
Structures and Cytotoxic Properties of Trichoverroids and Their Macrolide
Analogues Produced by Saltwater Culture of Myrothecium verrucaria
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Saltwater culture of Myrothecium verrucaria, separated from a Spongia sp. collected in Hawaii,
was a source of three new trichothecenes, 3-hydroxyroridin E (1a), 13′-acetyltrichoverrin B
(2), and miophytocen C (3) and nine known related compounds (1b, 4, 5, 6, 7a, 7b, 8, 9a, and
9b). The stereostructures of the new compounds were established on the basis of 1D and 2D
NMR spectral analyses and a chemical transformation. At the same time, the stereostructures
of known compounds, 1b, 4, and 5 reported previously were also elucidated. All the compounds
except 3 showed significant cytotoxicity against murine and human tumor cell lines. Moreover,
the structure-activity relationships (SARs) were established from the results of the bioassay
data.

Introduction

In the early 1990s we hypothesized that chemically
prolific sponges could provide filamentous fungi whose
saltwater culture would produce diverse secondary
metabolites. Two early findings key to validating this
idea included Kitagawa’s isolation of trichoharzin1 from
culture of a Mycale sponge-derived salt obligate strain
Trichoderma harzianum, and our report of the chlorio-
lins A-C2 produced during the saltwater culture of an
unidentified fungus from Jaspis splendens. Further
research along these lines was begun in many labora-
tories and has resulted in a host of significant additional
discoveries. For example, we subsequently described
unique structures of sponge-derived fungal metabolites
such as the chlorocarolides A and B,3 obtained from
saltwater cultures of Aspergillus, asperazine4 isolated
from another Aspergillus strain, and epoxysorbicillinol5
derived from Trichoderma longibrachiatum. The ensu-
ing parallel discoveries by others included the gymn-
astatins from Gymnasella dankaliensis reported by
Amagata and Numata,6 the petrosifungins from a
Penicillium7 described by Bringmann, the aspergillones
from Aspergillus disclosed by Ebel and Proksch,8 and
the pandangolides outlined by Bernan and Ireland.9

Many marine-derived fungi seem to produce ana-
logues of those previously discovered from terrestrial
fungi.10 However, the recent literature shows promise
for new opportunities such as obtaining and culturing
sponge-derived biota not previously described,11 or gain-
ing access to strains capable of producing compound
classes identical to those isolated from the sponge
itself.12

In recent years we have turned our attention to
mining our library of sponge-derived fungi for new
cytotoxic compounds possessing selectivity to solid

tumor cell lines. The library is now greater than 1000
strains and provided the platform for the research
reported below. We began with the straightforward
precept that certain of these strains would produce,
under saltwater culture condition, active extracts, and
this could be followed up with the bioassay-guided
isolation to yield significant compounds. Thus, an
extensive effort was begun to validate our ideas and
obtain chemotypes that would be candidates for further
pharmacological follow up. To achieve this end we have
evaluated 1670 extracts from 817 fungi to probe for their
in vitro selectivity, potency, or both in a screen consist-
ing of a disk diffusion soft agar assay using a panel of
five cancer cell lines (solid tumors and leukemias) and
two normal cells.13 A high priority was given to the
potent extracts (1%) and to the solid tumor selective
extracts (1.9%). Also, extracts containing complex com-
pounds were emphasized, and the final step involved
both molecular-based and traditional approaches to
taxonomy to foreshadow the type of metabolites ex-
pected during the bioassay-guided isolations. A combi-
nation of these approaches focused our attention on a
fungus obtained from Spongia sp. collected in Hawaii.
This fungal isolate was robust in its growth during
saltwater culture, and it provided crude extracts that
were among the most potent of any in our library in
the disk diffusion soft agar cytotoxicity assay. Prelimi-
nary analysis by mass spectrometry indicated the
presence of complex mixtures of compounds with MW’s
> 500 amu. The producing organism was identified as
Myrothecium verrucaria, and eventually we isolated and
characterized 12 trichoverroids or their macrolide ana-
logues from the culture samples.

Strains of Myrothecium verrucaria and its related
taxa, Myrothecium roridum, have been intensely studied
by Jarvis and others for their content of the tri-
chothecene class of sesquiterpenes and their macrocyclic
analogues.14 Trichothecenes are highly functionalized
sesquiterpenes based on the tetracyclic core shown in
Chart 1 and can be further categorized, by expanding
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on Jarvis’s nomenclature,15 as a trichothecenoid (I) or
anguinoid (I′), a trichoverroid (II), a roridoid (III), and
a verrucaroid (IV). Most trichothecenes possess an
epoxide ring at C12-13, which appears to be critical
for bioactivity, including antiproliferating action,16 abil-
ity to induce apoptosis,17 antimalarial activity,18 and
antiviral effects.19 Alternatively, there are few examples
of 12,13-deoxytrichothecenes.20 Interest in the trichoth-
ecenes continues because of their biological activity,21

the challenge associated with their total synthesis,22

curiosity about their biosynthesis,23 and the possibility
for the re-engineering of their biosynthetic pathways.24

Myrothecium verrucaria cultured in this study was a
source of three new trichothecenes (1a, 2, and 3),
together with nine related known compoundssroridin
L (1b),25 roridin M (4),25 verrucarin M (5),25 verrucarin
A (6),26 roridin A (7a),26 isororidin A (7b),27 epiroridin
E (8),15a trichoverrin A (9a),28 and trichoverrin B (9b).28

We describe herein the structure elucidation of three
new compounds (1a, 2, and 3) and the unreported
stereochemistry of three previously published com-
pounds (1b, 4, and 5). The cytotoxicity properties of
these and other analogues are evaluated and discussed,
and we consider the possibility for further development
of these compounds as therapeutic leads.

