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This thesis concerns two quite different types of research that are separated into
distinct sections of the thesis, but which seek to answer the same question using
diametrically opposite approaches. The first part (Chapters 1-8) covers research leading
to novel, bioactive compounds in marine sponges, while the second (Chapters 9-10)
involves molecular biological studies of symbiosis between microbes and sponges.
Although these topics seem at first glance completely separate, they are in reality
intimately tied together through marine natural products chemistry. In some sponges,
potential pharmaceuticals or compounds with interesting structures are produced by
microbial symbionts, so a more detailed understanding of sponge-microbe symbiosis
will lead to new compounds or a better source for new drugs. Conversely, a knowledge
of chemistry, particularly biosynthesis and the distribution of compounds, can help in
the understanding of sponge-microbe symbioses, leading to information which could

never otherwise be obtained on microorganisms that are nearly impossible to culture.
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Chapter 1 outlines chemical research and provides a review of structure
elucidation methods. Chapters 2-6 contain reprints of previously published material,
describing the isolation and structure elucidation of novel secondary metabolites from
marine sponges. Although the first compounds are achiral, most of the work in the
remaining chapters pertains to the elucidation of the stereochemistry of new compounds.

The chemistry chapters progress logically into the introduction to biological
studies, culminating in the structural solution of a peptide previously isolated directly
from symbiotic bacteria of the sponge Theonella swinhoei (Chapter 8). With this
chemical lead-in, current knowledge of sponge-microbe symbioses is briefly reviewed
along with an introductory rationale to my biological studies (Chapter 9). Details of a
molecular-biological study of sponge-microbe symbiosis in sponges of the order
Lithistida are presented in Chapter 10. It is demonstrated that the symbiotic, peptide-
containing bacterium of 7. swinhoei are new species of 3-subdivision Proteobacteria.
Sequences of similar strains from closely related sponges and media used to attempt to
culture the symbionts are reported. In conclusion, chemistry and molecular biology are

shown to supplement each other in the understanding of sponge-microbe symbiosis in

the order Lithistida.
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CHAPTER 1
CHEMICAL STUDIES OF MARINE SPONGES:
AN INTRODUCTION

Sponges (Phylum: Porifera) have been the major sources of new marine natural
products since the founding of the field. They have usually been studied for biomedical
purposes, but a large number of ecological studies of sponge metabolites have also been
reported.! Several metabolites have been selected for clinical trials,2 and a large number
of compounds that are not drug candidates find use as biomolecular probes.3 The
structures of these compounds are often quite novel, and they require detailed NMR and
chemical experiments for their elucidation. Because of these factors, sponge chemistry
remains a major topic of research.

The next seven chapters concemn the structure elucidation of new marine natural
products from sponges, beginning with achiral molecules and proceeding to compounds
of increasing stereochemical and conformational complexity. Molecules of several
different biosynthetic classes are described, including alkaloids, terpenes, acetogenins,
and peptides, and methods of structure elucidation specific to each class are discussed.
Most of my thesis work has been on structural elucidation of novel peptides from
sponges of the order Lithistida (Class: Demospongiae).4 These bioactive compounds
are replete with stereocenters and novel amino acids, and additionally often exhibit some
degree of conformational isomerism. Because much of the work involved in solving a
new structure is configurational and conformational analysis, this chapter contains a
review of the most elegant and useful methods for stereochemical determination in
marine natural products, particularly methods that have been applied to molecules
discovered in the course of my dissertation research. In addition, the rationale behind

R
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the choice of projects is discussed, including the bioactivity of the compounds studied.
The chemistry described in this chapter leads into biological studies of marine sponges,
which are introduced in Chapter 9. Since the scope and goals of marine natural products
chemistry have been extensively reviewed, -5 they will not be discussed here.
Early chemical studies

In my first graduate project, I examined the organic extracts of the Pohnpeian
sponge, Zyzzya fuliginosa, a coral borer found throughout much of the tropical Pacific
(Chapter 2). The sponge was selected for chemical study because its crude extract was
active against the Human Colon Tumor (HCT) 116 cell line and because its 'H NMR
spectrum had interesting signals in the aromatic region. Seven new alkaloids were
isolated (makaluvamines H-M and damirone C), and the structures were determined
using a combination of spectroscopic techniques.6 As the simplest of the compounds I
worked with, the makaluvamines provided an ideal introduction to natural products
chemistry. Because the compounds were colored, their purification could easily be
followed by eye. In addition, these small heterocycles contained no chiral centers, and
thus provided no large hurdles to structure elucidation. Once the structure of a known
compound in the extract was determined, the others could be generated by comparison
of spectral data, although numerous NMR experiments were still required. The heavily
substituted nature of the heteroaromatic WuvMes and damirones required that 13C
NMR spectroscopy and 'H-13C correlation experiments be used as major tools for
structural identification. Once chemical studies were completed, some interesting
biological data were obtained. Chemotaxonomic evidence from this and other studies

was reflected in the reassignment of some members of the Damiria and Zyzzya genera

into the single species, Z. fuliginosa.’

—
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My second project involved more complicated chemistry, since the new
sesterterpene, palauolol (1), contained several chiral centers and required some difficult
chemical transformations (Chapter 3).8 The Palauan sponge Fascaplysinopsis sp. used
in this study, like the Z. fuliginosa specimen decribed in the previous paragraph, was
selected based on HCT-116 activity and interesting NMR spectra. The anti-tumor
activity was actually caused by known compounds present in the extract, but palauolol
(1), like similar butenolide-containing compounds, was found to be mildly anti-
inflammatory. Elucidation of the absolute configuration of palauolol (1) required three
fairly standard techniques: coupling constant determination, derivatization with
Mosher'’s acid, and CD comparison with known compounds (Figure 1). A number of
chemical transformation steps were required to reach compounds which were compatible
with these methods. Ultimately, the absolute configuration of most of the molecule was
confirmed by conversion of palauolol (1) into a close analog of a degradation product
(2) of ilimaquinone (27).

In the third of these early projects, I determined the absolute configuration of the
known acetogenin, methyl (2Z,6R,8R,9E)-3,6-epoxy-4,6,8-triethyl-2,4,9-
dodecatrienoate (3), from the sponge Plakortis halichondrioides (Chapter 4).9
Chemically, this project presented challenges because of its two isolated stereocenters,
which normally would each require separate stereochemical analysis. In addition, the
absolute and relative configurations of branched alkyl groups that do not have
neighboring functional group handles are notoriously difficuit to determine. In most
cases, solutions were not even attempted. In this case, a solution that works for alkyl
branches adjacent to a double bond was presented. The project originated in an inquiry
from another research group about a compound that they thought was the enantiomer, or

possibly the diastereomer, of the structure that was originally proposed by Sullivan and
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Figure 1. Absolute configuration of palauolol. The hydroxy! stereocenter was
determined using the Mosher method, while degradation of palauolol to a
ketone (bottom left) and CD comparison with a degradation product of
ilimaquinone (bottom right) was used for configurational analysis of the rings.
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Figure 2. Compound 3 (top middle) methyl ester was converted to the PGME
amide 4 (left) for absolute configuration determination. Two compounds §
were formed and analyzed using 1-dimensional NOE spectra. Finally,
conversion into the two compounds 6 (right), one of which was symmetrical,
allowed the relative configuration to be determined.
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Faulkner because it had the opposite optical rotation. The group isolated the compound
from the South China Sea, so I decided to determine whether the Indo-Pacific version of
the sponge produced the enantiomer of the compound produced in the Caribbean.
Unfortunately, after nearly completing the project, I found an original notebook entry
that showed the published ap for this compound should have been -175°, not +175°.
Therefore, the compound actually had the same conformation in both samples. In any
case, the methodology worked out in this project was useful in a series of related
compounds studied by Dr. M.V.R. Reddy and proved biomedically useful, since some
of the compounds were active in assays against the parasite that causes the debilitating
tropical disease, leishmaniasis.!® In addition to derivatization with a chiral reagent to 4,
the project involved a series of chemical transformations leading to two compounds 6,
one of which was symmetrical (Figure 2). With precursors 5, NOE data and computer
models were used to determine the relative configuration of the ring. Coupling
constants cannot be used with five-membered rings.
Structural studies of lithistid sponge peptides

Most of my research projects have concerned lithistid sponges, which contain a
diverse array of metabolites, especially highly bioactive acetogenins and unusual,
modified peptides.# The peptide metabolites present challenges in the determination of
both two-dimensional structure and stereochemistry, as shown in Chapters 5-8. Much
of the difficulty stems from unusual or novel amino acids or polyketide-derived
portions, meaning that standard protein NMR procedures are often inapplicable and that
standards for absolute configuration determination are not readily available. The
peptides are also conformationally labile on a variety of timescales (Figure 3).
Structures of lithistid compounds that I have elucidated, represented in Figures 4-5,
exemplify all of these challenges. Many of the lithistid compounds have been
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hypothesized (or in one case proven) to be of symbiotic microbial origin, so there is also
a biological reason to study the chemistry of the sponge group.!1-13 Details of
biological studies on lithistid sponges are given in Chapters 9 and 10. Lithistid peptides
are also biologically active, usually showing anti-fungal and anti-tumor activity.
Biological activity is described along with structure elucidation in the following
chapters.

Some lithistid sponges have interiors stained a bright orange by the presence of
aurantosides, and these sponges seem invariably to also contain peptides of the structure
type exemplified by mozamides A (7) and B (8) (Chapter 5).!4 These compounds are
interesting from the biological point of view because these and similar compounds have
been described from two different genera, Theonella spp. and Plakinalopha spp., which
were thought to be quite different but have recently been shown to be closely related.'s
The sponge used in this study, a Mozambique specimen identified as belonging to the
family Theonellidae, was selected because of its close resemblance to the marine sponge
Theonella swinhoei, which is known to harbor a rich array of bioactive and interesting
natural products. In this sponge, several peptides with very unusual chemical shifts
(several between 8 0.5 and -0.5 ppm) were present in small amounts. In fact, the most
difficult part of this study was the establishment of purification procedures leading to the
isolation of mozamide A (2.5 mg) and B (0.6 mg). The small amount of peptide
recovered also presented some challenges, since many NMR experiments required an
unusually long period of time, and many were just not possible. While no bioactivity
was found for these compounds, it is probable that we just did not select the right assay
system.

At the time that I began to work on the theonellid sponge, I also started to extract

a Mozambique sample of T. swinhoei, which had a white interior rather than the
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Figure 4. Mozamides A (7) and B (8) and theopalauamide (9).
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Figure 5. Microsclerodermins C-E (10-12) and scleritodermin A (13).
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orange characteristic of aurantosides (Chapter 8). Several known compounds were
isolated, but the major component was the novel bicyclic peptide theopalauamide (9),!6
which differed from a known compound, theonegramide, by an additional CHOH. This
difference was localized to a sugar residue, which was determined to be galactose.
While it would seem easy to tentatively assign this difference, the actual structure
elucidation was quite involved, since a full data set was required to confirm the identity
of the compound. The NMR chemical shifts of these peptides are quite variable,
depending on concentration, pH, and other factors, so a direct comparison of chemical
shift data was impossible.

After solving the structure of theopalauamide (9), I investigated a "pure” peptide
obtained by Carole A. Bewley directly from filamentous microbial symbionts of T.
swinhoei from Palau. It turned out that this was actually a mixture of two peptides, one
of which was identical to theopalauamide. The other was identical in nearly all respects,
and several degradation experiments showed that the only difference between the two
compounds was confined to their conformations. A single bond in the molecule
reversibly rotates during column chromatography using acid. This work led to
biological studies on T. swinhoei, since I began to wonder about the symbiosis that
probably produces such a complicated molecule. What was the identity of the bacterium
responsible? Was the symbiosis species-specific? Did it evolve over a long timescale?
How is it related to other bacteria which may be specific to related sponges such as those
containing aurantosides and mozamides? These issues are explored in Chapters 9 and
10.

Probably the most difficult structures to solve from NMR spectra were in the
next project, the discovery of microsclerodermins C-E (10-12) from Theonella sp. and
Microscleroderma sp. from the Visayan Islands, Philippines (Chapter 6).!7 These
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projects were selected because the sponges were from interesting lithistid genera, and I
could not dereplicate them on the basis of their crude extract 'H NMR spectra. Like
theopalauamide, microsclerodermins C (10) and D (11) were conformationally labile,
but they were isomerizing on the NMR timescale so that rotamers could not be
separated. Because of this problem and extensive overlap of signals, I took a full NMR
data set at two different temperatures and compared them to arrive at the final structures.
The placement of the indole N-amide group on microsclerodermin C (10) was also
difficult. Microsclerodermins C-E (10-12) showed activity against brine shrimp, which
often indicates cancer-cell cytotoxicity, but some bioactivity data was not available at the
time of publication. In addition to antifungal activity, microsclerodermins C-E (10-12)
show cancer-cell cytotoxicity in the Bristol-Myers Squibb cell-line panel, with ICsgs of
2.4 uM, 4.0 uM, and 9.1 uM, respectively. They are relatively nonselective, with
min/max ICsg ratios of 10.

In my final peptide project, I screened 13 extracts from the National Cancer
Institute’s Active Repository (Chapter 7). These extracts were selected because they
were from interesting or underrepresented species of Lithistida, and because they were
bioactive. Known compounds or metabolites closely related to known compounds were
found in all but one extract. From a single sample of Scleritoderma nodosum, the novel
peptide scleritodermin A (13) was isolated, and its structure was elucidated by NMR.
Scleritodermin A (13) contained two novel amino acids, one of which has a bond
unprecedented in marine natural products but commonly used in medicinal chemistry.
In that residue, the amino acids omithine and serine methyl ether were linked through
nitrogen, but no amide bond was formed. In effect, this was a linkage of glutamic acid
and serine, in which the y-carbon of glutamic acid has been reduced, making the residue

stable to proteolysis. The main challenges of this project were the limited amount of
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NMR data obtainable through standard techniques and the need to synthesize and
compare the Orn-Ser amino acid for confirmation of structure and configurational
analysis. Scleritodermin A (13) was found to be active in Bristol-Myers Squibb's panel
of cancer cell lines.
Structural elucidation techniques

The logic of structural elucidation, that proposed structures can only be
disproved, means that all natural products are hypotheses subject to challenge and
revision. Numerous nuclear magnetic resonance techniques have been developed to
make the elucidation of planar structure a relatively speedy process, but there is not
enough NMR data to secure a structure without reference to biosynthetic pathways or
known compounds. If a biosynthetic hypothesis does not hold in certain instances, as is
the case with the recent discovery that mevalonate is not the sole terpenoid precursor, 18
structures that rely on comparison to well established molecules or biosynthetic pathway
information may be false. In addition, while elucidations of two-dimensional structures
are often routine, stereochemical determination remains a difficult challenge. Solution of
relative stereochemistry is sometimes possible using NMR data and computer models
alone, but the absolute configuration still must be analyzed with reference to compounds
of known configuration. Fortunately, because determination of absolute configuration
usually requires degradation to known compounds, it provides additional proof of
planar structure as well as evidence of configuration. Structural elucidation should not
be considered completed until the absolute configuration has been determined, since this
information is crucial to any synthetic effort or to understanding the bioactivity of a

compound at the molecular level.
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Elucidation of two-dimensional structure

The structural elucidation of makaluvamines H-M and damirone C was the
simplest described in this thesis, since the compounds are achiral and are relatively
small. The structure elucidation required a reliance on information from 13C NMR
chemical shifts and correlations to 'H NMR data. Specifically, the HMQC and HMBC
experiments were crucial for the elucidation of these structures. In the Heteronuclear
Multiple Quantum Coherence (HMQC) experiment, protons are correlated to the carbons
to which they are directly attached. The Heteronuclear Multiple Bond Coherence
(HMBC) experiment, on the other hand, filters out the information from the directly
attached carbons and instead shows correlations to carbons that are either two or three
bonds away. These data allow proton-carbon fragments derived from the HMQC to be
attached to each other and to quaternary carbons from the 13C NMR experiment. The
experiment still provides challenges to structure elucidation, since the two- and three-
bond correlations cannot be differentiated. Recent pulse sequences by Kock er al.!9
provide a way around this, albeit in much less sensitive experiments. HMBC
experiments are particularly simplified when methyl groups are directly attached to
heteroatoms, since then only three-bond correlations are apparent in the spectra. The
use of three-bond couplings from N-Me groups in comparison to NH correlations in the
unmethylated analogs allowed the structures of the makaluvamines to be proven
unambiguously (Figure 6). The COrrelation SpectroscopY (COSY) experiment was
also used in the structure determination, since it shows correlations between all coupled
protons. This system is simple enough, however, that 'H-'H spin systems could easily
have been elucidated using one-dimensional proton-proton decoupling.

Other compounds required further techniques. In the determination of the planar
structures of modified peptides, several additional NMR experiments are important
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besides COSY, HMQC, and HMBC. In particular, the TOtal Correlation SpectroscopY
(TOCSY) experiment is crucial in sturucture elucidation. Using TOCSY, all coupled
protons in an amino acid can be correlated to each other, making it possible to determine
the standard amino acids by looking at the TOCSY and HMQC spectra alone. In
addition, non-standard amino acids can often be partially or totally elucidated using the
TOCSY experiment, although care must be taken and often supporting information from
other experiments (HMBC, peptide hydrolysis, etc.) must be used for confirmation.
Once the individual amino acid residues have been identified, they must be connected to
each other in order to finish the gross structure. The most important sequencing
experiments are based on NOE data, since key correlations are often missing from the
HMBC spectra of peptides. Distance constraints derived from NOE-type experiments
must also be used with caution, since unlike HMBC correlations, they do not
necessarily indicate covalent bonds. NOESY spectra (two-dimensional NOE) are most
often used with lithistid peptides, which tend to be large and are thus well into the
negative NOE region. For some peptides, a different type of distance restraint must be
used: Rotating frame nuclear Overhauser Effect SpectroscopY (ROESY). This
experiment is not dependent on the correlation time of molecules, giving a theoretical
maximum enhancement of +30% for all molecules, regardless of size, solution
viscosity, or magnetic field strength. The ROESY, NOESY, and TOCSY experiments
provided the key data for the solution of all of the peptide structures described here.
Determination of configuration and conformation of natural products

Except in rare achiral compounds, the most difficult part of structure elucidation
is often the determination of the relative and absolute configuration of stereocenters and
the identification of conformational isomers. In the elucidation of the relative

stereostructure of molecules, NMR experiments which measure coupling constants or
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interatom distances are often used, but they can only be helpful when compared with
computer-derived or hand-built molecular models. In contrast, the solution of absolute
configuration requires one of two basic techniques: degradation to molecules for which
standards are available, or derivatization with enantiomerically pure molecules of known
configuration. Optical techniques have sometimes been used when no standards are
available, but these techniques should be viewed with caution until they have been
extensively tested in experiments using model compounds. Once the relative
configuration of a molecule has been determined, its conformation can be probed using a
variety of NMR and computer modeling methods. In this section, recent examples of
stereostructure elucidation from the marine natural products literature will be used to
illustrate modern techniques. X-ray crystallography, still the gold standard in
conformational and configurational analysis, will not be discussed, since I have never
worked with a natural product that was easily crystallized. Lanthanide shift reagents,
which are rarely used in modern natural products studies, will also be left out of this
section, but see Weinstein et al. for a recent review.20

The relative configuration of stereogenic centers in a molecule is usually
determined using scalar coupling constants, the nuclear Overhauser effect (NOE), or a
combination of the two, although chemical reactions are sometimes employed. These
data must then be compared with models of the structure generated either by hand or by
computer. A major danger with these techniques is that they are hampered by rotational
averaging, necessitating model-building using all possible isomers. NMR experiments
to determine scalar couping constants have been reviewed by Eberstadt et al.2!
Basically, they fall into two groups: those that measure 'H-1H coupling constants and
those that measure 'H-X atom (usually !3C) coupling constants. Relatively simple

examples of the use of H-!H coupling constants in structure determination are
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Figure 6. Structure elucidation of the makaluvamines. HMBC correlations
of makalauvamine H (left) and COSY correlation of makaluvamine L.

Figure 7. Conversion of the peroxide (left) into bicyclic derivatives (right)
allowed NOE correlations to the B-methyl (*), which is fixed in space.
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Figure 8. The relative configuration of the entire altohyrtin macrocycle could
be fixed using NOE and J-coupling information.
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abundant, for instance in the identification of galactose as the sugar residue of
theopalauamide (see Chapter 8).16

Nuclear Overhauser effect (NOE) experiments, which measure the approximate
distance between atoms, are probably the most commonly used techniques in the
elucidation of stereostructure. Although it is often claimed that a rigid, cyclic structure is
required for NOE measurements, this is not always true. For instance, in the solution of
the stereostructure of some cyclic peroxides from the sponge Plakortis aff.
angulospiculatus, M.V.R. Reddy found that a methyl group B to the peroxide ring of 14
was held in a relatively rigid conformation by transannular interactions (Figure 7). By
combining chemical reactivity and computer modeling with NOE observations, he
conclusively demonstrated the relative configuration of the B-methyl stereocenter. 1,2-
Disubstituted ethanes and other highly substituted side chains are also held in a relatively
fixed conformation.22 Still, NOE data are most commonly used with constrained cyclic
structures. An excellent example of this is the solution of stereostructure of the
altohyrtins (15) from the sponge, Hyrtios altum, in which all 24 relative configurations
in a complex, 34-membered macrocycle were determined by NOE measurements
(Figure 8).23

The entire relative and absolute configuration of maitotoxin (16), from the
dinoflagellate Gambierdiscus toxicus, was elucidated by the Tachibana group using a
combination of coupling constants, NOE data, and molecular modeling techniques. The
series of publications on maitotoxin (16), one of the largest non-polymeric toxins
known, provide an excellent example of the application of these diverse techniques,
coupled with chemical synthesis (Figure 9).23.2¢ The C1-C14 side chain of maitotoxin

(16) contains seven stereocenters on a floppy, acyclic moiety, and Sasaki ez al. used
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NMR techniques coupled with computer modeling to reduce the number of possible
stereoisomers from 128 to 2. NOE and 'H-'H coupling constants were important in the
determination, but !H-13C 2- and 3-bond coupling constants were also used, providing
a rare example in the marine natural products literature of the use of proton-carbon
coupling constants in stereostructure elucidation. Following the selection of two
candidate compounds, both possibilities were synthesized enantio- and
diastereoselectively to provide the absolute configuration of the C1-C14 side chain.
Sometimes, chemical reactions are required to modify a structure for the
elucidation of relative stereochemistry. Often, as in the case of acetonide formation on
1,2- or 1,3-diols, these chemical modifications are required to lock a structure in a rigid
form so that the problem of rotational averaging is attenuated. Once an acetonide is
formed, either chemical shift data or NOE measurements can be used to determine the
relative configuration of the alcohol stereocenters. With the macrolactins (17), from a
deep-sea bacterium, the relative configuration of a 1,3-diol was identified by forming an
acetonide and measuring the 13C NMR chemical shifts of the acetonide methyls (F igure
10).25 With the syn configuration, two signals are present at 5 19.8 and & 30.2 ppm.
When the configuration is anti, on the other hand, there is only one average signal at 5
24.8 ppm. Relative stereochemistry can be determined by formation of an acetonide for
NOE measurements, as was used for the 1,2-diol on the peptide, microsclerodermin A
(18) from the sponge Microscleroderma sp. (Figure 11).26 Chemical reactions can also
be used to generate compounds of known relative stereochemistry, for instance in the
methylation of a carboxylate anion to determine the configuration of both methylated and
unmethylated analogs of 14.10 Finally, chemical reactions can be employed in the
generation and removal of symmetry for the determination of relative configuration (see

Chapter 4).9
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Figure 10. Macrolactin stereochemistry was determined by acetonide formation,
and BC chemical shift data revealed whether the diol was cis or trans.

18

Figure 11. The configuration of the side chain diol of anhydro-microsclerodermin
A was determined by acetonide formation and NOE measurements.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

Hag% OH HaCO OH
o o)
19
HaCOA -OH HaN A OCH;
o) 0
20

Figure 12. Chiral derivitization agents for absolute configuration determination.
Top left: MTPA (Mosher's acid). Top right: MPA. Bottom left: 2-NMA. Bottom
right: PGME.

21, R=H
22, R=MTPA

Figure 13. Despite the presence of two secondary alcohols, the absolute
configuration of phorboxazole could be determined by the Mosher method
because the alcohols were quite distant from each other.
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In the determination of absolute configuration of a natural product, the unknown
molecule must be compared in some way to compounds of known absolute
configuration. The most common way to do this is by employing a chiral anisotropic
reagent that can be attached to functional groups on the natural product. NMR
measurements of chemical shifts in the molecule thus formed can be used to determine
the absolute configuration. Usually, two enantiomers of known configuration must be
attached in separate reactions to the same stereocenter, but this may not be the case with
improved computer modeling. The prime example of derivatization for NMR
measurements, the Mosher method,27-28 is used mainly with secondary alcohols, but
examples of its utility with tertiary alcohols2? and primary amines3? have been reported.
In this method, esters or amides of 2-methoxy-2-phenyl-2-(trifluoromethyl)acetate (19,
MTPA) are formed, using both the R- and the S- isomers of MTPA. The phenyl group
creates a difference in chemical shifts because the ring current causes an upfield shift in
nearby protons, and the O-Me shifts its neighbors slightly downfield. Because the
conformation of the MTPA group is well defined, the difference in chemical shifts,
reported in AJ, between the R- and S-MTPA derivates allows the absolute configuration
at the alcohol or amine stereocenter to be defined. A large number of variants of this
method have been reported in the literature, but they all rely on two basic factors: a
relatively predictable conformation of the prosthetic group, and chemical shift anisotropy
induced by an aromatic residue. Examples of other chiral shift reagents are found either
with increasing aromaticity, such as the use of anthracene instead of benzene rings,3! or
with functionality that allows linking to other functional groups, such as the use of
PGME (20) with acids (Figure 12).32 Some authors have questioned the necessity of
using both enantiomers in analysis of configuration.33 Unfortunately, some degree of
computer modeling is still usually required with these groups in case the
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assumed conformation is incorrect. For instance, the Mosher’s ester can be pushed out
of its preferred conformation by steric strain,34 and the PGME amides can lose their
predictive value if neighboring H-bond acceptors are present.35

Despite occassional problems, derivatization with chiral reagents (especially the
MTPA esters) is the most commonly used method to solve absolute configurations in the
marine natural products literature. One interesting example that combines complex
functionality and use of NMR data with employment of the MTPA reagent is the
solution of the absolute configuration of phorboxazole A (21), from the marine sponge
Phorbas sp. (Figure 13).36 Two secondary alcohols are present in the phorboxazoles,
but they are sufficiently separated that the Mosher method can be employed to determine
the absolute stereochemistry at each center without intereference from the other MTPA
group (22). The macrocycle's rigid configuration could be elucidated just by coupling
with MTPA and using NMR data, but the side chain required synthesis of two possible
isomers to confirm the absolute configuration. In Chapter 4, I discuss the use of the
PGME amides in the determination of acid stereochemistry in marine natural products.?

Besides NMR methods, optical methods such as circular dichroism and optical
rotation are often used in marine natural products chemistry. Circular dichroism is best
used in comparison with standards that are identical to the natural product in question,
but a large number of rules for various classes of molecules, such as diols37 and
lactones,38 have been proposed. The efficacy of these rules for natural product
configurational analysis is largely undetermined, so caution is warranted with these
techniques. Often, highly fluorescent groups are used in tandem with CD to increase
sensitivity and accuracy. Usually, the group must be chemically placed on the natural
product, as was the case of the p-bromobenzyl derivative (23) used to solve the absolute

configuration of ciguatoxin (24, Figure 14).3% In one interesting recent case,

riReproduced with permission of the copyright owner. Further reproduction prohibited without permission.



<————— Synthesis

Br

Figure 14. Ciguatoxin. Absolute configuration was determined using circular
dichroism on fragments. p-Bromobenzoate was used as a chromophore.

Figure 15. Nakanishi's porphyrin tweezer. A chiral diamine (shown figuratively
at left) fits into the porphyrin chromophore, providing a large Cotton effect for
circular dichroism analysis.
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the Nakanishi group showed that permanent chemical modification can be
unneccessary.¥0 A zinc-porphyrin "tweezer" (25) was placed in solution with certain
diamines (26), and the resulting (very large) Cotton effect was shown to accurately
predict the configuration of the chiral amine (Figure 15). Circular dichroism has also
been used to compare structures that are very similar, but not identical, in the
determination of absolute configuration (see Chapter 3).8

Optical rotation measurements have been used extensively. Usually, direct
comparison of a natural product with known compounds is not possible, so chemical
degradations are often employed to turn natural products into known compounds or
close analogs. A good example of this is ilimaquinone (27, from the sponge
Hippospongia metachromia), the absolute configuration of which was identified by two-
step conversion into an ester, which was compared to an identical compound (28)
prepared from aureol (Figure 16).4! A similar approach was taken with the isolated
portion of the phorboxazole side chain.#2 Specifically, ozonolytic cleavage of
phorboxazole, followed by methylation, afforded the enantionmer of S-malic dimethyl
ester (29), as shown by optical rotation comparisons (Figure 17). Although
degradation to known compounds is commonly used in conjunction with optical
rotation, there have been recent reports of extremely accurate optical rotation calculations
that could eventually replace the older methods. Polavarapu and Chakraborty calculated
the optical rotations of small molecules using ab initio methods, so as these computer
methods improve, it may be possible to calculate the rotation of more complex natural
products in this manner.43 In one striking example, the absolute configuration of the
marine natural product hennoxazole A (30) was determined by ab initio calculation of

molar rotations of the three stereogenic fragments (31-33) that make up the molecule
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Figure 16. Conversion of ilimaquinone into a degradation product of
aureol for optical rotation measurements.
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Figure 17. Phorboxazole A was ozonized and methylated to afford this
analog, the configuration of which was determined by optical rotation.
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Figure 18. Hennoxazole A (top). Configuration was determined by ab initio
calculation of optical rotations of three fragments (bottom).
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(Figure 18).44 Excellent correlation was observed between the optical rotations
calculated for hennoxazole stereoisomers and synthesized fragments. In order for this
technique to work, the fragments used in calculations must interact only weakly.

In addition to the spectroscopic methods discussed above, chromatographic
techniques are often used in the elucidation of absolute stereostructure. Most commonly
used are thin layer chromatography (TLC), high pressure liquid chromatography
(HPLC), and gas chromatography (GC). With these techniques, compounds must be
degraded into components for which standards are available. For this reason, they are
most commonly used with peptides, which are hydrolyzed in concentrated acid to
produce amino acids before chromatography. The solution of stereostructure of the
modified peptide discobahamin (34), from Discodermia sp., provides a good example
of the use of TLC in the solution of stereostructure (Figure 19).45 The authors first
hydrolyzed the peptides, then compared them with both enantiomers of standard amino
acids by TLC on plates with chiral backings under a variety of solvent conditions. In
studies of marine natural products, the most commonly reported HPLC method is the
Marfey method, in which the hydrolysate is derivatized with the Marfey reagent (35)
and co-eluted on reversed-phase HPLC with standards of all possible configurations
(Figure 20).46 A large number of HPLC methods have been used to distinguish
steroisomers; all employ a chiral unit that has a highly UV-absorbent or fluorescent
moiety. For example, chiral reagents for HPLC have been used extensively by the
Yasumoto group in studies of complex marine toxins such as ciguatoxin (16).39
Finally, enantiomeric molecules such as amino acids can be separated on GC columns
with chiral packings, such as Alltech's™ Chirasil-Val column. Good separation can be
achieved for all standard amino acids and for many unusual ones. An additional
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Figure 19. Discobahamin. Absolute configuration was determined by
degradation and chiral TLC of resultant amino acids.
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Figure 20. Marfey's reagent.

