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Abstract
A collection of Lyngbya bouillonii from Palmyra Atoll in the Central Pacific, a site several
thousand kilometers distant from all previous collections of this chemically prolific species of
cyanobacterium, was found to contain two new cancer cell cytotoxins of the apratoxin family. The
structures of the new compounds, apratoxins F and G, were determined by 1-D and 2-D NMR
techniques in combination with mass spectrometric methods. Stereochemistry was explored using
chromatographic analyses of the hydrolytically released fragments in combination with NMR and
optical rotation comparisons with known members of the apratoxin family. Apratoxins F and G
add fresh insights into the SAR of this family because they incorporate an N-methyl alanine
residue at a position where all prior apratoxins have possessed a proline unit, yet they retain high
potency as cytotoxins to H-460 cancer cells with IC50 values of 2 and 14 nM, respectively.
Additional assays using zone inhibition of cancer cells and clonogenic cells give a comparison of
the activities of apratoxin F to apratoxin A. Additionally, the clonogenic studies in combination
with MTD studies provided insights as to dosing schedules that should be used for in vivo studies,
and preliminary in vivo evaluation validated the predicted in vivo efficacy for apratoxin A. These
new apratoxins are illustrative of a mechanism, the modification of an NRPS adenylation domain
specificity pocket, for evolving a biosynthetic pathway so as to diversify the suite of expressed
secondary metabolites.
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Introduction
Modular NRPS and PKS biosynthetic pathways are especially well suited to pathway
diversification in that small changes in one module can incrementally modify appendages on
a structural framework,[1] a logic of structural exploration familiar from the fields of
medicinal and combinatorial chemistry. Marine cyanobacteria are especially well endowed
with these types of modular biosynthetic pathways which they employ to produce a rich
arsenal of bioactive secondary metabolites.[2,3] For example, the apratoxin family of
depsipeptides are exquisitely potent cytotoxins with the parent structure, apratoxin A (1),
showing subnanomolar cytotoxicity to several different cancer cell lines in vitro.[4]

Unfortunately, in evaluating apratoxin A for in vivo anticancer activity, it showed limited or
no activity against tumors (colon and breast) at sub-lethal doses, and at higher doses, animal
toxicity and weight loss were observed.[4] As discussed here, this lack of therapeutic
efficacy could be a consequence of a non-optimal dosing schedule.

Two additional apratoxins B (2) and C (3), simple desmethyl analogs of apratoxin A, were
subsequently isolated from collections of Lyngbya sp. made in Guam and Palau in 2002,[5]

and in 2008, our group reported apratoxin D (4) from collections of Lyngbya sordida and
Lyngbya majuscula along with apratoxins A-C from a collection of Lyngbya bouillonii
made in Papua New Guinea.[6] This fourth apratoxin analog, apratoxin D, possessed a new
carbon skeleton which appears to result from an additional PKS element in the biosynthetic
pathway. Also in 2008, the Luesch group reported apratoxin E (5) from a collection of
Lyngbya bouillonii made in Guam, an analog with several changes to the decorated structure
of apratoxin A.[7]

Due to the potent cytotoxic activity, anticancer potential, and novel carbon skeleton of
apratoxin A, several total syntheses have been reported.[8–12] Several of these efforts have
focused on production of analogs so as to develop further structure activity relationship
(SAR) knowledge in this metabolite class.[9–15] To date, these investigations, coupled with
the reported natural products apratoxins A–E (1–5) and our report here of apratoxins F (6)
and G (7), indicate that several disparate regions of the molecule are important for maximal
biological activity, however, that the connected lower regions from C-39 to the t-butyl
terminus and C-1 to C-5 are more tolerant of structural changes (Scheme 1).

A functional genomics approach was used to gain an initial understanding of the mechanism
of action of apratoxin A, and revealed that the drug induces a G1-phase cell cycle arrest and
apoptosis via interaction with STAT3 and FGFR signaling.[16] Further studies determined
that the inhibition of STAT phosphorylation is caused by down regulation of an IL-6
transducer and several cancer specific receptor tyrosine kinases. These alterations result in
prevention of the translocation of several proteins involved in the secretory pathway and is
reversible in normal cells but not in cancer cells.[17] Interestingly, a separate study showed
that the oxazoline analog of apratoxin A interacts with Hsp90, a well known and important
cancer cell target.[18]

