in establish-

ing the linkages of H-33 and H-34 as their direct COSY correlation
was not resolved from the spectrum diagonal. The C-37 oxyme-
thine is linked via two methylene groups to an olefinic carbon
(C-40) bearing an exo-methylene substituent that terminates sub-
structure A-3. Connectivity of substructures A-3 and A-4 through
quaternary carbon C-40 was established by HMBC correlations
between C-40 and protons H-39b and H-42 (Fig. 2). Additionally,
close scrutiny of the TOCSY revealed weak correlation peaks
between the olefinic methylene protons (H-69a and H-69b) and
H,-38, H,-39, H-41, and H-42.

Substructure A-4 (Fig. 2) begins with three consecutive oxy-
methines (C-41 through C-43) bridged by a methylene to a system
with five consecutive oxymethines (C-45 through C-49). C-49 is
linked to an E-double bond (C-50 and C-51), as determined from
3] values (15.6 Hz; Table 1). The spin system can be further traced
to two additional methylenes (C-52 and C-53) until the signals
enter a highly congested region of the spectrum at 6y 1.12-
1.20 ppm, which integrates for twelve protons. Substructure B
(Fig. 2) contains a terminal conjugated diene system with an E
double bond, as indicated by the 3] value (15.0 Hz; Table 1). TOCSY
and COSY data showed that this moiety is linked to two methylene
groups that correlate with the same group of unresolved signals in
the region §y 1.12-1.20 ppm. Since no other signals exhibit COSY
correlations with these signals, they were identified as a linear
chain of six methylene groups connecting substructures A-4 and
B, which, as will be discussed below, was consistent with mass
spectral fragmentation data.

The combined analytical data had indicated the presence of two
ether rings and their locations were determined by comparison of
the NMR data of 1 with similar compounds such as the amphidi-
nols and by detailed analysis of the ROESY and NOESY data. The
occurrence of an ether ring containing C-43 through 47 was
supported by the strong agreement in 'H and 'C chemical shifts
for the corresponding region in other amphidinol-like com-
pounds.27-30242631 The observed NOESY/ROESY data and 3] cou-
plings are consistent with the presence of a tetrahydropyran ring
in a chair conformation (substructure C; Fig. 3). The multiplet
structure of H-43 (dy 4.21, dt, 12.2 Hz, 1.8 Hz) suggested the pres-
ence of one strong and two weak coupling interactions, one of the

¥ N

Figure 3. NMR evidence for the relative stereochemical configuration of the two
tetrahydropyran rings in 1.
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latter occurring with H-42. Comparison of the antiphase active
couplings of the DQF-COSY cross-peaks H-43/H-44a and H-43/
H-44b (Supporting Data, Fig. S1) revealed a strong coupling
(12 Hz) for the former and a weaker coupling (<6 Hz) for the latter,
suggesting an axial location for H-43.3233 Comparison of the cross-
peak between H-45 and H-44a to that of H-43 and H-44a indicated
that the 3] value for the former is of a similar magnitude to the lat-
ter, suggesting an axial location for H-45 as well (Fig. S1). The 3] va-
lue between H-45 and H-46 is near 2.2 Hz (Table 1), suggesting an
equatorial location for the latter. An axial location for the alkyl side
chain at C-47 is suggested by the presence of a NOESY correlation
between H-43 and H-49, and provides additional evidence for an
ether linkage between C-43 and C-47 (Fig. 3). Direct cross-peaks
between any of the three axial groups (H-43, H-45, and H-48) were
not observed due to overlap with the spectrum diagonal. These
combined data established that the location and relative stereo-
chemical arrangement of this ring is identical to those of other
amphidinol-like compounds.22292631

