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Combinatorial Strategies by Marine Cyanobacteria: Symplostatin 4, an
Antimitotic Natural Dolastatin 10/15 Hybrid that Synergizes with the

Coproduced HDAC Inhibitor Largazole

Kanchan Taori, Yanxia Liu,™ Valerie J. Paul,”® and Hendrik Luesch*®

Dolastatins 10 and 15 are potent cytotoxic agents,”” derivatives
of which, named TZT-1027 (auristatin PE) and cematodin/syn-
thadotin, respectively, are in phase Il cancer clinical trials.”
Major structural differences between dolastatin 10 and dolasta-
tin 15 include the C-terminal residues and the presence of
modified internal amino acid residues through the apparent in-
corporation of acetate units in dolastatin 10; this is presumably
produced by the alternating action of polyketide synthases
and nonribosomal peptide synthetases (Figure 1). Whereas the
dolastatins were originally isolated from the sea hare Dolabella
auricularia, overwhelming circumstantial evidence has been
accumulated that the dolastatins are actually produced by cya-
nobacteria and then sequestered through diet.”! In particular,
dolastatin 10 and the closely related compounds symplosta-
tin 1,1 symplostatin 3, and malevamide D' were isolated
from cyanobacteria of the genus Symploca, as was bela-
mide A® which may be considered a truncated dolastatin 15
analogue with an internal deletion. Unnatural target molecules
that contain features of both dolastatins 10 and 15 have been
made synthetically with the goal of generating new diversity
around these scaffolds and gaining insight into the structure-
activity relationship (SAR) for these mitotic inhibitors by using
synthetic organic chemistry.”) Here we report the isolation,
structure determination, biological activity, and mechanism of
action of a dolastatin 10/15 hybrid, symplostatin 4 (1),"” which
has the same planar structure as the recently reported antima-
larial compound gallinamide A (Figure 1).""'? Motifs from both
the dolastatin 10 and dolastatin 15 structures reappear in the
structure of compound 1 (Figure 1). Intriguingly, the same cya-
nobacterium also produces largazole,"® which exerts a funda-
mentally different mode of action through inhibition of histone
deacetylases (HDACs)."™ We tested the hypothesis that both
molecules might be coproduced to exert cooperative effects
on target cells; this can be exploited for anticancer combina-
tion therapy.

A sample of the marine cyanobacterium Symploca sp. was
collected from Key Largo (Florida Keys) and extracted with
organic solvents. Cytotoxicity-guided fractionation included
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solvent partitioning, normal-phase chromatography, and then
reversed-phase HPLC; this yielded largazole, the more potent
cytotoxin, and symplostatin 4 (1), the only other cytotoxic
agent in this extract, as a colorless, amorphous solid.

16
15 s

0

e

BN A

= H

20 o]

>2’1"22

23

Symplostatin 4 (1) 255,26S
Gallinamide A 25RIS,26RIS

Dolastatin 10 R=H
Symplostatin 1 R =Me

Dolastatin 15

P

RZ
H o]
N \)LN N 0. _R 3
/:\ | 0.0 o & :\©
R! R? R?
Symplostatin 3 H Me CO,H
Malevamide D Me H CH,OH

Belamide A

Figure 1. Structures of dolastatin 10, its cyanobacterial analogues symplosta-
tins 1 and 3 and malevamide D, as well as dolastatin 15, its truncated ana-
logue belamide A and the hybrid-like symplostatin 4 (1) and gallinamide A.
All compounds except dolastatin 15 have been isolated from cyanobacteria.
Characteristic features for each compound are indicated.
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The molecular formula of 1 was determined to be
C;;H5,N,0O; by HR-ESI/APCI-MS (IM+H1*, m/z 593.3921). A de-
tailed analysis of 'H NMR, C NMR, COSY, HSQC and HMBC
spectroscopic data in CDCl; (Table 1) revealed that 1 is a depsi-

Table 1. NMR spectroscopy data for symplostatin4 (1) in CDCl; at
600 MHz ('H) and 150 MHz (*C).