The combination of potent cytotoxic activity with selectivity for cancer cells, a unique
mechanism of action, and a novel structural framework, make the apratoxins an exciting
molecular class for potential development as chemotherapeutic agents. Thus, the
characterization of new naturally occurring apratoxins which further refine SAR in this
molecular class is important. Moreover, as the biosynthesis of the apratoxins becomes
clarified, it is insightful to consider how the pathway has evolved to produce and modulate
the unique structural features present in the different apratoxins.[19] Principal among these is
a tertiary butyl group as the presumed starter group for the entire pathway, a completely
reduced beta-branch carbon similar to that found in the curacins and jamaicamides,[20] an
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interdigitated NRPS/PKS architecture, and a 25-membered ring presumably produced
concurrent to off-loading from an NRPS catalyst. With the possibility of isolating new
active analogs of the apratoxin structural class we collected samples of Lyngbya bouillonii
from Palmyra Atoll, a site more than 3200 km from all prior collections of the
cyanobacterium. Indeed, upon cancer cell toxicity guided isolation and spectrochemical
structure elucidation, this geographically distant sample of Lyngbya bouillonii yielded two
novel and highly bioactive natural products in this structure class, apratoxins F (6) and G
(7), which we report herein.

Results and Discussion
Palmyra Atoll, approximately 1500 km south-southwest of Honolulu, is an unincorporated
territory of the United States that is jointly overseen by the Fish and Wildlife Service, The
Nature Conservancy, and a Palmyra Atoll Research Consortium (PARC).(http://
www.palmyraresearch.org/) Its remote location as one of the northernmost Line Islands
contributes to its rich abundance of aquatic wildlife. In 2008, we collected tube-like colonies
of the deep red-pigmented cyanobacterium Lyngbya bouillonii (collection code PAL08-16)
from reefs 9–15 m deep.[21] Elsewhere in the South and Indo Pacific regions (e.g. Papua
New Guinea), L. bouillonii appears more as a sheet-like morphology; however, in both cases
the snapping shrimp (Alpheus cf. frontalis) lives in association with the cyanobacterium and
is believed responsible for the overt appearance of these colonies. Microscopically, the
cyanobacterial filaments were long (1–3 cm), cylindrical, reddish, and slightly waved. The
filaments were 26.3 ± 2.3 μm (n = 3) wide and were enclosed with thick and distinct
sheaths. Several of the filaments contained hormogonia separated by necridic cells. The
vegetative cells were discoid, but relatively long [7.4 ± 1.3 μm long; 24.5 ± 1.8 μm wide;
cell width/length ratio = 0.3 (n = 30)]. The vegetative cells were evenly granulated and their
cross-walls were distinctly constricted. The terminal cells were rounded and lacked calyptras
or thickened cell walls. The cyanobacterium was collected by hand and preserved in EtOH
at low temperature until extraction with CH2Cl2/MeOH. The extract was subjected to H-460
cancer cell bioassay guided isolation using first NP Vacuum Liquid Chromatography
followed by two rounds of RP-HPLC, and yielded 6 and 7 as the active constituents.

By a combination of LC-ESI-MS (obs. [M+H]+ m/z 828.30) and HR-ESIMS (obs. [M+Na]
+ m/z 850.4800), the molecular formula of apratoxin F (6) was determined as
C44H69N5O8S, hence differing from apratoxin A (1) by a single carbon atom and therefore
of one less degree of unsaturation. A series of diagnostic NMR signals were highly similar
to those reported for apratoxin A (1).[4] Notably, all resonances for the two polyketide chain
sections of apratoxin A, including the signature t-butyl group, were present with minimal
chemical shift differences in the spectrum of 6 (Figure 1). The spin systems and
associated 1H and 13C NMR resonances for four of the five amino acids of apratoxin A,
namely Cys(thiazoline), O-methyl tyrosine, N-methyl alanine, and N-methyl isoleucine,
were also nearly identical to those in apratoxin F. Hence, our structure elucidation efforts
focused on identification of the final amino acid residue in all cases heretofore, present as an
L-proline residue. Unlike 1, compound 6 possessed a deshielded alpha proton at δ4.47
which was a quartet (J = 7.5 Hz) and coupled exclusively to a doublet methyl group at
δ1.44. HMBC from the alpha proton at δ4.47 also identified an associated carbonyl at
δ173.6. A distinctive N-methyl group was located at δ3.27 and also showed HMBC
correlations to the α-carbon (δ54.4) of this residue, thus defining a second N-methyl alanine
residue in apratoxin F. Finally, the position of this new residue as a replacement for the
proline in apratoxin A was shown by HMBC between the α-hydroxy proton at C-39 (δ4.88)
and the carbonyl of this second N-Me Ala residue. Similarly, inter-residue HMBC
correlations between α-protons and amide carbonyls were used to show an identical linkage
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between the other residues in 6 to those in 1, and thus completed the planar structure of this
new member of the apratoxin family (Table 1).