Figure 21. Theonegramide. Configuration was determined by degradation
and GC-MS on a chiral GC column. i
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advantage is that the GC peaks can be analyzed using a mass spectrometer, providing
extra sensitivity and confirmation of structure. The main disadvantages are that two
derivitization steps are required to increase the volatility of amino acids, and that GC-MS
is more expensive than HPLC. Bewley's work on theonegramide (36) provides a good
example of the use of GC-MS techniques in the elucidation of a modified peptide
structure (Figure 21).47

Once the absolute configuration of a natural product has been determined, its
conformation can be approached using NMR experiments and computer modeling, often
in conjunction with X-ray crystallographic data for related structures. The most
commonly used NMR techniques in conformational analysis are NOE and scalar
coupling constant experiments. NOE measurements have been applied with great
success to rigid systems, but for molecules with fewer conformational restrictions,
coupling constant determinations are often the method of choice. The solution
conformation of okadaic acid (37), from the sponge Halichondria okadai, was proposed
based solely on 2-3Jc g and 3/ iy measurements (Figure 22).48 Studies of
conformation have recently been performed mainly on cyclic peptides, probably because
of the availability of a large database on preferred conformations of amino acids in
proteins. Also, while studies of other molecules may rely heavily on scalar coupling,
conformational analysis of peptides is usually NOE-based and may also involve
estimated measurements of intramolecular hydrogen bond strengths. The most common
approach is to measure the chemical shift changes of NH-protons with increasing
temperature. If the NH-proton chemical shifts exhibit relatively large changes with
increasing temperature, the NH-protons are probably more exposed to solvent and have
less internal hydrogen bonding. The increasing entropy of the solvent with increasing
temperature is expected to have the greatest effeci on solvent-exposed protons, while
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Figure 22. Okadaic acid's solution conformation was determined using
homonuclear and heteronuclear coupling constants.

\ H 0 \ H
s N\n/k/ S)\:/NTH\/OH
/=\ o : /:\ o :
38 39

Figure 23. The oxazoline and thiazole rings of the peptide at left impose
stringent conformational restrictions. The more flexible compound at right, with
oxazoline rings removed, forms a novel, pseudo-chair conformation, as shown
using NOE, coupling constant, and NH 6A/8T NMR data.
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protons with strong hydrogen bonds will be less affected. Caution is required in the
interpretation of such data, however, since other changes in the molecule with
temperature can also affect NH-proton chemical shifts. Andersen et al. showed that
increases in the randomness of peptide structure with increasing temperature have large
impacts on NH-proton chemical shifts.#2 To avoid misinterpretation of NH-proton
chemical shift data, the measurements should be made on several closely related
compounds. Alternatively, the a-proton chemical shift changes can be measured as an
indication of a change in the overall structure of the peptide.

Probably the best illustration of peptide conformational studies using a marine
natural product is the exhaustive examination of ascidiacylamide derivatives (28,29) by
Abbenante er al. (Figure 23).50 The authors synthesized a series of peptides based on
the natural products from Lissoclinum patella to show that the thiazole and oxazoline
rings in the compounds impose stringent conformational restrictions. Selective removal
of some of the 5-membered rings created novel conformations not present in the natural
product. In their analysis of a less constrained analog (29), the authors used NOE and
coupling constant data to impose restraints on their computer models. Further
constraints were derived using NH chemical shift changes with temperature. The
removal of the two oxazoline rings created a novel, pseudochair conformation, as
shown by the computer-minimized NMR structures. Conformational studies using
similar strategies have also often been applied to constrained peptides containing
prolines,3!:52 but the techniques have found less use in other highly modified marine
metabolites with more degrees of freedom.

Configurational and conformational studies of lithistid peptides
The determination of absolute configuration of lithistid peptides is an important

problem, since there are many non-standard amino acids, and even the standard amino
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acids often have the D-configuration. In all of my projects, hydrolysis followed by
derivatization and GC-MS on a chiral support was the main technique used to determine
the absolute configurations. However, in some cases modified reaction conditions were
necessary to release standard amino acids. For instance, hydrazinolysis released only
the ureido-linked isoleucine of the mozamides (7,8). Ozonolysis was also frequently
required to degrade unusual aromatic and unsaturated amino acids into aspartic acid
derivatives. This technique was used in the solution of the histido-alanine of
theopalauamide (9),!6 of the modified tryptophans in microsclerodermins (10-12)!7
and mozamides (7, 8),!4 of the conjugated amino acids in microsclerodermins (10-12),
and of the modified tyrosine in scleritodermin A (13). Basic, oxidative cleavage of a
ketoamide was also required in the solution of scleritodermin's structure, and periodate
cleavage was used to determine the stereochemistry of the microsclerodermin (10-12)
side chain. Hydrogenation was employed in the determination of configuration of the
polyketide side chain of theopalauamide (9).

Other chemical modifications were also required for most projects. The side
chain configuration of microsclerodermins C, D, and E (10-12) was elucidated by
acetonide formation and NOE analysis. In order to determine the stereochemistry of the
novel ornithine-serine residue of scleritodermin A (13), standards had to be
synthesized. The standards were derivatized using fluorescent chiral and achiral linkers
and compared with the derivatized hydrolysate of scleritodermin A (13) using HPLC
with fluorescence detection.

Theopalauamide (9) provided some unique challenges. The identity (=
stereochemistry) of the sugar residue was determined to be galactose by coupling
constant analysis, the only such analysis required during in my peptide projects. A

stable isomer of theopalauamide, isotheopalauamide, was found to differ only in
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conformation, mainly about one bond. In the analysis, the peptide was hydrogenated
and hydrolyzed on the 150 mg scale, then amino acids were derivatized with
fluorodinitrobenzene. NOE analysis of isolated amino acids revealed that
theopalauamide undergoes conversion into a stable conformational isomer through
rotation of a single C-C bond in the large molecule.

NMR techniques have improved so much that few, if any, chemical
modifications are required to solve the structures of most natural products. In contrast,
stereochemical elucidation still requires a great deal of wet chemistry in most instances.
Numerous advances have been made in recent years that have allowed the determination
of absolute configurations of the complex molecules detailed in this chapter, but there is
still a lot of room for innovation. Highly modified peptides, in particular, are
challenging because of their numerous stereocenters and lack of easily defined
conformations. The molecules described in Chapters 3-8 exemplify a range of structure

elucidation techniques used in marine natural products chemistry.
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MAKALUVAMINES H-M AND DAMIRONE C FROM THE
POHNPEIAN SPONGE ZYZZYA FULIGINOSA

Enic W. SCHMIDT, MARY KAY HARPER, and D. JOHN FAULKNER®

Scripps Institusion of Ocaonography, University of California ot Sam Dicge,
La Jolla, California 92093-0212

ABSTRACT.-—Seven new pyrroloiminoquinone alkaloids, makaluvamines H-M [19-24]
snd damirone C [25), together with the known compounds, makaluvamines C[13), D [16},and
G {17]. were isolated from che sponge Zyzzys faliginess collected st Nahpeli Istand, Pohnpei,
Micronesis. The structures of the new compounds were elucidsted by interpretation of spectral
dats. The chemotaxonomic relationships involving the makaluvamines and related

Pyrroloiminoquinone alkaloids have been isolated from several sponges and from an
ascidian. The simplest of these alkaloids are batzellines A-C {1-3] and isobarzellines A—
D [4-7] from a deep-water Caribbean sponge of the genus Basze/la (1;2) and damirones
A (8] and B {9] from a Damiria sp. from Palau (3). The most complex of chese alkaloids
are the discorhabdins, exemplified by discothabdin A {10], which have been reported
from a New Zealand collection of Letranculia sp. (4—6), Prianas melanos from Okinawa
(7.8), and Zyzzya cf. marsailis from Fiji (9). Makaluvamines A-G [11-17] are cytotoxic
alkaloids from the Fijian Zyzzys cf. mersailis (9) and an Indonesian Histodermella sp. (10)
chacare intermediace in complexity and may in fact be intermediates in the biosynthetic
route to the discorhabdins. In addition, a related pyrroloiminoquinone alkaloid, wakayin
{18}, was isolated from an ascidisn of the genus Clawling from Fiji (11). From the
viewpoint of chemotaxonomy, this very complex situation has recently been simplified
by the taxonomic reassignments noted below. We now report the isolation and
identification of seven new alkaloids, makaluvamines H-M {19-24]}, and damirone C
{25], together with the known metabolites makaluvamines C{13], D {14],and G (17},
from s Pohnpeian specimen of Zyzzys fuliginosa (order Poecilosclerida) (Carter, 1879).

RESULTS AND DISCUSSION

Zyzzya fuliginosa wras collected by hand using scuba (—13 meters) from a reef ac
Nahpali Isiand, Pohnpei, and was kept frozen uatil it was lyophilized and extracted. A
portion of the MecOH-CH,CI, (1:1) extract of 2. fuliginasa was partitioned berween
EtOAc and H,0 and the H,O-soluble material was chromatographed on Sephadex LH-
20, using MeOH as eluent, to obrain six major colored fractions. Further purification of
these fractions on either Sephadex LH-20 or on a C,, reversed-phase Sep Pak column
using 3 MeOH-H,0 (0.1% TFA) gradient, with final purification by hplc on a C,
reversed-phase column, yielded makaluvamines C {13}(0.51% dry wt), D {141(0.07%
dry we), G {17} (0.34% dry we), H {191 (0.47% dry wt), [ {20} (1.03% dry we), J (21]
(0.08% dry wr), K {22](0.02% dry wr), L {23](0.15% dry wr), and M {24} (0.03% dry
wt), and damirone C {25} (0.54% dry wt). Makaluvamines C [13], D (14},and G {17}
were identified by comparison of ctheir spectral data with literature values (9,10).
Makaluvamines H-M {19~-24] and damirone C [25], which differ from known
compounds with respect to the position and number of N-methyl groups, were identified
by comparison of their spectral data with those of the known members of these series
3,9,10).

Makaluvamine H [19] was obtsined as the TFA salc, which isa red-brown solid. The
molecular formula of the protonared base was found by hrms to be C,,H,,N,O. The 'H-
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amr spectrum (Table 1) contained signalsat 8 7.26 (1H, s, H-2), 5.65 (1H, 5, H-6), 3.81
(2H, ¢, J=7.5 Hz, H-4), and 2.86 (2H, ¢, J=7.5 Hz, H-3), which were assigned by
comparison with the spectral data of makaluvamines A {11} and C [13] (9), both of
which have one fewer methyl group than makaluvamine H [19). The two methyl signals
at § 3.83 (3H, s, Me-1) and 3.27 (3H, s, Me-5) correspond in chemical shift to the N-
methyl signals in makaluvamines A {11} and C {13], respectively. A comPlete analysis
of HMQC and HMBC nmr experiments allowed the assignment of the C-amr data
(Table 1) and confirmed the positions of the two N-methyl groups.

Makaluvamine I [20], obtained as the TFA salit, is a green solid that has che
molecular formula C,sH,N,O. The ‘H-nms spectrum is similar to char of makaluvamine
H [19] excepr that it lacks signals corresponding to N-methyl groups. The ‘H- and '’C-
amr dacs of makaluvamine I {201 (Table 1) were compered with those of makaluvamines
A {11} and C {13] and the resulting assignments were confirmed using DEPT and
HMBC experiments.

The TFA salts of makaluvamine J [21] and makaluvamine K [22] were obtained as
red-brown solids. The protonated bases of both compounds have the same molecular
formula, C,;H,0N;O,. The 'H-and ’C-amr spectra of both compounds (Table 2) contain
signals chat were assigned ro a tyramine residue, and the structures muse therefore be
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Pyrroloiminoquinone

o

December 19951 Schmidt & o/:

£C' 60'6 76’8 o6
- ,| o0 Le'8 e 198 |t THION
1€°€ 96¢ sfae | MON
vv.°— Fv.c— ------ DY ;ﬂvz
. 8ce s | o8¢ 6's€ slege | oo IN(IN
- ovet wal 1 | e HOON
N.mN— . (%74 oczl ezl | e s
G-N— 1 (13741 b4 744 FX14 3 B D IREERCARERE R g
'.h@— T'891 2.1 T T A R IEEEEERERREREE 8
n.@n— U961 L'Len 8'8¢1 R sesean L
ﬂ.ﬁo s8] €L¢ y'o8 ] 19°¢ 0'L8 s mw.ﬁ 9'¢8 s | <96 R 9
N.ﬁﬂ— " Q.Wm— V.Oﬂ— ) -.ann ..... IR -“
gue | sentose | ozy | guafere | cav | cenpore | yzs | cen|uge | 14
681 | €L 62 08l | <L) €8T €8l | ¢L9| w8z | @81 | L9z | oo €
yez LYAL 6811 csul 1T e w
9'921 s | 8L o'1el '] 0tL oLl s| 6z'L (R (3] s{oze [ e
R |[mw] N R (mw] g R [rmw| Mg R | Mrew) g
(€1} D utmmanmomy {11) v 0rumanmey (07) 1 Jutureanprywg {61} H 3srwreanmowy T

B T L T T T T T o T e e e e ——
c PUS-H, ) Jo Vosusdiony | 1V

€110 pus (X1 V saujusanieviq jo asop qata (0]  pus [61) H RUIURANIEH J0 uN JUN-D),,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40

[Vol. 58, No. 12

Journal of Natural Products

19| 86 | 86 19| €6 sl 16 |ttt HO
139 | €9°01 1'p | 8ot 9] 168 99| €16 |ttt HION
96¢ | HE'S| Ly€ €6€ | He's) Le€ | 0ot aMON
819 | €901 $3q | Ly01 U HISON
65¢ | He's| 68°€ Tttt RGN
s} | zret 191 orel $391 60€T |t HOIDN
€961 0'8¢1 0961 0'9¢1 Trrereeeeree
LSt 8'p | L9 scIt| 8P| 99 ecn 8°'P | 899 T 8Pl 899 | o
zezr| s'p|sfeL yezt| 8P| we 9'621 8'P| €O'L 8621 sPlyoL | tred
9zt 9 474 €821 AR 4|
Seztlgerp | oyt T CEL'P | €0t | X4 L] e Lz Lab gy [y
iz | cer'p | 669 4 ¥4 wl ggtL sy w| gye oSy Wlese J et 01
oyl 1§74 %44 (414] trrereerrteqg
e 14741 (1114 A4 RN ']
L9y €91 L 091 Trerrerrreiee g
vt L9p1 661 (%141 srereenennnny
998 s | 219 9¢8 s| 829 8 s| iy y'es s| 6¢¢ IR ]
861 N3 $'9¢1 pest e eng
8y L | Le€ ¥4 L] 26¢ T | cLa| sLe LT | CLafege | oorerieriy
28l L] 682 6'81 L] €6t 081 SL ] w8 681 SLAY| 16T |t g
y8ll gL | o'stl 8t A 4
1§74 s | et 9zt s|eL | vicr s| €L 8921 spaeL | crerereeereee g
U‘ \...aq__-a 80 J \o-.u—_-_s 8‘ Uﬂ N...u—_-—-u -‘ UQ \.-.u—-—a -‘
von}
(y2] W sujuranmmey {€2] 71 3uumanwmy {zz] X urureaniepy {x2} { sururaanmomyg o

THZI N Pum (€21 1°(22) N (12) [ saviweanimpm)y o weq JWN-), PUs -H, 'z Emev],

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



December 1995} Schmidt eral:  Pyrroloiminoquinone Alkaloids from Zyzzys

related to that of makaluvamine D (14}, which does not contain an N-methyl group. The
'H-nmr signal at 8 3.37 (3H, s) in the spectrum of makaluvamine J {21} was assigned
toa methyl group at N-5 and the signal at 3.89(3H, s) in the spectrum of makaluvamine
K [22] was assigned to a methyl group at N-1. The assignments were confirmed by
analysis of HMBC and HMQC results.

The TFA salt of makaluvamine L {23] was obrained as a green solid. The molecular
formula, C,,H,N,0,, reveals that it is isomeric with makaluvamine E {18}, which is
also a green solid with a similar uv-visible spectrum. The 'H-nmr spectrum of 23
contained signals at 8 7.58 (1H, m), 7.41 (2H, d, J=8 Hz), 7.05 (1H, d, J=13.5 Hz),
6.76 (2H, d, ] =8 Hz) that were assigned to a N-(p-hydroxy-srans-styryl) group, similar
to that found in makaluvamine E {15]. The major differences between the ‘H-nmr data
of 23 and 15 were in the chemical shifts of the N-methyl signals ac 8 3.47 in 23 and
3.97 in 15 indicating that the N-methyl group in makaluvamine L {23} was at N-5
rather chan N-1. Analysis of HMQC and HMBC data allowed assignment of the ’C-nmr
signals (Table 2) and confirmed che location of the N-methyl group at N-5.

A second green compound, makaluvamine M [24], was obtained as a very minor
metabolite. The molecular formula of the protonated base, C,,H (N,0,, coupled with
the lack of N-methy! signals in the 'H- and ’C-nmr spectra (Table 2), indicaced that
makaluvamine M [24] is the N-demethy! derivative of makaluvamine L [{23]).

Damirone C{25] was isolated asa red-brown solid of molecular formula C,,H,N.,O,.
In contrase with data for the makaluvamines, the '’C-nmr spectrum of damirone C {25}
contained two signals between 8 170-180, and was similar to che spectra of the
damicones (3). The 'H- and “"C-nmr data, assigned using HMQC and HMBC experi-
mentcs, were fully compatible with the proposed structure, which lacks che N-methyl
group of damirones A (8] and B {9].

The rather complicated chemotaxonomic picture described in the incroductory
paragraph has recently been simplified by taxonomic revisions proposed by van Soest &2
al. (12). The Fijian sponge Zyzzya cf. marsailis (9), which is an incorrect spelling of Z.
massalis, and the Palavan Damiria sp. (3) have been reassigned to Z. fuliginosa. The
Indonesian Histadermella sp. (10) is also now considered to be a species of Zyzzya (M.
Kelly-Borges, Harbor Branch Oceanographic Institution, personal communication).
Thus, all the makaluvamines and damirones described to date have been obtained from
sponges of the genus Zyzzya.

Some of the makaluvamines (A, C, E, and F) were reported to be cytotoxic against
the human colon cumor line HCT-116 and to inhibit topoisomerase II activity (9).
Makaluvamines D, G, H, and J-M were inactive against topoisomersse in an assay thac
employs three genetically engineered yeast scrains (13); one strain was lease sensitive to
DNA damaging agents, one was hypersensitive witha DNA repair gene deleted, and one
had its copoisomerase I and DNA repair genes deleted. We recognize cha this assay is
not comparsble with that used previously (9). However, the makaluvamines were
cytotoxic against HCT-116 in vitro. Ina semi-quantitative assay, makaluvamines I {20}
and L {23] were an order of magnitude more active than makaluvamines C{13},G {17},
H {19}, and K {22}, and makaluvamines D [14] and M [24] were the least sctive. The
new makaluvamines showed only mild activity against Bacillus subtilis and no activicy
sgainst ocher standard test organisms in our panel. -

EXPERIMENTAL

ANIMAL MATERIAL —Zyz2ye fuligimesa (colleccion No. POH 93-027, SIO Invertebrate Collection No.
P1155) was collected by hand using scuba (—13 m) from Nahpali Island, Pohnpei, Federated Scates of
Micronesis, and was frozen within 1 h. .

EXTRACTION AND ISOLATION.—The sponge was stored frozen uatil it was lyophilized. The sponge (34
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g dry wr) was extracted exhaustively with CH,Cl,-MeOH (1:1) co obeain a black extract (7.5 g). A poction
G.Sg)of:hcmmpuﬁdomdhavemﬂﬁmdi@&ﬁduﬂypimdqm layer was
lyophilized and the residue chromatographed on Sephadex LH-20, using MeOH as eluent, ro obain several
colored fractions that were further purified by chromatography on & reversed-phase C,q Sep Pak (Waters
Bondapak) column using s gradient of 20-70% MeOH in H,O connsining 0.1% TFA as eluent to obusin
a mixture of makaluvamines C {13}, H{19), and 1 {20}, end damirone C {25}, as the TFA salts. The mixture
was purified on Sephedex LH-20 using 1009% McOH as eluent to obtsin makaluvamines C {13} (88 mg,
0.5196 dry wr), H [19) (81 mg, 0.47% dry we), and 1 {20} (177 mg, 1.03% dry wt), and damirone C (25}
(93 mg, 0.54% dqm).Mimp\nefmioncmuinin;mhlmminaGmdlmﬁmhnpuﬁ&d by bplc
on & prep. Dynamax-C,, column using 40% McOH in 0.19 aqueous TFA solution ss eluent to obuain
makaluvamine G [17)(59 mg, 0.349% dry wr)and makaluvamine L [23](26.4 mg, 0.15% dry wt). A second
impure fraction was separated on hplc using 309 MeOH in 0.19% aqueous TFA solution as eluent co obuin
makaluvamines D [14](12 mg, 0.07% dry we), J {211 (14 mg, 0.08% dry we), and K {22} (3.4 mg, 0.02%
dqn).Athidimmﬁm'nnmwri&donhpkmiuzz%Gl,CNino.l% aqueous TFA solution
as eluent to obtain makaluvamine M {24] (5 mg, 0.03% dry wr).

Maohaluvamine H {19].~Red-brown solid; ir (6lm) v max 3500-3000 (be), 2973, 1675, 1610, 1530,
1200 cm ™" uv (MecOH) A max () 240 (19 400), 345 (13300), 522 (1100) am, (MeOH+NaHCO,) 209
(15 700), 241 (21 200), 334 (14 200) am; 'H-ame dats (DMSO-4), see Table 1; ’C-nmr dats (DMSO-4),
see Table 1; hefabms 'z 216.1101 (C,;H,,N,O [M+H]" requires 216.1137).

Makaluvamine | [20].—Green solid; ir v max (lm) 1665, 1660 cm™"; uv (MeOH) A max (€) 240
(23 900), 340 (13 500), $34 (1000) am, (MeOH +NaHCO,) 214 (16 000), 327 (15 500), 458 (1400) nm;
‘H-nmr daea (DMSO-,), see Table 1; ’C-nmr dats (DMSO-#), see Table 1; hrfabms w/z 187.0737
(CioHoN,O [M}* requires 187.0746).

Mahalsuamine ] (21).—Red-brown solid; ir (film) v max 3250 (be), 1680, 1620, 1550, 1200 cm™*;
uv(MeOH) A max (€) 220(11 600), 241 (18 600), 354 (13 900), 534 (1400) nm; (MeOH+NaHCO)) 217
(9600), 257 (1200), 370 (5600) nm; 'H-ame dats (DMSO-4p), see Table 2; "'C-nmr data (DMSO-4), see
Table 2; hrfabms s'z 322.1564 (C,yHuN,O (M+H]" requires 322.1555).

Makaluveming K [22].—Red-brown solid; it (film) v max 3250 (br), 1685, 1675, 1560 em™; uv
(MeOH) A max (€) 222 (18 000), 246 (29 800), 347 (19 200), 336 (2600) am; (MeOH+NaHCO),) 224
(10 900), 242 (10 200), 335 (8800) am; 'H-ams data (DMSO-4), see Table 2; ’C-nms dacs (DMSO-4,
see Table 2; hefabms w/z 322.1568 (C,yH, N;O [M+H)" requires 322.1553).

Maksluvaming L [23].—Green solid; it (flm) v max 3280, 2970, 1675, 1615, 1543, 1200 cm™t;uv
(MeOH) A max (€) 276 (1050), 344 (11 700), 451 (9200), 638 (10 400) nm, (McOH+NaHCO,) 271
(7800), 365 (2900), 608 (5200) nm; 'H-amr daca (DMSO-4,), see Table 2; ’C-nmr dats (DMSO-4)), see
Table 2; hefabms m/z 320.1387 (C,yH,,N,0 [M+H]" requires 320.1399).

Mahaluvamine M [24}.—Green solid; ir (ilm) v max 3290 (be), 1675, 1605, 1545, 1205 cm™"; uv
(MeOH) A max (€) 274 (14 900), 330 (11 000), 445 (8400), 623 (9200) am, (MeOH+NsHCO,) 217
(11 300), 302 (12 600), 596 (5800) am; 'H-nmr daca (DMSO-4)), sce Table 2; ’C-ame dats (DMSO-4),
see Table 2; lems m/z 306 (C,,H,N,O (M+H]" requires 306).

Damirene C {25).—Red-brown solid; ir (flm) v max 1725, 1670, 1650, 1535, 1280, 1120 cm”’ uv
(McOH) A max (€) 240 (23 200), 330 (10 200), 528 (900) nm, (MeOH +NaHCO,) 240 (23 900), 330
(10 800), 518 (1100) am; "H nmr (DMSO-49) 8 2.72 (2H, ¢, J=7.5 Hz, H-3), 3.49(2H, ¢, J=7.5 Hz, H-
4), 5.02 (1H, 5, H-6), 7.08 (1H, 5, H-2), 8.24 (1H, s, NH-3), 12.39 (1H, 5, NH-1); ”C nms (DMSO-d9
8 19.3 (C-3), 41.5 (C-4), 92.7 (C-6), 117.0 (C-28), 124.2 (C-2, C-8b), 125.3 (C-86), 154.5 (C-5), 171.3
(C-7), 178.4 (C-8); hreims m/z 188.0587 (C,;H,N,O; {M]” requires 188.0586).
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CHAPTER 3

Reprinted from Tetrshedron Letters, 1996, 37.
Copyright © 1996 by Elsevier Science Ltd. and reprinted with permission of the copyright owner.

Palauolol, a New Anti-inflammatory Sesterterpene from the Sponge
Fascaplysinopsis sp. from Palau

Eric W. Schmidt and D. John Faulkner®
Scripps Institution of Oceanography, University of California at San Diego, La Jolla, CA 92093-0212

Abstract: A specimen of Fascaplysinopsis sp. from Palau contained palauolide
(1), fascaplysin (2), and a new sesterterpene, palauolol (3). The structure and
absolute stereochemistry of palsuolol (3) were determined using spectroscopic and
chemical methods and in doing 50, the absolute stereochemistry of palauclide was
also determined. Palauolide (1) and palauolol (3) both inactivate bee venom
phospholipase A;. Copyrigit © 1996 Elsevier Science Lid

In 1982, we reported the isolation of palauolide (1) from a coliection of three or more sponges
from Palau that had been combined due to0 a freezer failure.! Since that time, we have examined
hundreds of sponge specimens from Palau but have only recently located palauolide (1) in a sponge of the
geaus Fascaplysinopsis. Like other Fascaplysinopsis species that have been studied,?* this sponge
contained the alkaloid fascaplysin (2) in the aqueous extract and a mixwure of sesterterpenes in the organic
extracts. However, no sesterterpene-alkaloid salts were isolated or observed during fractionation. From
the cthyl acetate extract, we have isolated a new sestericrpene, palauciol (3). We suspect that palauolol
(3) is a biosynthetic precursor of palauolide (1), which is present in the first crude extract of the sponge
and is not formed by dehydration during the scparation and purification procedures.

A specimen of Fascaplysinopsis sp. was collected by hand using SCUBA (-25 m) at Ngemelis
drop-off, Palau. The crude methanol extract of the sponge exhibited antimicrobial activity, which was
followed during the purification procedure. The hexane-soluble material from the methanol extract was
chromatographed on silica gel to obtain palauolide (1), which was identical in all respects, including
optical rotation, to an authentic specimen. Purification of the water-solubie material by reversed-phase
chromatography gave fascaplysin (2), which had identical spectral data to those reported earlier.? The
ethyl acetate solubie fraction was purified using diol and reversed-phase chromatography to obtain
palauolol (3).

44
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3R, =Ry =OH
SR, =HR; =OH
6 R, = H. R, = OMTPA

CH,R

8 R = CMe,OH
P ’ 10 R = COOH

Palauoiol (3) was obtained as a clear oil of molecular formula C;;H,O,. The molecular formula
was determined by mass spectrometry and from the °C NMR data.® Inspection of the 'H NMR spectrum
(Table 1) revealed that palauolol (3) was closely related 1o palauolide (1) but lacked the conjugated
olefinic proton signals and the strong UV absorption at 322 om.* The *C NMR spectrum (Table 1) of 3
contained a signal at 8 69.1 (C-16), assigned to a carbon bearing oxygen, and one additional methylene
carbon signal that replace two of the olefinic carbon signals in 1. In the 'H NMR spectrum of 3, the
signal at 5 4.54 (1, 1H, J = 5 Hz, H-16) is coupied 10 methylene proton signals at 2.35 (m, 1H, H-15)
and 2.45 (m, 1H, H-15), that are in tumn coupled to an olefinic proton signal at 5.21 (t, 1 H, J = 6.5
Hz, H-14). The location of the secondary alcohol at C-16 was readily assigned from HMBC correlations
(see Table 1). Comparison of the NMR data for the C-15 to C-19 region of palauclol (3) with the
corresponding data for secomancalide (4)° showed the expected similarity. Palauolol (3) is therefore a
secondary alcohol that on dehydration gives palavolide (1).

The absolute stereochemistry at C-16 of palauolol (3) was determined using the advanced
Mosher's method” applied o lactone S that was prepared by reduction of palauolol (3) with sodium
borohydride in methanol.® The lactone § was converted into both the R- and S-MTPA esters 6, each of
which was a single diastereoisomer by 'H NMR spectroscopy, showing the enantiomeric purity of 3;
comparison of the 'H NMR data for the MTPA esters (Table 2) indicated the 16R absolute
stereochemistry. The absolute stereochemistry of the bicyclic ring system of palavolol (3) was
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Table 1. 'H (500 MHz, CD,0OD) and *C NMR (50 MHz, CD,0D) data for palauolol (3).