Results and Discussion

When this project was initiated, there were not any
known reports of marine-derived Myrothecium. How-
ever, during the course of our work, a paper appeared
describing two type III and two type IV analogues from
M. roridum obtained from submerged wood obtained in
Palau20e,29 (see the summary of Table S1). The culture
broth extracts of the fungus, M. verrucaria (strain no.
973023) separated from Spongia sp. (coll. no. 97103),
collected off the coast of Maui, showed potent activity
against murine lymphocytic leukemia L1210 and hu-
man colon tumor H116 cell lines in the soft agar-based
bioassay system. The 1H NMR spectrum of the extract
used for the screening contained characteristic signals
of type II-IV trichothecenes including two singlet

methyls (δΗ 0.8, 1.8), an epoxide (δΗ 2.2, 2.8), ester
groups (δΗ 3.2), and a double bond (δΗ 5.6-8.0). Fur-
thermore, the ESI-TOFMS showed many peaks around
m/z 500-600, consistent with the molecular weight
range of such compounds. To perform comprehensive
investigation of the structures and bioactivities of the
fermentation products, this strain was recultured (12
L, 28 °C) at 150 rpm for 21 days in a medium containing
1.5% malt extract broth in filtered Monterey Bay
seawater adjusted to pH 7.3. The CH2Cl2 solubles
obtained from the EtOAc extract of the culture filtrate
was purified by bioassay-guided fractionation employing
silica gel flash column chromatography. Final isolation
of the active components was performed by reversed-
phase HPLC to yield three new compounds, 3-hydroxy-
roridin E (1a), 13′-acetyltrichoverrin B (2), and mio-
phytocen C (3), and nine related known compounds (as
outlined in Chart S1).

The molecular formula of 3-hydroxyroridin E (1a) and
an accompanying metabolite roridin L (1b) eventually
assigned as the 6′-epimer of 1a were both determined
to have the formula C29H38O9 from HRESI-TOFMS
data. The structure elucidation of this pair was begun
by dereplication using the molecular formula and the
features of the trichothecene I core skeleton as database
search seeds.30 On the basis of comparison to literature
spectral data,25 1b was shown to be identical to roridin
L, whose stereochemistry had not yet been described.
Alternatively the properties of 1a did not correspond to
those of any known trichothecene. However, the NMR
data of 1a closely matched that of 1b (Table S5),
enabling the characterization of the 2D structure to
proceed in a straightforward manner. The analyses of
1H-1H gCOSY and gHMBC for 1a gave three substruc-
tures as shown in Figure 1. Substructure A based on
the sesquiterpene core of I was recognized from 1H-1H
NMR COSY correlations (C2-C4, C7-C8, and C10-
C11) and the gHMBC correlations (H2/C11, 12, and 13,
H4/C6 and C12, H7/C6, 9, and 11, H8/C6, 9, and 10,
H10/C6, 8, and 16, H13a and H13b/C12, H14/C4, 5, 6,
and 12, H15/C5, 6, 7, and 11, and H16/C8, 9 and 10).

Chart 1. Structual Family of Trichothecenes
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Substructure B was assembled from 1H-1H gCOSY
correlations (C4′-C5′) and gHMBC correlations (H2′/
C1′, 4′ and 12′, H4′/C2′, 3′ and 12′ and H12′/C2′, 3′ and
4′). The last substructure C was also justified from the
1H-1H gCOSY correlations (C14′-C13′-C6′-C10′) and an
HMBC correlation (H9′/C11′). Last, these substructures
were connected together using additional gHMBC cor-

relations (H4/C11′, H15/C1′, and H5′/C6′) also shown
in Figure 1. Thus, the structure proposed had to be a
diastereomer of 1b.

The relative chemistry of the trichothecene ring
substituents in both 1a and 1b, excepting that at C3,
was assigned on the basis of NOESY correlations (H2/
H13b, H4/H11 and 15b, H11/H15a, and H13a/H14). The
geometries of the two disubstituted double bonds in the
macrocyclic ring were deduced from coupling constants
(3J7′,8′ ∼15 Hz, and 3J9′,10′ ∼11 Hz) of olefinic protons
and the carbon chemical shift (δ ∼19.5) of the allylic
methyl (C12′), as supported by NOESY, was used to
assign the E-arrangment of the trisubstituted double
bond. Next, the orientation of the hydroxyl group at C3
on 1a and 1b was considered. The coupling constants
to H3 on 1a and 1b were identical as 3J2,3 4.9 Hz and
3J3,4 3.4 Hz, indicating an identical OH group stereo-
chemistry for both compounds. Final assessment of this
stereochemistry was made by reference to coupling
constant data of trichothecinols A-C (10-12)31 (see
Table S6). Namely, the coupling constants to H3â and
H3R show a diagnostic pattern (H3â: 3J2,3â ∼ 5.0 Hz,
3J3â,4 ∼ 3.5 Hz; H3R: 3J2,3R 0 Hz, 3J3R,4 7.8 Hz).
Therefore, applying this trend to the data of 1a and 1b
further confirms that the hydroxyl groups in each are
in an R orientation. Since the absolute stereochemistry
of 10-12 has also been reported,31 by analogy to their
common biosynthetic origin, the seven chiral centers on
the trichothecene ring of 1a and 1b can be assigned as
2R, 3S, 4S, 5S, 6R, 11R, 12S.