By a combination of LC-ESI-MS (obs. [M+H]+ m/z 814.30) and HR-ESIMS (obs. [M+H]+
m/z 814.4782), the molecular formula of apratoxin G (7) was determined as C43H67N5O8S,
hence differing from apratoxin F (6) by a single methylene unit. In a similar manner to 6, the
spin systems and associated 1H and 13C NMR resonances for four of the five amino acids of
6, namely Cys(thiazoline), O-methyl tyrosine, and two N-methyl alanines were also nearly
identical in 7. The final residue was shown to be N-Me-Val by the presence of doublet
methyl signals at δ0.72 and δ0.95 and the loss of the doublet signal at δ0.92 along with the
multiplet signals at δ0.96, and δ1.3. This change from N-Me-Ile to N-Me-Val accounts for
the reduction by a CH2 in the molecular formula determined by HR-MS. Linkage of the
amino acid residues was confirmed to be identical to previous apratoxins based on HMBC
correlations.

Configurations of compounds 6 and 7 was determined using a combination of techniques,
including 1H and 13C NMR chemical shift comparisons with the known apratoxins, acid
hydrolysis followed by Marfey’s analysis, and overall optical rotation. First, the relative
configuration of the comparable chiral centers around the macrocyclic ring could be
assigned as the same as in apratoxin A based of the similarity of 1H and 13C NMR chemical
shifts and coupling constants (see Supporting Information). Acid hydrolysis of both
apratoxins F (6) and G (7) followed by Marfey’s analysis confirmed the presence and
stereochemistry of the three amino acids present in both compounds. Fragments from 6
showed retention times of 22.54, 32.51, 34.60 with masses corresponding to N-Me-Ala, O-
Me-Tyr and N-Me-Ile, respectively. By contrast, fragments from 7 showed retention times
of 22.57, 31.36, and 32.53 with masses corresponding to N-Me-Ala, N-Me-Val and O-Me-
Tyr, respectively. Pure samples of the constituent amino acids where derivatized and
analyzed in the same manner with retention times of: D-O-Me-Tyr (28.00 min), L-O-Me-
Tyr (32.57 min), D-N-Me-Ala (21.85 min), L-N-Me-Ala (22.15 min), D-N-Me-Ile (30.05
min), D-allo-N-Me-Ile (30.40 min), L-N-Me-Ile (34.59 min), L-allo-N-Me-Ile (34.95 min),
D-N-Me-Val (27.34 min), L-N-Me-Val (31.31 min). By this analysis, 6 was shown to
contain L-N-Me-Ala, L-O-Me-Tyr, and L-N-Me-Ile while 7 was shown to contain L-N-Me-
Ala, L-O-Me-Tyr, and L-N-Me-Val. Finally, because the optical rotations of 6 and 7 are
both large and negative (6, [α]D -249; 7, [α]D -206) and the optical rotation of apratoxin A
(1) is of similar sign and magnitude ([α]D -161), they are likely all of the same enantiomeric
series.

As a result of this bioassay guided isolation process, two new apratoxins were identified as
the major cancer cell and brine shrimp toxins of this Palmyra collection of L. bouillonii. In
the brine shrimp toxicity assay[22] extract fraction H, containing 6 and 7, showed 98%
toxicity at 1 ppm. In the H-460 cancer cell assay,[23] the IC50 value for apratoxin F was 2
nM and for apratoxin G was 14 nM, respectively. For HCT-116 cells, the IC50 values for
apratoxin A was 1 ng/ml (1.21 nM) and for apratoxin F was 31 ng/ml (36.7 nM). There was
insufficient apratoxin G to test against HCT-116, however, it was less potent that apratoxin
F as a mixture of apratoxin F and G yielded an IC50 value of 120 ng/mL against HCT-116
cells.

Zone inhibition disc assays were conducted with 1 and 6 as previously described[24] against
an array of cancer cell lines and a normal cell line (Table 2). For comparable zones,
apratoxin F was about 10-fold less potent than for apratoxin A, however, both demonstrated
solid tumor selectivity against both human tumor cell lines, HCT-116 and H125. Selectivity
is noted by a zone differential ≥250 units between the solid tumor and leukemia (CEM)
cells.
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A clonogenic concentration-survival study was conducted for 1 and 6 to both define the
effect of exposure duration on cytotoxicity and to provide a guide for determining the most
effective dose schedule for therapeutic assessment.[24] The clonogenic survival of HCT-116
cells was determined at three different exposure durations: 2 h, 24 h, and continuous (168 h
or 7 day), as a function of drug concentration. (Figure 1). The concentration for an exposure
duration (t) that yields a surviving fraction of 10% (tS10) was determined: 2S10 and 24S10 for
both apratoxin A (Figure 1A) and apratoxin F (Figure 1B) ≫ 1.2 μM. For 168S10 the values
were 1.6 and 30 nM, respectively. These results indicate that in order to observe a
therapeutic effect with HCT-116 cells in vivo, the concentration of these apratoxins would
have to be maintained chronically above either 1.6 or 30 nM, respectively.