Cs
1

w

- - -
W [ -0 Vo dOWnH

(T

uC
22.9

29.9
4.2

160.0
41.2
38.7
28.6
380
40.4
50.0
3s8.2

343

140.6
119.7
36.0

69.1
1.0
117.8
173.0
103.2

2.8

16.4

18.7

16.7

9.7

1.41
1.58
1.2
1.86
2.1
2.3

1.6
1.43
1.42

1.14
1.4
1.34
1.74
1.86

5.21
2.35
245
4.54

5.98
4.9

1.05
0.81

. 0.74

1.62
6.01

(m)
(m)
(m)
(m)
(m)
(m)

(m, 2ZH)
(m, 2H)

(m)

(dd, 12
(m)
(m)
(m)
(m)

@, 6.9
(m)
(m)
.3

(brs)

., 2.5)

(br s, 2H)

(s. 3H)

@, 6.5, 3H)

(s. IH)
(s. 3H)
(r s)

C-2,C-3,C4,C-2
C-2,C-3,C4,C-2

C-5, C-7,C-8, c-21

C-1, C-5,C-9, C-23

C-11, C-13, C-14, C-24
C-11, C-13, C-14, C-4

C-13, C-14, C-16
C-13, C-14, C-16
C-14, C-18, C-17

C-3,C4,C-5
C4,C-5,C6, C-10
C-7.C8,CH

C3, C9, C-10, C-11
C-12, C-13, C-14

Table 2. 'H NMR data for the R- and S-MTPA csters of lactons S.
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21
3
14
1S
18
23

1.090
0.6
4.918
2.504
s22
4.663
4.7%67

§

1.091
0.684
4.996
2.538
$.820
4.546
4.6%6

Aby fppm)  Ady(Hz)

+0.001 +0.5
+0.008 +2.5

+0.078 +3
+0.03¢ +17
0.102 -S1
0.117 -58.5
0.071 -38.5

Cosy

H-2, H-10
H-2, H-10
H-1. H-3
H-1, H-3
H-2

H-2

H-7
H-6, H-8
H-1, H-22

H-1

H-12
H-12
H-11
H-11

H-15
H-14, H-16
H-14, H-16
H-15

H-8
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established by coaverting palsuolide (1) into the corresponding lactone 7 and comparing its CD spectrum
with that of aicohol 8, prepared from ilimaquinone (9)° by oxidation of the quinone ring with basic
hydrogen peroxide' followed by treatment of the resulting acid 10 with methyl lithium. Both 7 and 8
showed positive Cotton effects at A, 197 nm of almost equal magnitude (Ae +3.5° + 0.5°). Thus, the
absolute stereochemistry of palauolide (1), [a)p = +1.5 (¢ = 0.2, CHC),), is 55.85.9R.10S and that of
palavolol (3), [a)p = 0 + 0.5 (c = 0.2, CHC),) is 5S,85,9R.10S,16R.*

Both palsuolide (1. 85% inhibition @ 0.8 ug/mL) and palsuoiol (3, 82% inhibition @ 0.8 ug/mL)
inactivate bee venom PLA,." Palauolol (3) is mildly antimicrobial against S. aurens and B. subrilis but
the ansimicrobial activity of the crude extract is primarily due to fascaplysin (2).'2
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Absolute Configuration of Methyl (2Z,6R,8R,9E)-3,6-cpoxy-4,6,8-triethyl-
2,4,9-dodecatrienoate from the Sponge Plakortis helichondrioides

Eric W. Schmidt and D. John Faulkmer®
Scripps Institution of Occanography, University of California at San Diego, La Jolls, CA 92093-0212

Abstract: The absolute stercochemistry of ester 2, which is a major metabolite
of the Caribbean Plakortis hali joides, was determined (o be 6R,8R by
means of chemical degradation and application of a modification of Mosher’s method.
Lhem formed from tbe.acclt.ls4':d R)> anl 4 meqf um:ll of

S)-phenyi ester.
Copyrigit © 1996 Elsevier Science Lid ( "

Although advances in NMR technology have greatly simplified the structural elucidation of natural
products, it is still difficult to determine the stereochemistry of cestain classes of compounds. Foremost among
mmnum&mdummﬁmammmwmuwm
longer alkyl chain. In this psper we present a solution 1o this problem which can be spplied in situations where
the alkyl group is allylic.

Maﬂimmofmﬁcpmxﬂuﬁmmwiﬁdbyhmofphkuﬁn(l)ﬁm
the Caribbean sponge Plakortis kalichondrioides,' contained limited stercochemical assignments.2 In recent
years, some progress has been made in relisbly deducing the relative’® and absolute* stereachemistry of
stereocenters around the peroxide ring, but the problem of assigning the stereochemistry of the side-chain
remained. Our interest in this problem arose from an inquiry® about the enantiomeric integrity of the methy!
ester 2 that we had esrlier isolated from a specimen of P. Aalichondriocides.®

—(4

/\?j '-.’/j.-’\ / 6 0 <
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Our strategy for assigning the absolute stereochemistry of methyl ester 2 was to first determine the
absolute configuration at C-8 and then elucidate the relative stereochemistry at C-6. The latter process is
pﬁwhﬂy&ﬁcnhbmmduemmmchwemmmudihy&oﬁmmwhmhnmbe
attacked by hydrogenation of the 4,5-double bond to create an asymmetric center at C-4, which then allows the
stercochemistry at C-4 and C-6 to be related. In cyclic peroxides such as plakortin (1), the absolute and relative
stereochemistry about the peroxide ring can readily be determined, thus making the procedure described below
of geneval spplication to the structural determination of cyclic peroxides in this series.

A sample of the methyl ester 2, {a], = -175° (¢ 14, CCly), that had been stored at 4°C for 16 years was
shown 0 be essentially pure by HPLC.? Analysis of the 'H NMR data, particularly the NOEDS data, revealed
MMWWWMM&MJM&MMMMMW
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assigned in 1980 on the basis of the chemical shift of H-2. Careful ozonolysis of the methyl ester 2, followed
by oxidation of the resulting aldehyde 3 with sodium chlorste, gave the corresponding acid in 66% overall yield
(Scheme 1).% The absolute stercochemistry st C-8 was determined by spplication of the chiral amide method
developed by Nagai and Kusumi,? in which the acid 4 was reacted with (R)- and (S)-phenylglycine methyl
ester (PFGME) and the 'H NMR spectra of the resulting amides S and 6 were compared (Table 1). The NMR
analysis indicated that no racemization bad occurred during the oxidation procedure and that the sbsolute

configuration at C-8 was R.
a R - < }L
2 — —_—
0O MeOOC u
COOMe COOMe
3 R=CHO §*°=R)
b L_. 4 R =COOH 6€*=(S)

Scheme 1. a. O3 (5% in Ar), EtOAc, 1 br., -789; then DMS (excess) (95%). b. NaClO;, PO42- buffer (pH
7), 2-methyl-2-butene, 24 hrs, 4°C (70%). c. (R)- or (S)-PGME, benzotriazolyloxytri(pyrrolidinyl)-
phosphonium hexafluorophosphate (PyBoP) (1.5 eq.), 1-hydroxybenzotriazole (HOBT) (1.5 eq), N-
methylmorpholine (cat.), 4 hr. (90%).

> . OHC — 2. ko —
o9 o0
7 | s

c.d.c
BzO oo —— Bw/j)(:ko
9 10
f f

HO <Y ToH HO 1 OH
OH {_ OH
1 12

Scheme 2. 8.050, (cat.), NalOy, 24 br. (90%). b. NaBH, (excess), MeOH, 1S min.. ¢. Hy, Pd-C
(4 mol%), McOH, 3 hes. d. BzCl (1.5 eq.), TEA (1.5 oq.), DMAP (cat.), DCM, IS min. e. Silica gel HPLC
(25% for b-¢). £ LiBH, (excess), MeOH (1.5 oq.), Et;O, 1 hr., reflux (95%).
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Oxidation of methyl ester 2 with osmium tetroxide/sodium periodate produced the lactone 7 containing an
aldehyde at C-9 that was reduced with sodium borohydride (o the alcoho! 8 (Scheme 2). Hydrogenation of the
olefin gave a 55:45 mixture of diastereoisomers at C-2 that could be readily separated by HPLC on silica as the
corresponding benzoyl esters 9 and 10. The relative stereochemistry about the five-membered ring was
determined using NOEDS experiments to be cis-diethyl for 9 and trans-diethyl for 10. Reduction of the
HPLC-pure lactones 9 and 10 with lithium borohydride'? resulted in the formation of triols 11 and 12,
respectively. The relative and hence absolute stereochemistries of the triols 11 and 12 were immediately
apparent from examination of the 'H NMR spectra (Figure 1): the C, symmetry of triol 12 resulted in a
relatively simple spectrum compered with the more complex spectrum of the unsymmetrical triol 11.!' Thus,
the methyl ester 2 is defined as methyl (22,6R,8R,9E)-3,6-epoxy-4,6,8-triethyl-2,4,9-dodecatrienoate.

Table 1. 500 MHz 'H NMR data for the (R)- and (5)-PGME amides of 7 in CDCl;.

H# &g Sp AS(s-»)

2 4.63 (s) 4.82 (s) -0.19

5 6.02 (s) 6.29 (s) -0.27

7 1.86 (m), 2.33 (m) 1.86 (m), 2.30 (m) 0, +0.03

8 1.99 (br m) 1.99 (br m) 0

9 1.58 (m), 1.82 (m) 1.38 (m), 1.47 (m) +0.20, +0.35
10 085(,J=7) 069(,J1=7) +0.16

12 1.55 (m) 2.10(m) -0.55

13 086(,1=7) 1.08(t,J=7) -0.22

14 1.68 (m), 1.78 (m) 1.72 (m), 1.82 (m) -0.04, -0.04
15 0.71(,)=7) 076 (,J=17) -0.05

16 3.66 (s) 3.69 (s) -0.03

Figure 1. Comparative upfield regions of 'H NMR spectra of 11 (left) and 12 in acetone-d.
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Mozamides A and B, Cyclic Peptides from a Theonellid Sponge from

Mozambique

Eric W. Schmidt, Mary Kay Harper, and D. John Faulkner®
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Received April 8, 1997%

A sponge of the lithistid family Theonellidae from southern Mozambique contained the known
compound aurantoside A (1) together with two new cyclic peptides, mozamides A (2) and B
(3). The structures and absolute configurations of mozamides A and B, which contain a rare
ureido group, were determined by interpretation of spectral data and chiral GC—MS analysis
of the amino acids resulting from acid-catalyzed hydrolysis.

Lithistid sponges have yielded a wide variety of
bioactive marine natural products that include a diverse
array of cyclic peptides, which are notable for their
incorporation of structurally unususl amino scids and
nonprotei ic D-amino acids.!~? Structural similari-
ties between lithistid metabolites and those of
microorganisms led to the suggestion that the metabo-
lites might be produced by symbiotic bacteria, or more
specifically, cyanobacteria.'!4 We have recently dem-
onstrated that a bicyclic peptide® from Theonella swin-
hoei was located in and presumably produced by sym-
biotic filamentous bacteria, while a ide, swin-
holide A, was isolated from a mixed population of
unicellular bacteris.® The hypothesis that cyclic pep-
tides from lithistid sponges are produced by filamentous
bacteria is of considerable interest because of the
biotechnological implications. It has been demonstrated
that there is a correlation between the presence of
filamentous bacteria and the isolation of cyclic peptides,’
but more research is required to determine the validity
of the hypothesis.

Lithistid sponges identified as Theonella sp. are often
superficially similar to T. swinhoei except that the
interior tissue is colored orange or yellow, due to the
presence of aurantoside A (1) and/or related polyenes.
From one such Theonella sp., Fusetani and co-workers
isclated both a mixture of aurantosides A and B® and
the cyclic peptides, cyclotheonamides A and B° and
orbiculamide.!® Other cyclic peptides from Theonella
spp. include keramamide A!! and konbamide,}? both of
which incorporate a 5-hydroxytryptophan residue and
a ureido linkage joining two amino acid residues.
Similar peptides have also been described from fresh-
water cyanobacteria, as illustrated by the ferintoic acids
from Microcystis aeruginosa'® and the anabaenopeptins
from Anabaena flos-aquae and Oscillatoria agardhii. *\8
We now report the isolation and identification of two
new cyclic peptides, mozamides A (2) and B (3), from a
theonellid sponge that also contained aurantoside A (1).

Resuits and Discussion

The theonellid sponge was collected in southern
Mozambique. The lyophilized sponge was sequentially
extracted with EtOAc, 1:1 EtOAc—Me;CO, and 4:1
MeCN-H30. Reversed-phase chromatography of the

* To whom correspondence should be addressed. Phone: (619) 534-
4259. FAX: (619) 534-2997. E-mail: ifa odu.
© Abstract published in Advance ACS Abetracts, July 15, 1997.
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aqueous extract led directly to the isolation of auran-
toside A (1), which was identified by comparison of its
spectral data with literature values.® At first, auran-
toside A masked the presence of the cyclic peptides, but
after a multistep purification procedure, reversed-phase
HPLC was successfully employed to separate moza-
mides A (2, 2.6 mg, 7 x 10~% yield) and B (8, 0.7 mg,
2 x 107%% yield).

Mozamide A (3) was isolated as a white powder. The
HRFABMS spectrum indicated a molecular formula of
CuHaulNgOs. The IR spectrum appeared typical of a
peptide with a broad band between 1640 and 1740 cm .
The presence in the 'H-NMR spectrum of several
exchangeable protons between 6 6.3 and 8.8 and six
signals between 3.8 and 4.65, which may be assigned
to the a-protons of amino acids, suggested that moza-
mide A might be a hexapeptide. A methyl signal at &
1.85, which is unusually upfield, showed an HMQC

contained several other highfield signals at  —0.46 (t,
1H,J=115Hs),022(d,3H,J =6Hz), 036, 3H,
J = 6.5 Hz), and 0.90 (m, 1 H) that were assigned to a
leucine residue. A TOCSY experiment led to the
identification of lysine, valine, leucine, and isoleucine
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Figure 1. 'H-'H ROESY (300 MHz) correlations used to
establish the structure of 1.
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Figure 2. GHMBC (600 MHz) correlations used to establish
the structure of 1.

residues, a GCOSY experiment defined the phenylala-
nine residue, and the 5-h tophan unit was
identified by analysis of the GHMQC and GHMBC
experiments and by comparison of the !H- and 3C-NMR
data with literature values.'* A ROESY experiment
allowed the determination of the amino acid sequence
and discrimination between the two sromatic amino
acids (Figure 1). However, the ROESY experiment
showed some unusual correlations for the isoleucine
residue: the NH signal of isoleucine showed a strong
correlation with the a-NH signal of lysine in addition
to weak correlations between the a-protons of isoleucine
and lysine and the NH protons on the neighboring
residucs. These data, together with the presence of an
unassigned signal at 4 157.3 in the 3C-NMR spectrum,
suggested that the iscleucine residue was joined to the
a-amino group of lysine through a ureido moiety. This
assignment was confirmed by long-range carbon—
hydrogen NMR correlations and by comparison of the
NMR data with the literature values for keramamide
A and konbamide.!!-12 All other spectral data, particu-
larly those of the GHMBC experiment (Figure 2), were
compatible with the structure proposed for mozamide
A(2).

The stereochemistry of mozamide A (2) was deter-
mined by chiral GC—~MS experiments. Acid hydrolysis
of mozamide A, followed by derivatization of the result-
ing amino acids, gave the isopropyl ester pentaflucro-
propionamide derivatives that were analyzed by GC-
MS using a Chirasil-Val capillary column, leading to the
identification of L-leucine, L-lysine, L-phenylalanine, and
p-valine. Ozonolysis of mozamide A using an oxidative
workup, followed by hydrolysis and derivatization, gave
N-methyl-L-aspartic acid,!? indicating the presence of
N-methyl-L-§-hydroxytryptophan in mozamide A (2).
The final isoleucine residue, which was attached to the
urea group, was not observed under acid hydrolysis
conditions, but treatment of mozamide A (2) with
hydrazine!® produced only one amino acid, which was
derivatized and identified as 1.-allo-isoleucine.

Mozamide B (3) was isolated as a white powder of
molecular formula CHssNgOg, which differs from that
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of mozamide A by the addition of a methylene group.
Although insufficient material was available to record
a BC-NMR spectrum, analysis of the 'H-NMR data,
including TOCSY, DQCOSY, and GHMQC experiments,
indicated that mozamide B contained an isoleucine
residue in place of the valine residue in mozamide A.
Chiral GC—MS confirmed this assignment and indi-
cated that D-valine had been replaced by pD-isoleucine.
Comparison of the spectral data of mozamide B (3) with
thoge of mozamide A (2) strongly suggested that the only
difference between the compounds was the replacement
of D-valine by D-isoleucine but the lack of HMBC and
ROESY data prevented complete confirmation.
Although mozamides A (2) and B (3) are similar in
structure to keramamide A!! and konbamide,!? the
latter compounds do not contain any p-amino acid
residues. We have not been able to study the cellular
localization of metabolites in this sponge but can present
two relevant observations at this time. Filamentous
cells are evident in the endosome (interior) of this
theonellid sponge, while cyancbacteria are present only
in the ectosomal layer. The orange color of the endo-
some appears (0 be due to the presence of aurantoside
A (1). We had insufficient material to allow broad.
screening of mozamides A (2) and B (3), which at low
concentrations showed no antimicrobial activity against
Gram-poditive and Gram-negative bacteria and a yeast.

Experimental Section

General Experimental Procedures. Optical rota-
tions were measured on a Rudolph Research Autopol
IIT polarimeter. IR and UV spectra were recorded on
Perkin-Elmer 1600 FT-IR and Lambda 3B instruments,
respectively. The 'H, G(radient)COSY, DQCOSY, TOC-
SY, and ROESY spectra were recorded on a Varian
Inova 300 MHz spectrometer, the 1*C and DEPT spectra
on & Varian Gemini 400 MHz spectrometer, and the
GHMQC and GHMBC spectra on a Bruker AMX-600
spectrometer. All NMR data were recorded in DMSO-
dg solution, and those for mozamide B were recaorded
using H20-suppression sequences. TOCSY spectra were
obtained using 80 mscc mixing times, and ROESY spin
locks were established by continuous pulsing for 300
msec. Abeolute configurations were determined using
a Hewlett-Packard 5890 GC~MS fitted with an Alltech
Chirasil-Val capillary column. HRMS data were ob-
tained from the UC Riverside Regional Mass Spectrom-
etry Facility. All solvents were distilled prior to use.

Animal Material. The lithistid sponge specimen
(MOZ95-032) is massive with a reddish brown exterior
and a bright yellow-orange interior. The skeleton is
composed of nonarticulating tetracrepid-like desmas
with strongyles and acanthomicrorhabds. This sponge
is comparable to Placinolopha mirabilis, described by
de Laubenfels in 1954,'? which is now conaidered to be
a representative of an undescribed genus in the lithigtid
family Theonellidae.?® Superficially, this sponge is
remarkably similar to a co-occuring species of Theonella,
but is easily distinguished by its unique desmas and
color. A voucher specimen has been deposited in the
SIO Benthic Invertebrate Collection, catalog no. P1167.

Collection, Extraction, and Purification. The
sponge was collected by hand using scuba at Malangaan
reef (26° 46’ S, 32° 54’ E) off southern Mozambique and
was maintained frozen until extraction. The sponge
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Table 1. ‘H-(400 MHs, DMBO-ds) and **C(100 MHs, DMBSO0-de) NMR Data for Mosamides A (3) and B (9)
mesamide A (2) mosamide B (8
N-Methyl-1-5"-hydroaytryptophan
1 1609
2 €0.7 4.64 dd,J=9,26Hs 616 464 dd,J=8,25Hx
3 23 272 dd.J=159H: 230 278 dd,J=158Hs
3.04 dd,J=1525Hs 3.11 dd,J = 15,25 Hs
NH 10.60 10.56
z 124.2 6.81 125.1 6.84
3 108.6
4 l% 684 d,J=2Hs 108.0 6.82 d,J=2Hs
5° 1
[ 4 1113 dd,J=8,2Hs 112.1 6.58 dd,J=8,2Hs
T 1116 1710 dJ=8Hs 1125 7.10 d,J=8Hs
R 4 130.¢
[ 4 1279
OH 8.50 8.50
NMe 76 1.85 s,3H 282 1.96 s.3H
1-Leucine
1 1722
2 413 424 48.0 424
3 37.0 —0.46 t.J=116Hs 379 -0.42 t,J=11.5Hs
090 0.90
4 231 139 4.0 1.30
5 19.5 022 dJ=6Hs 20.1 0.28 d,J=6Hz
] 226 0.36 4, J=65Hs 234 0.38 d.J=65Hs
NH 842 dJ=4Hs 8.8 dJ=4Hs
D-Valine D-isoleucine
1 1723
2 86.7 3.80 t,J=75Hs 56.8 398 t.J=78Hs
3 299 1.88 38.0 1.72
4 18.8 0.85 d,J=¢5Hs 259 1.50
[} 189 0.94 d,J=65Hs 123 0.88
8 168 0865
NH 6.73 dJ=THs 6.70 d,J=75Hs
L-Lysine '
1 1720
2 58.7 384 68.2 3.88
3 ins 188 212 1.60
4 202 110 210 1.10
] 283 1.40 290 142
6 9.0 285 39.1 288
3.59 361
2-NH [T dJ=T7THs 648 d J=7Hs
6-NH 7.4 4, J=78Hs 748 d.J=75Hs
L-Phenylalanine
1 170.1
2 64.4 4.58 ddd,J=9,8,25Hs 55.2 4.60 ddd,J=9,8,25H
3 39.0 2.7 dd,J=16,8 Hx 408 2.84 dd,J=15,8Hs
3.37 dd,.J=15,28Hs 346 dd,J=15,25Hs
4 138.4
59 1288 7.08 120.7 17.10
68 1283 731 129.0 128
kj 1268.1 717 1295 720
NH 8.79 4. J=9Hs 8.75 d,J=9Hsz
Urea
1 1573
Lalio-lesleucine .
1 173.8
2 87.7 4.02 dd,J=9,5Hs 578 4.08 dd,J=9,5Hx
3 7.7 1.72 37.4 176
4 %6 112 288 1.18
1.34 1.30
8 11.8 0.83 12.3 0.84
[} 18.7 0.82 188 0.82
NH 6.30 d.J=90Hs 634 d,J=9Hs

o UC.NMR chemical shifts were derived from the GHMQC experiment (errer + 0.3 ppm).

(364 g) was Iy ized and sequentially extracted with
EtOAc (2 x 1 L), 1:1 EtOAc—MeCO (2 x 1 L), and 4:1
CHyCN~-Hs0 (6 x 1 L). The aquecus MeCN extracts
Sephadex LH-20 l:gl;.del A small
on -20 using as eluent.
portion of the aquecus MeCN extract was chromato-
graphed on & C;; reversed-phase column using a CH,-

CN-H;O gradient as eluent to obtain a sample of
surantoside A (1) that had identical spectral data to
those reported in the literature® Peptide-containing
fractions, which were still heavily contaminated with
aurantoside A (1), were recombined and chromato-
graphed on a CN-SepPak using a CH;CN—-H;O gradient
as eluent. The peptides werse followed first by TLC
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using cyano plates and later by ‘H-NMR spectroscopy.

Material eluted with 30—-40% CH)CN in H;O was
purified by HPLC on a cyano column using 25% CHs-
CN-Hz0 as eluent followed by HPLC on a Cyg reversed-
phase column using 40% CH;CN~0.01% aqueous TFA
to obtain a mixture of mozamides A and B. Final
separation was accomplished using C,s reversed-phase
HPLC using 35% CHiCN—-0.01% aqueous TFA as elu-
ent to obtain, after a 90-min elution time, mozamide A
(2, 2.5 mg, 7 x 1074% dry wt) and mozsamide B (8, 0.7
mg. 2 x 107%% dry wt).

Mozamide A (2): white powder; [a)p —66° (c 0.024,
MeOH); IR (film) 2940, 2920, 17401640 (br), 1550,
1260, 1205, 1120, 1080, 1030 cm*; UV (MeOH) A gz 208
(e 19 600), 268 (¢ 2600) nm; 'H NMR, see Table 1; 13C
NMR, see Table 1; HRFABMS (NBA matrix) m/z
861.4729 [M + HIJ*, caled for CsHeaNeOy, 861.4875.

Mozamide B (3): white powder; (ak —33° (c 0.018,
MeOH); IR (film) 2955, 2925, 1740~1640 (br), 1555,
1260, 1200, 1125, 1075, 1035 cm~!; UV (MeOH) 10; 208
(e 19 600), 268 (¢ 2600) nm; 'H NMR, see Table 1; !3C
NMR, see Table 1; HRFABMS (NBA matrix) m/z
875.4854 (M + HJ*, calcd for CsHerNesOy, 875.5031.

Hydrolysis and Derivatization of Mozamides A
(2) and B (3) for Chiral GC-MS Analysis. Moza-
mides A and B (150 ug of each) were placed in 1-mL
conical vials containing 6 N HC1 (0.5 mL), and the sealed
vials were heated at 110 °C for 15 h. After evaporation
of the solvent under nitrogen, isopropyl alcohal (0.4 mL)
and acetyl chloride (0.1 mL) were added, and the sealed
vials were again heated at 110 °C for 1 h. After
evaporation of the reagents under nitrogen, pentafluo-
ropropionic anhydride (400 u4L) in CH2Cl; (0.4 mL) was
added, and the sealed vials were again heated at 110
°C for 15 min. The derivatives were again dried under
nitrogen and redissolved in EtOAc (100 uL). Aliquots
(3 uL) were injected onto a Chirasil-Val capillary
column, and the temperature was ramped from 50 to
210 °C over a period of 45 min. Elution times were
measured by GC—-MS and compared with those of
standards that had been derivatized in the same man-
ner. In this manner, L-leucine, L-lysine, L-phenylala-
nine, and D-valine were identified.

‘Ozonolysis of Mosamide A (2) and Chiral GC~-
MS Analysis of Hydrolysis Products. Ozone in
oxygen was bubbled through a cooled solution of moza-
mide A (200 ug) in MeOH (4 mL) at —78 °C for 30 min.
The reaction was quenched with 50% H;O2 (10 drops)
and allowed to warm to room temperature. After 1 h,
the solvent was removed under nitrogen, and the
ozonolysis product was transferred to a 1-mL conical vial
and treated exactly as in the hydrolysis experiment
above. Chiral GC—MS analysis revealed the presence
of an additional peak that was identified as N-methyl-
L-aspartic acid. The isopropyl ester of racemic N-
methylaspartic acid was synthesized as follows. A
solution of aspartic acid (10 mg) in isopropyl alcohol (1
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mL) containing acetyl chloride (300 xL) was hested to
IIO'Cforlh. The product was dried under nitrogen

then redissolved in MeOH (2 mL), to which was added

iodomsthane (12 mg) and K¢CO; (12 mg), and the
solution was stirred overnight at 25 °C.

Hydrasinolysis of Mozamide A (2). A solution of
mosamide A (100 xg) in hydrazine (0.5 mL) was heated
in & sealed conical vial at 110 °C for 18 h. The
hydrazine was removed under high vacuum, and the
sample was relyophilized from H;0 to remove the last
traces of hydrazine. After the resulting mixture had
been derivatized as described above, a single peak was
ldenﬁﬁodbychlnlcc—l(SuwHo-inhwne
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Microscierodermins C - E, Antifangal Cyclic Peptides from the Lithistid Marine Sponges
Theonella sp. and Microscleroderma sp.
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lithistid sponges from the Vissyan islands, Philippines. The sponge Theonello sp. contained peptides 3
and 4, while Microscieroderma sp. contained peptides 4 and 5. Their structures, which festure three

© 1998 Elssvier Science Lid. All rights reserved.

Sponges of the order Lithistida are unparalleled as sources of unusual natural products in the marine
environment.! Bioactive compounds isolated from these sponges include discodermolide,? swinholides.? and
calyculins;* the sponges also contain an arsenal of modified peptides with close structural affinities to
cyanobacterial natural products.! In addition to chemical riches, lithistid sponges often harbor a large
number of symbioats, that in Theonella swinhoei include a filamentous bacterium which has been shown to
contain the peptide theopalauamide® and a unicellular bacterium containing swinholide A.7 We have been
studying the peptide chemistry of lithistid sponges because of the bioactivity of many of their metabolites and
our interest in understanding the association between the sponges and their bacterial flora.

During field collections in the Philippines in 1996, we encountered several lithistid sponges, including
a Theonella sp. containing microsclerodermins C (3) and D (4) and a Microscleroderma sp. containing
microsclerodermins D (4) and E (S), which are related to microsclerodermins A (1) and B (2) from
Microscleroderma sp$ Since these compounds are thought to be synthesized by microbes, the presence of
Peptide 4 in both genera of sponges brings into question the specificity of symbiosis among lithistid sponges.
Filamentous, noa-photosynthetic microorganisms were found oaly in the Theonella sp. In this paper, we
report the isolation and characterization of microsclerodermins C - E (3-5).

E-mail: jfaulkner@ucsd.cdu (John Faulkner), eschmidt@ucsd.edu (Eric Schmidt).
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Isolation and Structural Determination of Microsclerodermias C and D

A lithistid sponge, Theonella sp., was collected using SCUBA off Olango Island in the Philippines at a
depth of about 20 meters. This organism was selected for chemical investigation because light microscopy
revesled that the sponge contained an sbundance of filamentous becteria, and the aqueous extract was active
against the yeast Candida albicans. Microsclerodermins C (3) and D (4) were obtained by sequential
extraction of the lyophilized sponge with solvents of increasing polarity. Rotary evaporation of the 1:1
acetonitrile/water extract gave a white precipitate thet was subsequently centrifuged and subjected to reversed-
phase chromatography. Peptide-containing fractions were lyophilized and resuspended in acetonitrile-water
mixtures, which readily dissolved microsclerodermin D (4) but left a precipitate of pure microsclerodermin C
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(3). Microsclerodermin D (4) was further purified and separated from dissolved microsclerodermin C (3) by
reversed-phase HPLC.

Microsclerodermin C (3) was isolated as a white powder. The molecular formula, C4; HsgCINgO)3.
was determined by high resolution mass measurement. In the 'H NMR spectrum, a series of NH signals
between 5 7.48 and 8.70 coupled to signals in the correct region for a-protons of amino scids suggested that
the compound was a peptide. Despite its similarities with microsclerodermins A (1) and B (2), an affinity with
those peptides was not immediately obvious from NMR spectral data (see Table 1), and thus the two-
dimensional structure was clucidated by NMR methods. The 'H, 13C, and GHMQC NMR data indicated that
there were six amino acids, including one that was N-methylated, and five hydroxyl groups. These
experiments also suggested the presence of 2 monosubstituted phenyl group and an indole substituted at the N’
and €' positions. A DQCOSY spectrum was used 10 construct the major features of the constituent amino
acids, and the resulting assignments were confirmed using the GHMBC spectrum. From these data, glycine,
N-methy! glycine, and 4-amino-3-hydroxybutyric acid (GABOB) were readily identified. In addition, these
experiments showed that the indole unit was part of tryptophan and that the phenyl group was conjugated to a
double bond. GHMBC (see Figure 1) and ROESY (see Figure 3) experiments were used to determine the
connectivity between the N-Me-Gly, disubstituted tryptophan, Gly, and GABOB residues. However, the
pyrrolidone and 3-amino-8-phenyl-2.4.5-trihydroxyoct-7-enoic acid (APTO) groups could not be completely
constructed from these data alone.