C/H no. Oy (Uin Hz) O, mult. HMBC®

1 - 169.7, qC -

2 5.03,s 93.0, CH 14

3 - 180.7, qC -

4 4.59, q (6.5) 55.7, CH 1,2,35,7
5 1.48, d (6.5) 17.1, CH, 3,4

6 3.86, s 58.7, CH; 3

7 - 164.2, qC -

8 7.39, d (15.6) 122.4, CH 7,9, 10

9 6.96, dd (15.6, 5.0) 148.2, CH 7,8,10, 11
10 470, m 46.2, CH 8,9,11,12
1 1.30, d (6.9) 19.9, CH, 9,10
10-NH 6.37,d (5.7) - -

12 - 171.0, qC -

13 4.45, brdd (7.8, 7.8) 52.0, CH 12,14, 15
14a 1.67, m 40.9, CH, 15,16, 17
14b 1.62, m - 15,16, 17
15 1.66, m 24.7, CH -

16 0.95, d® 2291, CH, 14,15

17 0.93,d (6.3) 21.5, CH,4 14,15
13-NH 7.14, brs - -

18 - 169.4,1%¢ qC -

19 5.19,dd (9.3, 4.2) 747 CH 18, 20, 21
20a 1.82, m 40.8, CH, 18, 23

20b 1.63, m - 18, 21, 23
21 1.65, m 24.5, CH 18

22 0.94, d® 22.89,1 CH, 20, 21

23 0.91, brd (5) 21.8, CH,4 20, 21

24 - 1747, qC -

25 3.57, brs 72.0, CH -

26 1.99, brm 33.8, CH -

27a 1.63, m 26.1, CH, 25, 28, 29
27b 131, m - -

28 0.96, t*! 1.1, CH, 26, 27

29 1.03, brd (5.3) 15.1,19 CH, -

30a/b 2.79, brs (6H) 41.7,9 CH,; x2 -

[a] Protons showing HMBC correlations to the indicated carbon. [b] J not
deduced due to signal overlap. [c]Interchangeable. [d] Broad signal.
[e] Tentative assignment (signal in the *C NMR spectrum without HMBC).

peptide consisting of leucine, 2-hydroxyisocaproic acid, 4-
amino-pent-2E-enoic acid, N,N-dimethyl isoleucine, and a sub-
stituted pyrrolinone. Sequencing of the three most C-terminal
units was readily achieved by using HMBC spectroscopy. At the
N terminus, the 2-hydroxyisocaproic acid unit was connected
as shown by NOESY correlations between the NH of leucine
and the a-proton (H19) of the hydroxy acid. By default the
hydroxy acid had to be linked through an ester bond to the
terminal N,N-dimethyl isoleucine unit; this established the
structure as depicted for 1. The NMR spectroscopy-derived
sequence was confirmed by tandem ESI mass spectrometry
(Figure 2).

The absolute configuration of 1 was determined by chiral
HPLC analysis and comparison of retention times with authen-
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Figure 2. Fragmentation pattern of symplostatin 4 (1) by ESI-MS/MS.

tic standards. Acid hydrolysis (6 N HCI, 110°C, 24 h) liberated L-
leucine, N,N-dimethyl-L-isoleucine, and (S)-2-hydroxyisocaproic
acid. To determine the absolute configuration at C4 and C10
we carried out ozonolysis followed by oxidative work-up and
acid hydrolysis as above to liberate two equivalents of alanine.
One intense additional peak for L-alanine and lack of a peak
for p-alanine in the chromatographic profile of the acid hydro-
lyzate compared with the previous profile indicated that the
configuration in 1 was 4S,10S.

