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ABSTRACT: A marine Verrucosispora sp. isolated from the
sponge Chondrilla caribensis f. caribensis was found to produce
thiocoraline, a potent cytotoxic compound. Five new analogs of
thiocoraline were isolated and represent the first analogs of
thiocoraline. 22'-Deoxythiocoraline (2), thiochondrilline C (5),
and 12/-sulfoxythiocoraline (6) demonstrated significant cyto-
toxicity against the AS49 human cancer cell line with ECs,
values of 0.13, 2.86, and 1.26 uM, respectively. The analogs
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provide insight into the SAR and biosynthesis of thiocoraline. The DP4 probability method was used to analyze ab initio NMR

calculations to confirm stereochemical assignments.

B INTRODUCTION

Natural products isolated from terrestrial bacteria have his-
torically contributed to the development of therapeutics." How-
ever, the high rate of rediscovery” (99.5%) from terrestrial
bacteria has necessitated a change in focus for drug discovery
sources. The marine environment, which harbors over twenty
million microbes,’ has provided several microbial-derived com-
pounds, such as salinosporamide A*TZT-1027,° and ILX-651,°
that are currently in clinical trials.” Among the list of microbial-
derived marine natural products with therapeutic relevance is
thiocoraline (1), a potential candidate for clinical trials.* First
isolated in 1997 from the mycelia of Micromonospora marina,”*°
thiocoraline, a bisintercalator, has shown potent cytotoxicity in lung,
breast, colon, renal, and melanoma cancer cells,'* > and in vivo
efficacy against human carcinoma xenografts.® As a result of the
in vivo efficacy, thiocoraline has been the subject of several syn-
thetic'>™"” and biosynthetic'® ** studies. The 3-OH-quinaldic
system, which has been proposed to stabilize the complex with
DNA,"? provides thiocoraline with a unique mechanism of action
and sequence specificity over other bisintercalators, such as echino-
mycin and triostin A, which contain a quinoxaline ring system.”
While bisintercalators containing the quinoxaline ring result in DNA
damage and inhibition of topoisomerase II, thiocoraline inhibits
DNA elongation by DNA polymerase o.."" The synthesis of several
thiocoraline analogs,"* "7 has provided insight into the SAR of
thiocoraline. Synthetic analogs from the Boger group'*'® demon-
strated that the 3-OH-quinaldic system is a key contributor to the
bioactivit;r of thiocoraline, and the synthesis of N-Me-azathio-
coraline'” demonstrated an increase in potency over thiocoraline.

We report the first isolation of thiocoraline analogs. Five
analogs, including three monomers we named the thiochondril-
lines, were isolated from a marine Verrucosispora sp. (Strain
WMMA107), cultivated from the sponge Chondrilla caribensis f.
caribensis (Riitzler, Duran and Piantoni, 2007; order Chondrosida,
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family Chondrillidae). Verrucosispora is a gram-positive, spore-
forming actinomycete genus,”* and only three classes of com-
pounds, the antibiotic abyssomicins,*® proximicins,”® and gifhor-
nenolones,”” are known to be produced by Verrucosispora.
Several Verrucosispora spp. have previously been cultivated
from sponges.”®*” No natural products have been previously
reported from the sponge Chondrilla caribensis f. caribensis, but
natural products have been reported from other Chondrilla spp.>**"
We report the first isolation of thiocoraline from a Verrucosispora
sp. Spectroscopic methods, supported by mass spectrometry and
molecular modeling, led to the elucidation of the structures.
Cytotoxicity against the A549 human cancer cell line was
determined for each compound. The new analogs provide insight
into the biosynthesis of thiocoraline and a better understanding
of the SAR of thiocoraline (1).
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B RESULTS AND DISCUSSION