Assignment of the APTO structure was complicated by overlapping OH and CH protons in the NMR
spectrum. For example, H-2 of this unit could not be distinguished from OH-5 in any two-dimensional NMR
experiment, and APTO OH-4 was difficult to differentiate from pyrrolidone H-4. To resolve these overlapping
signals, a complete NMR data set was acquired at 40 °C, at which temperature the exchangesble OH signals
were overlapping with different CH signals in the 'H NMR spectrum. Comparison of the two data scts were
used to unambiguously coastruct two halves of the APTO unit, C-12 to C-S and C-4 to C-1, and to assign
resonances belonging to the pymrolidone group. Unfortunately, a lack of observable coupling between H-4 and
H-S and the absence of any GHMBC correlations between the two parts of the molecule made the assignment
of the APTO structure difficult. The APTO unit was postulated on the basis of ROE correlations between the
two halves of the amino acid, but was not confirmed until the acetonide 7 was synthesized.

In the pyrrolidone residue, the cyclic portion was established using the GHMBC spectrum, which
included correlations from OH-3 to C-2 and C-4, and from NH-3 to C-2, C-3, C-4, C-5 and C-6. The relative
stereochemistry of the pyrrolidone was established using the ROESY spectrum. After defining the amino acid
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Table 1. NMR data for microsclerodermin C (3) and debydromicrosclerodermin C (6) in DMSO-d

3 6
amino scid assignment %) & 8y
APTO 1 1726 173.5
2 69.6 438 m 69.5 440 m
3 $3.3 4.13 ¢ 100 53.5 4.18m
4 70.1 329m 70.2 329m
5 6.0 359q 4.5 0.0 36lm
6 36.6 235m 36.6 23Sm
7 128.1 627m 1282 632 dt, 160, 70
8 1308 6404, 160 130.8 6.40 d. 16.0
9 1374 1374
10,14 128.4 729 m 128.5 730 m
11,13 125.7 733 m 125.8 734 m
12 126.9 7.19m 1269 720 m
NH3 748 m 7.12 m
OH2 6.20d, 6.0
Oti4 449d.9.5
OHS 4384, 5.0
GABOB 1 1729 1724
2 41.1 2.6 m 41.5 2.13 ¢ 120
243 m 230 m
3 673 3INMo 66.8 373 m
4 45.0 257Tm 452 260 m
339 m 33 m
NH4 748 m 738 m
OB 4904d. 5.5
Gly 1 168.8 168.8
2 4.7 337 m 42.8 345m
3 77m 3N2m
NH2 8554d,6.0 840 m
6-C1-N-form.-Trp 1 171.5 170.8
2 54.6 423 m 54.8 409 m
3 258 303 m 25.1 295 m
32m
b 1242 7115s 124.5 775s
k) 1149 115.4
4 120.2 760 m 120.2 7.60 m
s 121.8 723 m 1219 724 m
6 not obsd oot obsd
T 1149 827d,20 1149 8274,.20
o 135.9 1359
9 128.5 128.5
10 152.3 152.4
NH2 8.704d. 3.5 8714.50
N-Me-Gly 1 170.4 170.9
2 49.7 397m 50.6 345 m
400 m 450 m
3 364 291s ::‘l) 298s
pynolidone 1 170.4 168.
2 388 2654, 170 87.8 525s
2894, 170
3 85.6 157.5
4 50.5 447 m 46.0 523¢ 95
5 352 227Tm 34.1 248 m
268 m
[ 173.1 174.8
N3 798s 1038 s
OH3 602s _
NHé4 756 m 838 m

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



60

E. W. Schmidt, D. J. Faulkner / Tetrahedron 54 (1998) 3043-3056

Cl

Figure 1. Kcy GHMBC correlations used to determine the structure of microsclerodermin C (3). The indole
portion is shown on the right.

structures, the peptide sequence was fully defined on the basis of GHMBC and ROESY correlations, and the
similarity to microsclerodermins A (1) and B (2) was recognized. The substituents on the tryptophan unit
were not identified until the structure of microsclerodermin D (4) was established.

Microsclerodermin C (3) was readily dehydrated by addition of a trace amount of TFA to the NMR
solvent. The structure of anhydromicroscierodermin C (6, C41HqsNgO12Cl) was elucidated using a full NMR
data set to confirm the proposed structure of 3 (sce Table 1). Interestingly, several peaks in the {H NMR
spectrum of 3 appeared to be doubled (~5:1 ratio of peaks), but no signal doubling was visible in the ! H NMR
spectrum of the dehydrated compound 6. Since no evidence could be obtained to indicate that OH-3 of the
pyrrolidone residue had two different configurations or that 3 was contaminated by 6, we conclude that the
signal doubling must have resulted from different conformers of 3.

Microsclerodermin D (4, C4oH47CINg012) was isolated as a white powder. Full NMR spectral data
(see Table 2), including DQCOSY, GHMQC, GHMBC, and NOESY indicated that 4 was identical to 3 except
for the tryptophan unit, which was no longer N-substituted. The molecular formula indicated that a chlorine
atom was present in 4 and NMR data established that the chlorine was located on the 6' position of the indole
unit.

The only question remaining was the identity of the functional group oa the indole nitrogen in 3. The
molecular mass, established by FABMS measurements, showed that 3 was 43 AMU heavier than 4.
Microsclerodermin C (3) also had one more 13C NMR signal than 2, at § 152.3 ppm. This !3C resonance
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Table 2. NMR data for microscierodermin D (4) in DMSO-dg

4
amino acid assignment 8¢ 8y
APTO 1 1726
2 69.5 4414d,6.0
3 53.2 414m
4 70.0 32m
L) 69.0 36l m
6 364 235m
7 128.2 635 m
8 130.8 642d, 160
9 136.5
10,14 128.5 730 m
1,13 125.8 736 m
12 126.8 7.20¢, 7.5
NH3 744 m
OH2 6.25d, 6.0
GABOB 1 172.7
2 410 2.16 m
243 m
3 62.1 373 m
4 45.0 264m
39m
NH4 748 m
o3 485d, 40
Gly 1 168.8
2 42.7 33 m
37 m
NH2 8.54bre. 4.5
6-Cl-Trp ] 171.9
2 55.5 4.18m
3 26.0 298 m
2 1249 728s
3 1100
L 119.6 7554d, 8.5
5 118.6 701 d.85
6 oot obsd.
T 111.0 739 m
8 134.4
' 4 1259
NH2 8.65 bed, 3.0
NHI' 11.05s
N-Me-Gly ] 1702
2 498 384m
4.10 m
3 ;6; 292s
pymolidone 1 170.
2 380 270m
286 m
3 85.6
4 50.6 447 m
s 3s.1 228m
6 173.2
N3 798 m
O3 6.10s
NHA 7543

Reprodaced with permission of the copyright owner. Further reproduction prohibited without permission.



62

E. W. Schmidys. D. J. Fauliner / Tetrahedron 54 (1998) 3043-3056

showednwukmhﬁmmﬂd‘hﬁeﬁ!ﬂ@specﬂmmﬁrmhghphcmofﬁhmitmlbe
aromatic nitrogen. Unfortunately, two possible structures could be proposed based on these data: the
functional group in question could be either CH4N> (guanidinium salt) or CH;NO (urea). FABMS
measurements could be used to support either answer. While the exact mass of microsclerodermin C (3) was
closer to the guanidinium sait, the FABMS spectrum of snhydromicroscierodermin C (6) matched the ures
formula more closely. A 'H NMR experiment on 3 was employed to discriminate between the two
possibilitics. Triethylamine (1 uL increments up to 3 uL) was added to an NMR tube containing 6 mg of 6 in
DMSO-ds. The !H NMR spectrum of the basic solution, especially in the aromatic region, was identical to
that of 6 in neutral or slightly acidic solution, indicating that the N'-substituting group was unaffected by the
pH change. Thus, 3 is a urea rather than a guanidinium sait. To the best of our knowledge, 6'-chloro-N'-
formamidotryptophan and APTO are unprecedented amino acids.

Anhydromicrosclerodermin C (6) was used in chemical degradation experiments to establish the
absolute stereochemistry of 3. Treatment of peptide 4 with periodate, followed by ozonolysis using an
oxidative workup and acid-catalyzed hydrolysis gave a mixture of amino acids that were derivatized and
analyzed by chiral GC-MS. Comparison with derivatives of amino acid standards allowed the identification
of (3R)-3-hydroxy-4-aminobutyric acid, (25,3S)-3-hydroxyaspartic acid, and (R)-aspartic acid. Although we
were unable to cleanly form an acetonide from 6, treatment of anhydromicrosclerodermin D with 2,2-
dimethoxypropane using pyridinium p-toluenesulfonate as catalyst gave the acetonide 7 in quantitative yield.
A NOESY experiment performed on 7 gave results similar to those found for the acetonide of
microsclerodermin A (1),8 indicating that the stereochemistry of the APTO group was (25,3R 45,5S,7E).
Isolation and Structural Determination of Microsclerodermin E

The sponge Microscleroderma sp. was collected at a depth of 15 m near Panglao Island, Visayas,
Philippines. The sponge, while much different in appearance than the Theonella sp., also had antifungal
activity but did not appear to contain filamentous microorganisms. Initial extraction and separation
procedures were identical to those used to isolate 3 and 4. Following purification through a C g Sep Pak, it
was found that the resulting peptide mixture (spproximately 70% one compound) was completely insoluble in
many solvents and was only moderately soluble in DMSO. The peptide mixture was found to be soluble in
mixtures containing acetonitrile and 0.1 N NH4HCO3, so this system was used for a reversed-phase HPLC
separation that yielded microsclerodermins D (4) and E (S). The identity of microsclerodermin D (4) was
readily established by compering !H and 13C NMR and HRMS data with those determined previously. It is
possible that microsclerodermin C (3) was also present in the sponge before separation, since mild aqueous
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Figure 2. Key GHMBC correlations used to determine the structure of microsclerodermin E (5). The indole
portion is shown on the right.

base hydrolysis rapidly converts 3 (0 4.

Microsclerodermin E (5) was isolated as a white powder. Its molecular formula (C4sHs4NgO14)
suggested that it had a close structural affinity to microsclerodermin C (3), with the lack of the chlorine atom
and four sdditional carbon atoms being the major differences. The NMR data, including 'H, 13C, DEPT,
DQCOSY, TOCSY, NOESY (see Figure 3), GHMQC and GHMBC (see Figure 2), established the relationship
between the two compounds (see Table 3). From these data, the presence of GABOB. N-Me-Gly, and Gly
were readily established and confirmed by comparison with the spectral data of 3. The pyrrolidone residue
was established by NMR data, especially GHMBC data from NH-5, and confirmed by comparison with the
spectral dsta of anbydromicrosclerodermin C (6). Interestingly, the pyrrolidone residue in S did not appear to
dehydrate during separation, since key signals were present in the NMR spectra of the crude mixture of
peptides before acid or base treatment. In addition, 4 was isolated from this sponge with its pyrrolidone OH
intact, even after HPLC separation.

The two residues which appeared unique to microsclerodermin E (5) were the substituted tryptophan
and the amino acid identified as 3-amino-10-(p-cthoxyphenyl)-2,4,5-trihydroxydeca-7,9-dienoic acid (AETD).
The AETD carbons bound to oxygen and nitrogen had nearly identical NMR chemical shifts and 2-D NMR
data to those of the APTO group in 3 and 4, leading to the proposed structure for C-1 to C-7. The !H and
DQCOSY NMR spectra indicated that this unit was connected to a diene, rather than the single double bond
found in 3. GHMBC cosrelations were used to connect the diene to the aromatic unit, which was identified as
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amino acid
AETD

Gly

Trp-2-COOH®

N-Mo-Gly

8c
174.9
7.1
554
s
70.6
37.7
1329
133.4
128.5
130.8
11 131.3
12,16 128.5
13,15 115.7
159.6

SQQQOM&wN—f

15.4

174.2
43.1

68.7
46.7

170.5
4.2

172.4

58.1
26.4

126.4
119.7
121.5
1209
125.8
113.5
137.5
129.3

164.9¢

172.4
s1L.8

379
169.9

159.5
e
350

176.1

O NAWN—W N—é QA YRNEWN WM - ~N - B N o e
a L 5 é Euqa

Table 3. NMR data for microsclerodermin E (5) in DMF-d7 with trace TFA®

£ Re rRRED
& s
o
a

-
[
W
! ad
w

7574, 105

2.19 dd, 14.0,9.0
249dd, 140,10
393 br

292 m

345m

7.35 bet, 9.0

362 m
3.70m
845t 6.5

4.24 1. 9.0, 2.0
3.60 m
370 m

7.724.8.5
7.16 ¢, 8.5
7.301, 85
7.544d,85

8.884,2.0d
11.58 bes

3474, 160
4.64 4, 16.0
309s

S4Ss

5.42 41, 50,90

258 dd 180, 50
.0, 9.0

8.594d,90
10.60 s
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Figure 3. Summary of key NOESY/ROESY correlations used to determine the structure of
microsclerodermins C (3, left) and E (8, right).

a p-cthoxy phenyl ring!0 based on 'H and !3C NMR chemical shift data. The ethyl group was not produced
during the purification of 8, since the O-ethyl signals were visible in the 'H and !3C NMR spectra of the crude
peptides. Thus, the AETD residue accounted for the extra C4H7 in § compared with 3.

Following the identification of all other residues, it was spparent from the molecular formula that the
tryptophan residue was substituted with a carboxylate group. The identification of this residue was
complicated by the fact that the a-NH proton was not visible in the NMR spectra of either the original extract
or the purified peptide (5). Upon acidification of the NMR solveat with TFA vapor, however, the Trp NH
proton signal was revealed at § 8.84 ppm (d, /= 2 Hz). From the DQCOSY and GHMBC data, the tryptophan
residue was substituted adjacent to the aromatic nitrogen. These data confirmed the core structure of the
tryptophan unit, but there were no NMR correlations to the substituent adjacent to the aromatic nitrogen to
confirm placement of the carboxy! group.

The only remaining unassigned NMR signal, at § 164.9 in the !3C spectrum, was consistent with a
COGOH at C-2' based on comparison to simulated NMR spectra. The presence of a carboxylate anion was also
indicated by the seasitivity of many chemical shifts of the amino acids, especially tryptophan, to pH changes.
In besic or neutral solution, the carboxylate !3C NMR signal resonated at 5 167.9 ppm, but addition of trace

-
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acid significantly shifted the resonance. Low resolution positive ESIMS gave a molecular ion at 953,
corresponding to (M+Na)*, while negative ESIMS gave 929 (M-). In addition, methylation of S with
diazomethane afforded & mono-methylated compound with a high resolution mass spectrum that further
corroborated the proposed structure of S. Finally, comperison of 13C NMR data from $ with those of
anhydromicrosclerodermin A8 served to confirm the structure.

The absolute configuration of microsclerodermin E (S) was determined to be identical to that of 3 and
4 by employing the same sequence of reactions used for 6 and comparing GC-MS peaks with those resulting
from authentic standards. Only two stereocenters, C-4 and C-5 in the AETD residue, were not determined by
chemical means. Because their !H and 13C NMR chemical shift data were close to those of known
microsclerodermins, C-4 and C-5 were assumed to have the same absolute configurations in all compounds.
Bioactivity

Microsclerodermins C (3), D (4), E (5), and anbydromicrosclerodermin C (6) were active against
Candida albicans in a paper disk assay. Peptide 3 was most active at S ug per disk, followed by § at 10 pg. 6
at 50 ug and 4 at 100 ug. Reported concentrations are the minimum at which inhibition was observed.

EXPERIMENTAL SECTION
General Experimental Procedures: 'H, DQCOSY, GHMQC, and GHMBC. TOCSY and ROESY NMR
spectra were recorded on a Varian Inova 300 MHz spectrometer. !3C and DEPT spectra were recorded on a
Varian Gemini 2000 400 MHz spectrometer. A NOESY spectrum was recorded on a Varian Unity 500 MHz
spectrometer. All NMR data are reported in DMSO-dg except for those of peptide S, which were reported in
DMF-d with trace TFA. TOCSY spectra were obtained with 80 msec mixing times, and ROESY spin locks
were cstablished by continuous pulsing for 300 msec. High-resolution FABMS data were obtained from the
Mass Spectrometry Facility, University of Califomia at Riverside. Optical rotations were measured on an
Autopol I1I polarimeter. UV and IR spectra were recorded on Perkin Elmer Lambda 3B and 1600 FT-IR
instruments, respectively. Absolute configurations were determined using an Alltech Chirasil-Val column with
a Hewlett Packard 5890 GC-MS system. The temperature was ramped from 50 °C to 210 °C over 45 minutes
in all GC-MS experiments. GC-MS retention times were similar to previously reported results.$
Iselation of Micrescierodermins C (3) and D (4): A sample of Theonella sp. (NCI 2218) was collected at a
depth of 20 m near Olango Island, Visayas, Philippines (N 10° 16’ $3.2", E 124°2' $7.6"). The sponge was
lyophilized (39.4 g dry weight) and sequentially extracted with solveats of increasing polarity: 2 x DCM; 2 x
1:1 EtOAc/acetone; 5 x 1:1 CH3CN/H20. The CH3CN was removed from the squeous extract by rotary
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evaporation, and the resulting solution was centrifuged to yield a white precipitate. The solid material was dry
loaded on a C;g Sep Pak (Waters) and subjected to & gradient of 0-100% CH3;CN (aq). Fractions eluting
between 50 and 60% acetonitrile were combined and resuspended in 10 mL of 1:1 CH3CN/H20. The
suspension was centrifuged for 10 minutes, yielding a white powder of pure microsclerodermin C (3, 30 mg).
The cluant was subjected to HPLC on a Cys prepanative column using 37% CH3CN (aq) to yield an additional
43 mg of 3 (total: 73 mg, 0.19% dry weight) and microsclerodermin D (4, 30 mg, 0.077% dry weight).
Isolatien of Microscieredermin E (5): A sample of Microscleroderma sp. (NCI 2309) was coliected at 2
depth of 15 m near Panglso Island, Visayas, Philippines (N 9° 23° 37.3, E 123°43' 80.1%). The sponge was
lyophilized (127.5 g dry weight), then extracted with 4 x EtOAc and 5 x 1:1 HyO/CH3CN. The aqueous
extract was dried by rotary evaporation until the formatioa of a white precipitate, which was removed by
centrifugation. The white powder was dry loaded on a Cg Sep Pak and subjected to a gradient of 20-100%
CH;3CN (aq). Fractions between 30-40% CH3CN were pooled and repurified on a Cyg HPLC column using
73:27 0.1 N NH{HCO3/CH3CN at 3 mL/min. Two major fractions eluted after approximately | hour:
microsclerodermins D (4, 8.6 mg, 0.007% dry weight) and E (5. 15 mg, 0.012% dry weight).
Microsclerodermina C (3): white powder; [a]p -24° (c 0.063, 1:1 MeOH/DMSO); UV (MeOH) 202 (¢
46,500), 239 (28,000), 250 (27,100), 256 (28,000); IR (AgC!) 3390, 1650-1660, 1540, 1435, 1410 cm!; 'H
NMR (DMSO-dg) see Table 1; 13C NMR (DMSO-ds) see Table 1; HRFABMS obsd m/z 934.3270 (M+Na)*,
C41Hs0CINgO3Na requires m/z 934.3114.

Microsclerodermin D (4): white powder; [a]p -56° (c 0.07, 1:1 MeOH/H20); UV (McOH) 202 (¢ 56.000),
224 (34,000), 242 (16,100), 269 (9600), 277 (9000), 287 (3700); IR (AgCl) 3310, 1660, 1545, 1405 cm!; 'H
NMR (DMSO-de) see Table 2; 13C NMR (DMSO-dg) see Table 2; HRFABMS obsd m/z 891.3090 (M+Na)*.

C40H49CINgO2Na requires m/z 891.3056.
Microscierodermia E (5): white powder; [a]p -24° (¢ 0.19, 1:1 MeOH/0.1 N NH4HCOs (3q)); UV (MeOH)

203 (e 33,100), 206 (34,700), 218 (33,000), 284 (37,200); IR (AgCl) 3310, 2930, 1740, 1660, 1540 cm-!; 1H
NMR (DMF-d7) see Table 3; 13C NMR (DMF-d7) sce Table 3; HRFABMS obsd m/z 931.4026 (M+H)*,
CasHssNgO1 4 requires m/z 931.3838.

Preparatiea of anhydromicroscieredermia C (6): A solution of peptide 3 (15 mg) in DMSO-dg (750 uL) in
an NMR tube was acidified with & trace amount of TFA and immediately observed by !H NMR. Quantitative
dehydration occurred in less than S minutes to yield 6 (15 mg, 100% yield): white powder; {H NMR (DMSO-
dp) see Table 1; 13C NMR (DMSO-d) see Table 1; HRFABMS obsd m/z 894.3276 (M+H)*, C41H4gCINgO;2
requires mv/z 894.3189.
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Preparation of acetemide 7: Vapors of TFA were added 10 a solution of peptide 4 (7 mg) in dry DMF (100
HL) in a conical vial. The vial was left for 5 minutes, then dried in vacuo to yield anhydromicrosclerodermin
D. TbepmductwuaddedmaaohﬁonofdtyDMP(IOOuL)muiningdimdwxypmpane (400 uL)and a
catalytic amount of pyridinium p-tolucasulfonste. The solution was stirred overnight, then dried under a
stream of nitrogen and in vacuo to give the pure acetonide 7 (7 mg, 100% yield): white powder; JH NMR
(DMSO-dg) APTO: 1.37 (s, 6H, H-15,16), 2.29 (m, 1H, H-6), 2.40 (m, 1H, H-6"), 3.77 (dd. ] = 8.10 Hz, 1H,
H-4), 4.06 (m, 1H, H-5), 4.22 (s, 1H, H-2), 4.35 (t, J= 10 Hz, IH, H-3), 6.26 (dt, ] = 16,7.5 Hz, 1H. H-7), 6.45
(d, =16 Hz, 1H, H-8), 7.12 (m, 1H, NH-3), 7.20 (t, J = 6 Hz, IH, H-12), 7.30 (m, 2H, H-10,14), 7.42 (m,
2H, H-11,13); GABOB: 2.06 (m, 1H, H-2), 2.25 (m, 1H, H-2"), 2.99 (m, IH, H-4), 3.19 (m, IH, H-4"), 3.94
(m, 1H, H-3), 7.38 (m, 1H, NH-4); Gly: 3.62 (d, ] =4 Hz, 1H, H-2), 3.64 (d, J =4 Hz, 1H. H-2"). 837 (. } = 4
Hz, 1H, NH-2); Trp-6"-Cl: 3.10 (m, 1H, H-3), 4.14 (m, 1H, H-2), 7.02 (d. ) = 8.5 Hz, 1H, H-5), 7.32 (s, 1H.
H-2'), 7.33 (m, 1H, H-T"), 7.55 (d, J = 8.5 Hz, 1H, H4"), 8.79 (d, J = 4.5 Hz, 1H, NH-2), 11.01 (s, 1H, NH-1");
NMeGly: 3.10 (s, 3H, H-3), 3.46 (d, J = 16 Hz, 1H, H-2), 4.53 (d, J= 16 Hz, 1H, H-2"); pymrolidone: 2.48 (m,
1H, H-5), 2.75 (m, 1H, H-5'), 5.24 (m. 1H, H4), 5.29 (s, 1H, H-2), 8.36 (d, J = 7.5 Hz, 1H, NH-4), 10.40 (s,
1H, NH-3); HRFABMS obsd m/z 891.3534 (M+H)*, C43Hs2CINgO) requires m/z 891.3444.

Methylation of S: Peptide 5 (0.6 mg) was suspended in EtOH (1.5 mL) and cooled in an ice bath.
Diazomethane was distilled into the solution, which was then brought to room temperature and allowed to
react overnight. The solvent was evaporated under nitrogen, and the sample was loaded onto a C;3 analytical
HPLC column using 40% CH3CN (aq) as cluant. A single msjor fraction (0.5 mg) was recovered. The 'H
NMR spectrum (DMSO-dg) contained a new peak at 5 3.87; HRFABMS obsd m/z 945.3999 (M+H)*,
Cuctis7NgO)14 requires m/z 945.3994.

Degradation and derivatization of 5 snd 6 for GCMS: Peptide 6 (300 pg) was dissolved in water (100 pL,
acidified to pH = 4 with AcOH), to which was added NalOg4 (300 ug). The reaction was stirred overnight,
then lyophilized. The periodate cleavage product was dissolved in MeOH (200 uL) and ozonized at -78 °C
for SO minutes. The reaction was quenched with 50% H202 (5 drops), brought to room temperature, and
allowed to stand for 1 hour. The reaction mixture was dried under a stream of N followed by lyophilization,
then hydrolyzed and derivatized as described previously.$ After drying under nitrogen, the residue was
dissolved in 100 uL EtOAc (GC-MS grade) and subjected to GC-MS using a chiral column. Comparison of
retention times and MS fragmentation patterns with amino acids that had been derivatized in the same manner
gave (3R)-3-hydroxy-4-aminobutyric acid, (25,35)-3-hydroxyaspartic acid, and (R)-aspartic acid.
Microsclerodermin E (5) was analyzed in an identical manner.
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CHAPTER 7
SCLERITODERMIN A FROM THE MARINE SPONGE
SCLERITODERMA NODOSUM: USING THE NCI ACTIVE
REPOSITORY

From the National Cancer Institute active repository, I obtained 13 extracts of
marine lithistid sponges selected using bioactivity profiles and taxonomic information.
These extracts were rapidly dereplicated using taxonomy and ESI-MS as key tools. One
of the extracts contained a novel cytotoxic peptide which was selected by Bristol-Myers
Squibb for in vivo anti-tumor testing. Here, I report the dereplication strategy leading to
the isolation and structure elucidation of the novel peptide, scleritodermin A (13) from
the marine sponge Scleritoderma nodosum.

Introduction

The NCI's Natural Products Branch maintains a collection of marine organisms
that numbered over 10,000 as of March, 1997.! The samples are available to qualified
investigators, and they offer several advantages to natural products chemists. The
source organisms have been taxonomically identified by experts, eliminating the vexing
process of source identification, allowing faster dereplication, and giving the
investigator the ability to choose research samples based on species. The selection of
species prior to study is particularly important, since organisms can be selected based on
interesting chemistry in their taxonomic group, or on the absence of the species from the
marine natural products literature. In addition, the NCI repository offers an advantage
because the crude extracts have already been screened against the NCI 60 cell-line panel,
allowing choice of extract based on interesting activity profile. The main disadvantage

of using the repository for the discovery of new compounds is that only 20% of each
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extract is available for preliminary studies, making detection of minor constituents
unlikely.

The repository is also potentially useful to the field of sponge taxonomy.
Compounds do not necessarily need to be isolated from every sample; once the 60 cell-
line profile is established, it can be compared to other samples in the database.
Unfortunately, the utility of the database to taxonomists is somewhat limited because the
locations of sample origin are not readily obtained. Results which may prove useful in
the taxonomy of sponges and their symbionts are presented in Chapter 9.

To test the utility of the Active Repository in the discovery of novel compounds,
I requested 13 bioactive extracts that were selected based on taxonomy. All 13 were
from the order Lithistida, known to be the source of a variety of interesting compounds
and promising drug candidates.2 From the numerous lithistid sponges available in the
collection, I selected organisms which I had not previously examined or which had not
been extensively studied by the marine natural products community. The most
promising sponges from my initial screening of candidates were two samples of the
species S. nodosum, which had not been previously reported in natural products papers.
A variety of theonellid sponges, including different species in the genera Theonella and
Plakinolopha, were selected because, although this family has been well studied, a large
number of novel compounds continues to be reported from its members. In addition,
Microscleroderma hardmani and Aciculites ciliata were selected, since each genus had
only been previously studied once before.3:4

In total, ten organic extracts and three aqueous extracts were requested, but work
on the aqueous extracts proved too difficult due to insufficient organic material and high
salt content. The organic extracts were partitioned between methanol and hexane, then
chromatographed on Cy3 or LH-20 adsorbents to provide fractions that contained
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compounds with interesting peaks in the 'H NMR spectra. Rapid dereplication was
possible using electrospray mass spectrometry (ESI-MS) to analyze the interesting
fractions and then comparing the masses obtained, the sponge taxonomy, and proton
spectra with the marine natural products literature. Based on initial promising results,
four of the organic extracts were pursued for new compounds, while the remaining six
contained mainly known metabolites. Unfortunately, one of the four contained known
microsclerodermin derivatives,*S and from two samples identical, but not previously
described, theonellapeptolides® were isolated. The remaining extract (S. nodosum)
contained the novel compound scleritodermin A (13), which was subjected to further
biological testing. Details of dereplication results are given in Table 1.

Isolation and Structure Elucidation of 13

The organic extract of the marine sponge S. nodosum from the National Cancer
Institute (C0-12961) was partitioned between hexane and methanol. The methanol
fraction was chromatographed on a C,g Sep Pak using an acetonitrile/water gradient.
HPLC separation with 28% CH3CN (aq) afforded pure scleritodermin A (13, 6 mg). A
further sample containing a carotenoid-like pigment was purified by size exclusion
chromatography on LH-20, followed by TLC on a C)g prep plate to give an additional 6
mg of 13 (12 mg total; 0.8% extract weight).

Scleritodermin A (13) was isolated as an off-white powder. HRFABMS
analysis gave a molecular ion at m/z = 952.3436 [M+H]?, indicating a molecular
formula of C4,Hs7N3gO)2 S;Na (8 = -0.15 ppm). The 'H and GCOSY NMR spectra
exhibited standard proton chemical shifts for amino acids. In particlar, several
exchangeable NH proton signals between 7 and 9 ppm and protons between 3.5 and 5
ppm were important in establishing that 13 was a peptide. The proteinogenic amino
acids tyrosine, isoleucine, proline, and serine were identified based on NMR data,
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Table 1. Dereplication of NCI organic extracts.
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Compounds

Scleritoderma nodosum (II) scleritodermin A (13)

Sample Number Species Name
C012961
C012997 Theonella sp. 3
C014177 Aciculites ciliata
C014321 Theonella cylindrica
C014323 Plakinalopha sp. 3
C014451 Theonella sp. 6
C014537 Microscleroderma
hardmani
C015443 Scleritoderma nodosum (I)
C015943 Theonella invaginata
C015997 Plakinalopha mirabilis

theonellapeptolides (41)

aciculitins A (42) & B (43)
microsclerodermin E (12)

microsclerodermin E (12)

aurantosides/mozamides
(similar to 7, 44)

theonellapeptolides (41)

microsclerodermins C (10)
and D (11)

pyridinine alkaloids
(similar to 45)

aurantosides/mozamides
(similar to 7, 44)

aurantosides/mozamides
(similar to 7, 44)
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especially the TOCSY spectrum (Figure 4) and comparison of chemical shifts with those
of standard amino acids. For instance, in the Ser residue, TOCSY correlations were
observed in a single trace connecting the NH proton at § 8.26 with protons at 4.52,
3.96, and 4.41. By comparing this TOCSY trace with the GCOSY spectrum, in which
the NH proton was only correlated to its neighboring proton at & 4.52, the order of
protons in the amino acid could be determined. With the GHMQC (Figure 3) spectrum,
it was evident that the latter two protons were covalently bound to a single carbon at &
62.5 characteristic of an oxygen-bound methylene, while only a single proton was
bound to a carbon at 49.4, which is within the characteristic range of amino acid a.-
carbons. These data are consistent only with a Ser-type amino acid. A GHMBC
spectrum gave the chemical shift of the nearest carbonyl (5 167.2), and other
correlations within the amino acid served to reinforce the TOCSY data. The molecular
formula and a sharp IR band at 1240 cm-! indicated the presence of a sulfate, and the
proton and carbon signals at the Ser B-position were unusually downfield, so the sulfate
was placed on the serine residue.