A preliminary value for the maximum tolerated dose for apratoxin A in C57Bl/6 mice was
found to be between 12.5 μg and 25 μg per mouse daily for 5 days. This dose of 12.5 μg per
mouse was then used to perform a study of the therapeutic efficacy of apratoxin A for
HCT-116 human colon cancer in SCID mice. The results in Figure 2 show that the tumor in
untreated mice becomes detectable about 8 days after implantation and progressively
increases in size from that point on until they were sacrificed, at which time the tumor
reached 1,000 mm3. Treatment with 12.5 μg apratoxin A per mouse daily for 5 days
beginning on day 0 (3 days after subcutaneous tumor implantation) significantly slowed the
rate of tumor size increase. The size of tumors in the treated mice was only 20% of that of
the control mice at 22 days (T/C =20%), and is considered to be a good level of therapeutic
effectiveness. Unfortunately, four out of the five tumor bearing mice died from drug toxicity
at the time points indicated by stars in figure 2.

As noted above, a previous evaluation using a single bolus injection of the maximum
tolerated dose of apratoxin A (1) in conventional mice bearing syngeneic solid tumors
demonstrated little or no therapeutic effect.[4] In our preliminary studies with synthetic
apratoxin A using conventional mice, we obtained a similar MTD with the daily x 5
schedule as with the bolus schedule. When we used this dose in SCID mice bearing human
tumors and a daily x 5 schedule, we obtained a significant therapeutic effect; however, we
also observed significant toxicity. This is not unusual as we have previously shown that
SCID mice are more sensitive to a number of chemotherapeutic agents compared to
conventional mice[25]; apparently this is also the case for apratoxin A. Regardless, a
therapeutic effect was noted against HCT-116 human colon cancer in SCID mice at a dose
and schedule of apratoxin A (1) that is achievable at or below the MTD in conventional
mice, hence validating the predictions from our clonogenic assay.

Current understanding of the SAR of the apratoxin family results from data obtained for
both the natural products as well as synthetic and semi-synthetic analogs (Figure 3). Briefly,
compared to apratoxin A (1), apratoxin B (2) lacks the isoleucine N-methyl group (30 to 40-
fold loss), apratoxin C (3) possesses an isopropyl starter unit (2-fold loss), (E)-34,35-
dehydro-apratoxin A is a semi-synthetic derivative of apratoxin A, (72-230 fold loss),
apratoxin D (4) has an extended t-butyl starter unit (roughly equivalent activity), and
apratoxin E (5) has three modifications including a (Z)-34,35-dehydration, loss of the C-28
methyl group and saturation of the C-28/29 bond (only a modest loss of activity). From
synthetic approaches, it was discovered that replacement of the sulfur in the thiazole ring
with an oxygen to create an oxazole was tolerated,[11] a modification which may facilitate
the production of a library of oxoapratoxin analogs by solid phase total synthesis.[15] The
C-37 methyl group in the polyketide section has been shown to be required, and that its
stereochemistry is important to the biological activity.[7] While the C-34 methyl group has
also been examined by synthetic approaches, the biological effect of alterations in its
configuration has not yet been reported.[12]
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Hence, apratoxins F (6) and G (7) are the first apratoxin analogs to probe the biological
consequence of modifications in the peptidic portion of the apratoxin skeleton, specifically,
the biosynthetically-terminating proline residue. Somewhat remarkably, despite the fact that
all natural and synthetic analogs reported to date possess a proline residue at this position,
these new apratoxins reveal that this is not a required feature of the molecule. A
consequence of this replacement in 6 and 7 is a loss of rigidity in the lower section of the
molecule, thus allowing for some greater conformational flexibility in these new analogs.
Additionally, 7 shows that exchange of the N-methyl isoleucine with an N-methyl valine
causes a 7-fold reduction in activity compared to 6. Overall, a picture is beginning to emerge
wherein features of the Eastern and Northern portions of the molecule are quite critical for
activity, while the Southern section seems quite tolerant of change. Except for modifications
to the fourth amino acid residue, the Western quadrant is little explored for its SAR features
to date.