Extracts from five Verrucosispora strains (WMMAI102,
WMMA10S, WMMA107, WMMA110, and WMMAL111) were
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Table 1. 'H and "*C NMR Data for 2, 6 (600 MHz, CDCl;)

position

12b
13
14
15a
15b
16
17a
17b
21
22
22-OH

6b'
7'-NH

9/
10'-NH
11

124
12b’
13

14/

154
15b

2 6
¢, mult. Oy (J in Hz) O¢, mult. Oy (J in Hz)
199.6,C 199.7,C
61.0,CH 5.79,dd (3.7,11.5) 61.1,CH  5.78,dd (114, 4.0)
170.1,C 1704, C
56.6,CH 6.39, m (6.0) 56.0,CH 641, brt (6.0)
168.3,C 168.9,C
40.3,CH, 3.62,m 40.5,CH, 3.63, m (3.2)
4.59, m (8.0) 4.55, m (6.0)
6.77, m (10.5) 6.76, m
169.5,C 169.5,C
542,CH 4.89,m 540,CH 491, m
8.80,d (5.5) 8.80,d (6.3)
169.1,C 169.4,C
32.1,CH, 2.84,m 32.1,CH, 2.82,m
323, m (4.1) 3.18, m
15.1,CH; 2.12,s 15.3,CH; 2.11,s
30.7,CH; 3.04,s 31.0,CH; 3.07,s
41.6,CH, 2.79,m 40.6,CH, 2.88, m
3.54, m 342, m
30.6,CH; 2.99,s 30.8,CH; 2.96,s
30.2,CH, 3.50,m 30.6,CH, 3.50,dd (3.1, 14.4)
3.73, m (5.4) 3.68, m (2.8)
133.6,C 134.0,C
153.5,C 153.9,C
11.26, s 11.27,s
120.5,CH  7.59, s 1212,CH  7.60, s
132.1,C 1324,C
128.6,CH 7.74,m 131.1, CH 7.76, m
127.7,CH  7.48,m 128.1,CH 747, m
129.7,CH 747, m 129.1,CH  7.46, m
1262,CH  7.65, m (7.7) 1269,CH  7.67, m
141.3,C 141.5, C
199.6,C 198.7,C
61.0,CH 5.80,dd (3.7,11.5)  60.1,CH  6.06,dd (3.2, 11.5)
169.8,C 170.3,C
56.6,CH 6.40, m (6.0) 56.0,CH 6.41,brt (6.0)
168.3,C 168.6, C
40.3,CH, 3.58, m 40.5,CH, 3.65,m (3.2)
4.62, m (8.0) 4.58, m (6.0)
6.77, m (10.5) 6.76, m
169.5,C 169.7,C
543,CH 495 m 53.6,CH 498 m
8.66,d (5.5) 8.76,d (6.3)
170.1,C 169.4,C
32.1,CH, 2.84,m 53.4,CH, 3.15,m
323, m (4.1) 3.33,dd (3.7, 13.8)
15.1,CH; 2.12,s 40.2,CH; 2.64,s
30.7,CH; 3.09,s 32.1,CH; 3215
41.6,CH, 2.79, m 40.6,CH, 2.90, m
3.54, m 3.46, m
30.6,CH; 2.99, s 30.8,CH; 3.00,s
30.2,CH, 3.50,m 30.6,CH, 3.55,dd (3.1, 14.4)
3.73, m (54) 3.70, m
1484, C 134.0,C
1192,CH  8.20,d (8.5) 153.9, CH
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Table 1. Continued

2 6
position  O¢, mult. Oy (J in Hz) ¢, mult. Oy (J in Hz)
22’ —OH 11.27, s
23 1384,CH 8.27,d (8.5) 121.3,CH  7.59,s
24 129.5,C 132.4,C
28 1289,CH  7.84, m (8.4) 131.,CH 772, m
26' 1289,CH 7.59,m 1279,CH  7.54,m
27 1312,CH 7.73,m 1292,CH  7.52, m
28’ 129.7,CH  7.87, m (8.4) 1269,CH  7.70, m
29’ 146.3,C 141.7,C

screened in an antibacterial disk diffusion assay, and despite
antibacterial activity from the extracts, no abyssomicins, prox-
imicins, or githornenolones were identified. The source of the
antibacterial activity was identified as thiocoraline (1), produced
by strain WMMAI107. Five analogs of thiocoraline were also
isolated; NMR, MS, and molecular modeling provided the
necessary data for determining the structures.

