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Investigation of chemical constituents from the sponge Acanthodendrilla sp. led to the isolation of
twenty-one bromotyrosine alkaloids, including two new natural products, 13-oxosubereamolline D and
acanthodendrilline. The chemical structures of these alkaloids were determined by means of spectroscopic analysis,
including UV, IR, mass, and NMR spectroscopy, as well as comparison of those with previously reported data. The
absolute configuration of 13-oxosubereamolline D was determined by comparing the CD spectrum and specific
optical rotation value with those of the related compounds. The absolute configuration of acanthodendrilline was
determined as 11-S by comparing the specific optical rotation value with that of the synthetic enantiomers. These
isolated alkaloids were evaluated for acetylcholinesterase inhibitory activity, and the most active compound was
identified as homoaerothionin (ICs, 4.5 pM), which acted as a competitive enzyme inhibitor. The
bisspirocyclohexadienylisoxazoline moiety and the specific length of the alkyl diamine linkage were proposed as
the crucial parts for its strong inhibitory activity. Moreover, both synthetic enantiomers of acanthodendrilline were
evaluated for cytotoxicity against H292 non-small cell lung cancer (NSCLC) cell line. Interestingly, (S)-
acanthodendrilline exhibited approximately 3-fold more potent than (R)-acanthodendrilline, suggesting that the

stereochemistry at C-11 is a key feature related to the cytotoxicity.

Regarding the chemical and cytotoxicity studies of bistetrahydroisoquinolinequinone alkaloids from the
blue sponge Xestospongia sp., eighteen 22-O-ester derivatives of jorunnamycin A (JA), having a benzoyl or trans-
cinnamoyl moiety with electronegative and electron-withdrawing functional groups, together with nitrogen-
heterocyclic rings, were prepared from JA. The starting material JA was prepared from renieramycin M (RM), which
was isolated as a major component from the sponge. Their cytotoxicity was evaluated against H292 and H460
NSCLC cell lines. The finding suggested that the nitrogen-heterocyclic esters of the analogues elevated the
cytotoxicity, and 22-O-(4-pyridinecarbonyl)jorunnamycin A was the most potent among all analogues, exhibiting 20-
fold and 5-fold more cytotoxic than RM toward H292 and H460 cell lines, respectively. Further investigation revealed
that RM at a subtoxic concentration was a potential anti-metastatic agent by sensitizing anoikis-resistant H460 cells
to anoikis through the suppression of the levels of proteins p-ERK, p-AKT, BCL2 and MCL1. Moreover, RM at a

subtoxic concentration also attenuates stem cell-like cancer cells in H460 cell line.
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CHAPTER |

GENERAL INTRODUCTION

More than 70% of the Earth's surface is covered by the oceans, which are the
habitat of a wide variety of marine lives. Marine animals, particularly invertebrates such
as sponges, tunicates, cnidarians, mollusks, bryozoans, and echinoderms, are mostly
sessile, slow moving, and lack physical defense structures to protect themselves from
predators and competitors as well as infectious microorganisms. To compensate for
these deficiencies, they have developed potent chemical defensive mechanisms
known as secondary metabolites [1]. Marine secondary metabolites possess unique
structures that are different from those of terrestrial counterparts, and some of which
display interesting bioactivity, such as anticancer, anti-infectious, anti-inflammatory,
and anti-Alzheimer's activities [2-3]. Discovery of marine natural products was started
in the 1950s with the isolation of the unusual nucleosides from the Caribbean sponge
Tectitethya crypta [4]. These nucleosides served as leads for development of
anticancer cytarabine (ara-C) and antiviral drugs, such as vidarabine (ara-A) and
acyclovir [5-6]. Moreover, the discovery of prostaglandin derivatives, important
mediators involved in inflammatory diseases, fever, and pain, from the Caribbean
Gorgonian Plexaura homomalla in 1969 [7] is usually considered as the starting point

for any serious search for "drugs from the sea" [5].

Among all invertebrates, marine sponges have shown the largest number and
the greatest chemical diversity of bioactive compounds, contributing to almost 30% of
all marine natural products. Nearly 5,000 different natural products have been
discovered [3, 6], and more than 200 new compounds are reported each year over the
last decade [8]. To date, there are three US FDA-approved marine sponge-derived drugs
(Figure 1.1), namely cytarabine (ara-C, Cytosar-U®), vidarabine (ara-A, Vira-A®), and
eribulin mesylate (Halaven®). Cytarabine is a synthetic pyrimidine nucleoside, which
was developed from spongothymidine, a nucleoside originally isolated from the