The remaining stereochemistry at C6′ and C13′ of 1a
and 1b was determined by the employing diagnostic 1H
NMR parameters summarized in Table 1 for the H13′
multiplet, for the coupling constants to H6′ and for the
13C chemical shifts at C7′ and C8′. Recently, Jarvis used

Figure 1. 1H-1H gCOSY and gHMBC NMR selected correla-
tions for 1a.

Table 1. Diagnostic 1H NMR Parameters That Define the
Macrocyclic C6′ and Side Chain Absolute Configuration

compd H13′ multiplicity
3J6′,7′

(in Hz)
13C

∆δ7,8 configuration

1a quintet 3.0 11.7 6′R, 13′R
1b dq 7.8 2.9 6′S, 13′R
8 qd 3.2 10.9 6′R, 13′S
13a five-line multiplet 3 11.5 6′R, 13′R
14a five-line multiplet 6 4.2 6′S, 13′S
15a eight-line multiplet 6 3.7 6′S, 13′R
a Data from the litrature.15a
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such considerations to assign the absolute stereochem-
istry at C6′ and C13′ in several roridin E diastereomers,
8, 13, 14, and 15),15a using the following patterns. First,
a five-line multiplet was observed at H13′ for threo
configuration (6′ and 13′ ) R, R or S, S), versus an eight-
line multiplet at H13′ for the erythro configuration (6′R,
13′S or 6′S, 13′R). Second, epimers having R-C6′ exhibit
3J6′,7′ ∼ 3 Hz and ∆δC C7′-C8′ ∼ 12 ppm, versus epimers
having S-C6′ (S) show 3J6′,7′ ∼ 6 Hz and ∆δC C7′-C8′ ∼
4 ppm. The properties for 1a included an H13′ five-line
multiplet, indicating C6′ and C13′ were threo (6′R, 13′R
or 6′S, 13′S), along with 3J6′,7′ 3.0 Hz and ∆δC C7′-C8′
11.7 ppm, both indicating a 6′R configuration. Conse-
quently, C6′ and C13′ were both assigned as R, complet-
ing the absolute structure of 1a. Using this same
approach to analyze 1b, its stereochemistry was deter-
mined to be 6′S and 13′R. The complete stereochemistry
of (-) roridin L (1b) has now been assigned as shown
herein.

Attention shifted to the characterization of 13′-acetyl-
trichoverrin B (2). Its molecular formula was established
as C31H42O11 by HRESI-TOFMS. Database searches
using this molecular formula plus the sesquiterpene core
of I as search queries did not afford any hits. The next
step was to repeat the searches with the OAc (δH 2.05,
s, A ) 3) group subtracted from the MF to provide a
search formula of C29H40O9. This yielded several hits
including: roridin A (6), isororidin A (9), trichoverrins
A (9a) and B (9b), and isotrichoverrins A and B (C9′-
C10′ E isomer of 9a and 9b). Sifting through this list
was accomplished by employing the entire set of 1H and
13C NMR data of 2 shown in Table S7 and revealed the
similarity in the properties of 2 to 9a and 9b. Therefore,
this new compound was deduced as being a monoacetate
of 9a or 9b and was supported by the HMBC correla-
tions, which allowed the acetyl group to be connected
at C13′ (HMBC correlation from H13′ to COCH3). The
stereochemistry in the sesquiterpene ring of 2 was
assumed to be identical to that of 1a due to their
common biosynthetic origin. This assumption also sup-
ported the NOESY data (Table S7). The NMR data was
then used in an analogous fashion as described above
to set the geometry of the three double bonds in the two
ester residues. Similarly, by analogy to the pattern
observed by Jarvis in characterizing 9a and 9b,15b the
diagnostic pattern of an eight-line multiplet at H13′
indicated erythro configuration (S, R or R, S) at C6′ and
C13′ in 2. To finalize this assignment, 2 was deacety-
lated under weakly basic conditions. The product dis-
played a five-line multiplet (quint) splitting pattern of
H7′ which meant that the product had a threo config-
uration (C6′ ) C13′ ) S or R). Assuming that the
reaction proceeded by inversion at C13′, accompanied
by anchiomeric assistance from the OH at C6′, explained
this result. Further inspection of the physical properties
of the reaction product including 1H and 13C NMR
spectra and optical rotation indicated it was identical
to known 9a. Working backward then allowed the
stereochemistry in 2 to be assigned as S at C6′ and R
at C13′, respectively. Therefore, the absolute structure
of (-) 2 was determined as 2R, 3S, 4S, 5S, 6R, 11R,
12S, 6′S, and 13′R.