HRMS supported the molecular formula of C4gHs501;N10S4 for
22'-deoxythiocoraline (2). Integration of the 'H spectrum and
coupling between H-22' and H-23' (Table 1) indicated a difference
of one phenol group. HMBC and COSY data confirmed that the
rest of the aromatic ring moiety remained the same as thiocoraline
(1). 22'-Deoxythiocoraline (2) is assumed to have the same bio-
synthetic machinery as thiocoraline (1) and consequently, will have
the same absolute configuration as thiocoraline (1). Therefore, the
absolute configuration of 22'-deoxythiocoraline (2) was assumed to
be the same as thiocoraline (1) on the basis of biosynthetic
precedent,'® as well as a comparison of NMR shifts of thiocoraline.”

Thiochondrilline A (3) and B (4), isolated in a 3:1 ratio, were
inseparable despite extensive HPLC work. HRMS of the mixture
helped support the molecular formula of C,;H3,0,N;S; for both
compounds. "H NMR (Table 2) showed that the two com-
pounds had nearly identical chemical shifts with the exception of
H-2 and H-14. Extensive 1D and 2D NMR in comparison to
thiocoraline (1) led to the initial structural assignments of
thiochondrilline A (3) and B (4), though ambiguity remained
about the conformation around the amide bond at C-3. The 2D
ROESY spectrum showed a correlation between H-2 and H-4 for
thiochondrilline B (4) and led to the proposal that thiochondril-
line A (3) was trans and thiochondrilline B (4) was cis around the
amide bond at C-3. Therefore, an DFT study was performed in
order to determine the conformation around the amide bond at C-3.
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Table 2. 'H and "*C NMR Data for 3—5 (600 MHz, CDCl;)

3 4 5
position  Oc, mult. Oy (J in Hz) HMBC Oc, mult. Oy (J in Hz) HMBC O, mult. Oy (J in Hz) HMBC
1 169.8,C 169.8, C 170.1,C
2 564,CH 5.11,dd (4.4, 11.5) 58.8,CH  4.76,dd (4.0, 10.5) 58.0,CH  5.04,dd (44,11.2)
3 169.7,C 169.6, C 169.0,C
4 52.1,CH 5.62,m 3,16 517,CH  5.63,m 3,15, 16 58.1,CH 5.13,dd (3.5,100) 3
S 167.9,C 167.9, C 168.8,C
6a 41.5,CH, 4.16,m (4.3) S 41.3,CH, 4.06,m (3.7) 5 44.6,CH, 5.20,dd (10.3,15.6) 5,8
6b 420, m (4.3) 4.12, m (3.7) 3.79, dd (2.6, 15.6)
7-NH 7.27,t (2.7) 7.20, m 7.01,br d (9.7)
8 169.4,C 169.4, C 169.2,C
9 52.1,CH 4.84,m (7.7) 8, 11 522,CH 4.81,m (7.3) 8,11 54.4,CH  4.80,brt (9.0)
10-NH 9.09,d (8.1) 9.07,d (8.1) 8.86,d (8.5)
11 169.2,C 169.2, C 168.1,C
12a 32.6,CH, 3.08, m 2,13 33.3,CH, 299, m 33.9,CH, 2.92,dd (50,94) 2,13
12b 2.88, m 2.84, m 3.12,m
13 152,CH; 2.10,s 12 15.4,CH; 2.05,s 12 159,CH; 2.12,s 12
14 32.5,CH; 293, 2,3 29.3, CH; 2.78,s 2,3 33.2,CH; 3.20,s 2,3
15a 332,CH, 291, m 19 332,CH, 291,m 19 432,CH, 4.00,brs
15b 2.83, m 2.83, m 2.70, br s
16 29.1,CH; 2.87,s 4,5 29.0, CH; 2.80, s 4,5 30.7,CH; 2.86, s 5,4
17a 36.2,CH, 3.08, m 8,20 362, CH, 3.08,m 8,20 43.6.CH, 3.66,dd (9.7,14.4) 8,9
17b 3.04, m 3.03, m 3.13, m
18 52.7,CH; 3.72s 1 52.7,CH; 3.71,s 1 52.9,CH; 3.75,s 1
19 15.6,CH; 2.08,s 15 15.8, CH; 2.14,s 15
20 159,CH; 223, 17 159, CH; 2.22,s 17
21 134.0, C 134.0, C 134.0,C
22 153.5,C 153.5,C 153.7,C
22-OH 11.55,s 21,23 11.53,s 21,23 11.31,s 21,23
23 120.5,CH  7.64,s 21,22,28,29 120.5,CH 7.64,s 21,22,28,29 1209,CH 7.64,s 21,22, 28,29
24 132.1,C 132.1, C 1324,C
25 126.1, CH 7.70, m 27 126.1, CH 7.70, m 27 126.6,CH  7.70,d (7.9) 24,27
26 128.7,CH  7.52,m 28 128.7,CH 7.52,m 28 129.1, CH 7.54, m 28,29
27 127.3,CH  7.54,m 25 127.3,CH 7.54,m 25 129.1,CH  7.56, m 24,25
28 129.7,CH  8.01,d (8.3) 26 129.7,CH 8.01,d (8.3) 26 129.8,CH  7.97,d (82) 26,29
29 1414,C 1414, C 141.7,C