In a similar manner, Ile, Pro, and Tyr were identified. A major difference in the
determination of Ile is that TOCSY correlations often either do not go through the -
proton, or the B-proton is not visible in the TOCSY trace. Therefore, the GCOSY is
very important in the determination of this residue. Chemical shift differences,
GHMBC (Figure 5), and NOESY (Figure 6) experiments (Figure 7) revealed that Iie
and Tyr were not normal amino acids, in that they were modified at their carboxyl ends.
The presence of keto-Ile was determined by a weak GHMBC correlation between the a-
proton and a carbon at 198.2 ppm. The unusually downfield a-carbon of keto-Ile at &
58.7 and comparison with literature chemical shift values were also used to establish the
ketoamide. The modified Tyr was clearly attached to an unsaturated moiety. A broad
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Figure 1. 500 MHz 'H NMR spectrum of scleritodermin A (13) in DMSO-d,.
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Figure 2. 100 MHz "C NMR spectrum of scleritodermin A (13) in DMSO-4,.
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Figure 3. 300 MHz GHMQC spectrum of scleritodermin A (13) in DMSO-d,.
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Table 2. 'H and !3C NMR assignments for scleritodermin A (13) in DMSO-d.

3
amino acid 13C IH C mult m, J (Hz)
ACT
1 167.9 C
2 1246 C
3 1445 7.54 CH s
4 135.1 C
S 134.2 7.41 CH s
6 1499 C
7 119.0 7.71 CH S
8 167.2 C
9 55.0 5.25 CH ddd, 9.5, 9, 6
10 37.7 3.14 CH; m
11 127.8 C
12,16 130.5 7.20 CH d, 8.5
13,15 115.4 6.70 CH d, 8.5
14 156.2 C
17 17.3 2.22 CH; s
18 14.0 2.05 CH; s
NH 8.76 d, 9.5
OH 9.28 s
keto-lle
1 164.2 C
2 198.2 C
3 58.7 5.13 CH dd, 8, 4.5
4 36.0 2.08 CH m
5 23.8 1.26 CH, m
6 16.3 0.91 CH; t, 7.5
7 11.8 0.79 CH; d, 6.5
NH 7.99 d, 8
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Table 2. (continued.)

S
amino acid 13C 'H C mult m, J (Hz)
Pro
1 171.7 C
2 59.1 4.55 CH dd, 9, 3
3 30.4 1.8,2.0 CH; m
4 24.2 1.8 CH; m
5 47.1 3.46 CH; m
3.67 g, 8.5
Ser-OSO;3
1 167.2
2 49.4 4.52 CH m
3 62.5 3.96 CH; t, 11
441 dd, 11, 4.5
NH 8.26 d, 6.5
Om
1 171.8 C
2 59.8 4.26 CH dd, 9, 3
3 29.6 1.84 CH; m
4 24.0 1.8 CH: m
5 46.9 3.45,3.88 CH; m
NH-y 4.30 brt, ~9
Ser-OMe
1 1719
2 535 4.10 CH dt, 7.5, 5
3 73.0 3.40 CH; m
4 58.6 3.20 CH; s
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UV maximum at A = 305 nm indicated a conjugated system, and unusual NMR chemical
shifts and GHMBC correlations led to the elucidation of the conjugated thiazole moiety,
2-(1-amino-2-p-hydroxyphenylethane)-4-(4-carboxy-2,4-dimethyl- 1E,3Z-propadiene)-
thiazole (ACT). Conjugated thiazoles have precedents in marine cyclic peptides, notably
in the keramamides (e.g. 40) and konbamides,” and comparison of chemical shifts in
the thiazole moieties aided in structure elucidation. For instance, the proton singlet at 8
7.71 on a carbon at 119.0 ppm is characteristic of a 2,4-disubstituted thiazole, and
GHMBC data confirmed the proposal. Despite unusual chemical shifts in the
unsaturated ACT side chain, the proposed structure must be correct because all possible
GHMBC correlations were observed. Correlations from the methyl singlets were
particularly helpful, since they served to constrain the structure. The configuration of
the double bonds was evident from the NOESY spectrum. The strong NOESY
correlations between CH3-17 and CH-3, CH-3 and CH-5, and CH3-18 and CH-7 are
only possible if the ACT adopts the indicated configuration.

The final amino acid, 5-N-(1-carboxy-2-methoxyethane)-omnithine, referred to
hereafter as Om-Ser, was elucidated with GCOSY, TOCSY, and GHMBC data and
confirmed by chemical synthesis. The omithine a-NH signal was not seen in any NMR
spectrum, either in a series of solvents, including DMF, CD3;0H, and DMSO, or at
various temperatures. It is likely that this proton exchanges on the NMR timescale.
However, good TOCSY correlations were observed along the length of the Orn and Ser
sides of the residue. TOCSY correlations were not observed through the y-NH group,
but weak COSY correlations were seen from both sides to the same NH at 4.30 ppm.
This upfield chemical shift indicated that the NH was not an amide, confirming the
COSY correlations from 3-CH, of Orn and a-CH of Ser. In addition, NOESY and
GHMBC signals across the y-NH bond were observed. The methyl ether on Ser was
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Figure 4. 300 MHz TOCSY spectrum of scleritodermin A (13) in DMSO-d, with an 80 msec mixing time.
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Figure 6. Portion of 300 MHz NOESY spectrum of scleritodermin A (13) in DMSO-4,.
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unambiguously established by a strong GHMBC correlation across the oxygen and
reinforced by the extremely downfield shift of the Ser B-carbon at 73.0 ppm.

The amino acid sequence of scleritodermin A (13) was achieved mainly through
GHMBC and NOESY correlations (Figure 7). The proposed sequence was confirmed
by a series of MS experiments (Figure 9). The negative ion ESI-MSn (Figure 8)
spectrum was particularly valuable in establishing the connectivity unambiguously, since
a key HMBC correlation was missing from the NMR spectra. No HMBC correlations
were seen to convincingly establish the ketoamide portion of the molecule, so this piece
was deduced by comparison of chemical shift data with those of the keramamides? and
confirmed by MS fragmentation patterns.

Because the omithine a-NH proton could not be observed by NMR, there were
still two possible structures: either a linear peptide with the serine-omithine cyclized in
an 8-membered ring, or a cyclic peptide with an amidated serine methyl ether terminus.
FABMS gave only two major fragment ions: loss of sulfate, and loss of sulfate plus
portions of the serine-omithine amino acid. These ions supported the proposed
structure for scleritodermin A (13) because they are consistent with a linear, and not a
cyclized, Om-Ser amino acid. Negative ion ESI-MS® provided a series of fragment ions
which could only be explained by the proposed structure of scleritodermin A (13). In
particular, the ion at m/z = 378 could only be generated from the structure as drawn.

The absolute configurations of the Ile, Ser, Tyr, and Pro residues were
determined by chemical degradation, followed by chiral GC-MS (F igure 10). First, the
peptide was ozonized, then hydrolyzed and derivatized. Comparison with authentic
standards of DL-Asp, -Pro, and -Ser showed that the Tyr, Pro, and Ser were all in the L

configuration. The stereochemistry of Ile was determined by reacting scleritodermin A

—
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(13) with H,0,/NaOH? followed by hydrolysis and derivatization. Chiral GC-MS
showed one new amino acid, corresponding to L-allo-Ile.

The determination of the Orn-Ser stereochemistry was complicated by the lack of
a suitable standard or degradation reaction to produce known compounds. In order to
unambiguously confirm the existence of the novel amino acid, and to elucidate its
absolute configuration, two analogs were synthesized following the method of Bavetsias
et al.8 First, N--BOC-L-glutamic a-z-butoxy ester was converted to a mixed anhydride
and reduced to the alcohol. Mesylation, followed by nucleophilic substitution with L -
serine methyl ether afforded 45, which was purified by column chromatography
(Scheme 1). The same procedure was used beginning with N-+-BOC--D-glutamic a-
benzy] ester to give a similar product. Both the LL- and DL-Om-Ser derivatives were
deprotected by acid hydrolysis. GC-MS was inappropriate for detection of the Orn-Ser
residue, since the compounds were not volatile enough to run through the column at the
maximum column temperature (210 °C). To analyze the Orn-Ser stereochemistry, an
alternative HPLC method was chosen in which the amino acids were detected at
micromolar concentrations by formation of a fluorescent derivative.? Briefly, aliquots
of standards and hydrolyzed peptides were mixed with a solution containing o-
phthalaldehyde (OPA) and 3-mercaptopropionic acid. The total reaction time was one
minute, at which point acetate buffer was used to dilute the reagents and the sample was
loaded directly onto a C;g analytical HPLC column. An amino acid from the peptide
hydrolysate co-eluted with the LL-Om-Ser standard, but not with the DL-standard,
indicating that the compound was either LL or DD. Repetition of the same procedure,
but replacing 3-mercaptopropionic acid with the chiral derivative, N-Ac-L-cysteine,

showed that the compound was probably LL, since it still co-eluted with the LL standard.
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Molecular modeling (PCModel™) of the conjugated thiazole moiety shows that it
should be very sterically hindered, and this is reflected in unusual chemical shifts and
extremely strong NOE correlations between neighboring groups. The Om-Ser portion
is unusual, since it is the first report of this type of link in the natural products literature,
at least as far back as computer databases reach. The bond between the amino acids
arises from a reduced glutamate coupled to serine, but it could be formed in two
different ways. The 3-carboxyl group of glutamate could be reduced to the aldehyde,
followed by Schiff base formation and reduction. Alternatively, the peptide bond could
be formed before reduction of the carbonyl group (Scheme 2). The former process has
an analog in the biosynthetic pathway leading to omithine, in which glutamic acid is
reduced to glutamic-5-semialdehyde, then an amino transferase transfers an ammonium
ion to the aldehyde."

Bioactivity

Scleritodermin A (13) has been determined to be the constituent responsible for
the anti-tumor activity of the crude extract. In the Bristol-Myers Squibb cancer cell
panel, the compound had an IC, of 1.5 uM, with an IC,, maximum/ minimum ratio of
10. Mechanistic studies at BMS showed that the compound inhibits tubulin
polymerization with about one-tenth the potency of the known chemotherapeutic
vinblastine. Insufficient material was available for in vivo testing; the compound was
neither active nor toxic at 6 mg/kg mouse per day over 5 days. If additional material
becomes available, in vivo testing should be carried out at higher concentrations until the
maximum tolerated dose is reached.
Conclusions

The NCI Active Repository proved to be a valuable tool for drug discovery and
chemotaxonomy. Ten extracts were rapidly dereplicated over a two-week period, and
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the most promising samples were pursued. From this study, some insight into
chemotaxonomy was obtained (see Chapter 11), and a novel and potent anti-tumor
metabolite was isolated from the collection. As it becomes increasingly difficult to find
new natural products in the marine environment, the repository will grow in importance
because samples can be picked based on taxonomy and bioactivity. This will greatly
simplify the pursuit of novel compounds.

Scleritodermin A (13) possesses a number of interesting functional groups, two
of which are unprecendented in marine natural products. Portions of the molecule are
reminiscent of other structures, particularly of the keramamides and konbamides, with
which it shares a conjugated thiazole-amino acid-diketoisoleucine group. However, the
conjugated portion of the ACT residue is without precedent, as is the ornithine-serine
side chain.

The Om-Ser residue is particularly resistant to proteolytic digestion. Terminal
amide groups are well known to prevent proteolysis.!? In addition, medicinal chemists
use the reduced peptide bond equivalent to fashion peptides that are based on natural
bioactive substances which are otherwise too labile for pharmaceutical use.8 It would be
interesting to determine whether or not the molecule would retain its bioactivity with a
glutamate-serine in place of omithine-serine. Retention of activity could indicate that the

amide bond in scleritodermin A (13) has been reduced to prevent proteolysis.

Experimental
General Experimental Procedures. 'H, DQCOSY, GHMQC, GHMBC, and

NOESY NMR spectra were recorded on a Varian Inova 300 MHz spectrometer. !3C
and DEPT NMR spectra were recorded on a Varian Gemini 400 MHz spectrometer. All
NMR data for 13 are reported in DMSO-ds, NMR data for 45 and 46 were recorded in
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CDCIl;. TOCSY spectra were obtained with 80 msec mixing times. ESI-MS was
performed on a Finnigan LCQ system. High-resolution FABMS data were obtained
from the Mass Spectrometry Facilities at the University of Minnesota and the University
of California at Riverside. Optical rotations were measured on an Autopol III
polarimeter. UV and IR spectra were taken on Perkin Elmer instruments. Absolute
configurations were determined using an Alltech Chirasil-Val column with a Hewlett
Packard 5890 GCMS system. The temperature was ramped from 50 °C to 210 °C over
45 minutes in all GC-MS experiments, and derivatized amino acids were used as internal
standards. Fluoresence detection HPLC was performed using a Shimadzu RF-530
Fluorescence HPLC monitor.

Dereplication of Compounds from the NCI Collection. Three aqueous
extracts were observed by 'H NMR in CD;0D and in D,0 and determined to be too
dilute for chemical study. Ten organic extracts were partitioned between methanol and
hexane, and each fraction was tested for lethality against brine shrimp and observed by
IH NMR. In most cases, the activity could be correlated with interesting NMR spectra,
but not in the case of a single species of S. nodosum that contained scleritodermin A
(13). This extract was not lethal to brine shrimp at 50 pug/mL despite its anti-tumor
activity in the 60 cell-line panel. Three of the extracts (Plakinolopha mirabilis, P. sp. 3,
Theonella invaginata) were observed to contain 'H NMR peaks similar to those
observed in the mozamides/ aurantosides mixture from other sponges studied. While
this does not preclude the existence of other bioactive compounds in the extracts, they
are not major components. The remaining organic extracts were chromatographed, and
samples were observed by 'H NMR. Interesting fractions were used for negative ion
ESI-MS" spectroscopy and dereplicated using computer databases. The following
samples were fractionated by C;g Sep Pak using CH3CN/H,0 gradients: Scleritoderma
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nodosum 1, Aciculites ciliata, T. sp. 3, T. cylindrica, T. sp. 6, and Microscleroderma
hardmani. S. nodosum 11 was fractionated by C;g and LH-20. Results of dereplication
are given in Figure 1.

Isolation of Scleritodermin A (13). A sample of S. nodosum was collected by the
Coral Reef Research Foundation at 50 m depth at Olango Island, Visayas, Philippines
(10° 16'25" N, 124° 2'19" E) in 1994 and sent to the NCL. 1.46 g of organic extract
was partitioned between hexane (3 x 100 mL) and methanol (100 mL) to give a MeOH
extract (950 mg) and a hexane extract (600 mg). The methanol fraction was
chromatographed on a C;3 Sep Pak using a gradient from 10-100% CH;CN in 10%
steps. Fractions eluting in 30-40% CH3CN were pooled and further purified by C;g
HPLC using 28% CH3CN (aq, A = 220 nm detection) to give 6 mg scleritodermin A
(13). Fractions eluting between 40-50% CH3CN were combined and run on an LH-20
column (MeOH). High-molecular-weight fractions were pooled and purified on a Cg
prep plate with 80% CH;3CN (aq) to give additional scleritodermin (13, 6 mg). Inan
improved preparation, the MeOH extract was dried and partitioned between 15% MeOH
(aq) and dichloromethane, leading to a much cleaner sample that did not require LH-20
chromatography

Scleritodermin A (13): Off-yellow powder; [a]p = -41.0° (c =0.1, MeOH); UV
(MeOH) 200 (¢ 26 500), 305 (¢ 11 300); IR (thin film) 3470, 3290, 2660, 1630-1700,
1520, 1450, 1240, 1210, 1155, 1125, 1040, 830, 750, 620, 555 cm!; 'H NMR
(DMSO0-dj) see Table 2; 13C NMR (DMSO-dj) see Table 2; HRFABMS, m/z =
952.3436 (M+H)*, C42,Hs7NgO;2NaS, requires m/z = 952.3435.

Determination of Tyr, Pro, Ile, and Ser-OSO3 configurations. The peptide
(250 pg) was dissolved in 5% (wt.) NaOH (2 mL), and 50% H,0; (200 pL) was added
dropwise to the reaction at 60 °C following the method of Kobayashi et a/.6 The
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reaction was stirred for 30 minutes, then 5% AcOH (2 mL) was added and the
suspension was lyophilized, redissolved in MeOH, filtered through Celite, and dried.
The resulting compound was dissolved in MeOH (4 mL), and a stream of ozone from
100% O, was bubbled through the solution at -78 °C for 20 minutes. The reaction was
quenched with 50% H;0, (8 drops), brought to room temperature, and left for 30
minutes. The solution was dried by rotary evaporation, and the compound was
redissolved in 6N HCI1 (500 pL) and heated to 100 °C for 16 hours. The hydrolysate
was dried under N3, dissolved in isopropanol (400 uL), and acetyl chloride (100 pL)
was added. After 1 hour at 100 °C, the reaction vial was dried under N>,, and DCM
(400 pL) and pentafluoropropionic anhydride (400 puL) was added. After 15 minutes at
100 °C, the reagents were removed under Na, and the sample was subjected to GC-MS
analysis with standards that had been derivatized in an identical manner to give L-Asp (=
L-Tyr), L-Ser, L-allo-Ile, and L-Pro.

Synthesis of mesylates. S-2-(-BOC-amino)-5-O-mesyl valeric ¢-butyl ester was
prepared by the method of Bavetsias er al. Briefly, a-z-butyl-N-(¢-BOC)-L-glutamate
(300 mg) in freshly distilled THF (3 mL) at -10 °C was mixed with triethylamine (200
HL) followed by ethyl chloroformate (105 pL). The reaction was stirred for 10 minutes,
at which time it was flushed with N, and of NaBH4 (105 mg) was added, followed by
dropwise addition of dry MeOH (300 uL) over 15 minutes. The reaction was brought
up to 0 °C and left stirring for 30 minutes. Remaining borohydride was quenched with
several drops of 2N HCI, and the product was evaporated to give an aqueous
suspension that was partitioned against ethyl acetate. Purification of the organic extract
on silica using 40-60% EtOAc (hexane) gave S-2-N-(-BOC)-5-hydroxy valeric ¢-butyl
ester (192 mg, 67% yield). The purified alcohol was dissolved in dry DCM (3 mL),
TEA (180 pL), and mesyl chloride (70 uL) and stirred for 25 minutes at -10 °C to give
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the crude mesylate, which was further purified by silica column chromatography (0-
50% EtOAc in hexane) to give §-2-N-(+-BOC)-amino-5-mesyloxy valeric t-butyl ester
(184 mg, 75%), with NMR data matching those of the known compound. The 2R
analog of the mesylate was prepared in the same manner, but starting from a-benzyl-N-
(benzyloxycarbonyl)-D-glutamate.

Synthesis of Orn-Ser standards. L-Serine methyl ether (55 mg) and S-2-N-(¢-
BOC)-amino-5-mesyloxy valeric r-butyl ester (55 mg) were dissolved in dry DMF (1
mL), and 2,6-lutidine (70 uL) was added. The reaction was brought to 65 °C and
stirred over molecular sieves for 48 hours, after which it was quenched by partitioning
in IN HCl and EtOAc. The organic extract was dried under vacuum and
chromatographed on a Cy3 Sep Pak using a 0-100% MeOH gradient (aq). Fractions
between 60-80% MeOH were combined to give the protected L-Om-L-Ser standard (45,
17.2 mg, 30% yield from the mesylate). The D-Om-L-Ser standard (46) was prepared
in the same way.
l-N-t-butoxycarbonyl-S-N-(S-l-carboxy-z-methoxyethane)-s-ornithine
t-butyl ester (45): 13C NMR (CDCls): 169.6, 160.7, 155.5, 82.0, 79.8, 72.1 R
59.3, 53.1, 51.2, 29.8, 29.4, 28.3 (3C), 28.0 (3C), 24.5. ESI-MS m/z = 441 for
[C18H32N207-HCI + OHJ*.
1-N-t-butexycarbonyl-5-N-(S-1-carboxy-2-methoxyethane)-R-ornithine
benzyl ester (46): 13C NMR (CDCl3): 169.6, 160.7, 155.4, 135.2, 128.6 (20),
128.5 (2C), 128.3, 80.0, 72.1, 67.2, 59.2, 52.9, 51.2, 30.0, 28.3 (3C), 27.8, 24.4.
ESI-MS m/z = 475 for [C2;H30N207-HCl1 + OHJ*.

Determination of stereochemistry of the Orn-Ser residue. Scleritodermin
(100 pg) and the Om-Ser standards (100 pg) were separately hydrolyzed in 6N HCI
(500 puL) at 110 °C for 16 hours. The solvent was then removed under nitrogen, and
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the samples were taken up in Fischer HPLC water (1 mL). Derivatization proceeded by
the method of Bada.” Each sample (10 pL) was mixed in an Eppendorf tube with 0.4M
borate buffer (pH = 9.4, 10 uL). OPA/thiol reagent (5 uL) was added, and the mixture
was left standing for 1 minute before quenching with acetate buffer (475 uL, pH = 5 .5)
and immediate injection on an analytical C;s HPLC column. The OPA/thiol reagent
consisted of the following:o-phthalaldehyde (4 mg ) in MeOH (300 puL), borate buffer
(250 pL), doubly distilled water (435 pL), and a 1M solution of either N-acetyl-L-
cysteine (chiral, 15 uL) or 3-mercaptopropionic acid (achiral, 15 puL). The OPA/thiol
reagent was stored at 4 °C for no more than 2 weeks. HPLC was performed using a
fluorescence detector (emission: 450 nm; excitation: 340 nm). The HPLC acetate buffer
was composed of NaAc (13.6 g) in dd HyO (2 L), titrated to pH = 5.5 with AcOH.
HPLC method for the chiral derivatization was as follows: 1) 100% acetate buffer, 4
minutes; 2) gradient to 37% MeOH over 10 minutes; 3) gradient to 42% MeOH over 10
minutes; 4) gradient to 60% MeOH over 5 minutes. With these conditions, a peak
corresponding to D-Orn-L-Ser eluted after 19.8 mins., while both the L-Om-L-Ser
standard and a peak in the peptide hydrolysate eluted after 19.7 mins. HPLC with the
achiral thiol was performed as above, except that the time of step 3 was doubled to 20
minutes. The L-Om-L-Ser standard and the scleritodermin hydrolysate eluted after 20.8
minutes, while the DL standard eluted after 20.9 minutes. Thus, scleritodermin contains

L-Orn-L-Ser.
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CHAPTER 8
THEOPALAUAMIDE AND ITS CONFORMATIONAL ISOMER FROM
BACTERIAL SYMBIONTS OF THE MARINE SPONGE,
THEONELLA SWINHOEI

The structure of theopalauamide (9), a glycopeptide isolated from symbionts of
the marine sponge Theonella swinhoei, was elucidated by spectroscopic methods, and
its stereochemistry was determined by chemical degradation and chiral GC-MS analysis.
Theopalauamide (9) is identical to theonegramide (36) except that it contains B-D-
galactose instead of B-D-arabinose. It was shown that a major degradation product of 9
is a stable conformational isomer, isotheopalauamide (47), formed during
chromatographic purification.

Introduction

In 1996, we received two sponge samples from Professor Mike Davies-
Coleman (Rhodes University) and SmithKline Beecham from their Mozambique
collection. Both sponges were tentatively identified as Theonella swinhoei, but they
were stored separately because one had an off-white interior while the inside of the
other was bright orange. The latter, which more closely resembled sponges of the
genus Plakinalopha, contained aurantoside A and compounds that were later named the
mozamides (see Chapter 5). The sponge with the white interior, which proved to be T
swinhoei, contained swinholide A and an interesting peptide with an unprecedented
molecular formula. The planar structure of the peptide was elucidated entirely by 1-
and 2-dimensional NMR spectroscopy and was shown to be closely related to
theonegramide (36),! from a sample of T. swinhoei collected in the Philippines. This
peptide, it later turned out, was identical to a compound isolated by Carole Bewley in
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Figure 1. 300 MHz 'H NMR spectrum of theopalauamide (9) in DMF-d,.
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this laboratory from filamentous microorganisms living within a Palauan specimen of T.
swinhoei.2 She was not able to elucidate the structure of the peptide, however, since it
appeared to be a mixture of two compounds based on its NMR spectra. In my studies
of this sponge metabolite, I found conditions for the separation of the two compounds
and determined that they were actually interconverting when TFA was used in
conjunction with column chromatography. In the absence of TFA, the compounds were
stable and isolable. The non-natural isomer was much less bioactive than the natural
product. Through a series of chemical degradation experiments, I proved that the only
difference between the peptides was one of conformation; a single C-C bond was
rotating to produce the two conformational isomers. To the best of my knowledge, this
is the first case of such an interconversion in the marine natural products literature.
Structure Elucidation of Theopalauamide (9)

The structural elucidation of theopalauamide (9), isolated by Bewley as
previously described from bacterial symbionts of 7. swinhoei, was complicated by the
fact that many of the signals in the 13C NMR spectrum were doubled, although the
sample at first appeared to be pure by HPLC and FABMS. It was clear from the
molecular formula, C76H;00BrN 6027, and from 1-dimensional NMR spectra that 9
shared many features with the known peptide theonegramide (36), also from 7.
swinhoei, except that the molecular formula differed by an additional CH,O group.

Fortunately, a compound with an identical molecular formula but lacking any
NMR signal doubling was discovered in a sample of 7. swinhoei from Mozambique,
and it was this peptide that was used for most structural studies. Once the structure of
theopalauamide (9) was established, it was realized that the signal doubling in the
original sample was due to a 1:1 mixture of two HPLC-separable compounds, one of
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which was identical to 9 in all respects. The second compound, isotheopalauamide
(47), was shown to be a conformational isomer of 9.

Structural elucidation of theopalauamide (9) began with the 'H (Figure 1), 13C,
HMQC, and DEPT NMR spectra. Through these experiments, the number and
substitution pattemns of the 76 carbons were established. DQCOSY and TOCSY spectra
were used to determine the identity of most amino acids. An HMBC experiment
confirmed these identities, and it also gave correlations to every quaternary carbon in
theopalauamide (9). The structures of the aromatic amino acids were elucidated
primarily using the HMBC spectrum, and it was this experiment that was particularly
important to confirm of the bromine atom location. While the HMBC experiment was
useful in the confirmation of the amino acid sequence, the ROESY spectrum was the
most crucial in the establishment of the total peptide structure. In fact, the entire
molecule could be pieced together from the constituent amino acids by following ROE
correlations between NH protons and the neighboring a-protons. Using these
experiments, the peptide portion of theopalauamide (9) was shown to be identical to that
of theonegramide (36).

The presence of galactose was postulated on the basis of the NMR data and
proven by chemical degradation. DQCOSY and TOCSY spectra revealed the presence
of a hexose, and coupling constants observable in the 'H NMR spectrum allowed
identification of the sugar as galactose. The anomeric proton is a doublet, /= 8.5 Hz,
indicating that it and its neighboring proton are both axial. The third proton on the sugar
is a doublet of doublets, J = 11.5,2.0 Hz, so it must be axial, and the fourth proton is
equatorial (Figure 2). Of the possible hexoses, only galactose satisfies these data.

The stereochemistry of theopalauamide (9) was determined using a series of

degradation experiments, followed by GC-MS using a chiral stationary phase. In the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 1. 'H and 13C NMR data for theopalauamide (9) in DMF-d5.

108

fo)
amino acid 13C IH mult J (Hz)
allo-Thr
1 173.4
2 59.1 4.58 t 10
3 69.1 3.86 m
4 21.7 1.16 d 5.5
OH 6.08
NH 7.87 d 8
Ser-1
1 170.1
2 57.8 4.80 m
3 62.3 3.70 m
3.84 m
NH 8.97 d 10
Phe
1 172.4
2 54.9 4.88 q 8
3 39.8 2.77 m
2.97 dd 7,13.5
4 137.8
5,9 128.9 7.29 s
6,8 130.0 7.29 d 8
7 127.2 7.23 d 8
NH 8.28 d 8
AHMP
1 172.7
2 37.9 2.34 brd 13.5
2.70 m
3 53.7 4.41 m
4 68.9 4.48 m
5 134.1 5.43 d 8.5
6 138.3
7 134.1 6.83 d 15.5
8 128.2 6.60 d 15.5
9 135.7
10,14 127.0 7.54 d 7
11,13 131.6 7.38 t 8
12 128.0 7.26 d 8
15 13.0 1.79 s
NH 8.49 d 9.5
Ser-2
1 171.9
2 57.5 4.00 m
3 61.5 3.71 m
3.94 m
NH 8.18 br
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Table 1. continued.
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o
amino acid 13C H mult J (Hz)
Ala
1 169.8
2 51.4 5.26 brd 10
3 50.7 4.43 m
5.10 brd 9
NH 8.61 d 10.5
Asp
1 172.1
2 52.6 4.70 m
3 37.1 2.49 brd 13.5
4 171.3
NH 8.30 d
NH2 6.97 brs
7.70 brs
B-OHAsp
1 171.3
2 54.6 5.73 brt 5
3 72.2 4.21 br
4 170.8
NH 8.69 d 10
NH; 7.46 brs
OH 4.79
BMPA
1 174.2
2 59.1 4.76 m
3 38.7 3.75 m
4 17.9 1.19 d 5
5 141.6
6,10 129.3 7.37 d 8
,9 131.6 7.23 d 8
8 120.6
NH 8.06 d
i-Ser
1 171.9
2 70.4 4.29 br
3 443 3.12 brd 10
4.00 m
NH 7.44 d 7.5
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Table 1. continued.

o
amino acid 13C 1qH mult J (Hz)
a-AAA
1 173.7
2 35.1 1.82 m
2.27 m
3 22.2 1.00 m
1.40 m
4 31.8 1.66 m
1.82 m
5 51.9 4.36 m
6 174.1
NH 7.68 d 8.5
His
1 170.1
2 549 5.05 m
3 27.2 3.05 dd 3,16
3.60 t 16
4 131.7
5 124.8 7.47 br
7 131.5 9.49 br
NH 8.92 d 8
Gal
1 90.1 5.47 d 8.5
2 70.9 3.76 m
3 74.6 3.53 dd 2,11.5
4 71.1 4.01 m
5 78.9 3.93 m
6 63.5 3.98 m
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GC-MS experiments, an authentic sample of theonegramide (36) was degraded in an
identical manner and used as the internal standard, and all amino acids in 9 were shown
to have identical absolute configurations to those in 36. Hydrolysates were derivatized
with PFPA/isopropanol prior to analysis. A hydrolysis experiment gave L-allo-
threonine, (28,3R)-3-hydroxyasparagine, L-phenylalanine, (28,35)-3-methyl-p-
bromophenylalanine, and two L-serine residues. Hydrogenation followed by hydrolysis
yielded, in addition to the amino acids already established, (35,4:5)-3-amino-4-hydroxy-
6-methyl-8-phenyl-octa-5,7-dienocic acid (AHMP). Finally, ozonolysis followed by
hydrolysis established the stereochemistry of the histidine-alanine amino acids, yielding
additional L-aspartic acid and (R)-diaminopropionic acid. The presence of D-galactose
was proven by mild hydrolysis of theopalauamide (9) followed by comparison of the
resulting pure sugar sample with standards of D- and L-galactose.