The last structure to be characterized was miophy-
tocen C (3) whose molecular formula, C29H38O10, was

deduced from HRESI-TOFMS data. Early on it was
recognized that 3 was missing the epoxide group
normally observed in a trichothecene ring at C12′-C13′.
In addition, the NMR data (Table S8), intimated that
this compound also possessed a hemiacetal group (δH
5.67, δc 101.7). Comparing the NMR data of 3 to that of
both 1a and 8-acetoxyroridin H (16) facilitated complet-
ing its structure elucidation. First, it was evident from
both 1H and 13C NMR data (J’s and δ’s) that 3 and 1a
possessed B/C-rings identical in structure and stereo-
chemistry. However, the A-rings were different, and as
noted above the epoxide was missing. The major change
in NMR data for the A-ring was that the signals for the
double bond at C9-10 were missing and were replaced
by a quaternary carbon (δC 73.5, s) having an attached
oxygen. HMBC correlations revealed that this carbon
was also adjacent to an sp3 methine (δH 2.26, δC 43.8).
One missing signal for the epoxide was replaced by a
quaternary carbon (δC 78.1, s) bearing an attached
oxygen. The second missing peak was identified from
HMBC correlations as an adjacent sp3 methylene (δC
29.4, t; δH 1.45, 1.88, 2J ) 13.7 Hz). Additional new
HMBC correlations in 3 and not previously observed for
1a consisted of those from H13a to C2, 5, 9, 10, and 12
and from H13b to C2, 9, 10, 11, and 12. These data
supported the formation of a new carbocyclic ring via
connection from C10-C13. This feature also explained
the additional vicinal coupling observed between their
respective protons. In addition, these data justified
locating C10 adjacent to C9, the carbon with the
attached tertiary oxygen. Last, hydroxyl groups were
assigned at C9 and C12, and they were deduced to be
both R supported by NOESY correlations (H13a/H14
and 16, H13b/H10). These correlations along with the
additional data summarized in Figure 2 further justifies
the stereochemistry assigned for the tetracyclic sesqui-
terpenoid portion of the structure. Comparing the
remaining NMR data of 3 to that of 8-acetoxyroridin H
(16)32 whose structure is based on single-crystal X-ray

analysis revealed that their macrocylic rings and fea-

Figure 2. Selected NOESY correlations of trichothecene ring
of 3.
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tures of stereochemistry were identical. Therefore, the
absolute structure of 3 was deduced to be 2R, 3S, 4S,
5S, 6R, 9S, 10S, 11R, 12R, 6′S, and 13′S.

The eight additional compounds dealt with in this
study were known, but two were published without
comprehensive assignment of their stereochemical fea-
tures. The latter group consists of (+) roridin M (4)25

and (+) verrucarin M (5)25 whose published properties
did not include optical rotation data. These compounds
were carefully analyzed on purification, and their NMR
data are shown in Table S9. This information provided
the justification for the absolute stereochemistry de-
picted here for 4 and 5, and the logic employed to arrive
at this assignment was analogous to that outlined above
in the characterization of 1b. For example, the tri-
chothecene ring and geometry of the double bonds on 4
and 5 were determined to be the same as 1a from the
NOESY data (Table S9). The hydroxyl group at C3, for
both 4 and 5, was also determined as R-OH (Table S6).
In summary, the absolute structures of 4 and 5 were
determined as 2R, 3S, 4S, 5S, 6R, 5′S, 6′S, and 13′R
and 2R, 3S, 4S, 5S, 6R, 11R, and 12S, respectively.

The cytotoxic properties of all the compounds obtained
in this study were assessed against murine and human
tumor cell lines using the disk diffusion soft agar colony
formation assay.13 To calibrate our findings, it is first
necessary to briefly review literature data dealing with
the cytotoxicity and antitumor and anticancer evalua-
tion of trichothecenes. Highlights of this SAR appear
in Chart S2 and reflect substantial in vivo data collected
in the early 1980s from the P388 leukemia mouse model
on 61 anguidoid (I′)33 analogues and on 37 type III and
IV macrocycles.21 The positive in vivo activity in the
mouse for anguidin (17)34 prompted, in the late 1970s,

five distinct series of Phase II studies that involved a
total of 484 patients.35 Unfortunately each of the stud-
ies, where anguidin was used as a single agent, was
discontinued because of

varied toxicity effects and the lack of substantive
antitumor activity. Very recently, between 2001 and
2002, four different research teams have reported on
the in vitro cytotoxicity properties of type III and IV
tricothecenes (Chart S1).25,29a,33,36 However, missing
from this list are in vitro cytotoxicity data for both type
I and type II analogues. The most important universal
SAR trends evident include: (a) the C12-C13 epoxide
is required for vigorous activity (IC50 < 1 nM), (b) mixed
effects are observed when a C9-C10 epoxide is intro-
duced, (c) the incorporation of a 3-keto, or 8-keto, or a
C16-hydroxide can enhance activity, and (d) trichover-
roids (II) are minimally toxic to normal cells such as
NIH3T3.37