Caribbean sponge Tethya crypta [4]. It was approved in 1969 for treatment of cancers



of white blood cells such as acute myeloid leukemia and non-Hodgkin lymphoma [9].
Vidarabine is a synthetic purine nucleoside whose synthesis was inspired by
spongouridine, which was reported together with spongothymidine from the sponge T.
crypta [4]. It was received approval in 1976 as an antiviral drug, which is active against
herpes simplex and varicella zoster viruses [9]. Eribulin mesylate approved in 2010 for
treatment of metastatic breast cancer [10] is a synthetic analogue of halichondrin B, a
polyether macrolide first isolated from the marine sponge Halichondria okadai [11]. In
addition, the marine sponge-derived polyketide, namely PM060184, is currently in
phase | clinical trials. PM060184 is a tubulin-binding agent, originally isolated from the
marine sponge Lithoplocamia lithistoides [12]. Consequently, marine sponges are
considered as a potential source for development of new drug candidates that can

lead to clinically useful treatments.
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cytarabine (Cytosar-U®) eribulin mesylate (Halaven®)
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2
N X
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HO N N
H O.OH
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vidarabine (Vira-A®) PM060184

Figure 1.1 Chemical structures of marine sponge-derived drugs approved by the U.S. FDA and

marine natural products currently in phase | clinical trials

In this dissertation, chemistry and bioactivities of marine natural products from
two sponges Acanthodendrilla sp. (chapters IV and V) and Xestospongia sp. (chapters

VI-VIII) were investigated.



According to our preliminary study, the MeOH crude extract of the sponge
Acanthodendrilla sp. showed a strong acetylcholinesterase (AChE) inhibitory activity
(80% inhibition of electric eel AChE at 100 pg/mL). The isolation and bioactive chemical

constituents of the extract were therefore investigated.

Regarding our continuing investigation, the blue sponge Xestospongia sp. is an
important source of potent cytotoxic bistetrahydroisoquinoline alkaloids, namely
renieramycins. Due to the unique structures together with their potent cytotoxicity to
several human cancer cell lines, renieramycins are extremely attractive from organic
chemists worldwide and expected to be one of the candidates for new effective
anticancer drugs. 22-O-Ester derivatives of jorunnamycin A (JA) were prepared from
renieramycin M (RM), a major component from this blue sponge pretreated with KCN.
The structure-cytotoxicity relationship of the derivatives against H292 and H460 non-
small cell lung cancer cell lines were evaluated. In addition, the effects of RM on new
therapeutic targets related to antimetastatic activity, including anoikis-resistant lung
cancer cells and lung cancer stem-like cells, were explored. These studies will be
useful for drug development in both lung cancer and lung metastatic cancer

treatments.
The overall objectives of the dissertation are

1. To study chemical constituents and evaluate AChE inhibitory activity of the isolated
pure compounds from the marine sponge Acanthodendrilla sp.

2. To prepare new 22-O-ester derivatives of jorunnamycin A from renieramycin M and
evaluate their cytotoxicity against lung cancer cell lines.

3. To study the effects of renieramycin M on new therapeutic targets related to
antimetastatic activity, including anoikis-resistant lung cancer cells and lung cancer

stem-like cells.

Three publications (chapters IV [13], V [14], and VII [15]) and two manuscripts
(chapters VI and VIII) are presented as parts of my dissertation and appear as individual

chapter.



CHAPTER Il

LITERATURE REVIEW

1. Sponge Acanthodendrilla sp.

1.1. Taxa and description of the sponge Acanthodendrilla sp.

Kingdom: Animalia
Phylum: Porifera
Class: Demospongiae
Subclass: Keratosa
Order: Dendroceratida
Family: Dictyodendrillidae
Genus: Acanthodendrilla Bergquist, 1995

A nonspicule-forming sponge Acanthodendrilla has an irregular mesh
arrangement with all elements cored with detritus of the reticulate fibrous skeleton.
Reticulation is more pronounced superficially, and ascending primary fibers project
markedly above the sponge surface. Family Dictyodendrillidae contains 4 valid genera:
Dictyodendrilla, Acanthodendrilla, Spongionella, and Igernella. The irregular reticulum
and strongly cored fibers distinguish Acanthodendrilla from Dictyodendrilla and
Spongionella, and the absence of spongin spicules distinguishes it from /gernella [16-

18].

1.2. Chemistry and biological activities of marine natural products from

sponges of the genus Acanthodendrilla

During the last two decades, the sponges of the genus Acanthodendrilla have
attracted scientific interests to study their chemical constituents and biological
activities. These sponges were found to be rich sources of novel bioactive terpenoids

[19-24].