Thiochondrilline A (3) and B (4) were modeled with molec-

ular modeling software, and DFT NMR calculations were
analyzed with the DP4 probability method® to determine the
conformation around the amide bond at C-3 and the absolute
configuration at C-2. Spartan 10>* was used to find the lowest
energy conformer through a Monte Carlo conformer search
(MMFF), and Gaussian 09** was used for geometry optimization
and NMR calculations (B3LYP/6-31G(d,p)).>> NMR shifts
were referenced to TMS and benzene using the multistandard
(MSTD) approach,® and the DP4 probability method** was
used to compare the calculated NMR shifts for the two proposed
structures with the observed chemical shifts. The recently
published DP4 method was developed by testing 117 molecules,
including 21 natural products that were originally published with
misassigned stereochemistry.>” Calculated and observed chemi-
cal shifts for thiochondrilline A (3) and B (4) were uploaded to
the DP4 method online applet (http://www-jmg.ch.cam.ac.uk/
tools/nmr/DP4), which uses a mathematical algorithm to
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quantify the probability of the correct assignment of each
structure. The DP4 method calculated a 72.2% probability that
thiochondrilline A (3) was trans around the amide bond at C-$
and a 94.3% probability that thiochondrilline B (4) was the cis
isomer (see Supporting Information for all calculated NMR
shifts). Absolute configurations at C-2, C-4, and C-9 were
assumed to be the same as thiocoraline (1), and the configuration
at C-2 was confirmed by DFT NMR calculations. Each config-
uration, R and S, at C-2 was modeled for thiochondrilline A (3)
and B (4), and the DP4 probability method®* calculated a 100%
probability of the R configuration for both thiochondrilline A (3)
and B (4) using calculated "H and "*C NMR shifts. After
determining the conformational relationship between thiochon-
drilline A (3) and B (4), variable temperature 'H NMR experi-
ments (500 MHz, CDCly) at S and 45 °C resulted in no change,
indicating that the compounds were stable. The insolubility of
thiochondrilline A (3) and B (4) in most solvents prevented
variable temperature experiments at higher temperatures.