All the compounds showed significant inhibition zones
against all cell lines in our bioassay system.13b Many,
in fact, demonstrated leukemia selectivity as shown in
Table 2 by the large negative zone differentials between
L1210 leukemia and both Colon38 and the positive zone
differentials between Colon38 and CFU-GM. An esti-
mate of the potency of each compound was also obtained
and shown in Table 2 as relative activity. Consistent
with the trends discussed above, miophytocene C (3) is
the least potent compound because the critical C12-
C13 epoxide residue is absent. Also, the three tricho-
verroids (type II compounds) were all weak in their
relative activity and the same was true for the epoxide
containing roridoid 4, a roridoid possessing both the
12,13-epoxide and a 1,3-dioxalane ring embedded in the
macrocycle. Although anguidine (17)38 was intermediate
in its relative activity, it was unselective against both
murine and human tumors. Alternatively, compounds
in the most active group [7b > 7a, ≈ 6, 1b > 1a > 8]
were all 12,13-epoxy containing macrocyclic trichoth-
ecenes as either roridiods (III) or verrucaroids (IV). In
addition, the best murine tumor selectivity and relative
activity is associated with the presence of a 2′-OH
substituent on the macrocyclic ring of either a roridoid
(III) or a verrucaroid (IV). Finally, the stereochemistry
at C6′-C13′ also plays a role in affecting both selectivity
and potency. The favored arrangement was 6′R, 13′S
for the 7a\7b pair and 6′S, 13′R for the 1a\1b pair.

All the compounds except 8 were also evaluated in
the NCI 60 cell line screen,39 and the data obtained is
shown in Table 3. As above, anguidine (17) was also

Table 2. Zone Unit Differentials in the Disk Diffusion Soft Agar Colony Formation Assaya

murine tumor selectivityd human tumor selectivityd

compd type (µg/mL)b relative activityc ZC38-ZL1210 ZC38-ZCFU-GM ZL1210-ZCFU-GM ZH116-ZCEM ZH125-ZCEM

1a III 0.14 392 -300 -50 250 0 50
1b III 1.3 632 -400 0 400 -100 -50
2 II 31 9 -400 -100 300 -150 400
3 III 550 1 -350 -50 300 -50 -50
4 III 41 14 0 100 100 -150 -100
5 IV 30 19 150 -50 -200 -50 -50
6 IV 0.78 692 -300 50 350 -200 -200
7a III 0.78 703 -300 50 350 -100 -150
7b III 0.90 1066 -500 -50 450 -150 -150
8 III 8.6 256 -550 0 550 >-150 >-50
9a II 163 3 -500 -200 300 -50 -100
9b II 175 6 -300 300 600 -150 -100
17 I′ 0.24 423 -150 0 150 -100 0

a Measured in zone units.13 Murine cell lines: L1210 (lymphocytic leukemia), C38 (colon adenocarcinoma), CFU-GM (normal bone
marrow), Human cell lines: H116 (colon tumor), H125 (lung nonsmall cell carcinoma), CEM (lymphocytic leukemia) CFU-GM (normal
bone marrow). b Concentration (15 µL applied to disk) to give 500 zone units against H116. c Relative activity against H116 is calculated
by setting compound 3 as 1.0. The relative activity (RA) is calculated by the following formula; RA ) dilution required for 500 zone units
× 100/mg/mL. d Significant selectivity is defined by a difference of >250 zone units.
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used as an important standard, and in contrast to the
data of Table 2 it was observed to be the most potent.
As expected, miophytocen C (3) was inactive against all
cell lines, and the three trichoveroids (III), 2, 9a, and
9b, were only active at the µM level. The remaining
roridoids (III), 1a, 1b, 7a, and 7b, and the verrucaroid
(IV), 6, showed potent activity and cell selectivity. While
each of these compounds exhibited slightly different
activity patterns of Table 3 for CEM and the NCI
leukemia cell against the different tumor types, in
contrast to the pattern, in Table 3, the leukemia cell
lines were less sensitive to these compounds. In com-
paring the results for the series 1a, 1b, 7a, 7b it would
appear that the variations in the stereochemistry at C6′-
C13′ are tolerated.

Conclusions

The sponge-derived strain of Myrothecium verrucaria
examined here was rewarding to study as it elaborated
a broad array of functionalized trichothecenes. Our
strategy of saltwater culturing provided compounds in
the trichoverroid (II), roridoid (III), and verrucaroid (IV)
classes. By contrast, none of the previous studies, all
involving culturing of M. verucaria in deionized water,
has simultaneously provided compounds in each of these
classes. An additional nuance on the chemical diversity
of metabolites observed from our culture is that mio-
phytocene C (3) was obtained, and it is distinctive in
the absence of the C12-C13-epoxide normally present
in a tricothecene. This observation mirrors a continuing
theme observed in our laboratory wherein culturing
known fungal strains in 100% seawater-based media
can broaden the scope of the observed chemistry.
However, it is now evident that some significant chal-
lenges need to be addressed in order to further develop
this strategy as a useful means to expand marine
natural products chemistry. Such efforts are ongoing in
our laboratory and will be disclosed in the future.