Compound 1 was assayed for cancer cell growth inhibitory
activity against two human cancer cell lines. It was moderately
active against Hela cervical carcinoma cells and slightly less
active against HT-29 colon adenocarcinoma with 1Cs, values of
12 and 53 pm, respectively. Symplostatin 4 (1) shares structural
features of both the potent cytotoxins dolastatins 10 and 15,
including an N,N-dimethyl amino acid residue on the N termi-
nus, which is present in both dolastatins, a substituted pyrroli-
none on the C terminus similar to the one in dolastatin 15, and
a dehydrated statine-like unit through acetate incorporation
into the backbone as in dolastatin 10 (Figure 1). This structural
resemblance to dolastatins 10 and 15 prompted us to investi-
gate whether the cellular effects of 1 and dolastatins 10 and
15 are similar. Because dolastatins 10 and 15 are potent disrup-
tors of microtubule polymers'™ we examined the effects of
symplostatin 4 (1) on cellular microtubules by indirect immu-
nofluorescence in A-10 embryonic rat smooth-muscle cells, the
cytoskeleton of which is easy to visualize."® Even though A-10
cells were relatively insensitive to the effects of symplostatin 4
(1), starting at 50 um the cellular microtubules network ap-
peared clearly disrupted (Figure 3). Complete microtubule de-
polymerization was not achieved even at 100 um. For compari-
son, the dolastatin 10 homologue symplostatin 1 (N,N-Me,-lle
instead of N,N-Me,-Val) showed similar effects already at 1 nm
(data not shown), in agreement with published data.'® Be-
cause microtubule disruption is expected to prevent the for-
mation of a functional mitotic spindle and consequently mito-
sis we carried out DNA content analysis by flow cytometry.
Exposure of HT-29 cells to symplostatin 4 (1) resulted in a pro-
nounced accumulation of cells harboring 4N content of chro-
mosomes after 18 h (Figure 4), indeed indicating cell cycle
arrest in the G2/M phase due to prevention of mitosis as antici-
pated. However, this effect was again less severe than ob-
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Figure 3. Effects of symplostatin 4 (1) on microtubules. A-10 cells were treat-
ed with A) vehicle (EtOH) or B) symplostatin 4 (50 um) for 18 h and microtu-
bules were visualized by indirect immunofluorescence with a monoclonal
anti-B-tubulin antibody.
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Figure 4. Effect of symplostatin 4 (1) on the cell cycle distribution. HT-29
cells were treated with A) vehicle (EtOH) or B) symplostatin 4 (50 um) for
18 h, then fixed, stained with propidium iodide and analyzed by flow cy-
tometry.

served for symplostatin 1" and secondary modes of action
cannot be excluded.

Symplostatin 4 (1) is several magnitudes less potent than
dolastatins 10 and 15 in all of the performed assays (cancer
cell viability, effects on microtubules and cell cycle arrest) yet
consistently causes similar phenotypes. The reduced potency
can be attributed to several structural features (or lack there-
of),l"” particularly in the three most N-terminal units."® First,
the additional methylene group in the N-terminal unit is ex-
pected to slightly reduce activity because it is known that the
N-terminal residue is critical for activity and that substitution
of N,N-dimethyl valine with N,N-dimethyl isoleucine as in sym-
plostatin 1 has resulted in only little loss of activity.*'®¥ Second,
the valine unit in dolastatins 10 and 15 is crucial for potent ac-
tivity, and this residue is replaced by 2-hydroxyisocaproic acid
with a more labile ester linkage, which would also affect the
relative conformational freedom around that bond compared
to the amide bond. Third, while the isobutyl sidechain in 1
compared with isopropyl in dolastatin 15 and sec-butyl in do-
lastatin 10 might not be a major reason for reduced activity,
the lack of N-methylation at that position in 1 compared with
dolastatins 10 and 15 might play a role. However, it has been
reported that the corresponding N-demethyl analogue (dola-
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isoleuine unit) of dolastatin 10 showed equal in vivo antitumor
activity against P388 leukemia in mice.'” One more character-
istic feature of 1 compared with dolastatin 10 is the nature of
the acetate-derived unit, which formally corresponds to an
elimination product of a statine-like unit. Such hybridization
change from sp® to sp? in the corresponding dolaproine unit
of dolastatin 10 resulted in a ~30-fold reduction in cytotoxicity
and approximately fourfold reduction of the inhibitory effect
on tubulin polymerization."® Thus, we expect that this modifi-
cation might also have contributed to reduced activities in our
assays. Nevertheless, symplostatin 4 (1) retained moderate ac-
tivity.