The biosynthesis of the apratoxins is predicted to be initiated by a polyketide synthase
(PKS1) section which transitions into the NRPS-encoded amino acid portion (AA1 to AA5),
interrupted by one short PKS module (PKS2), and terminates with a cyclization to form the
final product.[19] Previously reported apratoxin analogues appear to result from altered
methylation patterns (Apr B and C), alterations in the number of PKS modules (Apr D), or
modifications to the PKS optional domains (Apr E). (Scheme 1) By contrast, the variations
in amino acid composition that are represented by apratoxins F and G result from either
alterations in the adenylation domains present in the NRPS genes, or promiscuity in the
selected substrate by two of these adenylation domains.[26] For example, the geometrical
constraints present in the adenylation specificity pockets encoding for Ile and Val are
relatively similar,[27] and lack of substrate discrimination may explain this substitution in the
penultimate residue of apratoxin F and G (AA 4). On the other hand, a substantial change in
the amino acid residues at several positions is required to explain the conversion of a proline
encoding A-domain specificity pocket into that specifying for an alanine residue.[28]

Moreover, the apratoxin F and G pathways incorporate an N-methyl group at this terminal
residue position; either this is a newly incorporated enzymatic feature in this final module,
or it is present but not functional in the apratoxin A pathway due to adenylation specificity
for proline. Thus, it appears that this terminal portion of the apratoxin pathway has been
modified to the greatest degree when comparing these two geographically divergent
populations of L. bouillonii. Sequencing of this section of the biosynthetic clusters encoding
for apratoxin A and F would be informative as to whether these modifications have arisen
through mutations to this section of the cluster, through A-domain swapping via horizontal
gene transfer and recombination events, and whether the N-methyl transferase is present in
both pathways but only functional in those encoding for apratoxin F and G biosynthesis.
Ultimately, comparison of these clusters will give keen insight into the evolution and
diversification of this family of metabolites.

To gain some initial insight into the phylogenetic relationships of these different apratoxin-
producing strains of L. bouillonii, a tree based on the SSU (16S) rRNA gene revealed a
shared evolutionary history with other marine Lyngbya species (Figure 4) and, thus,
supported the morphology-based taxonomic characterization above. (For a more detailed
phylogenetic tree refer to supporting information) However, two different copies of the 16S
rRNA gene were obtained from the apratoxin F and G producer, with 0.3% sequence
divergence between the two copies. Secondary structure modelling pinpointed the nucleotide
substitutions between these two copies as compensatory base changes (CBC) positioned at
lagging helix strands of the RNA molecules. Based on the conserved nature of the RNA
molecule the gene variations were assumed to correspond to different ribosomal operons in
the Lyngbya genome.[29]
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To gain further insight into the phylogenetic differences between this new chemotype and
other apratoxin-producing L. bouillonii strains, a multi locus sequencing typing (MLST)
comparison was performed with an apratoxin A-C producer from Papua New Guinea. Three
common house-keeping genes composed of: (i) the 16S rRNA gene, (ii) the 16S-23S
internal transcribed spacer (ITS) intergenic region, (iii) and the RNA polymerase γ-subunit
(rpoC1) encoded gene were analyzed. Phylogenetic- and BLAST-analysis of each house-
keeping gene supported the overall phylogenetic relatedness obtained from the 16S rRNA
gene. (Figure 4) In accordance with the ribosomal genes, the 16S–23S ITS-regions were also
obtained in two variable copies per genome. The four ITS-regions shared an average gene
sequence identity of 89.7% within the genomes and 90.5% between the two apratoxin
chemotypes. The rpoC1 gene was only found as a single-copy gene when sequencing four
clones per gene library. The rpoC1 gene varied with 3.2% between the two L. bouillonii
chemotypes. Unfortunately, there are an insufficient number of rpoC1 gene sequences in
public data bases to fully explore the evolutionary histories and relationships between these
different apratoxin-producers, but this gene robustly distinguishes these two strains from one
another. Therefore, for future comparisons we strongly encourage the description of novel
cyanobacterial chemotypes by multiple house-keeping genes, especially those influenced by
different evolutionary pressures and structural constraints, such as RNA-encoded genes,
protein-encoded genes, and intergenic regions.

Conclusion
In conclusion, apratoxins F and G represent two highly interesting analogs of the apratoxin
family for a variety of reasons. They are the first analogs which posses significant alterations
of the amino acid composition in the peptidic portion of the apratoxin skeleton. Secondly,
these new apratoxins retain potent cancer cell cytotoxicity despite these alterations in
constituent amino acids, thus revealing a previously unrecognized site of potential structural
tolerance in the apratoxin family of cancer cell toxins. Thirdly, the producing organism was
collected from a location very distant from previous collections of L. bouillonii, and there
was no evidence of any of the other known apratoxin analogs present in its extracts. Thus, it
appears that the apratoxin biosynthetic gene cluster has evolved between these two
geographically distinct populations of Lyngbya bouillonii, presumably in response to
differing environmental pressures, so as to diversify the suite of its cytotoxic natural
products. Finally, our demonstration of in vivo antitumor effects for apratoxin A (1)
validates our in vitro clonogenic assay approach to drug dosing, and enhances interest in the
apratoxins as antineoplastic drug lead.