1.2.1. Sesterterpenoids

Luffariellolide is a linear sesterterpene first isolated from the Palauan sponge
Luffariella sp. and possessed anti-inflammatory activity through reversible inhibition of
phospholipase-A, [25]. Then, five luffariellolide-related sesterterpenes, acantholides A-
E, together with luffariellolide and its 25-O-methyl and 25-O-ethyl derivatives, were
isolated from the Indonesian sponge Acanthodendrilla sp. Acantholide B, luffariellolide
and its 25-O-methyl congener (Figure 2.1) were active against bacteria Staphylococcus
aureus, Bacillus subtilis, and Escherichia coli, yeast Candida albicans, and plant
pathogenic fungus Cladosporium herbarum. In addition, acantholide E, luffariellolide
and its 25-O-methyl congener (Figure 2.1) were cytotoxic to mouse lymphoma L5187Y

cell line [20].

X X q acantholide B

acantholide E

/ o) luffariellolide; R=H

OR 25-O-methylluffariellolide; R = CH3

Figure 2.1 Examples of sesterterpenocids isolated from Acanthodendrilla sp.

1.2.2. Sterols

Steroidal sulfates commonly found in marine sponges showed a variety of
biological activities, such as antimicrobial, antithrombin, HIV-inhibitory, and tyrosine
kinase inhibitory activities. Ten steroidal sulfates, acanthosterol sulfates A-J, were
isolated from the Japanese sponge Acanthodendrilla sp. Among them, acanthosterol
sulfates | and J (Figure 2.2) showed antifungal activity against the yeast Saccharomyces

cerevisiae A364A and its mutants at 0.1 mg/disk [19].



Agosterols, polyhydroxylated sterols, were initially isolated from a marine
sponge Spongia sp. and found to reverse multidrug resistance in tumor cells [26-27].
Then, seven polyhydroxylated sterols were isolated from the Japanese sponge
Acanthodendrilla sp. as proteasome inhibitors. Agosterol C (Figure 2.2) most strongly
inhibited chymotrypsin-like activity of the proteasome with an ICs, value of 10 pg/mL
[22].

acanthosterol sulfate I; R = OthH3 agosterol C

J;R= ﬂ-CH3

Figure 2.2 Examples of sterols isolated from Acanthodendrilla sp.

1.2.3. Meroterpenoids

Acanthosulfate (Figure 2.3), a disulfated merosesterterpene having a scalarane-
type skeleton, was isolated from the Philippines sponge Acanthodendrilla sp. and
showed an ICs, value of 4.5 uM for inhibition of the proteasome function, the enzyme

is responsible for the degradation of endogenous proteins [23].

Two meroterpenoids, (+)-makassaric acid and (+)-subersic acid (Figure 2.3), were
isolated from the Indonesian sponge Acanthodendrilla sp. and showed ICs, values of
20 and 9.6 UM, respectively, for inhibition of the protein kinase MAPKAP [24]. MAPKAP
kinase inhibitors represent potential therapeutic agents to treat various inflammatory

diseases, such as rheumatoid arthritis, where TNF-O plays a key role.



acanthosulfate (+)-makassaric acid (+)-subersic acid

Figure 2.3 Meroterpenoids isolated from Acanthodendrilla sp.

1.3. Chemistry and biological activities of bromotyrosine alkaloids

Bromide is the second most abundant halide ion in sea water [28]. It is believed
that marine organisms are constantly exposed to these ions and have developed to
incorporate halogens into the biosynthesis of marine compounds. These brominated
marine natural products might be used as chemical defenses against their pathogens
and predators [29-30]. Bromotyrosine alkaloids, a specific class of brominated
secondary metabolites, are very common occurrence within marine sponges belonging
to the order Verongiida [31]. However, these alkaloids have been also isolated from
other sponges belonging to distinct taxa and other marine organisms, such as the
sponges Oceanapia sp. (order Haplosclerida) [32], Jaspis wondoensis and Poecillastra
wondoensis (order Tetractinellida) [33], and Cymbastela sp. and Axinella sp. (order
Axinellida) [34-35], the ascidian Polycitor africanus [36], and the crinoid Himerometra

magnipinna [37].

Since the first bromotyrosine derivative, verongiaquinol, was discovered in 1967
[38], knowledge of the chemistry of these compounds driven by the diverse
bioactivities has grown tremendously. To date, more than 300 different bromotyrosine
alkaloids have been identified and mainly categorized into 6 classes according to their

chemical structures [39]:



1. Simple bromotyrosine derivatives

One bromotyrosine unit undergoes alkylation, degradation, esterification,
hydroxylation, or reduction with simple functional groups, such as verongiaquinol and
its  dimethoxyketal  (3,5-dibromo-1-hydroxy-4,4-dimethoxy-2,5-cyclohexadiene-1-
acetamide); aeroplysinins-1 and -2; cavernicolins-1 and -2; and LL-PPA216 (Figure 2.4).