An intriguing fact is that the symplostatin-4-producing Sym-
ploca sp. also produced another structurally and mechanistical-
ly distinct cytotoxin, largazole, which prevents cancer cell
growth through another epigenetic mechanism involving the
inhibition of histone deacetylases (HDACs) upon metabolic
activation by thioester hydrolysis."*'¥ Interestingly, HDAC in-
hibitors and tubulin agents such as paclitaxel (which stabilizes
polymerized microtubules) show promise for combination
therapy.?” A synergistic response with paclitaxel has been re-
ported for trichostatin A and suberoylanilide hydroxamic acid
(SAHA), two HDAC inhibitors that do not discriminate well be-
tween enzyme isoforms. Cooperativity has been proposed to
be due to inhibition of HDAC6,%* the enzyme that deacety-
lates a-tubulin; however, largazole shows selectivity for class |
over class lIb enzyme HDAC6."* We tested the effect of simul-
taneous treatment of HT-29 cells with symplostatin 4 (1) and
largazole at concentrations that would be largely ineffective if
administered as single agents (~1C;,). The combination of both
compounds was synergistic in reducing cancer cell viability
(Figure 5A and B). Cell viability was reduced to 67 + 3%, which
is less than the effect expected for an additive (zero inter-
action) response of the single agents (Loewe additivity)®" of
72+2% (p=0.05, Figure 5B). With respect to cell growth, co-
treatment resulted in 544+4% cell growth, which is less than
the calculated additive (zero interaction) value of 60+2% (p=
0.05, Figure 5C). The mechanism of synergy is likely different
than for the combination of paclitaxel and SAHA,?*? because
largazole is not a potent HDAC6 inhibitor."¥ However, there is
evidence that HDAC inhibitors also increase the chemosensitiv-
ity of cancer cells to anticancer drugs that act by other mecha-
nisms.??

Chimeric structures derived from dolastatins 10 and 15 have
been synthesized previously that retained potent cytotoxicity
and activity against tubulin polymerization.”) The structure of
symplostatin 4 (1) and other dolastatin 10 or 15 analogues
from Symploca spp. illustrates that these cyanobacteria have
the potential to execute combinatorial biosynthesis; however,
to date two or more dolastatin 10- and 15-related compounds
have not yet been reported from the same collection or strain,
perhaps because there would be no competitive advantage to
the cyanobacterium. In contrast, other cyanobacteria such as
Nostoc spp. have yielded numerous secondary metabolites
with repeating motifs from the same strain.?® In addition to
being structural analogues of each other, the Anabaena metab-
olites called laxaphycins exert unusual biological synergism.?¥
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Figure 5. Cooperative effects of symplostatin 4 (S4) and largazole (LZ) on
HT-29 cell viability and growth. A) Dose-response curves from duplicate
measurements were recorded for single agents and the fitted equations es-
tablished. An iterative approach was used to find the inhibition that satisfied
the Loewe additivity combination index equation for two agents (x, y): (d,/
D)) +(d,/D,) =1 (zero interaction), in which d, and d, are the concentrations
of the two agents used in combination and D, and D, are isoeffective con-
centrations of the two agents.?" B) Cell viability and C) cell growth upon
treatment with individual agents (largazole, blue; symplostatin 4, green) and
in combination (red). Error bars indicate standard deviation (n=4). For the
expected response (zero interaction; gray), mean and standard deviation
were calculated from the duplicate dose-response curve pairs (n=4), which
each yielded a zero interaction value. Statistical significance was assessed by
t-test (p=0.05).