Structure Determination of Isotheopalauamide (47)

Isotheopalauamide (47) had an identical molecular formula to 9 and shared most
spectroscopic characteristics, but several 'H and 13C NMR signals in the AHMP and
phenylalanine residues were at significantly different chemical shifts from those in 9
(Table 2). The most noticeable differences in the 'H NMR spectrum were the vinylic
methyl group at § 1.92 (versus 1.79 in 9) and the olefinic protons on the AHMP residue
(Figure 3). The structure of the 47 was elucidated using the two-dimensional NMR
methods already described, and its 2-dimensional structure was shown to be identical to
that of 9. In addition, both compounds could be interconverted during chromatography
with TFA, indicating that 47 was either a conformational or stereochemical isomer of 9.

The stereochemical identity of 47 was established with the same GC-MS
methods used for theopalauamide, and the only difference lay in the AHMP residue.
Unlike 9, which gave only one peak for the AHMP residue by GC-MS after
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Table 2. Comparison of NMR data for 9 and 47 in DMF -d1.

—— Theopalavamide (9)_ _
amino acid ¢ Sy J (Hz)
Ser-1

1 170.1
2 57.8 4.80 m
Phe
1 172.4
2 54.9 4.88 q, 8
3 39.8 2.77 m
2.97 dd, 13.5,7
4 137.8
5,9 128.9 7.29 s
6,8 130.0 7.29 d 8
7 127.2 7.23 t, 8
NH 8.28 d 8
AHMP
1 172.7
2 37.9 2.34 brd, 13.5
2.70 m
3 53.7 4.41 m
4 68.9 4.48 m
5 134.1 5.43 d, 8.5
6 135.7
7 134.1 6.83 d, 15.5
8 182.2 6.60 d, 15.5
9 138.3
10, 14 127.0 7.54 d, 7
11, 13 131.6 7.38 t, 8
12 128.0 7.26 t, 8
15 13.0 1.79 s
NH 8.49 d, 9.5
Ser-2
2 57.5 4.00 m
His
7 137.5 9.49 brs
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hydrogenation and hydrolysis, 47 contained two amino acids with the same MS-
fragmentation profile as the product from 9ina 1:1 ratio (Figure 4). One of the amino
acids co-eluted with the amino acid from 9, but the major compound eluted earlier. Two
possibilities were immediately apparent: the allylic hydroxyl group could be racemizing
in an acid-catalyzed process, or a difference in the side-chain of 47 could be making
both faces of the diene susceptible to hydrogenation. It seemed reasonable that a change
in stereochemistry of the hydroxyl group could induce a change in preference of
hydrogenation due to chelation with the palladium catalyst as well. Since NOE
difference spectra showed that the configuration of the double bond was identical in both
9 and 47, the carbon bearing the hydroxyl group could have racemized, or the
conformation of the peptide could have changed. Since the hydrogenation of the AHMP
diene introduces a third stereocenter and acid hydrolysis decomposes the unsaturated
AHMP residue, GC-MS could not be used to rule out either possibility. Ozonolysis of
the AHMP would eliminate the hydrogenation problem, but unfortunately an internal
standard for the ozonolysis product of AHMP could not be conveniently synthesized.
To determine the difference between 9 and 47, a 1:1 mixture of 9 and 47 was
hydrogenated and hydrolysed, then derivatized with 2,4-dinitroflucrobenzene in the
method of Matsunaga e al.3 to produce a mixture of lactones 48 and 49 in a 1.7:1 ratio.
The lactones could be separated by HPLC and were nearly identical, except for chemical
shift differences about the methyl group (Figure 5). In addition, NOESY experiments
performed on both compounds were similar, especially about the lactone ring, indicating
that 48 and 49 were identical except for the stereochemistry of the methyl group. These
data are only consistent with the hypothesis of configurational isomerism, not with
racemization of the hydroxyl group. In the ROESY spectra of theopalauamide (9), a
correlation was observed between the AHMP NH and Phe a-H protons, characteristic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



116

rile + C:\HPCHEN\ 1 \DATA\PALNYD2 .D
Operstor g
Acogul. 1 29 .:=.97 6:55 pm using Acgisthod SERICGC

niec Info
vial Numberx: 1

rh.ﬂ-ne. - T TTTTTTITTTTTT TIC: PALMYDATD T
23000

L (] ———

ime-->» €1.20 €1.40 41.60 41.00 €32.00 c: .20 43.40 42, co !oo

W" - Avershl 3T 47,350 to £§2.382 win.  PALNYDZ.D
€000

50_00
4000
3000
2000 119

1000

104 ul 31 a7 »0 216 ase
ol l.al q h; " , . |ﬂ L 170 218! : >
/x> KN : “aah- ol J'l o "i8d _3do_1do xio o 130 1o 170 180 1“ 200 2o 30 ajo_ado

: C: \HPCHEMN\I\DATA\ ISOHYD3 .D

z

s 29 ===.’1 92:5¢ pm using AcgMethod ERICOC
3

R S TIC: IBOHYDI D U6, =)

/\ A

o
ma--281.00 <1720 €1.40 ¢€1.60 _41.80 _ <3'00 42.30__ _42.e0 43.60  4a.00
Bund. — T BEANT14%2 T43TISITWIND : “TSONYDITD

12000 T

10000

6000
119

2000 5 68 o4 10e 132
163 137 169 189 6 2
’.'. -‘h i 202 3?1? 27¢
2

o A . - .
- bl . !"o"' R Tt alE '"‘d'" . "ﬂo"“""ﬂb * 286" ada r'Lado____ 380 380

ado

(-]
/g

Figure 4. GC-MS of reduced AHMP residue of theopalauamide (9, top) and
isotheopalauamide (47, bottom).
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of a pseudo-a-helical conformation. In 47, on the other hand, a correlation was
observed between the NH protons of both AHMP and Phe (Figure 6). This is
consistent with a bending of the carbonyl-C-a-C bond of Phe to produce a conformation
similar to a B-turn (Figure 7).

Because the change in NH proton chemical shift with temperature can sometimes
be used to indicate the degree of hydrogen bonding,45 several 'H NMR spectra of 9
and 47 were acquired between 25 and 40 °C. Analysis of the chemical shift differences
showed that the NH protons on both the AHMP and Phe residues were more strongly
hydrogen bonded in 47 than in 9, consistent with the flipping of the aromatic residues
from buried to more exposed positions. In 9 the AHMP-NH and Phe-NH proton
signals had A8/AT (ppb/K) values of 6.5 and 5.1, respectively, while the same protons
in 47 had AS/AT values of 3.1 and 1.5, respectively. The NH-CHa. coupling constants
for Phe and AHMP were slightly larger in 47 than in 9, but not enough to indicate a
major change in geometry about these bonds. Thus, it appears that the major
conformational difference between 9 and 47 is a rotation of the bond between C-1 and
C-2 residue. Molecular modeling was performed on the AHMP-Phe residues of 9 and
47 using ROE data as a constraint. The models were minimized using PCModel,™
using molecular mechanics calculations, and compared with a hand-built space-filling
model. While the models were only qualitative, they revealed that the conformational
switch would move the AHMP side chain out of a sort of n-stack with Phe, in which
both side chains were in proximity, into a more solvent-accessible position (Figure 7).
The model reflects the hydrogenation results: the conformational change allows both
sides of AHMP to be hydrogenated. In addition, when a mixture of the two compounds
was hydrogenated, most of the 'H and !3C NMR shift differences except in the
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Figure 7. AHMP-Phe residues of theopalauamide (9, left) and
isotheopalauamide (47).
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immediate vicinity of the new methyl stereocenter, indicating that only a single
conformational isomer was probably present (Figure 8). In fact, the only doubled
signals were in the immediate vicinity of the formerly vinylic methyl.

Bioactivity and Biological Data

Theopalauamide (9) and isomer 47 were shown to be active against Candida
albicans. Theopalauamide (9) was more active in the disc diffusion assay (10 mm
inhibition at 10 pg/disk) than 47 (14 mm inhibition at 50 pg per disc), but the exact
difference in activity was difficult to measure because preparations of 47 always contain
a small amount of 9.

The known compounds swinholide A (50)6 and theonellasterol (51)7 were also
isolated from the Mozambique specimen of 7. swinhoei and identified by MS and NMR
data. Swinholide A (50) has also been shown to be found in unicellular symbiotic
microbes living within T. swinhoei. While this specimen had numerous filamentous
bacterial symbionts by light microscopy, it had far fewer spicules than comparable
samples from the Pacific Ocean. Theonellasterol (51) was present in several cell
separation fractions produced by Carole Bewley, so the identity of the producing
organism is unknown.

Conclusion

Several marine natural products papers on unusual peptides report a problem
with NMR signal doubling that is caused by conformational isomerism, but in no case
so far have the conformations been isolable.89 In each case, they occur in solution on a
relatively fast timescale, and thus they cannot be resolved. The conformations of marine
peptides in different solutions or complexed with different cations have been studied,

but the changes found so far are relatively minor, differing only slightly depending on
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environment and not changing significantly from crystal structures.!® Another case in
which the conformation of peptides often changes on a rapid scale occurs when the
amino acid proline is present in otherwise unconstrained structures.%!! The small
difference in energy between cis- at'xd trans-peptide bonds associated with the proline
nitrogen often creates two conformations which can be observed by NMR.

Unlike other examples of stable conformational isomerism in peptides,
theopalauamide (9) contains no proline residues. Instead, it would appear that the
natural conformation of the aromatic side chains is preserved by relatively weak
intramolecular hydrogen bonds and by n-stacking of the aromatic amino acids. This
general structure is in agreement with the model for theonellamide F proposed by
Matsunaga and co-workers,? which was based on some key NOE signals. In particular,
the 6-Me group of threonine showed an NOE correlation to all three aromatic residues,
indicating the possibility of a cage-like structure with aromatic groups in proximity. If
this conformation of the peptide is correct, the three aromatic "bars"” of the cage are
separated in the unnatural isomer 47. This indicates that conformational effects are not
responsible for the clearer NMR signals present in DMF-d; solution over DMSO-d, as
proposed by Bewley. Instead, better solvation is more likely for the clean NMR
spectrum obtained in DMF-d; solution. This is supported by the observation that small
amounts of 9 give good spectra in DMSO-dg.

The occurrence of theopalauamide (9) in 7. swinhoei specimens from such
distant locales (Mozambique and Palau) indicates a stability of symbiosis, since the
producing filamentous microorganism must be present in both instances. Similar
peptides have been reported from locales throughout the tropical Indo-Pacific, from
Australia to Japan and the Red Sea. However, sponges that look morphologically very

similar, and host filamentous symbionts, but are of a different genus do not contain
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these peptides. The results of my chemical studies of the mozamides and
theopalauamide led me to think about this symbiosis, including how it evolved, how
specific it was, and its age. As the next chapters detail, I chose molecular biological
methods as a compliment to these studies in an attempt to answer these questions.
Experimental Section
General Experimental Procedures. 'H, DQCOSY, HMQC, and HMBC NMR
spectra were recorded on a Varian Unity 500 MHz spectrometer. !3C, DEPT, and NOE
difference NMR spectra were recorded on a Varian Inova 300 MHz spectrometer. All
NMR data for 9 and 47 are reported in DMF-d; NMR data for 48-51 were recorded
in CDCl3. TOCSY spectra were obtained with 80 msec mixing times, and ROESY spin
locks were established by continuous pulsing for 300 msec. High-resolution FABMS
data were obtained from the Mass Spectrometry Facility, University of California at
Riverside. Optical rotations were measured on an Autopol III polarimeter. UV and IR
spectra were taken on Perkin Elmer instruments. Absolute configurations were
determined using an Alltech Chirasil-Val column with a Hewlett Packard 5890 GCMS
system. The temperature was ramped from 50 °C to 210 °C over 45 minutes in all GC-
MS experiments, and theonegramide (36) derivatives were used as internal standards.
GC-MS retention times were similar to previously reported results.!
Isolation of theopalauamide (9), conformer 47, and swinholide A (50).
The mixture of 9 and 47 from symbiotic bacteria was isolated as previously described.2
The mixture was separated by RP HPLC on a C,g preparative column using 35%
acetonitrile (aq, 0.01% TFA), detection at A =215 nm.

Theopalauamide (9) and swinholide A were obtained from the Mozambique
specimen (MOZ 95-004) as follows. The sponge (211 g dry weight) was lyophilized
and sequentially extracted 3 times with approximately 1 L of each of the following
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solvents: 1:1 hexanes/CH,Cl,; EtOAc; 1:1 EtOAc/acetone. The sponge was then
exhaustively extracted with 1:1 acetonitrile/water until no further peptide was detected in
the crude extracts by TLC. The aqueous extracts were dried by rotary evaporation until
most CH3CN was removed and a white precipitate had formed. The solvent was
centrifuged, and the supernatant removed. The precipitate was applied directly to a C;g
Sep Pak (Waters) and subjected to reversed-phase chromatography using an
acetonitrile/water gradient (0-100% CH3CN in 10% increments). Fractions eluting in
80% acetonitrile were combined to yield impure swinholide A, which was subsequently
repurified by silica flash chromatography (100% EtOAc) to give swinholide A (50, 21.3
mg, 0.01% dry weight). Fractions eluting in 40-60% acetonitrile were enriched with a
single peptide, which was purified by reversed-phase HPLC (38% CH;CN, 0.01%
TFA) to give theopalauamide (9, 55.7 mg, 0.026% dry weight).

Isolation of theonellasterol (51). The hexane/DCM extract from the Mozambique
T. swinhoei was partitioned between hexane and methanol (8 mL each). The hexane
fraction was dried under vacuum and purified by flash chromatography on silica gel
using a hexane/ethyl acetate gradient (20-100% EtOAc). Pure theonellasterol (51, 28.2
mg, 0.013% dry weight) was isolated from the 30% EtOAc fraction.

Theopalauamide (9): white powder; [a]p = +19° (c = 0.4, MeOH); UV (MeOH)
203 (g 19 600), 276 (£ 9 400), 285 (¢ 9 900), 304 nm (g 4 500); IR (AgCl) 3300, 2920,
1660, 1540 cm'1; 'H NMR (DMF-d-) see Table 1; 13C NMR (DMF-d5) see Table 1;
HRFABMS, m/z = 1769.5944 (M+Na)*, C76H9979BrN;6027Na requires m/z =
1769.5947.

Isotheopalauamide (47): [a]p = +35° (c = 0.04, MeOH); UV and IR data were
identical to those of 9; HRFABMS, m/z = 1747.6233 (M+H)*, C76H007°BrN 6027
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requires m/z = 1747.6127; 'H and 13C NMR: identical to 9 within the limits of error
except for some resonances, listed in Table 2.

Hydrolysis experiments. Between 100 and 500 mg of 9, 36, or 47 were used for
all hydrolysis experiments. The glycopeptides were dissolved in 6N HCI (500 uL) and
heated to 110 °C in tightly sealed conical vials for 15 hours. HCl was removed under a
stream of nitrogen.

Derivatization of hydrolysates. The hydrolysed peptides in 1 mL conical vials
were dissolved in isopropanol (400 uL), to which were added acetyl chloride (100 uL).
The vials were quickly capped, and the solutions were heated to 100 °C for 1 hour.
Excess reagents were removed under nitrogen, and the peptides were redissolved in
DCM (400 uL). Pentafluoropropionic anhydride (400 ML) was added, and the reaction
mixture was heated to 100 °C for 15 minutes. Reagents were removed under nitrogen,
and the derivatized hydrolysates were redissolved in EtOAc for GC-MS experiments.
Hydrolysis of galactose. Both theopalauamide (9) and 36 were analyzed by
comparison with a standard sample of D- and L-galactose. Each peptide (500 pg) was
dissolved in 4N HCI (500 uL) and heated to 70 °C for 12 hours. Removal of solvent
and derivatization as described above led to single peaks in the GC-MS corresponding to
D-galactose.

Ozonolysis of 9 and 36. The peptides (1.2 mg) and a standard of theonegramide
were dissolved in 0.5 mL MeOH and ozonized with 100% oxygen at -78 °C for 15
minutes. To the resulting ozonides, 10 drops of 50% H>0, were added and the mixture
was brought to room temperature for 1 hour. Solvent was removed under a stream of
nitrogen, and the ozonolysis products were hydrolysed and derivatized as described

above.
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Hydrogenation of 9, 47 and 36 for GC-MS. 9, 47, and 36 (1.2 mg) were
hydrogenated in MeOH with 5% Pd-C (3-10 mg) under hydrogen gas. The resulting
peptides were filtered through Celite, dried under vacuum, and subjected to the
hydrolysis/derivatization sequence described above.

Hydrogenation and hydrolysis to produce 48 and 49. A 1:1 mixture of 9 and
47 (120 mg) was dissolved in MeOH (10 mL). 5% Pd-C (250 mg) was added, and the
mixture was stirred over hydrogen gas for 24 hours. The product was filtered, dried by
rotary evaporation, and shown to be the debrominated, hydrogenated compound by 'H
NMR. Hydrolysis of the compounds in 6N HCI (6 mL) for 15 hours at 110 °C,
followed by lyophilization and extraction between EtOAc and water, yielded a mixture
of lactones (5.6 mg). The lactones were dissolved in ether (0.1 mL) containing 2,4-
dinitrofluorobenzene (14 uL) and TEA (4 uL). The mixture was stirred for 2 h at room
temperature, then filtered through silica gel using 3:2 EtOAc-hexane as eluant to obtain
pure samples of lactone 48, which had identical !H NMR data to literature values, and
lactone 49.

Lactone 48: 'H NMR (CDCl13)$9.17 (d, 1 H, J=2.5 Hz),880(d, I H,J=175
Hz), 8.33 (dd, 1 H, J = 9.5, 2.5 Hz), 7.1-7.25 (m, S H), 6.79 (d, 1 H, J = 9.5 Hz),
4.83 (dt, 1 H,J =10, 5 Hz), 440 (dddd, 1 H,J = 7.5, 6.5, 5,3 Hz), 3.04 (dd, 1 H, J
=17.5, 7 Hz), 2.70 (m, 1 H), 2.64 (dd, 1 H, J = 17.5, 3 Hz), 2.56, (m, 1 H), 1.95
(ddd, 1 H, 15, 10, 5 Hz), 1.77 (m, 1 H), 1.67 (m, 2 H), 1.43 (ddd, 1 H, J = 15, 10, §
Hz), 1.02 (d, 3 H, J = 6.5 Hz).

Lactone 49: 'H NMR (CDCl3) §9.17 (d, 1 H,J=2.5Hz), 8.81,(d, | H,J=17.5
Hz), 8.33 (dd, 1 H, J = 9.5, 2.5 Hz), 7.1-7.3 (m, 5 H), 6.80 (d, 1 H, J = 9.5 Hz),
4.83,dt,1H,J=9, 5 Hz), 444 (dddd, 1 H,J = 7.5, 6.5, 5, 3 Hz), 3.04 (dd, 1 H, J
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= 17.5, 6.5 Hz), 2.70 (m, 1 H), 2.66 (dd, 1 H, J = 17.5, 3 Hz), 2.54 (m, 1 H), 1.88
(m, 1 H), 1.73 (m, 1 H), 1.69 (m, 2 H), 1.48 (m, 1 H), 1.07 (d, 3 H, J = 6.5 Hz).

This work originally appeared in the Journal of Organic Chemistry 1998, 63, 1254-

1258 with co-authors Carole A. Bewley and D. John Faulkner. It has been rewritten

here so that my contribution is clarified.
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CHAPTER 9
NATURAL PRODUCTS AND MOLECULAR BIOLOGY: TOOLS FOR THE
STUDY OF SPONGE-MICROORGANISM CO-EVOLUTION

In the early Cambrian Period, before the rise of scleractinian corals, sponges
thrived as reef-builders living in close association with bacterial mats.!4 These simple
metazoans have maintained their prokaryotic ties into the moder world, filtering
bacteria from seawater as food® and harboring large and diverse microbial
populations.® In many sponges, the bacteria have been shown to play a role in the
lives of their host, either through processing of waste products,” transfer of nutrients to
their hosts,? or production of secondary metabolites.? However, despite several
studies, the evolutionary age and species-specificity of symbiosis is undetermined,
leaving open the intriguing possibility that some symbioses may have originated early
in the histories of the sponge hosts.!0 In the polyphyletic sponge order Lithistida,
natural products may be used, in concert with biological tools, to probe the evolution
of bacterial-poriferan symbiosis. The order contains a large number of diverse,
bioactive molecules that have been ascribed microbial origins, and in one case a
bacterial source has been proven.!! Because it is relatively easy to determine the
presence of known compounds in a sponge, the distribution and specificity of
metabolites in this order can be mapped. By comparing this data with sponge
taxonomy and molecular phylogeny of sponge symbionts, hypotheses of the nature of
these symbioses can be advanced.

Introduction to sponge-microbe symbiosis
As the simplest of metazoans, sponges (Phylum: Porifera) have an extremely

long evolutionary history, with a fossil record that indicates a Precambrian origin for
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the phylum.2 The history of sponges is tightly coupled to microorganisms, which they
filter from seawater with high efficiency (75-99%).5 In addition to their role as a
primary food source for poriferans, bacteria have also interacted with sponges to
produce reef-like structures.!#4 These 5-15 million year reef-building episodes
repeated themselves every 70-100 million years, beginning with the Early Cambrian
and ending in the Late Jurassic age.! The structures of sponge-microbe reefs were
highly variable, from shallow, clear water formations much like tropical coral reefs, to
deeper mounds. Sponges, either demosponges or hexactinellids, were involved in reef
formation in a number of ways, including building the primary reef structure or
supporting the microbial reef-builders. The roles of the associated prokaryotes were
no less diverse. Microorganisms, like sponges, helped to build or stabilize reef
structures in widely varying ways. The microorganisms also led quite diverse
lifestyles and may not have been closely related. Shallower reefs were mainly
composed of photoautotrophic bacteria, while deeper reefs probably contained mainly
heterotrophic bacteria. Despite the probable heterotrophy of the deep-sea microbes,
they still formed calcified thrombolites or stromatolites of filaments similar to algae.
Sponge-microbe associations in ancient reefs have been reviewed in detail by Brunton
and Dixon.2

The sponges that formed ancient reefs or are well documented in the
Phanerozoic Era fossil record tend to have strongly reinforced skeletons. For that
reason, the major known sponge fossils are hexactinellids or from the demosponge
order Lithistida, both of which have strong siliceous spicules and occur widely in the
deep ocean today. Unfortunately, the order Lithistida is polyphyletic, with a
taxonomy based only on a spicule type (desma), and thus does not reflect the true

evolutionary relationship of these sponges.!2 Since many fossilized lithistids are
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extinct or have not yet been discovered in the living fauna, it is impossible to make
evolutionary assumptions based on their good fossil record. Making the situation
more complicated, the earliest known sponge fossils from the microbial reefs are
archaeocyaths, a long-extinct group that may not have been true sponges at all. In at
least one instance, though, lithistids and hexactinellids have been found together in
Early Cambrian formations.3 Because of the uncertain relationship between fossil and
living sponges, it is difficult to determine the importance of the early sponge-microbe
associations in the evolution of living sponges.

Despite the lack of a clear co-evolution of sponges and microbes in the fossil
record, numerous associations between microbes and extant sponges have been
described. Sponges feed on microbes, and they also harbor large populations (up to
40% of body mass) of microorganisms, both intra- and extra-cellularly.!3 Bacterial
density is particularly high in massive sponges with a large mesohyl, and
cyanobacteria often coat the outer layers of shallow, exposed sponges. The literature
on the ecological significance of microbial sponge symbionts through 1987 has been
reviewed by Wilkinson.!0 Until that time, sponges were studied primarily for their
relationship with photosynthetic organisms such as cyanobacteria and dinoflagellates,
and nutrient transfer relationships were demonstrated in a number of cases. Nitrogen
fixation and the presence of facultative and obligate anaerobes in marine sponges were
also areas of active research. In some of these studies, it was shown that sponges
derive a significant amount of their nutrients from microbial symbionts, aithough in
one recent study the transfer of photosynthate from cyanobacteria to sponges was
shown to be of minor importance.” Possibly the most novel trophic transfer from
microbe to sponge, reported by Vacelet et al., was a symbiosis between the deep-sea

carnivorous sponge Cladorhiza sp. and a methane-oxidizing bacterium.!4 The
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sponges live near mud volcanoes that leach methane, and they seem to derive a
significant amount of nutrition from their microbial symbionts. However, without
culturable bacteria or taxonomic data derived from molecular biology, the
evolutionary significance of the symbiosis is uncertain.

During the 1970s and 1980s, investigators also studied the type and specificity
of sponge-microbe associations, often using microscopy to show the presence of
specific symbiont morphologies within specific sponges. The molecular basis of
symbiosis was also probed, albeit to a lesser extent. Wilkinson showed that bacteria,
which live symbiotically with sponges, can be passed through their feeding chambers
without being digested and suggested some sort of encapsulation or recognition
process.!0 Miiller et al. showed that in the demosponge Halichondria panicea, an
association with the microbe Pseudomonas insolita may have been lectin-based. !5
Wilkinson found an immunological basis for symbiosis in some sponges, which he
claimed as evidence of a Precambrian origin for many symbioses.5

A major problem with the early studies on sponge-microbe symbiosis was that
most microorganisms were uncultured or unculturable, so descriptions of symbioses
usually relied either on morphology of symbionts or chemical measurements of
nutrient transfer. Even in the cases where putative symbionts could be cultured, the
ecological relevance of symbiosis could not be determined. The period following
Wilkinson's review has been marked by the ascendance of molecular biological
techniques, which have allowed investigators to focus on uncultured microorganisms.
Using PCR and DNA-RNA or DNA-DNA hybridization together with molecular
databases, investigators have begun to determine the phylogentic affinity of associated
microorganisms, a necessary step in establishing the evolutionary history of symbiont

and host. The most commonly targeted gene encodes the RNA from the small subunit
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of ribosomes. Since in bacteria this subunit has a sedimentation constant of 16S, the
RNA is termed 16S or SSU rRNA. The 16S rRNA gene is used for bacterial
taxonomy for three major reasons: it encodes an essential cellular function (protein
synthesis) and therefore evolves at a rate assumed to be nearly constant in all
organisms and is not likely to be subject to lateral transfer; it has regions that do not
appear to be very crucial to function and so evolve more quickly; it contains very
highly conserved regions, so that PCR is usually presumed to amplify all bacterial
sequences using "universal” primers. Large, computerized databases of bacterial SSU
rRNA sequences and algorithms for determining taxonomy are readily available over
the world wide web, allowing newly obtained sequences to be rapidly compared with
those from known strains.

The application of molecular biology to sponge-microbe symbiosis is yielding
results that could not have been obtained by classical microbiological methods.
Probably the most unusual monograph concerned the discovery of a member of the
Archaea living specifically within a sponge similar to Axinella mexicana.'6 The
archaeal microorganism, dubbed Cenarchaeum symbiosum (P: Crenarchaeota), lives at
a relatively cold 10 °C and is therefore considered psychrophilic (cold-loving).
Preston et al. applied universal archaeal PCR primers to DNA extracts from several
tropical and temperate sponges, but archaeal sequences were amplified only from A.
mexicana. Subsequent in situ hybridization experiments showed which
microorganism in the sponge was archaeal and allowed localization of the symbiont.
Another molecular biological study of demosponges aimed to elucidate the major
microorganisms within the marine sponges Chondrosia reniformis and Petrosia
ficiformis.® Schumann-Kindel et al. used in situ hybridization probes specific to

Archaea, the subclasses of Proteabacteria, Flavobacteria-Cytophaga, and sulfate-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



136

reducing bacteria. Both sponges contained mainly gamma-sublcass Proteobacteria,
according to the authors, with sulfate-reducing (delta-subclass) Proteobacteria also
being present in significant numbers. y-Proteobacteria were also the only bacterial
isolates obtained using aerobic enrichment media. However, the authors did not
present details of their methodology, including the presence or absence of control
probes and the use of PCR-cloning-sequencing as confirmation, so it is difficult to
evaluate the ecological relevance of the study. Sulfate-reducing bacteria were
postulated to play a role in the mineralization of dead sponge tissue.

In some cases, the picture of symbiosis that is emerging is markedly different
from studies using cultured organisms. For instance, in the same species,
Halichondria panicea, used by Miiller et al. in lectin studies, PCR-cloning-sequencing
led to microorganisms wholly different from the cultured Pseudomonas sp. described
earlier.!” SSU rRNA sequences from all individuals of H. panicea collected led to the
identification of strains of Rhodobacter (a-Proteobacteria) as the dominant species. A
symbiotic relationship between the sponge and these microbes was suggested based on
their ubiquitous occurrence in H. panicea. This study is limited by the lack of data
supporting a role for the bacteria, but the common presence of this genus of bacteria
would not have been detectable using classical methodology.

Although PCR-based methods widely expand the possibilities for research in
sponge-microbe symbiosis, some caveats need to be applied. PCR readily generates
chimeric sequences from closely related microbes, giving an overestimate of the actual
diversity in environmental samples. In one study, 30% of cloned sequences were
shown to be chimeric.!8 Computer programs are used to screen for potentially
chimeric sequences, but their accuracy dwindles when sequences are very novel. PCR

is also prone to errors from contamination, and the assumption of the "universal"
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nature of some primers may not be true. Cloning of PCR products to generate a
library also carries an element of uncertainty because cloning efficiency may differ in
a sequence-dependent manner. These and other uncertainties with PCR make the
quantification of individual bacteria and species diversity difficult. Nonetheless, PCR
and allied techniques, when properly used, are powerful tools in the study of sponge-
microbe interactions. The problems and benefits of the use of molecular biological
techniques in environmental microbiology have been reviewed by Head et al.!9
Natural products in sponge-microbe symbiosis

Natural products chemists have been interested in sponge-microbe symbioses
because of the diverse, bioactive chemical structures found in sponges.20:2! To
chemists, such symbioses are worthy of study both from a basic scientific and a
biotechnological perspective. Chemists have sought to aid biologists in defining
complicated taxonomy of sponges by using chemical markers, but such markers will
be more complicated to apply if the chemicals actually arise from microbial
symbionts. The compound source also affects theories and studies of biosynthesis,
and thus chemical evolution. Finally, the scientific goal of classifying nature is left
unfinished if the true sources of interesting compounds remain undetermined. From
the biotechnological perspective, the source of potential drugs is a crucial financial
question, since compounds are often found only in small amounts from animals that
are difficult to obtain. If the compound proves to have a microbial origin, the
microorganism could potentially be cultured, providing a reliable and cheaper source
of the drug.