dx.doi.org/10.1021/j0200661n |J. Org. Chem. 2011, 76, 6542-6547



The Journal of Organic Chemistry

Table 3. A549 Cancer Cell Line Cytotoxicity Data

compound ECso, UM
1 0.0095
2 0.13
3and 4 >10
S 2.86
6 1.26

HRMS supported the molecular formula of C,sH3;0,N;S;
for thiochondrilline C (5). 'H NMR shifts (Table 2) closely
resembled thiochondrilline A (3) and B (4) but with the absence
of two S-methyl groups. The S-methyl at C-13 was present as
evidenced by an HMBC correlation from H-13 to C-12. The
absence of two S-methyl groups led to the initial proposal of a
disulfide bond linking the two side chains. Without direct
evidence of HMBC correlations across the disulfide bond, several
measures were taken to confirm the proposed structure. With the
possibility that (+)ESI MS created the disulfide bond by the
oxidation of two thiol groups, (—)ESI was conducted (608.1274
m/z) and supported the same molecular formula as calculated
from (+)ESI MS. Thiochondrilline C (5) and the possible thiol
analog were optimized with Spartan 10 and Gaussian 09, and
DFT NMR calculations were compared to observed chemical
shifts. Using the DP4 probability method,* a comparison of all
3C chemical shifts for thiochondrilline C (5) and the thiol
analog produced a 97.5% probability of the correct structure
being thiochondrilline C (5) rather than the thiol analog. An
examination of the calculated chemical shifts at C-15 and C-17
especially supported the assignment of thiochondrilline C (5)
(see Supporting Information). The absolute configurations of
thiochondrilline C (5) at C-2, C-4, and C-9 were assumed to be
the same as thiocoraline (1) based on biosynthetic precedent.'®

HRMS and isotopic distribution®” supported the molecular
formula of C4sHs60 13N 0S¢ for 12'-sulfoxythiocoraline (6), one
more oxygen atom than thiocoraline (1). H-13' (2.64 ppm),
H-12’ (3.13, 3.33 ppm), and H-2' (6.06 ppm) (Table 1)
indicated the existence of an S-methyl-containing sulfoxide.
The COSY and HMBC spectra confirmed the structural differ-
ence between thiocoraline (1) and 12'-sulfoxythiocoraline (6).
The absolute configuration of 12’-sulfoxythiocoraline (6) was
assumed to be the same as thiocoraline (1) due to the near
identical "H and >C shifts. Currently, we cannot conclusively
state whether 12/-sulfoxythiocoraline (6) originated as a natural
product or an oxidized product of thiocoraline (1) as a result of
our isolation process.

Each of the five analogs was screened against the A549 human
cancer cell line in comparison to thiocoraline (1) (Table 3), and
the cytoxicity of 22'-deoxythiocoraline (2) helped provide a
better understanding of the SAR of thiocoraline (1). Related
analogs synthesized by the Boger group'*'®> demonstrated that
the absence of both phenol groups reduced the compound’s
cytotoxicity. [N-(2-quinoline carboxyl)-p-Cys-Gly-NMe-L-Cys-
NMe-1-Cys-(Me)], (cysteine thiol) dilactone), identical to
thiocoraline (1) except the absence of both phenol groups, was
one hundred times less potent than thiocoraline (1). 22'-
Deoxythiocoraline (2) was fourteen times less potent than
thiocoraline (1) against the AS49 cell line. Hence, the potency
of 22/-deoxythiocoraline (2) lies between the potency of thio-
coraline (1) and Boger’s synthetic analog, emphasizing the
importance of each phenol group to thiocoraline’s activity. The

3-OH-quinaldic system provides a tricyclic hydrogen-bonded
conformation that is proposed to stabilize the complex with
DNA."? One phenol group, in the case of 22’-deoxythiocoraline
(2), helps stabilize the complex with DNA, though to a lesser
extent than the two phenol groups in thiocoraline (1). Conse-
quently, 22/-deoxythiocoraline (2) reinforces the role of the
phenol group in interactions with DNA and effects on the
potency.

22/-Deoxythiocoraline (2), thiochondrilline A (3), and thio-
chondrilline B (4) also provided insight into the biosynthetic
pathway of thiocoraline. 22'-Deoxythiocoraline (2) suggested
that the putative loading module, consisting of the TioJ and TioO
proteins, can be promiscuous with respect to the starter unit. In
the biosynthesis of thiocoraline (1), Tio] and TioO are proposed
to load 3-OH-quinaldic acid as the starter unit.'® However, the
absence of one phenol group in 22’-deoxythiocoraline (2)
suggested that Tio] and TioO also have the ability to load
quinaldic acid as the starter unit.