Experimental Section
General Experimental Procedures

Optical rotations were measured with a JASCO P-2000 polarimeter. UV spectra were
measured on a Beckman Coulter DU-800 spectrophotometer while IR spectra were recorded
on a Nicolet IR 100 FT-IR spectrophotometer. NMR spectra were acquired on a Varian
Inova 600 MHz spectrometer and referenced to residual solvent 1H and 13C signals (δH
7.26, δC 77.0 for CDCl3). Low-resolution ESI-MS were acquired on a Finnigan LCQ
Advantage Max mass spectrometer, while high-accuracy mass measurements were obtained
on an Agilent ESI-TOF mass spectrometer. Purification of the compounds was carried out
on a Waters HPLC system equipped with a Waters 515 binary pump and a Waters 996 PDA
detector.
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Biological Material Collection and Identification
The marine cyanobacterium Lyngbya bouillonii PAL08-16 was collected from a depth of 9–
15 m from Palmyra Atoll (N 05°52.021, W 162°03.262) using SCUBA. The samples were
stored in 1:1 EtOH/H2O and frozen at −20 °C. Specimens for genetic analysis (~200 mg)
were preserved in RNAlater® (10 mL) (Ambion Inc., Austin, TX, USA). A voucher
specimen is available from WHG as collection number PAL 08-16-08-3.

Morphological Characterization
Morphological characterizations were performed using an Olympus IX51 epifluorescent
microscope (100X) equipped with an Olympus U-CMAD3 camera. Measurements were
provided as: mean ± standard deviation (SD). The filament means were the average of three
filament measurements and cell measurements the average of ten adjacent cells of three
filaments. Taxonomic identification of cyanobacterial specimens was performed in
accordance with modern taxonomic systems.[30, 31]

DNA Extraction, PCR and Cloning
Genomic DNA was extracted from ~40 mg of cleaned cyanobacterial filaments using the
Wizard® Genomic DNA Purification Kit (Promega) following the manufacturer’s
specifications. The isolated DNA was further purified using a Genomic-tip 20/G kit
(Qiagen). DNA concentration and purity was measured on a DU® 800 spectrophotometer
(Beckman Coulter) at a 1:10 dilution. The 16S rRNA genes were PCR-amplified using the
cyanobacterial-specific primers 106F and 1509R,[32] the rpoC1 genes using the degenerate
primers LrpoC1-F and LrpoC1-R,[29] and the 16S-23 ITS region using 320–340 primers.[33]

The PCR reaction volumes were 25 μL containing DNA (0.5 μL, ~50 ng), 10 x PfuUltra IV
reaction buffer (2.5 μL), dNTP mix (0.5 μL, 25 mM)), each primer (0.5 μL, 10 μM),
PfuUltra IV fusion HS DNA polymerase (0.5 μL) and dH2O (20.5 μL). The PCR reactions
were performed in an Eppendorf® Mastercycler® gradient as follows: initial denaturation for
2 min at 95°C, 25 cycles of amplification: 20 sec at 95°C, 20 sec at 50°C and 1.5 min at
72°C, and final elongation for 3 min at 72°C. PCR-products were analyzed on a (1%)
agarose-gel in SB-buffer and visualized by EtBr-staining. PCR products were subcloned
using the Zero Blunt® TOPO® PCR Cloning Kit (Invitrogen) into the pCR®-Blunt IV
TOPO® vector, and then transformed into TOPO® cells and cultured on LB-kanamycin
plates. Plasmid DNA was isolated using the QIAprep® Spin Miniprep Kit (Qiagen) and
sequenced with M13F/M13R primers. Sequencing of the 16S rRNA genes’ middle regions
were improved using the internal primers 359F and 781R.[32] The gene sequences are
available in the DDBJ/EMBL/GenBank databases under the following acc. No.: 16S rRNA
gene (rrn A: GU111927; rrn B: GU182894), rpoC1 (GU111928), and 16S-23 ITS (rrn A:
GU111929; rrn B: GU111926).