Unfortunately, despite the scientific and technological benefits of determining
the source organisms of interesting and bioactive metabolites, a microbial origin of

sponge compounds has been demonstrated only twice.%:!! Most of the literature is

—
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purely speculative, based on similarities that are often slight between compounds from
sponges and those from cultivated microorganisms, especially cyanobacteria.20
Several researchers have attempted to culture microorganisms from invertebrates in
the hopes of obtaining some of these bioactive compounds.22 Although they have
been successful in the discovery of novel natural products, this research has not
demonstrated the presence of sponge metabolites in the microbial isolates. These
results demonstrate yet again the intractability of traditional culturing approaches to
the environmental problems of sponge-microbe symbiosis. One research group has
potentially accomplished this feat by finding the same compound in a Hyatella sp.
sponge as in a Vibrio sp. cultured from that sponge. 23 There are several obvious
problems with speculation about the source of compounds. Similar and identical
compounds can arise from parallel or convergent evolution, or they can be simple
digestive degradation of standard compounds, such as the dioxopiperazines formed by
hydrolysis of peptides and proteins. Some sort of convergent evolution appears to
explain the appearance of pyridoacridines in sponges and ascidians of various
species.2* Another potential problem, as reviewed by Hopwood, is transfer of genes.25
Many biosynthetic enzymes are modular, and it is reasonable to assume that pieces of
their genes, as well as entire gene clusters, may be moved by lateral gene transfer.
Specialized genes encoding unusual functions could be swapped into the biosynthetic
apparatus of wholly different organisms. A high frequency of plasmid transfers in the
marine environment, as demonstrated by Dahlberg et al.,26 amplifies the possibility of
lateral gene transfer. Finally, it is premature to declare that because a compound has
only previously been found in a single source such as a species of microbe, related

compounds must come from the same microbe. It is more likely that other sources
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have simply not yet been found, and in any case any speculation of source for a
compound must be investigated in each instance.

The two demonstrated cases of symbiont production of sponge compounds
both originate in work completed in the Faulkner laboratory. Both studies relied on
cell fixation and physical separation techniques, bypassing the problem of culturing
symbiotic microorganisms. Unson separated cyanobacterial symbionts from sponge
Dysidea herbacea by flow cytometry and showed that chlorinated amino acid
derivatives could only be found in the cyanobacterial fraction, while terpenes were
localized in the sponge cell fraction.® The symbiont was typed as Oscillatoria
spongeliae based on morphological characteristics. In another study, Bewley
determined the cellular locations of two major bioactive metabolites, theopalauamide
(9) and swinholide A (50), from the sponge Theonella swinhoei.!! Contrary to the
expectation that the metabolites would be produced by cyanobacteria, it was found
that the modified peptide theopalauamide (9) was found only in filamentous
microorganisms, while the polyketide swinholide A (50) was located solely in the
unicellular bacterial fraction. 7. swinhoei is a massive sponge that is packed with
bacteria of many different species, so the exact microorganism producing swinholide
A (50) could not be determined, but in TEM pictures the filamentous microorganism
was thought to resemble Beggiatoa sp., which are y-Proteobacterial sulfide oxidizers.
Such bacteria are not known for their ability to synthesize complicated molecules, but
because of their unusual metabolic requirement (reduced sulfur) they also have not
been extensively studied by natural products chemists.

Despite a good deal of speculation on the microbial origin of sponge
metabolites, relatively little has been conclusively demonstrated. The number of cell

separation studies on sponges is increasing, but a complete understanding of the
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source organisms of sponge compounds is still a distant goal. Molecular biological
techniques, specifically the location of biosynthetic genes within certain cell types, are
Just beginning to be applied to the source question. However, no studies have
addressed the evolution and ecological importance of sponge-microbe symbioses in
the production of natural products. A key to starting to model these symbioses is to
address the taxonomy of chemically important microbes in sponges. By 16S rRNA
analysis of these microbes, phylogeny can be determined by statistical techniques. In
addition, probes can be developed so that the presence or absence of these and related
microbes in related sponges can be shown. This can lead to a better understanding of
the meaning and evolution of particular symbioses and allow models to be advanced to
explain less-studied sponge-microbe interactions.
The case for Lithistida as the model

Like the light emitted by bacteria (although more commonly not by symbionts)
in some fishes and squid,2’ natural products can provide a convenient signal of
bacterial-sponge symbiosis, provided that the tracer compounds are proven to be
bacterially derived. Compounds from the order Lithistida are particularly good
markers, since they are usually present in relatively large amounts, often have unusual
bioactivities, and can be relatively easily purified. Many lithistid compounds are
probably of microbial origin,?8 and in one case there is evidence supporting bacterial
production .!! In some cases, production of certain compounds seems species-
specific, while other compounds are found in a number of totally unrelated lithistids,
or even in whole other sponge orders. This opens the possibility of a large number of
types, ages, and plasticities of symbiotic interactions. Finally, the polyphyletic
diversity of the order may actually be of help in determination of the actual age and
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specificity of symbiosis. For instance, a physical or biochemical factor common to
unrelated lithistid sponges, rather than a species-specific factor, may promote the
growth of certain types of bacteria. By attempting to construct molecular biological
probes for the bacteria that produce lithistid compounds, symbiosis in this group of
sponges can be characterized as a possible model for other sponge groups. The status
of chemical research in the order lithistida as of early 1997 was reviewed by Faulkner
and Bewley.2?

Lithistid compounds often share characteristics with microbial metabolites,
particularly with those of the cyanobacteria.2829 Once Bewley er al. showed that the
major metabolites of Theonella swinhoei, a lithistid sponge, were localized in
symbiotic bacteria, the hypothesis that many compounds in the order are microbe-
derived gained some experimental weight. Only a massive series of cell-separation
experiments on a large number of lithistid sponges could prove the hypothesis, but it is
nonetheless a reasonable assumption when choosing targets of molecular biological
research. It could be stated that Bewley only showed the existence of the compounds
in the bacteria and not bacterial production, but it is reasonable to presume that large
metabolites are not completely transferred from one cell type to another. Research on
the biosynthesis of T. swinhoei metabolites is underway in the laboratory of Dr. Brad
Moore (University of Washington) to answer this question definitively.

Bewley hypothesized that lithistid peptides containing ®-phenyl-8-amino acids
were produced by filamentous microorganisms similar to the producer of
theopalauamide (9) in T swinhoei based on her observation of the coexistence of the
two in a large number of lithistid sponges. The results of her survey are documented
in a table in her thesis.3 Thus, gross morpholgy of the symbiont as well as chemistry
could be used as an entry in the selection of targets for molecular biology studies.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



144

1£'SPIoB dlojuLid) sjonpoxd [eLs)oeq Yim o saprurezow spunodwod s3uods Jo uosiredwo) ‘| a3

esoujbruse sysAoosoy
:WNYAJOBQOURAD Ja1emysas) :90In0S

N e u/ “NH
X © 67 o&/‘....,/f_
)} NH ,,..._/Wo nw._zu\o

HN

n
3
O
ZX
ZX

H ‘8 pioy Ji0lupa4 ‘s6 H
H 'V POy ol0lule ‘pg | as m:q%%unﬁw\ocmwm%oﬁnm%

o HOO0D K’/
.:s } .oo/-.hm

Yo, 0] %z

S

N
H

W = Y 'g aplwezop ‘g
H =Y 'y eplwezop ‘2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



145

s¢ UI31pAjo1dans 1onpoud [euatoeq ynm oy spisojurine punodwos sSuods Jo uosuedwo)) ‘z a3 §

'ds saa/wojdasg
O  Wnuajeqna :a0inog
uiBipAjoideng ‘g6

HO
0]
HO
sl
0 g ‘ds gyeuoay
0 aBuods auyew :221n0g
HO YONZH vV episojueiny ‘g
HO (0
01N
N XX XXX
O W D O

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



146

snojusweyyj wioyy (Joy) sprwenejedoay ], ‘190yums

'S3qOIdI Je[njjaoIun WOlj  pIoyuImS pue swsiuedi001o1w
D[12U03Y [ §O SJUOIqUIAS [BIGOIONL WO} SANTOQEIS *€ 2N

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



147

However, I have found that peptide-producing sponges do not always contain
filamentous microorganisms (Table 1). For example, I have found representatives of
Microscleroderma sp. containing microsclerodermins that are wholly lacking in
filamentous microorganisms. In addition, as Bewley first noted, samples of Aciculites
sp. containing compounds in the aciculitin family (42, 43) do not contain filamentous
microorganisms. The potential for a specific symbiosis in this group is revealed by
chemistry, since the bacteria lack unusual morphologies like the filaments of T.
swinhoei.

Another reason for choosing chemical rather than biological markers is the
large repository of sponge extracts available through the National Cancer Institute (see
Chapter 7). Once the taxonomy of organisms producing certain compound classes are
determined, the degree of specificity can be checked against the NCI database, and
hypotheses of specificity of symbiosis can be ruled out or possibilities of lateral gene
transfer can be revealed. A particular advantage of using this system is that once pure
compounds can be screened in the NCI's 60 cell-line panel, the pattern of activity can
be used to detect similar compounds in other lithistids or in the whole database. Ifa
sponge metabolite has been localized to a bacterial symbiont, the specificity of the
metabolite to the host species can be checked by its activity profile in the database or
by ordering the extracts and isolating compounds. This would be particularly useful
for closely related organisms with similar bioactivity profiles. For example, if the
microsclerodermins are ever localized to bacteria, their existence in sponges of the
genera Microscleroderma sp., Aciculites sp., and Theonella sp., revealed through the
NCI database (Chapter 7), may indicate a relatively non-specific symbiosis based on
some common physical or biochemical factor. This possibility could be probed in part

by comparing SSU rRNA sequences obtained from the different sponges, looking for
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identical RFLP patterns and thus attempting to identify the microsclerodermin-
producing organism. The organisms in the NCI repository have also been
taxonomically identified by experts, which could save the investigator a significant
amount of effort. In return, the NCI can be provided with pure, bioactive compounds
for screening. Using chemical markers, results of symbiosis studies can also be
compared with those reported in the literature, assuming that the producing
macroorganism is correctly identified.

As with compounds that were thought to be produced by filamentous
microorganisms, the picture obtained for other metabolites (mainly polyketides)
becomes more confused as more data is gathered. The key example in this group of
compounds is swinholide A (50), which was localized by Bewley in unicellular
bacterial fractions of T. swinhoei. The compound and a related chemical were
subsequently found in two sponges which are unrelated: Ircinia sp. and Tedania
diversiraphidiphora from the order Dictyoceratida3!-32 and Lamellomorpha
strongylata from the order Epipolasida.32 In the absence of lateral transfer of
biosynthetic genes or in the unlikely event that the complex structure could be reached
by convergent evolution, these results indicate that the symbiosis leading to the
production of swinholide is not species- or even order-specific. Unfortunately, it is
difficult to track down which bacterial species is actually producing swinholide.
Because of the problem of specificity in the production of swinholide and the
difficulty in determining its producing organism, peptides are the obvious first choice
for studying symbiosis. Another instance of polyketide metabolites found in many
different species occurs with calyculins (52)33 and the clavosines (53)34 from

Discodermia calyx and Myriastra clavosa, respectively, which are sponges from
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different orders entirely. These similar compounds and related metabolites are found
in a number of apparently unrelated sponges. It would be interesting to determine if
similar compounds are always produced by similar bacteria, or if convergent evolution
or lateral gene transfer are possibilities. Studies of these hypotheses become
accessible through the combination of chemical and biological data. Ultimately, such
studies could lead to a better understanding of the evolutionary importance of these
compounds and to better culturing methods for non-specific "symbionts".

The polyphyletic nature of the order Lithistida may confound early attempts at
rationalizing the evolution of symbiosis. A clearer picture of sponge phylogeny could
emerge with increasing understanding of symbiotic and chemical specificity, but it is
more likely that symbiosis will not be understood until the phylogeny of the sponges is
well defined. Michelle Kelly-Borges is currently heading a massive effort involving
23S rDNA analysis, preliminary results of which are already available.!2 For instance,
sponges from the genera Plakinalopha and Theonella, formerly thought to be
completely unrelated, are actually closest relatives: some Theonella spp. are more
closely related to certain Plakinalopha spp. than to other theonellids. This clarifies
chemical observations that some members of both Theonella sp. and Plakinolopha sp.
contain aurantosides (44) and mozamides (7, 8) or related peptides as their major
bioactive metabolites (see Chapter 7). The compound classes are very similar to
compounds produced by streptomyces and cyanobacteria, respectively, and it would
be interesting to determine whether or not the compounds are actually produced by
bacteria and whether such a symbiosis holds in members of both sponge genera.
Proposal for a pilot study

Lithistid sponges are clearly preferred candidates for the study of sponge-

microbe symbiosis. A pilot study using this order requires a representative for which
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the producing microorganism has been identified and found to have distinct
morphology. T. swinhoei, in which filamentous microbes are known to produce
theopalauamide (9), meets these requirements. A starting point for investigation into
this symbiosis is the phylogenetic identification of the bacterial symbiont using 16S
rRNA analysis. If the bacterium is closely related to known strains from other
sources, then the sponge-microbe interaction would probably be non-specific or
evolving over a short timescale. Conversely, if the sequence is relatively unique and
seems to be confined to certain sponges, then the symbiosis could be hypothesized to
be species-specific, although related microbes could be found elsewhere at any time,
immediately disproving the hypothesis. Such specificity indicates a long-term co-
evolution, especially if it occurs only in members of the same family, which may be
highly diverged from each other.

The next step, once the 16S rRNA molecule of the filamentous
microorganisms has been sequenced and compared with database sequences, is
probing the specificity of the symbiosis. Sequence-specific probes can be applied to
sponges containing theopalauamide (9) and related compounds, as well as those with
different chemistry. Increasing sequence divergence with changing chemistry or
sponge hosts will reveal the specificity of the sponge-microbe relationship. In this
way, chemistry and molecular biology can be used together to define the age and

specificity of the symbiosis in T. swinhoei.
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CHAPTER 10
THE PEPTIDE-CONTAINING SYMBIONT OF
THE MARINE SPONGE THEONELLA SWINHOEI IS A NOVEL
5-SUBDIVISION PROTEOBACTERIUM, “CANDIDATUS
ENTOTHEONELLA PALAUENSIS”

The SSU rRNA gene sequence of a filamentous eubacterium specific to the
Palauan marine sponge Theonella swinhoei was isolated using cell separation,
denaturing gradient gel electrophoresis (DGGE) and DNA sequencing. Computer
database searches and phylogenetic analysis programs showed that the bacterium,
which contains the complex bicyclic glycopeptide theopalauamide, is novel at the
genus level and is most closely related to the myxobacteria (Proteobacteria; 5-
subdivision). Specific primers derived from the sequence found in the Palau specimen
were used to amplify closely related sequences from other members of T. swinhoei
that contain slightly different peptides, indicating that slightly different chemistry is
correlated with different bacterial strains. The sequence was shown to originate in the
filamentous bacteria by in situ hybridization.

Introduction

Sponge-microbe symbioses are common,! and some may have ancient origins,
dating back to before the differentiation of modern sponge orders more than 500
MYA.2 The symbioses have been widely studied, but the significance of individual
bacterial species associated with sponges has been difficult to probe. The key
questions of the age, stability, and specificity of sponge-microbe symbiosis remain
largely unanswered. In traditional symbiosis studies , bacteria were either cultured3 or

classified according to their morphologies. ¢ Unfortunately, pure culture isolation is
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often difficult for many obligate symbionts, and morphological characteristics can be
misleading. More recently, a number of studies have relied on SSU rRNA analysis to
determine the phylogeny and specificity of bacteria in sponges,5-7 but TRNA sequences
rarely provide enough information about the ecological functions of these bacteria. A
major problem is that no convenient marker is available for significant symbiosis
within sponges that would allow biochemical processes to be attributed to specific
bacteria, in contrast to bioluminescent symbioses or clear nutrient-transfer interactions
such as those found with corals.

With the discovery that the glycopeptide theopalauamide from the sponge
Theonella swinhoei is located in filamentous bacteria, it became possible to probe this
symbiosis using natural products chemistry in addition to morphology.8 T. swinhoei is
a representative of the polyphyletic sponge order Lithistida, which has many members
that could also be useful in probing symbiosis if their compounds are microbially
derived, as predicted based on chemical structure.9-1! Several of the compounds in
this sponge order resemble microbial chemicals, and sometimes similar chemicals also
exist in other, unrelated sponges or in bacteria (see Chapter 9 for a full discussion). As
the first sponge in this order for which a microbe was shown to contain a natural
product, T. swinhoei provides a good model to test the usefulness of the chemical
marker in sponge-microbe symbiosis studies.

The first step in understanding this symbiosis is identifying the phylogenetic
affiliation of the bacterial strain. On the basis of morphology, some investigators
assumed that the filaments were cyanobacteria,® but Bewley et al. 213 demonstrated
that the filaments did not contain photosynthetic pigments and did not require li ght for
growth and hypothesized their placement in the family Beggiatoaceae on the basis of
morphology only. Since the bacteria could be readily enriched by centrifugation and
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were easily recognized by morphology and chemistry, SSU rRNA analysis was chosen
to determine the phylogenetic affiliations of the bacteria. Once PCR primers specific
to the strain were in hand, the specificity and extent of symbiosis could be studied as
an additional benefit to this method. Based on the retrieved sequence, several culture
media were also tried.

Collection of sponge material and isolation of filamentous bacteria

Representatives of T. swinhoei were collected from 10-30 m depth at four
different locations along the eastern side of Palau, Western Caroline Islands, in 1997.
The presence of theopalauamide and filamentous bacteria in the sponges was assayed
by thin layer chromatography and light microscopy, respectively, in laboratories at the
Coral Reef Research Foundation, Koror, Palau. Most of the sponge was used for the
separation of filamentous bacteria from sponge material and other bacterial cells
following a method similar to that of Bewley et al.,2 except that fixatives were not
used. First, the cyanobacteria-containing ectosome of the sponge was removed using a
razor blade, then the sponge interior was cut up and either put through a juicer or diced
with a razor blade. The resulting cell suspensions were centrifuged several times at
~200 g to purify the filamentous bacteria.

In 1998, several T. swinhoei samples containing the related peptide
theonegramide were collected from northern Panay and Boracay islands, Philippines.
A single sample of the lithistid sponge Aciculites sp., containing aciculitin B, was also
collected. The ectosome of these samples was removed, and sponge pieces were fixed
either in paraformaldehyde, followed by an ethanol dehydration series, or immediately
placed in ethanol for DNA preservation. A single sample of T, swinhoei was
collected, and pieces were immediately added to sterile culture tubes for culture

experiments.
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Several more representative sponges (7. swinhoei) were recollected in Palau in
1998, and these sponges were purified through 200 micron and 40 micron sieves for
improved enrichment of filamentous cells. These preparations were used in further
culture experiments and were observed at the time of collection to have a morphology
consistent with a reproductive process (Figure 1). The cells were placed in either
sterile seawater, 1/10 Difco marine broth diluted in seawater, or dilutions of aqueous
sponge extract (sterile filtered). Within two days, the material was brought back to
San Diego and used in further experiments.

Storage of sponge tissue and purified filaments

Fresh sponge tissue was fixed in 4% paraformaldehyde (MOPS-buffered) for
several hours, then dehydrated to 95% ethanol in a dehydration series. Both sponge
tissue and filamentous bacterial preparations were frozen for later analysis. DNA
from both whole sponge tissue and enriched filaments was fixed in 100% ethanol or
guanidinium isothiocyanate buffer. Finally, DNA was extracted immediately after
sponge collection or filament enrichment using a QIAamp tissue kit™ (QIAGEN).
Chemical analysis

Sponge samples used in this project were analyzed using previously reported
techniques (Chapter 7). Known peptides (~0.1-10 mg) were purified to at least 90%
purity by extraction and column chromatography and identified by comparing their 'H
NMR spectra and electrospray ionization mass spectra to literature data. These
methods do not preclude the possibility that some compounds may be isomers of

known metabolites, although the differences are probably minor. Natural products

relevant to this study are shown in Figure 2.
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PCR amplification, purification, and sequencing

The SSU rRNA genome was amplified from samples collected in 1997 using
the universal bacterial primers 27f and 1492r and standard PCR techniques.!4 PCR
purification was performed using the QIAQuick kit™ (Qiagen). Standard PCR
techniques used in this study are: 100 nM each primer, ! unit Tagq, 1 x Mg buffer, 400
nM dNTP solution; 30 cycles of 94 °C, 1 min; 50 °C, 1 min; 72 °C 1 min. Cloning
was attempted using the TA cloning kit,™ but no majority sequence emerged from the
first 12 clones screened despite abundant filaments (F igure 1). Denaturing gradient
gel electrophoresis (DGGE), which separates gene fragments on the basis of sequence
instead of size, was used to find the majority sequence in the enriched filamentous
preparation.!5:16 Using universal bacterial primers (1055f, 1392r) designed by Ferris
et al.,'7:18 ~350 bp fragments of SSU rDNA from whole sponge and enriched filament
DNA extracts were amplified by PCR. Two strategies were employed: the DGGE
primers were used either on the crude DNA extract or on SSU rDNA sequences that
had been previously amplified with 27f-1492r bacterial primers (Figure 3). Bands
corresponding to different sequences were separated on a denaturing gradient
acrylamide gel using either 0-100% denaturant or 35-65% denaturant solution. Bands
were visualized with Sybr-green™ fluorescent stain and excised from the gel with a
razor blade. DNA was re-extracted overnight in 1 x SSC buffer at 37 °C, and gel
fragments were removed by centrifugation. The DNA was then precipitated at -20 °C
for 15 minutes in 10 M LiCl (1/10 vol/vol) and 95% EtOH (2 vols). DNA was re-
amplified by PCR and sequenced using the DGGE primers and ABI-Prism™ dye
terminator cycle-sequencing. Forward and reverse sequences were aligned using the

Sequencher™ and AssemblyLIGN™ programs and verified by eye.
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Figure 1. A) Enriched filamentous bacteria (200x) used in this study.

Figure 1. B) F:piﬂlforescence and light micrograph of purified filamentous bacteria
(1000x) useq in this study, showing a single (rare) fluorescing filamentous
cyanobacterium among the enriched unpigmented symbionts.
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Figure 2. Natural products of Theonella swinhoei: theopalauamide,
theonegramide, and theonellamide A (top); swinholide (bottom).
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Figure 3. Upper: DGGE of positive control (lanes 1,3,5), purified filamentous (lanes
2,4) and whole sponge (lanes 6,7) DNA extracts which were twice amplified by PCR
(left). Lower: DGGE of positive control (lane 1), bacterial DNA from Bugula
neritina larvae (lane 2), no DNA control (lane 3), and purified filamentous (lanes
4,5) and whole sponge (lanes 6,7) DNA extracts which had been amplified once by
PCR using DGGE primers (right). Positive control: Vibrio fischeri SSU rRNA.
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Specific primer design

From a sequence obtained from a major DGGE band amplified from the
filamentous bacterial DNA extract, a 16-bp region of variable DNA was identified and
shown to be different by at least two base pairs from all other known sequences using
CheckProbe (Ribosomal Database Project).!9 A primer for PCR and an in situ
hybridization probe was based on this sequence and named 1247r (Figure 4).
Amplification and sequencing of other regions of the SSU rRNA gene

PCR products corresponding to 27-1492 (E. coli) from filamentous and whole
sponge DNA extracts were purified and amplified using the primers 27f and 1247r.
When variable region primers were used, an annealing temperature of 54 °C was used
instead of 50 °C. A single, pure sequence was obtained from the filamentous
preparation amplified with 27f-1247r, while the whole sponge preparation did not give
a clean sequence with 27f-1247r (Table 1). The product from the filament preparation
was sequenced with the 1247r primer, and the following universal bacterial
sequencing primers were used: 27f, 342r, 530f, 690r, 926f, and 1101r. Clean sequence
was obtained from every primer, as judged by alignment using Sequencher™ and
AssemblyLIGN™ and by eye. The sequence was unlikely to be a chimera due to the
way in which it was obtained, but the sequence was also screened using
ChimeraCheck (RDP).20 The final edited sequence of 1335 bp corresponds to
positions 28-1391 of the E. coli sequence. This sequence was derived from the 27f-
1247r and purified DGGE symbiont band (1055f-1392r) PCR products.
Phlyogenetic analysis

Initial comparisons of the 1335 bp sequence from the filamentous bacteria
were performed using the Ribosomal Database Project's (RDP) similarity rank and the
National Center for Biotechnology Information BLAST search.20 BLAST searches
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Domain Bacteria oligonucleotides

Eub33825 5’-GCT GCC TCC CGT AGG AGT-3’ (5’-biotinylated for FISH)
1055f17 5’-ATG GCT GTC GTC AGC T-3’
1392r17 5’-CGC CCG CCG CGC CCC GCG CCC GGC CCG CCG CCC CCG

CCC CAC GGG CGG TGT GTA C-3°

“E.palauensis”-specific oligonucleotides

238f 5’-CCG GTC TGA GAT GAG CTT GC-3’
1247r 5’-AAG TAG CGG CCC TTT GTC-3’ (also 5’-biotinylated for FISH)

Control primer
Bncontrol?5  5°-ACG TCA CCG TCC AGC CTC T-3’ (5’-biotinylated for FISH)

Figure 4. PCR primers and FISH probes used in this study. Universal bacterial
primers (top), symbiont-specific primers (middle), and control, primer (bottom).
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revealed closest similarity with members of the delta-subdivision Proteobacteria (85%
of 1176 alignable bps), with an unidentified delta-subdivision Proteobacterium from
deep sea sediments (AB015560) and Pelobacter acetylenicus (PAC16SRNA) ranking
highest. RDP also showed that Proteobacteria were the closest relatives, with the
Sequence Align program giving P. acetylenicus as the highest match. Using Sequence
Match, the highest similarity score for a classified bacterium was 0.526 for a member
of the Pedomicrobium assemblage (a.-subdivision Proteobacteria). Further analysis
was performed using the PAUP 4.01 program, with heuristic, branch and bound, and
exhaustive searches using maximum parsimony and maximum likelihood
algorithms.2! The Phylip™ program was employed with distance data using neighbor
Jjoining and maximum likelihood programs to construct trees.22-24 An initial
evaluation of relationships between the filament sequence and representatives of the
domain Bacteria was performed using Phylip neighbor joining and bootstrapping, and
a series of trees were obtained in which the symbiont sequence was most closely
related to the 3-subdivision Proteobacteria. In PAUP, a maximum parsimony tree was
then constructed with the branch and bound search algorithm using Aquifex pyrophilus
(outgroup), Acidobacter capsulatum, Fusobacterium nucleatum, and ten members of
the a-, -, and y-Proteobacteria. Eleven members of the §-subdivision of
Proteobacteria were also used: Bdellovibrio stolpii, Desulfovibrio desulfuricans,
Myxococcus xanthus, Stigmatella aurantiaca, Desulfobacter postgatei, Nannocystis
exedens, Chondromyces crocatus, Geobacter metallireducens, Pelobacter
acetylenicus, Desulfuromonas acetoxidans, and Desulfovibrio baarsii. With these
taxa, the symbiont was joined as the sister taxon to the order Myxococcales.
Bootstrapping was performed using either 1126 alignable characters or 512

informative characters and using a 2:1 transversion:transition cost matrix. In the
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former case, the symbiont was grouped as a sister taxon to Myxococcales with a
bootstrap value (100 replicants) of 88%; in the later case, the value was 77%. RI and
ClI index values for the best tree were 0.40 and 0.38, respectively, for a tree containing
25 taxa with 2640 steps without the transition/transversion cost matrix. The length of
the tree using the transversion cost matrix was 3857 steps (Figure 5). An exhaustive
search (PAUP) using maximum parsimony with just E. coli, A. pyrophilus, and the 8-
subgroup Proteobacteria placed the symbiont in the same position neighboring the
myxobacteria (Figure 6).
In situ hybridization

Sponge tissue collected and fixed in the Philippines in 1998 was used for in
situ hybridization, following protocols outlined by Haygood and Davidson.25 The
following 5'-biotinylated probes were used: a universal bacterial probe (positive
control),?’ a random probe (negative control), 25 and a 1247r sequence-specific probe.
T. swinhoei tissue, stored in ethanol at 4 °C, was diced into small pieces
(approximately 2 mm?3) using a razor blade, and the pieces were placed in phosphate
buffered saline (PBS) solution (500 uL) in Eppendorf tubes. The PBS was removed,
then PBS-0.1% Tween-20 (500 pL) was added, and tissue was treated with Proteinase
K (4 pg) for 10 minutes. The digestion was quenched with 10% glycine solution (aq,
40 pL) and an additional 600 uL PBS-Tween. Afier removal of the solution, 4%
paraformaldehyde solution (500 pL) was added, and the tissue was refixed for 1 hour.
The solution was decanted, and triethanolamine solution (500 pL) was added and left
for five minutes. The solution was decanted, and triethanolamine solution (500 uL)
was added and left for 10 minutes, after which acetic anhydride (1.25 uL) was added.
After 10 minutes, a TEA/Ac,O solution was added and left for 10 more minutes. The

solution was decanted and rinsed in 500 uL. PBS-TWEEN 3 times for 10 minutes
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each. The tissue was then rinsed in the hybridization buffer (200 uL) briefly. The
solution was decanted, and an additional 200 uL of hybridization buffer was added
and heated to 55 °C for two hours. Each probe solution (8 pL of 50 ng/uL) was added
to tissue in separate tubes. The hybridization solutions were incubated at 43, 47, 50,
and 55 °C for 5 hours, after which time the solutions were decanted. Wash buffer 1
(see "solutions and media" section of this chapter) was briefly rinsed over each
sample, then decanted, then 500 pL of buffer 1 was incubated with each sample at the
hybridization temperature for 30 minutes. After decanting, wash buffer 2 (500 puL)
was added and left at 37 °C for 30 minutes and decanted. Samples were incubated
with wash buffer 3 at room temperature for 30 minutes. Signal was amplified using
the TSA GREEN-FISH kit,™26-27 following the maunfacturer's recommendations, and
the samples were crushed with a razor blade and mounted on glass slides using
Vectashield. ™ Samples were viewed by microscopy under epifluorescence. The
sample containing the filament-specific probe only hybridized with the filamentous
microorganisms and not other microbes in the samples at 47 °C and 50 °C, while
results were less clear at other temperatures. With the positive control probe, all
bacterial cell types fluoresced, while with the negative control probe only a dim
background fluorescence was visible. Best results were obtained with a six-hour
hybridization at 48.5 °C (Figure 7).
PCR using other sponge DNA

To test the specificity of the derived sequence, filament-specific primers were
used in PCR with several closely and distantly related lithistid sponge species.
Ethanol-preserved sponge tissue (7. swinhoei, Aciculites sp.) from the 1998
Philippines collection was processed using the QIAamp tissue kit.™ Voucher

specimens of lithistid sponges from the Philippines (Theonella swinhoei,
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Chondromyces crocatus
Nannocystis exedens

Stigmatella aurantiaca "Entotheonella palauensis”

Myxococcus xanthus

Pelobacter acetylenicus

Desulfovibrio baarsii

Desulfobacter postgatei

Escherichia coli Desulfovibrio desulfuricans

Aquifex pyrophilus

Figure 6. Cladogram of §-subdivision Proteobacteria using an exhaustive search.
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Figure 7. In situ hybridization. A) Fluorescence micrograph of unicellular bacteria,

universal probe (600x, left); B) Fluorescence micrograph of filamentous bacteria,
universal probe (1200x, right).