A likely location for the second ether ring was suggested by
ROESY correlations between H-36 and both H,-31 protons, indicat-
ing that both H-36 and C-31 are located axially on a chair-confor-
mation tetrahydropyran ring (substructure D; Fig. 3). ROESY and
coupling constant (%Jy) data for positions 31-36 strongly support
the local stereochemical arrangement shown for substructure D
in Figure 3. Axial locations for H-34, H-35, and H-36 are suggested
by the presence of a triplet-like multiplet with 3]=7.8 Hz for
H-35,3* while a 3.3 Hz coupling between H-34 and H-33 indicates
an equatorial location for the latter (Table 1). Note that this ring
configuration, aside from the additional alcohol group at C-35
which is absent from most other amphidinol-like compounds, is
identical to that determined for amphidinol 3 (3),22 luteophanols
B, C, and D,>*?® and lingshuiol.>® The only other amphidinol-like
compounds that contain a hydroxy substituent at C-35 are the
karatungiols.3! However, in the karatungiols the orientation of
the hydroxyl group at the equivalent position in the pyran ring is
axial rather than equatorial. Significantly, the agreement in ] cou-
plings and the 'H and '3C chemical shifts for this ring between 1
and the karatungiols is poor, particularly when compared to the
agreement observed for the other ring described above.

Further support for structure 1 was provided by electrospray
tandem MS/MS of the [M+Na]" ion (m/z 1361; Fig. 4). In particular,
fragmentation at C-29/C-30 (m/z 675) supported the bulk compo-
sition of the polyol arm as assigned. Additionally, the length of
the lipophilic arm was confirmed by the complementary fragment
ions resulting from scission of C-41/C-42 (m/z 937 and 447, respec-
tively). The charged polyol fragment from the latter fragmentation
was much more intense, likely due to the presence of a higher
number of sodium coordinating sites.

The structure for KmTx 1 (1) differs from that of KmTx 2 (2) in
that it features a terminal monosubstituted alkene rather than a
chloroalkene and that its lipophilic arm contains additional two
methylene groups. In addition, the previously reported molecular

Figure 4. Fragment ions observed by tandem MS/MS of [M+Na]* (m/z 1361). All m/z
values correspond to ion fragments containing sodium ions.

formula and mass spectral fragmentation data for hydroxy-KmTx
1-3, a compound of unknown structure, suggest that it is either
identical in structure to or isomeric with 1.'® With a few excep-
tions, the core substructure for positions 28 through 49 is nearly
identical for most amphidinol-like compounds. The modifications
present in the core structure for KmTx 1 are unique, suggesting
that the karlotoxins are a distinct family within amphidinol-like
compounds. For example, there is no double bond at C-28-C-29,
additional hydroxyl groups at C-29 and C-35, and no hydroxyl
group at C-31.

While much of the structural variety found in the amphidinols
arises from differences in the polyol arm, there are some similari-
ties between 1 and other amphidinol-like compounds in this
region. The portion of the polyol arm of 1 between C-1 and C-14
is identical to desulfoamphidinol 1.3° Interestingly, the karlotoxins
are the only amphidinol-like compounds to contain a terminal
diene on the lipophilic arm with no corresponding internal triene,
though the absence of a conjugated triene in the lipophilic arm of
lingshuiol did not lead to a loss of hemolytic potency.>® Increasing
the length of the lipophilic arm has been reported to increase
hemolytic activity among the amphidinols and related com-
pounds.?#1312 In this respect, 1 is similar to amphidinols 1, 3 (3),
5,9, and 13, which all contain the longest known lipophilic arms.

The amphidinols display a variety of biological properties
including hemolytic, antifungal and cytotoxic effects, and inline
with these observations, previous studies with 1° and with 21>
have demonstrated hemolytic, antifungal, and ichthyotoxic activi-
ties for these compounds. Measurements of lysis of human eryth-
rocytes in the presence of varying concentrations of purified 1
showed an EC50 of 63 nM. This high level of potency is comparable
to that of 3, the most hemolytic amphidinol, which has been re-
ported in different studies with human erythrocytes to have
EC50 values of 9 nM,?* 150 nM,'? 250 nM,?” and 400 nM.>® The dis-
covery of KmTx 1 adds to the growing list of amphipathic toxins
produced by dinoflagellates, suggesting that the production of
these compounds is an effective strategy adopted by these organ-
isms to avoid predation and, in the case of K. veneficum, for prey
capture.'”
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