There is an urgent need not only to discover new chemo-
therapeutic agents, but also to fully exploit the potential of ex-
isting drugs, for example through combination therapy. How-
ever, there has often been a lack of rationale in the selection
of coadministered agents. Recent genomic approaches are
proving useful to make more educated choices.”™ HDAC inhib-
itors appear particularly promising as adjunct therapy.”® Our
data demonstrate that cyanobacteria have evolved cooperative
strategies by coproducing chemical defense agents that sensi-
tize cells to the respective other agent. However, obviously in-
tended target organisms differ from our experimental cellular
systems. It is widely recognized that natural products play an
essential role in drug discovery,”” and particularly the microbi-
al diversity in the ocean is an emerging vast resource for
future drugs.”® Here, marine cyanobacteria additionally dem-
onstrate that they can guide us to design effective “rational”
drug cocktails by employing “biomimetic” treatment strategies.

ChemBioChem 2009, 10, 1634 - 1639
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Combinatorial biosynthesis meets combinatorial pharmacology
in cyanobacteria. Further exploration of both concepts, cyano-
bacterial style, is warranted.

Experimental Section

General experimental procedures: 'H, >C and 2D NMR spectros-
copy data were recorded on a Bruker Avance Il 600 MHz spectrom-
eter equipped with a T mm triple resonance high-temperature su-
perconducting cryogenic probe by using residual solvent signals
(0y 7.26, O 77.0 ppm) as internal standards. The HSQC experiments
were optimized for 'Jo, =145 Hz, and the HMBC experiment for
"Jeu=7 Hz. LC-MS/MS data were obtained by using an Agi-
lent 1100 equipped with a ThermoFinnigan LCQ by ESI (positive
mode). HRMS data was obtained by using an Agilent LC-TOF mass
spectrometer equipped with an ESI/APCl multimode ion source de-
tector (UCR Mass Spectrometry Facility, Department of Chemistry,
University of California at Riverside). Authentic standards of ala-
nine, leucine, and 2-hydroxyisocaproic acid isomers for chiral analy-
sis were obtained from Sigma and N,N-dimethyl isoleucines synthe-
sized as described.”

Extraction and isolation: A sample of Symploca sp. was collected
from Pillars, Key Largo (Florida Keys, USA) in August 2003, freeze-
dried, extracted with MeOH/EtOAc (1:1), and fractionated as de-
scribed previously. ' Briefly, the resulting lipophilic extract (0.29 g)
was partitioned between hexanes and 80% aq MeOH. The aq
MeOH layer was concentrated and fractionated by silica gel chro-
matography by using CH,Cl, containing increasing amounts of
iPrOH followed by MeOH. The fraction that eluted with 5% iPrOH
was then subjected to reversed-phase HPLC (YMC-pack ODS-AQ,
250% 10 mm, 2.0 mLmin~"; UV detection at 220 and 254 nm) by
using a MeOH/H,0 linear gradient (40-100% for 75 min and then
100% MeOH for 10 min). Compound 1 eluted at t; 57.5 min
(0.6 mg) and largazole at t; 61.5 min (1.2 mg).

Symplostatin 4 (1): colorless, amorphous powder; [a]?=—53 (c=
0.06, MeOH); 'H NMR, *C NMR and HMBC data, see Table 1; IR
(film) v,.x=2919, 2850, 1726, 1690, 1676, 1658, 1628, 1180, 1153,
1132, 1031, 890 cm™"; UV (MeOH) 1,.,, (loge): 210 (3.81), 250 (3.69);
HR-ESI/APCI-MS m/z caled for C3;Hs3N,O;: 593.3914 [M+H] ™, found:
593.3921.