As open chain monomers of thiocoraline (1), thiochondrilline
A (3) and B (4) provided insight into the mechanisms by which
thiocoraline (1) is cyclized. Thiochondrilline A (3) and B (4)
revealed that cyclization of thiocoraline most likely occurs before
methylation of the thiol groups. In thiocoraline, only the C-12
thiol groups are methylated. However, all three thiol groups are
methylated in thiochondrilline A (3) and B (4), suggesting that
the putative methylation protein, TioN,*® has the ability to
methylate multiple thiol groups and potentially carboxylic acids.
Alternatively, if methylation were to occur prior, the expected
product would contain C-15 S-Me Cys and not a disulfide bridge.
Hence, cyclization most likely occurs before methylation in the
biosynthesis of thiocoraline (1).

B CONCLUSION

22/-Deoxythiocoraline (2) reinforced the importance of both
phenol groups in contributing to the bioactivity of thiocoraline
(1) and, along with thiochondrilline A (3) and B (4), provided
additional insight into the biosynthesis of thiocoraline (1). This
study also demonstrated the utility of the DP4 probability method
for analyzing DFT NMR calculations to solve stereochemical
problems in an efficient manner.

B EXPERIMENTAL SECTION

General Experimental Procedures. NMR spectra were ob-
tained in CDCl; with a 600 MHz spectrometer with "H{'*C/"*N} cold
probe and 500 MHz spectrometer with '*C/**N{'H} cryoprobe.

Biological Material. Sponge specimens were collected on February
10, 2010, in the Florida Keys (24° 39’ 17.90’, 81° 17’ 51.09"). A voucher
specimen for Chondrilla caribensis f. caribensis (FLK-10—4—24), identi-
fied by Mary Kay Harper (University of Utah), is housed at the Uni-
versity of Wisconsin-Madison. For cultivation, a sample of sponge
(1 cm®) was rinsed with sterile seawater, macerated using a sterile pestle
in a microcentrifuge tube, and dilutions were made in sterile seawater,
with vortexing between steps to separate bacteria from heavier tissues.
Dilutions were separately plated on two distinct media that have yielded
diverse actinomycetes from both marine sponges and sediment: M1 and
M4.%° M1 was made using artificial seawater. Both were supplemented
with 50 ug/mL cycloheximide and 25 ttg/mL nalidixic acid. Plates were
incubated at 31 °C for 28 days.

Fermentation, Extraction, and Isolation. Strain WMMAI107 was
fermented in 25 X 150 mm culture tubes (4 X 10 mL) in medium
ASW-A (20 g soluble starch, 10 g glucose, 10 g peptone, S g yeast extract,
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S g CaCOyj per liter of artificial seawater) for one week at 28 °C. Baffled
flasks (250 mL, 16 X 50 mL) were inoculated with 2 mL from the culture
tube and shaken at 200 rpm at 28 °C for seven days. Flasks (2 L, 32 X
500 mL) containing medium ASW-A with Diaion HP20 (4% by weight)
were inoculated with 25 mL and shaken at 200 rpm at 28 °C for seven
days. Filtered HP20 was washed with water and extracted with acetone.
The acetone extract (35 g) was subjected to a liquid—liquid partitioning
using 30% aqueous methanol and chloroform (1:1). The chloroform
soluble partition (10 g) was subjected to silica gel (SiO,) column
chromatography (350 g, 40—60 um particle size) with hexanes and ethyl
acetate (0—100%). Fractions containing 1—6 were combined and
subjected to RP HPLC (10—100% CH3;CN-H,O, 30 min) using a
Phenomenex Luna C18 column (250 X 10 mm, S um), yielding §
(2.0 mg, tg 23.2 min), 6 (1.6 mg, tg 23.6 min), 3 and 4 (1.5 mg, tg 24.2
min), 2 (0.5 mg, tg 25.6 min), and 1 (80 mg, tg 27.5 min), respectively.
Fraction 8, containing thiochondrilline A and B, was subjected to
11 isocratic and gradient methods of HPLC separation testing different
solvents and solvent compositions. Insufficient separation was achieved.
The inability to separate amide rotamers chromatographically is con-
sistent with past literature,***!
chromatographically separated in some cases.*