The disk diffusion soft agar colony formation cytotox-
icity data accumulated in this study may provide some
additional insights on the potential of these structures
for further therapeutic development. Consistent with
previous trends, miophytocene C (3) is less potent
because of the absence of the C12-C13 epoxide. Al-
though anguidine (17) is intermediate in its relative
activity, it is unselective. The best potency and, in some
cases, the optimal murine leukemia tumor selectivity
is associated with the presence of increased flexibility
in the primed atoms (C1′ through C11′). For example,
compounds possessing a 2′-OH in the macrocyclic ring
of either a roridoid (III) or verrucaroid (IV) have
increased relative activity, whereas the R,â unsaturated
trichoveroids (III) (see 3 and 4) are less active. Thus,
the comparison of the relative activity levels of com-
pounds 5 vs 6 and 8 vs 7a/7b demonstrates that
disruption of the conjugated chromophore at C1′-C3′ can
be effective for increasing the potency. Severing of the
macrocyclic ring (see 2, 9a, and 9b) greatly reduces the
relative activity. Turning to the issue of leukemia tumor
selectivity, the best compounds in this regard are 7b,
8, and 9a. However, the wide variations in their
structures confound analysis of the requirements of
their bioactivity. Finally, the therapeutic evaluation of
selected active compounds is underway as 5, 6, 7a, and
7b are the subjects of pending in vivo studies and have
also been selected for further investigation by the NCI
Biological Evaluation Committee. We believe the results
presented here along with the previous in vivo SAR
patterns for anguidine (17) will assist in the further
design of type III and IV class compounds for develop-
ment as anticancer leads.

Experimental Section
General Experimental Procedures. UV/vis measure-

ments were recorded on HP 8453 diode array spectrometer.
Optical rotations were obtained on a JASCO DIP-370 digital
polarimeter. The NMR spectra were recorded on a Varian

Table 3. Selected NCI-DTPaAntitumor Activity Results against in Vitro 60-Cell Lines Data (IC50, µMb)

tumor type

1a
NSC

724381d

1b
NSC

720909

2
NSC

720697

3
NSC

722594

4
NSC

720694

5
NSC

720693

6
NSC

720162

7ac

NSC
200737

7b
NSC

720910

9a
NSC

720696

9b
NSC

720695

17c

NSC
141537

leukemia
CCRF-CEM -e - - - - - - - - - - <0.001
HL-60 (TB) 0.010 - - - - - - - - - - <0.001
MOLT-4 - - - - - - - - - - - <0.001

NSCL
A549/ATCC nd - 9.77 - - nd - - - 5.44 6.21 <0.001
NCI-H226 0.007 0.091 4.87 - 0.157 0.033 0.004 0.003 nd 8.41 6.93 <0.001
NCI-H522 - 0.021 1.21 - 0.026 <0.001 <0.001 <0.001 0.095 0.936 0.904 <0.001

colon
COLO205 - 0.013 0.612 - nd 0.007 <0.001 0.003 0.008 1.31 4.02 <0.001
HCT-116 <0.001 - - - 0.075 nd - - - - - <0.001
HCT-15 - - - - 0.483 0.073 8.10 - - - - <0.001

melanoma
M14 <0.001 0.024 9.0 - 0.075 0.008 <0.001 <0.001 0.010 7.87 7.10 <0.001
SK-MEL-2 - 0.024 - - 0.260 0.037 0.008 0.003 - 7.54 8.91 <0.001
UACC-62 0.009 0.018 9.56 - 0.409 0.057 0.005 0.005 0.002 - - <0.001

renal
786-0 0.059 - - - - nd 0.040 - - - <0.001
A498 0.009 0.019 2.38 - 0.583 0.053 0.003 0.316 0.006 6.96 8.16 <0.001
RXF 393 0.057 - - - 2.18 0.084 - 0.002 0.010 - - <0.001

breast
MCF7 - - - - - - 1.20 - - - - <0.001
MDA-MB-435 0.004 0.020 2.26 - 0.137 0.014 0.004 0.006 0.031 2.70 5.49 <0.001
MDA-N nd 0.021 5.08 - 0.083 0.014 0.082 0.003 0.008 7.78 - <0.001

a Data provided by the National Cancer Institute-Development Therapeutics program (NCI-DTP). b IC50 ) LC50 single point data reported
on the website given above. c These data were quoted from NCI’s online data. d For the comprehensive data set against 60 cell lines use
the NSCs above at http://dtp.nci.nih.gov/. e -: inactive (IC50 > 10 µM). nd: no data.
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UNITY INOVA-500 spectrometer, operating at 500 and 125.7
MHz for 1H and 13C, respectively. High-resolution mass
measurements were obtained on a benchtop Mariner ESI-TOF
mass spectrometer. HPLC was performed with columns of 5
µm ODS.

Biological Materials. The fungus (strain no. 973023) was
isolated following previously described techniques40 from a
Spongia sp.41,42 (coll. no. 97103), identified by Dr. Cristina Diaz
(UCSC, IMS), and collected using SCUBA off the coast of Maui
in March 1997. The fungal culture was submitted for identi-
fication to Accugenix, a division of Acculabs, INS. The analysis,
based on the alignment of the D2 region of the 25S ribosomal
DNA compared against the MicroSeq database, identified the
fungus as Myrothecium verrucaria with a genetic distance of
0.63%. A genetic distance of less than 1% is usually indicative
of a species level match, however, data interpretation must
be done on a case by case basis, taking into account the % GD
(Genetic Distance) between known species closely related to
other fungi. In addition, this fungus was identified as Myroth-
ecium verrucaria from analysis of its fruiting body at the
University of Texas Health Science Center at San Antonio.
This fungus is maintained in a cryopreserved state at UCSC.

Culture Conditions. The fungal strain was grown in a
liquid medium (12 L) containing 1.5% malt extract broth in
filtered Monterey Bay seawater adjusted to pH 7.3 at 150 rpm
for 21 days at room temperature (28 °C).