Determination of absolute configuration: A sample of com-
pound 1 (50 pug) was suspended in 6 N HCI (0.5 mL) and heated at
110°C for 24 h. The hydrolyzate was concentrated to dryness and
subjected to chiral HPLC analysis. Amino acids were analyzed by
using column 1 (Phenomenex Chirex phase 3126, N,S-dioctyl-p-
penicillamine, 4.60x250 mm, 5 um; solvent, 2 mm CuSO, in 95:5
H,0/MeCN; flow rate, 0.75 mLmin~'; detection at 254 nm). The re-
tention times (t;, min) for standard amino acids were as follows: L-
Me,-lle (17.4), p-Me,-lle (18.0), L-allo-Me,-lle (19.0), p-allo-Me,lle
(19.9), L-Leu (53.2), p-Leu (66.2). Components in the hydrolyzate
eluted at t; 17.4 min (L-Me,lle) and 53.2 min (L-Leu). Hydroxy
acids were analyzed on column 2 (Chiral Technologies, Chiralpak
WH, 4.60x250 mm, 5pum; solvent, 2mm CuSO,; flow rate
0.75 mLmin~"; detection at 254 nm). The retention times (t;, min)
for the standards were as follows: (S)-(—)-2-hydroxyisocaproic acid
(17.3), (R)-(4+)-2-hydroxyisocaproic acid (20.8). 2-Hydroxyisocaproic
acid in the hydrolyzate eluted at t; 17.3 min, indicating the S con-
figuration. To assign the other two stereocenters a sample of com-
pound 1 (50 ug) was dissolved in CH,Cl, (4 mL) and subjected to
ozonolysis at room temperature for 30 min. The solvent was
evaporated, and the residue was treated with H,0,/HCO,H (1:2,
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0.6 mL) at 70°C for 20 min. The solvent was evaporated, and the
resulting oxidation product was hydrolyzed with 6 N HCI (0.5 mL)
at 110°C for 24 h. The hydrolysis product was concentrated to dry-
ness and analyzed by chiral HPLC by using column 1. When com-
pared to the profile without prior ozonolysis, the HPLC profile
showed one intense new peak for L-Ala (t; 8.5 min) but no peak
corresponding to p-Ala (t; 10.2 min).

Cell culture: Cells were purchased from ATCC, culture medium
from Invitrogen, and fetal bovine serum (FBS) from HyClone
(Logan, UT, USA). Cells were propagated and maintained in DMEM
medium (high glucose) that was supplemented with 10% FBS at
37 °C humidified air and 5% CO,.

Cell viability assay: HT-29 and Hela cells were plated in 96-well
format and incubated at 37 °C (5% CO,) for 24 h and then incubat-
ed with single compounds or binary compound mixtures (1%
EtOH). After 48 h of incubation the cell viability was quantified by
using an MTT-based assay kit according to the manufacturer’s
instructions (Promega). Antiproliferative effects were assessed as
follows: 100x T/C= % cell viability, and 100X (T—T,)/(C—T,) =% cell
growth [T=absorbance in treated wells (48 h); T,=absorbance at
time zero; C=absorbance in control wells (48 h)]. Dose-response
curve fitting was done by using XIfit Excel, MathlQ version 2.2.2
(IDBS Ltd.). Additive values were calculated based on Loewe addi-
tivity (see Figure 5).2"

Indirect immunofluorescence: A-10 cells (1x 10°cells per coverslip)
were grown on glass coverslips for 24 h, then treated with sym-
plostatin 4, vehicle control (EtOH), or positive control (symplosta-
tin 1) and incubated for 18 h. Cells were then fixed with MeOH
(—20°C, 10 min), blocked for 20 min (10% sheep serum in 0.1%
Tris-buffered saline with Tween (TBST)), and incubated for 2 h with
monoclonal anti-p-tubulin antibody (T-4026, Sigma). Following a
series of washes, the cells were incubated with FITC-conjugated
sheep anti-mouse IgG (F-3008, Sigma) for 1 h. The coverslips were
washed, the nuclear material was stained with 4',6-diamidino-2-
phenylindole (DAPI, 15 uigmL™") and examined and photographed
by using a Zeiss Upright Microscope.

Cell cycle analysis: To investigate the effect of symplostatin 4 on
cell cycle progression, HT-29 cells were treated with 50 um sym-
plostatin 4 or vehicle control for 18 h. The cells were fixed with
70% EtOH (—20°C, 30 min), the RNA digested with RNase A and
DNA stained with propidium iodide. The DNA content was ana-
lyzed by using a FACS Calibur System (BD Biosciences, San Jose,
CA).
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