Sequencing. Genomic DNA was extracted using the UltraClean
Microbial DNA Isolation kit (Mo Bio Laboratories, Inc.). 16S rDNA
genes were amplified using 100—200 ng genomic DNA template with
the primers 8—27F (§' to 3’ GAGTTTGATCCTGGCTCAG) and
1492R (S’ to 3 GGTTACCTTGTTACGACTT). The following PCR
conditions were used: 94 °C for 5 min, followed by 30 cycles of 94 °C for
30's, 55 °C for 1 min, 72 °C for 1.5 min, with a final step of 72 °C for
S min. The PCR bands were excised from the gel and purified using the
QIAquick Gel Extraction kit (QIAGEN). One uL purified product was
sequenced. Sequencing reactions were performed by the UW Biotech-

though amide rotamers have been

nology Center and reactions were sequenced with an ABI 3730xl DNA
Analyzer. WMMA107, WMMA102, WMMA105, WMMA110, and
WMMAL111 were identified as Verrucosispora spp. by 16S sequencing,
and WMMA 107 demonstrated 99% sequence similarity to Verrucosis-
pora sp. CNP-852 SDO1 (accession number EU 214938.1). The 16S
sequence was deposited in GenBank (accession number JF520832-
JFS520836).

Cytotoxicity. Human lung adenocarcinoma AS49 cells were obtained
from the American Tissue Culture Collection (CCL-185) and were
cultured in Dulbecco’s Modified Eagle’s Medium supplemented with
10% (v/v) FBS and 1% (v/v) penicillin/streptomycin (Cellgro) at 37 °C
in a humidified atmosphere containing 5% CO,. Cytoxicity of the
compounds was determined using the resazurin assay.** The ECs
was calculated using GraphPad Prism Version 5.0.

Molecular Modeling Calculations. Molecular modeling calculations
were performed on a Dell Precision TSS00 Linux workstation with a
Xeon processor (3.3 GHz, 6-core). Low energy conformers were
obtained using Spartan 10 software (MMFF). The low energy con-
former for each compound was analyzed by Gaussian 09 for geometry
optimization and NMR calculations (B3LYP/6-31G(d,p)). Molecules
were modeled in gas phase.

22'-Deoxythiocoraline (2). White solid; [a]**, —98 (c 0.0005,
CHCl;); UV (MeOH) A,,.x (log €) 210 (4.96), 230 (4.57), 299
(3.72), 360 (3.62) nm; IR (ATR) .. 3355, 1657, 1519, 1225,
772 em™'; 'H and *C NMR (see Table 1); HRMS [M + H]* m/z
1141.2533 (caled for CugHg,O4 ;N 0Se 1141.2527).

Thiochondrilline A and B (3,4). white solid; [a]*p —128
(¢ 0.0013, CHCL3); UV (MeOH) Ay (log &) 210 (4.87), 230 (4.46),
298 (3.57), 360 (3.24) nm; IR (ATR) Vpa 3344, 1651, 1519, 757 cm ™
"Hand "*C NMR (see Table 2); HRMS [M + Na]* m/z 662.1745 (caled
for CoyH;,0,N5S;Na, 662.1747).

Thiochondrilline C (5). white solid; [a]** —77 (¢ 0.0011, CHCI,);
UV (MeOH) Ay (log €) 209 (4.84), 230 (4.43), 298 (3.47), 360

(3.43) nm; IR (ATR) Ve 3354, 1656, 1519, 1229, 782 cm ™ '; "H and
13C NMR (see Table 2); HRMS [M + Na]* m/z 632.1297 (calcd for
C,sH3,0,NsS;Na, 632.1278).

12'-Sulfoxythiocoraline (6). white solid; [0]**y —96 (c 0.0013,
CHCL;); UV (MeOH) Ay, (log €) 209 (5.07),230 (4.65),299 (3.76), 360
(3.69) nm; IR (ATR) Ve 3359, 1656, 1519, 747 cm ™ '; 'H and *C
NMR (see Table 1); HRMS [M + H]" m/z 11732424 (caled for
CusHs,013NoSg, 1173.2425).

B ASSOCIATED CONTENT

© Ssupporting Information. 1D and 2D NMR spectra, ab
initio calculation summary. This material is available free of
charge via the Internet at http://pubs.acs.org.
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