Phylogenetic Inference
All gene sequences were aligned using ClustalW XXL in MEGA 4.0 with standard gap
opening and extension penalties without gaps.[34] The secondary RNA structures were
predicted by CLC Combined Workbench 3.5.2 (CLC bio, Cambridge, MA, USA). Mutation
types and domains of the 16S rRNA genes were determined by superimposing their
secondary structures on the SSU model for Escherichia coli J01695.[35] The evolutionary
histories of the cyanobacterial genes were inferred using Maximum likelihood (ML),
Maximum Parsimony (MP) and Bayesian inference algorithms. Appropriate nucleotide
substitution models were selected using Akaike information criterion (AIC) and Bayesian
information criterion (BIC) in Modeltest 3.7.[36] The Maximum likelihood (ML) inference
was performed using PhyML v2.4.4.[37] The analysis was run using the GTR+I+G model
(selected by AIC and BIC criteria) assuming a heterogeneous substitution rates and gamma
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substitution of variable sites (proportion of invariable sites (pINV) = 0.419, shape parameter
(α) = 0.414, number of rate categories = 4). Bootstrap resampling was performed on 500
replicates. Bayesian analysis was conducted using MrBayes 3.1.[38] The Bayesian inference
was performed using the GTR+I+G substitution model (pINV = 0.450, α = 0.449, number
of rate categories = 4) with Markov chains (one cold and three heated) ran for 3,000,000
generations. The first 25% were discarded as burn-in and the following data set were being
sampled with a frequency of every 100 generations. The MP inference was run using the
Maximum Composite Likelihood method. The MP tree was searched using the Close-
Neighbor-Interchange (CNI) algorithm at a search level of 1.[39] All positions containing
gaps and missing data were eliminated from the dataset (Complete deletion option) for a
total of 1372 bp (~95% of the gene coverage).

Extraction and Isolation
L. bouillonii 142.9 g (dry wt) was extracted five times with 2:1 CH2Cl2/MeOH and
concentrated to dryness in vacuo to give 4.3 g of crude extract. A portion of the crude
extract (2.6 g) was subjected to VLC chromatography using a gradient of 0–100% EtOAc in
hexanes followed by 0–100% gradient of MeOH in EtOAc to yield nine fractions (A–I).
Fraction G [eluted with 100% EtOAc (21.7 mg)], Fraction H [eluted with 50% MeOH in
EtOAc (170.4 mg)], and Fraction I [eluted with 100% MeOH (377.7 mg)] showed potent
toxicity against brine shrimp and H-460 lung cancer cells. A portion of fraction H (31.5 mg)
was further purified by sequential isocratic RP HPLCs [100% MeOH (Synergi 10u Fusion
RP 250×10; 2 mL/min) followed by 85:15 CH3CN/H20 (Synergi Fusion 4μ; 2 mL/min)] to
give 6.6 mg of apratoxin F and 0.4 mg of apratoxin G as amorphous powders.

Apratoxin F (6): amorphous powder [α]D = −250 (c 0.33, CH3CN); UV (MeOH) λmax (log
ε) 204 (6.52), 226 (6.33), 282 (5.27) nm; IR (film) ν max 3423 (br), 2963, 1740, 1621,
1511, 1460, 1387, 1247, 1182, 1088 cm-1; 1H and 13C NMR, see Table 1; ESIMS obs. m/z
828.32, 872.92; HR-ESIMS m/z 850.4800 (calcd for C44H69N5O8SNa, 850.4765).

Apratoxin G (7): amorphous powder [α]D = −206 (c 0.02, ACN); UV (MeOH) λmax (log
ε) 204 (6.30), 226 (6.06), 282 (5.07) nm; IR (film) νmax 3423 (br), 2963, 1740, 1621, 1511,
1460, 1387, 1247, 1182, 1088 cm-1; 1H and 13C NMR, see Table 1; ESIMS m/z 814.30,
859.91; HR-ESIMS m/z 814.4782 (calcd for C43H68N5O8S, 814.4783).

Hydrolysis and Marfey’s Analysis
Samples of 6 (0.5 mg, 0.0006 mmol) and 7 (0.5 mg, 0.0006 mmol) were separately treated
with 6 N HCl in sealed vials at 120 °C for 24 h. The solutions were concentrated to dryness
under a stream of N2. The dried hydrolysates were then treated with a solution of FDAA
(0.25 mg, 0.0009 mmol) in acetone (50 μL) and 0.1 M NaHCO3 (100 μL) and heated to 90
°C for 5 min in sealed vials. The reaction was neutralized with 2 N HCl (50 μL) and diluted
with CH3CN (100 μL). The resulting solutions were then analyzed by RP-HPLC-MS using
a LiChrosphere C18 column (125 × 4 mm) and a gradient of 15%CH3CN:85% acidified
H2O (0.1% HCOOH) to 40% CH3CN:60% acidified H2O (0.1 % HCOOH) over 45 min at
0.8 mL/min, and monitored using a PDA detector as well as mass. Amino acid standards for
chromatographic comparison were treated in identical fashion.

Biological Activity
Brine shrimp (Artemia salina) toxicity was measured as previously described.[22] After a 24
h hatching period, aliquots of 10 mg/mL stock solutions of sample were added to test wells
containing 5 mL of artificial seawater and brine shrimp to achieve a final range of
concentrations from 1 to 100 ppm. After 24 h the live and dead shrimp were tallied.
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Cytotoxicity was measured in NCI H-460 human lung tumor cells with cell viability being
determined by MTT reduction.[23] Cells were seeded in 96-well plates at 6000 cells/well in
180 μL of medium. After 24 h, the test chemicals were dissolved in DMSO and diluted into
medium without fetal bovine serum and then added at 20 μg/well. DMSO was less than
0.5% of the final concentration. After 48 h, the medium was removed and cell viability
determined.