Figure 7. In situ hybridization. C) Light micrograph, “E. palauensis™-specific probe
(600x); D) Fluorescence micrograph, “E. palauensis”-specific probe (600x).
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Scleritoderma? sp., NCI 2302 and 2260) were also extracted using the QlAamp kit.
Although these voucher specimens were initially frozen, then stored in aqueous
methanol for 1-3 years, they appeared to have well preserved DNA based on gel
electrophoresis. The SSU rDNA of the samples was amplified using 27f-1492r
primers and previously described methods, then by reamplification with two primers
specific to the filamentous microorganism: 238f and 1247r. The PCR products were
sequenced primarily with the specific primers using the ABI-Prism Big Dye
Terminator™ kit and aligned as previously described. The ethanol-preserved T.
swinhoei specimen contained theonegramides, while the same species from the
voucher collection contained primarily theonellamides A and B. Aciculites sp.
contained mainly aciculitin B, while the Scleritoderma? sp. had other novel peptides
(work in progress). Only the T. swinhoei specimens' DNA was amplified using the
specific primers, and the resulting 729 bp sequences were each 1.9-2.7% different
from each other and from the previously described Palau sequence, with the
theonegramide sponge symbiont the most divergent (Table 1).
Culture experiments

Despite knowledge of the phylogeny and a hint of the specificity of symbiosis,
several major questions remain which could be answered by culturing the filamentous
symbionts. Metabolic requirements of the bacteria and possible exchange of nutrients
between sponge and microbes or between microbes themselves could be determined
with a pure culture of bacteria. Proof that the bacteria actually make the peptides
could also be obtained, and a pure culture would allow easier access to biosynthetic
genes responsible for peptide production. Finally, from the biotechnological
perspective, the methods of culturing these symbionts could serve as a model for a
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better, more economical source of natural products that could be applied to other,
more pharmaceutically important organisms.

In total, more than 100 different culture conditions were employed to grow the
filamentous symbionts of T. swinkoei. Based on the phylogenetic affiliations
proposed by previous authors!%:!2 and early BLAST search results for 16S sequence
data, several media combinations were tried. After the failure of those attempts, media
were based on guesses about environmental conditions on the inside of the sponges.

Previously, it was proposed that the filamentous symbionts could be
cyanobacteria or Beggiatoa sp., so Chu's No. 11 cyanobacterial medium and
Beggiatoa-Thiothrix medium recommended by Atlas and Parks28 were used in several
combinations. While cell growth (both numbers and types) in cyanobacterial medium
was highly variable because of different combinations of light/no light and nutrient
additions, a single species of bacteria appeared to grow in Beggiatoa medium. By
DGGE, the bacterium did not correspond to major representatives in the sponge tissue,
nor were any significant secondary metabolites observed by 'H NMR, so the culture
were not pursued further. No filamentous microorganisms were observed in either
medium.

The 16S rRNA sequence obtained from the filamentous microorganisms
indicated (by BLAST) that the symbionts may have been related to sulfate-reducing
bacteria or Pelobacter spp. Based on these BLAST results, Widdel's and Pelobacter
media29-30 were placed in Baich tubes, which were treated using standard anaerobic
techniques and closed with rubber stoppers and aluminum crimp seals. A piece of T.
swinhoei was collected at 8 m depth in Boracay Island, Philippines in 1998. The
sponge was placed in a plastic bag underwater and brought on deck in the tied plastic

bag. The sponge was immediately cut with a sterilized razor into pieces of varying
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size (0.5-4 cm length), and pieces were placed into numerous tubes with sterile
seawater or media for Beggiatoa, Pelobacter, or sulfate-reducing bacteria. Residual
oxygen was removed by addition of reductant (Na,S) by syringe after the sponge
tissue had been added to the tubes. The culture tubes were maintained at room
temperature until arrival at San Diego 3 days later, when they were incubated at 30 °C.
Transfer from sulfate-reducing bacterial media tubes eventually led to two cultures
that looked fairly clean, and a mixed culture of two cell types was obtained. By
DGGE, the media contained mainly two bacteria that matched major bands in the
whole sponge DNA lane. The ~350 bp DGGE sequences were identical to Vibrio
vulnificus and Desulfovibrio acrylicus in a BLAST search.

Finally, the filaments were cultured on agar plates with high and low nutrient
media (K-, Jno3; Js203, See “solutions and media” section and Table 2). To these
plates were added all possible combinations of reductant (20 pL of 20 mM Na,S/
CysNa), sodium silicate solution, and aqueous sponge extract, based on possible
environmental requirements for growth. Silicate (20 puL of 20 mM per plate) was
selected because the symbionts grow on the interior of a sponge with a silicate
skeleton, while sponge extract (20 uL per plate) was used because of a possible
symbiont requirement for a specific nutrient or signal from the sponge. The aqueous
sponge extract was prepared by stirring sliced pieces of frozen sponge tissue in
distilled water for about 30 minutes, centrifuging the liquid, then sterile filtering the
supernatant. The plates were incubated at 30 °C for 1 month, after which they were
checked for filamentous cell growth. Several plates had colonies containing cells
which looked like the filaments from natural sponge and seemed to be going through a
growth cycle (Figure 8). Filaments were only seen to grow on Jg,q; plates containing

sodium silicate and aqueous sponge extract. The filaments have not yet been shown to
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be genetically identical to the symbionts of 7. swinhoei, nor have they been found in
pure cultures.
PCR amplifications from other Theonellid sponges

Previously described methods were used to amplify SSU rDNA using the
symbiont-specific primers 238f and 1247r. The following samples were tested from
the NCI collection: 2167, 2178, 2208, 2309, 2336, and 2413. Preliminary data
indicate that some members of the genus Plakinalopha may contain symbionts that are
related to those in the 7. swinhoei specimens, but with sequences that are about 10%
divergent. However, more work is required to verify the new sequences and to probe
the extent of their occurrence.

Proposal of “Candidatus Entotheonella palauensis”

The filamentous microorganisms inhabiting T. swinhoei are morphologically
unusual, and they can be recognized by their co-occurrence with the sponge and with
peptides of the theonellamide class. In addition, the Palau filaments have a unique
16S rDNA sequence. For these reasons, I propose that the filamentous symbionts of
T. swinhoei from Palau be accorded a name under the designation Candidatus.

“Candidatus Entotheonella palauensis” [(5-Proteobacteria) NC; G-; F; NAS
(GenBank Number AF130847), oligonucleotide sequence complementary to the
unique region of 16S rRNA 5’-AAGTAGCGGCCCTTTGTC-3; S (Theonella
swinhoei, mesohyl); M]

Discussion

Sequence data from this analysis indicate that the bacterium, “Candidatus
Entotheonella palauensis”, previously shown to contain theopalauamide in the marine
sponge, Theonella swinhoei, is a novel 8-subdivision Proteobacteria, and the data are

consistent with a specific association between sponge and symbiont. Different
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chemotypes of T. swinhoei contain slightly different symbionts, even when sponges
were collected in the same area, showing that there is probably a strain-specific basis
for chemistry. The uniqueness of the sequence is shown by the complete absence of
closely related bacteria from databases and by the inability of specific primers to
amplify DNA from other sponges.

This project began with the idea that, if filamentous microorganisms can be
purified using physical separation techniques, it should be possible to directly
sequence the resulting enrichment. However, it was impossible to obtain
homogeneous fractions of bacteria without using fixatives, which were employed in
early chemical studies. Although the filamentous microorganisms appeared greatly
enriched (Figure 1), the first 12 cloned SSU rDNA genes examined all had different

sequences.

While cloning and sequencing of PCR products was first attempted with this
study, it was soon abandoned because of the number of clones and steps needed to get
a meaningful picture of the symbiosis. I chose instead to apply another commonly
used tool of environmental microbiology, denaturing gradient gel electrophoresis.3!
DGGE has the advantage that a rough estimate of major strains can be made by eye.
Bands can be prioritized for sequencing rather than sequencing all clones.
Unfortunately, it also only yields short (300-400 bps) fragments of DNA, meaning that
more sequence is required for a good phylogenetic study. Typically, the number of
base pairs required is thought to be about 1000. DGGE also suffers from the
formation of heteroduplexes of DNA, which add bands that do not correspond to
different bacteria. As an advantage, isolation of chimeric products is less worrisome,
since individual chimeras are probably never the major products of a single PCR
reaction.32 In this study, a majority sequence was clearly visible by DGGE of the
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filamentous bacterial preparations, and from this sequence a specific primer, 1247r,
was designed. In tandem with the 27f universal bacterial primer, most of the gene
(1335 bps) could be amplified from enriched filamentous DNA extracts, although this
only worked if the whole SSU rRNA gene had been previously amplified by 27f-
1492r universal primers. In addition, two specific primers were required to retrieve
the sequence from whole sponge extracts.

It was difficult to prove the sequence origin, since in situ hybridization33
experiments initially failed with positive, negative, or filament-specific probes.
Indeed, no signal was seen above background until fresh samples were obtained. Even
then, signal amplification was required for sufficient signal, despite over 10 attempts
with varying protocols. Others who have worked on Porifera have encountered
similar difficulties, especially with sponges containing a large amount of spicules.34
During the hybridization, several steps bear explanation. Whole sponge pieces were
used because dissociated sponge cells fell apart during centrifugation steps. The
proteinase K digestion of the cells was crucial, since it broke up the cell-wall proteins
and proteins surrounding the 16S rRNA, allowing the probe access to the
hybridization site. The acetic anhydride treatment was used to block remaining
cationic sites that could bind with the negatively charged DNA probe, and this step
had the added benefit that it further broke up sponge tissue. A temperature series was
used in the hybridization in order to optimize the specific annealing of the probes,
according to their melting temperatures with their RNA targets. All wash and rinse
steps were crucial to remove background noise, which was extensive in early
experiments with fewer wash steps. Using the described protocol, it was possible to
eliminate nearly all signal, but just enough was visible to be assured that the

hybridization was working, albeit at low intensity. Using the Tyramide Signal
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Amplification kit, excellent signal was observed, confirming the origin of the
sequence. With the TSA-Direct kit, biotinylated probe is hybridized to its target, and
then the samples are incubated with streptavidin-horseradish peroxidase, which binds
to biotin. Finally, tyramide-fluorescein is added, and the horseradish peroxidase reacts
with the tyramide to produce radicals, which bind to neighboring DNA. Because this
reaction repeats itself many times, an otherwise small signal can be greatly amplified,
up to 1000 times according to the manufacturer. A more realistic figure is probably
about 10 times, according to several studies using this method.2627 With the
symbiont-specific probe, only the filamentous microorganisms showed fluorescence
above background level.

Treeing the sequence was also time-consuming, since it was highly divergent
from its closest relatives. Using Phylip algorithms and a large number of bacterial
representatives, the sequence always fell close to myxobacteria, or at least within the
d-Proteobacteria, but when only 3-Proteobacteria were used, the sequence fell closer to
the outgroup. The more §-Protecbacterial sequences used, however, the more the
sequence tended to stay in that subdivision, and addition of myxobacterial sequences
especially strengthened the correlation. Placement of e-subdivision Proteobacteria in
the tree was problematic because this subdivision has SSU rRNA sequences that are
highly diverged from other Proteobacterial sequences. A more rigorous proof of
phylogeny was obtained by using the best neighbor Joining tree as a starting tree in
maximum parsimony and maximum likelihood searches in PAUP and MacClade,3
looking for the shortest tree and the best consistency index (CI) and retention index
(RI) values. Both CI and RI were relatively low (0.38 and 0.40, respectively), but they
are actually respectable considering the number of taxa (25) used in the tree. Other

studies have similar or lower values when this large a group was analyzed.23 These
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statistical values are used as indicators of the degree of homoplasy, or convergent
evolution of characters. Many DNA sequences have a high degree of homoplasy,
since characters can only be in one of 4 possible states. Therefore, an individual base
in a sequence has a high probability of representing a random change toward
convergence rather than an evolutionary step reflecting phylogeny. In addition,
bootstrap values indicate that the derived tree is correct. In bootstrapping, a
minimization of tree length is repeated a certain number of times (often 100) with a
different random sampling of the data set. The number of times that a certain taxon
falls beyond the same node in a tree despite random starting points indicates the
strength of the node. For instance, my sequence falls within the node containing the
myxobacteria 88% of the time, indicating that these sequences are grouped together in
88% of minimization experiments. This is somewhat analogous to minimization of
molecular structure by computer; whichever structures appear the greatest amount of
the time are selected by the computer as the probable model. The symbiont is not
closely related to known myxobacteria (only ~80% sequence identity), but the tree
shows that the symbiont and myxobacteria probably both descend from the same
ancestor within the 5-subdivision Proteobacteria. The possibility that these bacteria
are related to myxobacteria may seem controversial, since marine representatives from
this group are not well known. However, perhaps the first molecular evidence of
cultured marine myxobacteria was recently revealed,36 and indeed marine
myxobacteria have been studied previously in the course of dissertation research.37
Although the 16S sequence of “E. palauensis” is not very close to those of other
myxobacteria, it apparently has a complex life cycle, at least based on preliminary cell

culture experiments (Figure 7), somewhat reminiscent of the complex cycles of the
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myxobacteria.3¥ Myxobacteria are renowned for their production of complex,
bioactive secondary metabolites in culture.39

With a phylogenetic tree and proof of sequence in hand, the specific primers
were applied to other sponges. Two of the sponges were other 7. swinhoei samples
from the Philippines, which had theonegramide or theonellamides in place of
theopalauamide. These samples were different by about 1.9-2.7% both from each
other and from the “E. palauensis”, with the sequence from the theonegramide-
containing sample the most divergent. Sequence was not amplified from two sponges
outside the theonellid group. Thus, the slightly different chemicals found in the three
specimens are probably produced by three slightly different bacterial strains, although
preferably a larger number of sequences should be obtained to prove the correlation.
Conclusions and future prospects

The bacterial symbiont of T. swinhoei containing theopalauamide has a SSU
rDNA sequence about 20% different from its closest known relative, which is
consistent with the hypothesis that the sponge and symbiont have co-evolved. To
further prove the hypothesis, sponge sequences would have to be compared with the
bacterial sequences, and preferably a larger number of samples would have to be
analyzed. The symbiont is novel at least at the class level, and may constitute a new
order outside of myxobacteria (8-subdivision Proteobacteria). These results stand in
contrast to educated guesses based on morphology (i.e. Beggiatoa or cyanobacteria),
reinforcing the danger of over-interpreting phylogeny based on microscopy. Specific
PCR primers designed for this study amplified DNA sequences from only theonellid
sponges, further indicating a relationship based on sponge phylogeny, not on physical
characteristics of the sponges. With these primers, it will be possible to secure

relationships between symbionts in the entire theonellid family, and with less specific
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primers other sponges may also be probed. By comparing chemistry to sequence, it
will be possible to understand the chemotaxonomy of the bacteria and to propose
hypotheses on the origin of the metabolites. Thus, these biological studies will
eventually return to their chemical origins.

From the viewpoint of biotechnology, this research is most valuable because it
may lead to more economical sources for potential pharmaceuticals from marine
invertebrates. For instance, knowing the phylogeny of the symbiont could allow
appropriate expression vectors for the metabolites to be chosen, leading to production
of the compound in cultured transgenic microbes. Another possibility is that knowing
phylogeny could allow culture conditions to be selected to grow the actual symbionts
themselves. At least one other group of investigators has tried repeatedly to culture
the filaments from 7. swinhoei with no success, but they used a shotgun approach to
culturing.4?  To address the possibility that phylogeny could provide better culture
conditions, various media were tried based on the sequence and cell morphology.
While the filamentous microorganisms did not survive in the anaerobic conditions first
tried, other microbes thrived, including Vibrio vulnificus and Desulfovibrio acrylicus
that appeared by DGGE to make up a significant population within the sponge. Both
species are known to grow well in anaerobic conditions. Beggiatoa medium was also
used, based on an early idea that the bacteria may be sulfide oxidizers due to their
morphology. Later, we decided to try cyanobacterial media, with and without added
amino acids that make up theopalauamide. Unfortunately, these experiments failed,
but this was not surprising since the symbiont is only distantly related to known
groups.

In our most recent experiments, we abandoned the approach of following the

phylogeny and used low and high nutrient complex media fortified with various
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mixtures of silicate, reductant, and aqueous sponge extract chosen to imitate
conditions in the interior of 7. swinhoei. On one set of plates containing thiosulfate,
aqueous sponge extract, and silicate, we saw dividing filamentous microorganisms that
may be the symbiont, but they were not in pure culture and their identity was not
confirmed. The doubling time for these cells is apparently on the order of one month
under the current conditions, so it will take time to purify the cells and confirm that
they are indeed symbionts. Production of theopalauamide in pure culture, or using
probes for biosynthesis genes on the cultures, will prove that the symbionts make the
molecules. The rationale behind our final culture experiments has recently been

eloquently explained in Ward et al.:

Incongruity between plate counts and direct microscopic
counts or between populations sampled by culture or
molecular methods has led some investigators to the
opinion that many (most?) of the bacteria in natural
environments are “uncultivatable.” We think the more
likely explanation is our inability to understand and
reproduce the real microenvironmental niches defined by
physiochemical and also biotic features (e.g., in symbiotic
relationships) that influence naturally occurring bacteria.
Hence, we prefer the term “uncultivated,” which conveys
the more optimistic view that microbiologists will
eventually be able to more accurately reproduce the
features of natural microenvironments in the laboratory. 4!
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Figure 8. Light micrographs of reproducing filamentous microorganisms in culture
(600x).
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Solutions and Media

Paraformaldehyde: Add paraformaldehyde (8 g) to H,O (90 mL), and two drops of
NAOH and heat <60°C until dissolved. Adjust to a final volume of 100 mL.
Add MOPS (8.37 g) and NaCl (11.69 g) to 200 mL H,0, and mix 100 mL with
the paraformaldehyde solution.

PBS: Sodium phosphate (20 mM), pH = 7.4 in 0.15 M NaCl.

Triethanolamine: 0.1 M, pH = 8.0.

20 x SSC: NaCl (17.5 mg), trisodiumcitrate (88.5 g) in H,O (1 L) pH=74.
Denbhardt’s solution: Ficoll type 400 (200 mg), polyvinyl pyrrolidone (200 mg), bovine
serum albumen (200 mg), bring to 10 mL with H,O and filter sterilize.

Hybridization buffer (10 mL): deionized formamide (1 mL), 20 x SSC (2.5 mL),
Tween-20 (10 pL), 0.5 M EDTA (100 pL), Denhardt's solution (100 uL), RNA
(10 mg total), heparin (1 mg).

Wash buffer 1: formamide (5 mL), 20 x SSC (5 mL), 10% SDS (5 mL), H,0 (27.5
mL).

Wash buffer 2: formamide (5 mL), 20 x SSC (5 mL), H,O (35 mL), 10% SDS (SmL).

Wash buffer 3: formamide (5 mL), 20 x SSC (5 mL), H,O (40 mL), Tween-20 (50
puL).

Medium 1 (rich medium; K- medium): dd H,O (250 mL), natural seawater (750 mL),
yeast extract (500 mg), peptone (2 g), agar (15 g), Hepes buffer (20 mL).

Medium 2 (low-nutrient medium): 2 x artificial seawater (500 mL), dd H,O (500 mL),
8% NH,CI (1 mL), agar (15 g), IM Hepes pH = 7.7 (20 mL), vitamin mix (10
mL), IMKHCO; (2 mL), IM MnCl, (1 mL), 10% KH,PO, (0.1 mL), ferric
ammonium nitrate (3 pg/mL, 0.1 mL).

JNno3 medium: Medium 2 + 10% KNO, (5 mL).
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Jszo3 medium: Medium 2 + 10% 8203 (20 mL).
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Table 1. SSU rDNA sequence of “Entotheonella palauensis”, aligned with bacterial
sequences from theonellamide- and theonegramide-containing sponges (E. coli 20-

1398).

E.palauensis ¢
Theonellamides ¢
Theonegramide ¢

E.palauensis ¢
Theonellamides ¢
Theonegramide ¢

E.palauensis ¢
Theonellamides ¢
Theonegramide ¢

E.palauensis ¢
Theonellamides ¢
Theonegramide ¢

E.palauvensis ¢
Theonellamides ¢
Theonegramide ¢

E.palauensis ¢
Theonellamides ¢
Theonegramide ¢

E.palauensis ¢
Theonellamides ¢
Theonegramide ¢

20 40 60
TGGCTCAGAACGAACGCTGGCGGCGTGCTTAACACATGCAAGTCGAACGGGAAAGGCTGC

TGGCTCAGAACGAACGCTGGCGGCGTGCTTAACACATGCAAGTCGAACGGGAAAGGCTGC

80 100 120
TTCGGCGGCTGAGTAGAGTGGCGAACGGGTGCGTAACACGTGAGTAATCTGCCTCAGACC

TTCGGCGGCTGAGTAGAGTGGCGAACGGGTGCGTAACACGTGAGTAATCTGCCTCAGACC

140 160 180
CTGGGATAACATCTCGAAAGGGGTGCTAATACCGGATAGGTCGCTTGGGTGATGCCCAAG

CTGGGATAACATCTCGAAAGGGGTGCTAATACCGGATAGGTCGCTTGGGTGATGCCCAAG

200 220 240
CGGGAAAGGTTCGCCGGTCTGAGATGAGCTTGCGGCCCATTAGC TAGTTGGCGGGGTAAG

CGGGAAAGGTTCGCCGGTCTGAGATGAGCTTGCGGCCCATTAGCTAGTTGGCGGGGTAAG

260 280 300
CGCCCACCAAGGCGACGATGGGTAGCTGGTCTGAGAGGACGATCAGCCACACTGGCACTG

CGCCCACCAAGGCGACGATGGGTAGCTGGTCTGAGAGGACGATCAGCCACACTGGCACTG
GCCCACCAAGGCGACGATGGGTAGCTGGTCTGAGAGGACGATCAGCCACACTGGCACTG
GCCCACCAAGGCGACGATGGGTAGCTGGTCTGAGAGGACGATCAGCCACACTGGCACTG

320 340 360
AGACACGGGCCAGACTCCTACGGGAGGCAGCAGTGIGGAATTTTGCGCAATGGGCGAAAG

AGACACGGGCCAGACTCCTACGGGAGGCAGCAGTGGGGAATTTTGCGCAATGGGCGAAAG
AGACACGGGCCAGACTCCTACGGGAGGCAGCAGTGGGGAATTTTGCGCAATGGGCGAAAG
AGACACGGGCCAGACTCCTACGGGAGGCAGCAGTGAGGAATTTTGCGCAATGGGCGAAAG

380 400 420
CCTGACGCAGCAACGCCGCGTGAAGGATGAAGGC TRTCGIIGTCGTAAACTTCTGIICTGGG

CCTGACGCAGCAACGCCGCGTGAAGGATGAAGGCTCTCGAGTCGTAAACTTCTGTCTGGG
CCTGACGCAGCAACGCCGCGTGAAGGATGAAGGCTCTCGGGTCGTAAACTTCTGTCTGGG
CCTGACGCAGCAACGCCGCGTGAAGGATGAAGGCTTTCGAGTCG TAAACTTCTGRICTGGG
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Table 1. continued.

E.palauensis ¢
Theonellamides ¢
Theonegramide ¢

E.palauensis ¢
Theoneflamides ¢
Theonegramide ¢

E.palavensis ¢
Theonellamides ¢
Theonegramide ¢

E.palauensis ¢
Theoneflamides ¢
Theonegramide ¢

E.palauensis ¢
Theonellamides ¢

E.palavensis ¢
Theoneflamides ¢
Theonegramide ¢

E.palavensis ¢
Theonellamides ¢
Theonegramide ¢

440 460 480
GGAAAGATEEITGACGGTACCCCCAAAGIAAGCCCCGGCTAATTCCGTGCCAGCAGCCGCG

189

GGAAAGATGATGACGGTACCCCCAAAGCAAGCCCCGGCTAATTCCGTGCCAGCAGCCGCG
GGAAAGATGGTGACGGTACCCCCAAAGCAAGCCCCGGCTAATTCCGTGCCAGCAGCCGCS
GGAAAGATAATGACGGTACCCCCAAAGEAAGCCCCGGCTAATTCCGTGCCAGCAGCCGCS

500 520 540
GTAATACGGAAGGGGCAAGCGTTGTTCGGAATHATTGGGCPTAAAGGGCGTGTAGGCGGC

GTAATACGGAAGGGGCAAGCGTTGTTCGGAATTATTGGGCGTAAAGGGCGTGTAGGCGGE
GTAATACGGAAGGGGCAAGCGTTGTTCGGAATTATTGGGCG TAAAGGGCGTGTAGGCGGC
GTAATACGGAAGGGGCAAGCGTTGTTCGGAATCATTGGGCATAAAGGGCGTGTAGGCGGE

560 580 600
BTCATATGTCT GEGGTGAAAGHA TEICHGCTCAACHGATTAAGCCG TGGAAACTG TGEING

TTCATATGTCTGCGGTGAAAGGATGCGGCTCAACTGCATTAAGCCGTGGAAACTGTGGAG
CTCATATGTCTGCGGTGAAAGCATACAGCTCAACTGTATTAAGCCGTGGAAACTGTGAGG
TTCATATGTCTGRGG TGAAAGCATIICGGC TCAACHIGBATTAAGCCGTGGAAACTGTGGAG

620 640 660
CTTGAGGCTGGGAGGGGCTGGTGGAATTCCCTGTGTAGCGGTGAAATGCGTAGAGATGGG

CTTGAGGCTGGGAGGGGCTGG TGGAATTCCCTGTGTAGCGGTGAAATGCGTAGAGATGGG
CTTGAGGCTGGGAGGGGCTGG TGGAATTCCCTGTGTAGCGGTGAAATGCGTAGAGATGGG
CTTGAGGCTGGGAGGGGCTGG TGGAATTCCCTGTGTAGCGGTGAAATGCGTAGAGATGGG

680 700 720
@GAGAACACTCGT! GG@GMGGCGGCCAGCTGGACCAGTTC‘IIACGCT’AGRGCGMA

GGAGAACACTCGTGGGCGAAGGCGGCCAGCTGGACCAGTTCTGACGCTGTAGGCGCGAAA
GGAGAACACTCGTGG . CGAAGGCGGCCAGCTGGACCAGTTCTGACGCTA . AGGCGCGAAA
{GAGAACACTCGTGG . CGAAGGCGGCCAGCTGGACCAGTTCTAACGCTG. AGICGCGAAA

740 760 780
GCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGGGCACTA

GCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGGGCACTA
GCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGGGCACTA
GCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATCCGCACTA

800 820 840
GGTGTCGGCGGTTCTTAATCCGTCGGTGIICGGCGCTAACGCAGTAAGTGCCCCGCCTGEG

GGTGTCGGCGGTTCTTAATCCGTCGGTGTCGGCGCTAACGCAGTAAGTGCCCCGCCTGGG
GGTGTCGGCGGTTCTTAATCCGTCGGTGCCGGCGCTAACGCAGTAAGTGCCCCGCCTGGS
GGTGTCGGCGGTTCTTAATCCGTCGGTGCCGGCGCTAACGCAGTAAGTGCCCCGCCTGGE
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Table 1. continued.

E.palauensis ¢
Theonellamides ¢
Theonegramide 4

E.palavensis ¢
Theonellamides 4
Theonegramide ¢

E.palauensis ¢
Theonellamides ¢
Theonegramide ¢

E.palauensis ¢
Theonellamides ¢
Theonegramide ¢

E.palauensis ¢
Theonellamides ¢
Theonegramide ¢

E.palauensis ¢
Theonellamides ¢
Theonegramide ¢

E.palavensis ¢
Theoneliamides ¢
Theonegramide ¢

860 880 900
GAGTACGGTCGCAAGGCTGAAACTCAAACGAATTGACGGGGGCCCGCACAAGCGGTGGAG

GAGTACGGTCGCAAGGCTGAAACTCAAACGAATTGACGGGGGCCCGCACAAGCGGTGGAG
GAGTACGGTCGCAAGGCTGAAACTCAAACGAATTGACGGGGGCCCGCACAAGCGGTGGAG
GAGTACGGTCGCAAGGCTGAAACTCAAACGAATTGACGGGGGCCCGCACAAGCGGTGGAG

920 940 960
CATGTGGTTTAATTCGACGCAACGCGAAGAACCTTACCTAGGTTTGACATGRAINRICATS

CATGTGGTTTAATTCGACGCAACGCGAAGAACCTTACCTAGGTTTGACATGGATGGGACA
CATGTGGTTTAATTCGACGCAACGCGAAGAACCTTACCTAGGTTTGACATGCATAGGACA
CATGTGGTTTAATTCGACGCAACGCGAAGAACCTTACCTAGGTTTGACATGGACCAGATC

980 1000 1020
@CEIGGTGAAAGTCCGTCTTCCTTCGGGACCCATTCACAGGTGCTGCATGGCTGTCGTCAG

GCGGGTGAAAGTCCGTCTTCCTTCGGGACCCATTCACAGGTGCTGCATGGCTGTCGTCAG
GCCGGTGAAAG
BCCGGTGAAAG

1040 1060 1080
CTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGCCCTCTGTTGE

CTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGCCCTCTGTTGE

1100 1120 1140
TACCGGGTCAAGCCGGGCACTCTGAGGGGACTGCCTCGGTTAACGGGGAGGAAGGTGGGG

TACCGGGTCAAGCCGGGCACTCTGAGGGGACTGCCTCGGTTAACGGGGAGGAAGGTGGGG

1160 1180 1200
ATGACGTCAAGTCCTCATGGCCTTTATGCCTAGGGCTACACACGTGCTACAATGGTCAGG

ATGACGTCAAGTCCTCATGGCCTTTATGCCTAGGGCTACACACGYGCTACAATGGTCAGG

1220 1240 1260
ACAAAGGGCCGCTACTTCGCAAGGAGACGCCAATCCCAAAAACCTGGCCCCAGTTCGGAT

ACAAAGGGCCGCTACTTCGCAAGGAGACGCCAATCCCAAAAACCTGGCCCCAGTTCGCAT
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Table 1. continued.

1280 1300 1320
GGTCGGCTGCAACTCGTCGGCTTGAAGCTGGAATCGCTAGTAATCGGAGATCAGCACGCT

E.palavensis ¢ GGTCGGCTGCAACTCGTCGGCTTGAAGCTGGAATCGCTAGTAATCGGAGATCAGCACGCT
Theonellamides ¢
Theonegramide ¢

E.palauensis ¢ CCGGTGAATACGTTCCCGGGCCTTGTAC

1340 1360 1380
CCGGTGAATACGTTCCCGGGCCTTGTAC

A

Theonellamides ¢
Theonegramide ¢
Code Key:
A =adenosine S=G/C
C = cytidine W=A/T
G = guanine B=G/T/C
T =thymidine D =G/A/T
R=G/A H=A/C/T
Y=T/C V=G/C/A
K=GT N=A/G/C/T
M=A/C - = gap
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