Disk Diffusion Soft Agar Colony Formation Assay. An
in vitro cell-based assay was employed to identify solid tumor
selectivity for original extracts, extract partition fractions, and
pure compounds. The differential cytotoxicity13b is expressed
by observing a zone differential between any solid tumor cell
(Colon38, ColonH116, LungH125) and either leukemia cells
(L1210 or CEM) or normal cells (CFU-GM). The sample is
designated as “solid tumor selective” if (zone units of solid
tumor-normal cell or leukemia cells) is greater than 250 units.
The activity results appear in Tables 7, S2, and S3.

Extraction and Isolation. The culture was filtered under
suction, and the broth was extracted with EtOAc thrice with
equal volumes of EtOAc. The combined extract was evaporated
to give a mixture of crude extract (E; 2.41 g). The organic
extract was partitioned thrice between 10% aqueous MeOH
and hexane. The aqueous MeOH soluble portion was further
partitioned between 50% aqueous MeOH and CH2Cl2 thrice.
The CH2Cl2 soluble extract (EFD; 1.64 g) was chromato-
graphed on a silica gel column with CH2Cl2-MeOH as the
eluent. The MeOH-CH2Cl2 (0:100), (1:99), (1:49), and (1:19)
eluates were collected as two fractions [F1 (352.6 mg) and F2
(366.2 mg)], three fractions [F3 (146.9 mg), F4 (114.4 mg), and
F5 (125.4 mg)], four fractions [F6 (123.9 mg), F7 (40.5 mg),
F8 (169.7 mg), and F9 (142.6 mg)] and two fractions [F10 (76.2
mg) and F11 (16.2 mg)], respectively. F2 was purified by HPLC
using MeOH-H2O (1:1 up to 1:0) to give 6 (134.9 mg). F3 was
purified by HPLC using MeOH-H2O (7:3 up to 4:1) to yield 6
(15.1 mg) and 7a (21.0 mg) and a fraction [F3H8 (21.0 mg)],
respectively. F3H8 was purified by HPLC using MeCN-H2O
(1:1 up to 3:2) and gave 8 (3.7 mg) and 4 (7.6 mg), respectively.
F4 was purified by HPLC using MeOH-H2O (1:1 up to 1:0)
and yielded 7a (58.8 mg) and 5 (4.3 mg) and a fraction [F4H11
(4.2 mg)], respectively. F4H11 was purified by HPLC using
MeCN-H2O (4:1) to give 4 (1.0 mg). F5 was purified by HPLC
using MeOH-H2O (1:1 up to 1:0) to yield two fractions [F5H6
(21.0 mg) and F5H7 (22.4 mg)], respectively, and to give 1 (2.3
mg). F5H6 was purified by HPLC using MeCN-H2O (2:3 up
to 1:1) to give 1b (13.5 mg) and 7b (6.8 mg), respectively. F5H7
was purified by HPLC using MeOH-H2O (3:2 up to 4:1) and
gave 7a (17.6 mg). F6 was purified by HPLC using MeOH-
H2O (13:7 up to 7:3) to yield a fraction [F6H9 (12.3 mg)]. F6H9
was purified by HPLC using MeCN-H2O (9:11 up to 1:1) to
give 2 (6.2 mg). F9 was purified by HPLC using MeOH-H2O
(3:2 up to 4:1) to yield two fractions [F9H7 (13.6 mg) and F9H8
(28.5 mg)], respectively. F9H7 was purified by HPLC using
MeCN-H2O (7:13 up to 9:11) to give 9b (7.6 mg). F9H8 was
purified by HPLC using MeCN-H2O (7:13 up to 9:11) to give
9b (4.1 mg) and 9a (9.9 mg). F10 and F11 were combined and

purified by HPLC using MeOH-H2O (2:3 up to 4:1) to yield a
fraction [F10, 11H17 (4.5 mg)]. F10, 11H17 was purified by
HPLC using MeOH-H2O (13:7 up to 3:1) to give 3 (2.8 mg).
F10 and F11 were combined and purified by HPLC using
MeOH-H2O (3:2 up to 4:1) to yield a fraction [F10, 11H17 (4.5
mg)]. F10, 11H17 was purified by HPLC using MeOH-H2O
(13:7 up to 3:1) to give 3 (2.8 mg).

3-Hydroxyroridin E (1a): colorless powder. [R]27
D -10.0°

(c, 0.04, CHCl3); UV (MeOH) λmax (log ε) 262 nm (4.23); 1H and
13C NMR data see Table S5. HRESI-TOFMS: m/z 553.2420
[M + Na]+ (calcd for C29H38O9Na, 553.2408).

Roridin L (1b): colorless powder; [R]27
D -28.6° (c, 0.14,

CHCl3); UV (MeOH) λmax (log ε) 263 nm (4.53); 1H and 13C NMR
data see Table S5. HRESI-TOFMS: m/z 553.2406 [M + Na]+

(calcd for C29H38O9Na, 553.2408).
13′-Acetyltrichoverrin B (2): colorless powder. [R]27

D

-45.5° (c, 0.13, CHCl3); UV (MeOH) λmax (log ε) 263 nm (4.80);
1H and 13C NMR data see Table S7. HRESI-TOFMS: m/z
597.2676 [M + Na]+ (calcd for C31H42O10Na, 597.2670).