Cytotoxicity was measured in HCT-116 cells using a hemocytometer. These cells were
grown in 5 mL culture medium (RPMI-1640 + 15% FBS containing 1% penicillin-
streptomycin and 1% glutamine) at 37 °C and 5% CO2 at a starting concentration of 5 × 104

cells/T25 flask. On day 3, cells were exposed to different concentrations of the drug. Flasks
were incubated for 120 h (5 days) in a 5% CO 2 incubator at 37 °C, and the cells were
harvested with trypsin, washed once with HBSS, and then resuspended in HBSS and
counted using a hemocytometer. The results were normalized to an untreated control and
IC50 values determined using Excel.

Clonogenic concentration- and time-survival studies were carried out with HCT-116. These
cells were grown in 5 mL culture medium (RPMI-1640 + 15% FBS containing 1%
penicillin-streptomycin and 1% glutamine) at 37 °C and 5% CO2 at a starting cell density of
5 × 104 cells/T25 flask. On day 3, cells were exposed to different concentrations of the drug.
Apratoxin A (1) or F (6) was added to the medium (RPMI + 10% FBS) to a final
concentration of 1 μg/mL (1.2 μM) and 10-fold dilutions thereof. At either 2 or 24 h, the
cells were removed, washed and seeded at 200 or 20,000 cells in 60 mm dishes. For
continuous exposure to drug, the medium containing the compounds remained in contact
with the cells for the entire incubation period (168 h). The dishes were incubated for 7 days,
the medium was removed, and the colonies were stained with methylene blue. Colonies
containing 50 cells or more were counted. The results were normalized to an untreated
control. Plating efficiency for the untreated cells was about 90%.

In vivo Evaluation of Apratoxin A (1)
Individual body weights for test mice were within 5 g of one another, and all mice were over
17 g at the start of drug therapy. The mice were supplied food and water ad libitum. The
animals were pooled, implanted subcutaneously with tumor cells, and pooled again before
distribution to treatment and control groups. Drug treatment was started three days after
tumor inoculation, and intravenous administrations were given as 0.25 mL volumes via the
tail vein. Tumor weights were estimated from 2-dimensional caliper measurements
performed twice a week [tumor weight (mg) = (a × b2)/2 (where a and b are the tumor length
and width, respectively, in mm)].The %T/C value was measured when the median control
group tumor had reached a size of about 1000–1200 mg. The median tumor weight of both
groups (T=treated, C= control) was determined, including a value of zero for non-detectable
tumor masses. The %T/C is an indication of antitumor effectiveness; at values equal to or
less than 42%, the compound is considered to demonstrate good antitumor activity. At a
%T/C less than 10%, a compound is considered to possess highly significant antitumor
activity, and is the level used by the NCI to justify a clinical trial if toxicity, formulation and
other requirements are met (termed DN-2 level activity). A weight loss nadir of greater than
20% (mean of group) or greater than 20% drug deaths are considered to be an excessively
toxic dose. The methods of tumor transplantation, protocol design, drug treatment, definition
of terms and data analysis have been published.[40]
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Figure 1.
Clonogenic Dose Response of A) apratoxin A and B) apratoxin F in HCT-116 cells
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Figure 2.
Tumor Size versus day post implantation. Control (▲) and 0.0125 mg/mouse Apratoxin A
(■). ★animals were found dead on these days
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Figure 3.
SAR of the Apratoxin Core for Cytotoxicity. (Red – Alteration not tolerated, Yellow –
Alteration has minor affect on activity, Green – Modification allowed.)
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Figure 4.
Maximum-likelihood (PhyML) phylogenetic tree of the apratoxin F–G producer Lyngbya
bouillonii PAL08-16 with other apratoxin-producing strains and marine Lyngbya species
based on 16S sequence. Escherichia coli J01695 and Gloeobacter violaceus PCC 7421 were
used as outgroups and type strains of the cyanobacterial lineages: Trichodesmium,
Oscillatoria, Microcoleus, Planktothrix, Symploca, Geitlerinema, Limnothrix and
Leptolyngbya were added to enhance the evolutionary perspective. The support values at
important nodes are indicated as boot-strap (ML), posterior probability (MrBayes) and boot-
strap (MP). Specimens are designated as taxa, strain and acc. Nr. in brackets.
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Scheme 1.
Apratoxins A–E (1–5), Apratoxin F (6), and Apratoxin G (7)
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