Hydrolysis of 2. To a solution of 13′-acetyltrichoverrin B
(2, 3.7 mg) in MeOH (2.0 mL) was added ammonium hydoxide
(200 µL) at room temperature for 2 h with stirring. The
reaction mixture was evaporated under reduced pressure to
give a residue that was purified by a reversed-phase HPLC
(60% up to 80% MeOH in H2O, linear graient) to afford 9a
(2.9 mg). The 1H and 13C NMR spectra and the optical rotation
([R]27

D -48.9°; c, 0.09, CHCl3) of the reaction product were
identical with 9a isolated from the fungal extract. HRESI-
TOFMS: m/z 555.2583 [M + Na]+ (calcd for C29H40O9Na,
555.2562).

Miophytocen C (3): colorless powder. [R]27
D +8.8° (c, 0.25,

CHCl3); UV (MeOH) λmax (log ε) 221 nm (4.22), 261 (4.06); 1H
and 13C NMR data see Table S8. HRESI-TOFMS: m/z 569.2370
[M + Na]+ (calcd for C29H38O10Na, 569.2357).

Roridin M (4): colorless powder. [R]27
D +42.1° (c, 0.19,

MeOH); UV (MeOH) λmax (log ε) 263 nm (4.96); 1H and 13C
NMR data see Table S9. HRESI-TOFMS: m/z 551.2261 [M +
Na]+ (calcd for C29H36O9Na, 551.2252).

Verrucarin M (5): colorless powder; [R]26
D +32.1° (c, 0.06,

CHCl3); UV (MeOH) λmax (log ε) 263 nm; 1H and 13C NMR data
see Table S9; HRESI-TOFMS: m/z 501.2105 [M + H]+ (calcd
for C27H33O9, 501.2119).

Verrucarin A (6): colorless powder. [R]27
D +115.7° (c, 0.98,

CHCl3); HRESI-TOFMS: m/z 503.2280 [M + H]+ (calcd for
C27H35O9, 503.2275). This compound was identified by com-
parison of spectral data with those of the literature values.26

Roridin A (7a): colorless powder. [R]27
D +85.2° (c, 0.18,

CHCl3); HRESI-TOFMS: m/z 533.2760 [M + H]+ (calcd for
C29H41O9, 533.2745). This compound was identified by com-
parison of spectral data with those of the literature values.26

Isororidin A (7b): colorless powder. [R]27
D +68.3° (c, 0.08,

CHCl3); HRESI-TOFMS: m/z 555.2554 [M + Na]+ (calcd for
C29H40O9Na, 555.2564). This compound was identified by
comparison of spectral data with those of the literature
values.27

Epiroridin E (8): colorless powder. [R]26
D +15.2° (c, 0.07,

CHCl3); HRESI-TOFMS: m/z 515.2643 [M + Na]+ (calcd for
C29H39O8, 515.2640). This compound was identified by com-
parison of spectral data with those of the literature values.15a

Trichoverrin A (9a): colorless powder. [R]26
D -51.5° (c,

0.21, CHCl3); HRESI-TOFMS: m/z 555.2560 [M + Na]+ (calcd
for C29H40O9Na, 555.2565). This compound was identified by
comparison of spectral data with those of the literature
values.28

Trichoverrin B (9b): colorless powder. [R]27
D -24.7° (c,

0.17, CHCl3); HRESI-TOFMS: m/z 555.2551 [M + Na]+ (calcd
for C29H40O9Na, 555.2565). This compound was identified by
comparison of spectral data with those of the literature
values.28
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M. S. Total Synthesis of (()-Epoxysorbicillinol. J. Am. Chem.
Soc. 2001, 123, 2097-2098.

(6) Isolation: Amagata, T.; Doi, M.; Ohta, T.; Minoura, K.; Numata,
A. Absolute Stereostructures of Novel Cytotoxic Metabolites,
Gymnastatins A-E, from a Gymnascella Species Separated from
a Halichondria Sponge. J. Chem. Soc., Perkin Trans. 1 1998,
21, 3585-3599. (b) Synthesis: Gurjar, M. K.; Bhaket, P. Total
Synthesis of a Novel Metabolite Gymnastatin A. Heterocycles
2000, 53, 143-149.

(7) Lang, G.; Steffens, S.; Schaumann, K.; Bringmann, G. HPLC-
UV, -MS, -NMR and -CD as Useful Tools in the Search for New
Metabolites from Sponge Derived Fungi. Scientific Programme,
Book of Abstracts, List of Participants; 3rd European Conference
on Marine Natural Products, Elmau Castle, Bavaria, Sept 15-
20, 2002; Munich, 2002, Abstract p 67.

(8) Ebel, R.; Lin, W. H.; Edrada, R. A.; Proksch, P. Biogenetically
Diverse Secondary Metabolites from Sponge-Associated Fungi.
Scientific Programme, Book of Abstracts, List of Participants;
3rd European Conference on Marine Natural Proudcts, Elmau
Castle, Bavaria, September 15-20, 2002; Munich, 2002, Ab-
stract, p 67.

(9) Smith, C. J.; Abbanat, D.; Bernan, V. S.; Maiese, W. M.;
Greenstein, M.; Jompa, J.; Tahir, A.; Ireland, C. M. Novel
Polyketide Metabolites from a Species of Marine Fungi. J. Nat.
Prod. 2000, 63, 142-145.
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