O H CO OCH OCH3 OCH3
Br: Br Br ’ EBr Br. Br Br: Br
H
HOY 0
HO CONH2 HO CONH2 HO" *—CN HO
O
verongiaquinol dimethoxyketal  aeroplysinin-1  aeroplysinin-2
(Aplysina fistularis) (A. fistularis) (A. aerophoba)  (A. aerophoba)
S O
Br Br Br
o 7 ‘
O
HN A NH
HO!
Br
0]
LL-PPA216 cavernicolin-1 and -2
(A. lacunosa) (A. cavernicola)

Figure 2.4 Examples of simple bromotyrosine derivatives

The proposed biosynthetic scheme of verongiaquinol shown in Figure 2.5 was
involved in enzymatic bromination of tyrosine, oxidation to oxime, decarboxylation to
nitrile, hydration to amide, and then conversion into the dienone [40]. The
dimethoxyketal was considered as artifacts generated during the MeOH extraction
process [41]. Verongiaquinol exhibited antimicrobial activity against S. aureus,
Enterococcus faecium, B. subtilis and E. coli with MIC 1.56, 50.0, 1.56, 12.5 ug/ml,
respectively [42]; cytotoxic activity against Ehrlich ascites tumor and Hela tumor cells
with 1Cs0s 26.1 and 15.6 uM, respectively [43]; and Na™-K"™-ATPase inhibitory activity [44].

In contrast, bioactivity of the dimethoxyketal has not yet been reported.
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Figure 2.5 Proposed biosynthetic pathway of verogiaquinol

2. Spirocyclohexadienylisoxazoline bromotyrosine derivatives

One or two bromotyrosine units are transformed into spirocyclohexadienyl-
isoxazoline (SHI) via arene oxide biosynthetic pathway (Figure 2.6) [39]. Nucleophilic
epoxide opening by oxime moiety furnishes the SHI core. Based on this mechanism,
the trans relative configuration between the hydroxyl (C-1) and oxygen (C-6) in the SHI

moiety is conserved.

OH OCH
Br Br
_— —_— N
H HOY
NH Q
2 N= R
COOH
O
tyrosine spirocyclohexadienylisoxazoline
(SHI)

Figure 2.6 Formation of spirocyclohexadienylisoxazoline

This group generally consists of one to three bromotyrosine-derived units (e.g.,
aerothionin, homoaerothionin, and fistularin-1) and other functional groups, such as
histamine (e.g., pseudoceratinine A), and linear hydrocarbon side chain (e.g,
subereamolline D) as shown Figure 2.7. Aerothionin and homoaerothionin are the first

bromotyrosine derivatives of this class [45]. The SHI moieties are derived from
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bromotyrosine units, while the C; and Cs side chains of aerothionin and
homoaerothionin are probable derived from ornithine and lysine, respectively. The
absolute configuration of the SHI moiety of aerothionin was determined as 1R, 1'R, 65,
and 6'S by X-ray crystallographic analysis and the positive optical rotation and positive
Cotton effects near 250 and 290 nm in CD spectrum [46]. On the other hand, the
absolute configuration of pseudoceratinine A was deduced as 1S, 6R by the negative
optical rotation and negative Cotton effects near 250 and 290 nm [47]. Aerothionin
and homoaerothionin inhibited the growth of S. aureus at 100 pg/disk, B. subtilis at 50
pe/disk and C. albicans at 50 peg/disk [48]. Moreover, aerothionin exhibited
antimycobacterial activity against Mycobaterium kansasii (MIC 50 pg/ml), M.
scrofulaceum (MIC 100 pg/ml), and M. avium (MIC 100 pg/ml) [49] and cytotoxicity
against Hela cells (ECsy 42 puM) [50].

O
- _N,o o)
N N NH
O
aerothionin X = “Prr\/\/\ppr
fistularin-1
homoaerothionin X = “’ﬁ\/\/\/%”
(A. fistularis)

(Aplysina aerophoba and A. thiona)

OCH3
Br. Br

HOY
S
\/\E+>>/NH2
S NH

pseudoceratinine A subereamolline D

(Pseudoceratina verrucosa) (Suberea sp.)

Figure 2.7 Examples of spirocyclohexadienylisoxazoline bromotyrosine derivatives
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3. Spirooxepinisoxazoline bromotyrosine derivatives

One bromotyrosine unit is transferred into spirooxepinisoxazoline (SOI) as
shown in Figure 2.8. Tyrosine precursor is oxidized by epoxidase, and then undergoes

rearrangement to the oxepin, which subsequently reacts with oxime to give the SOI

moiety [51].
OH OH Br OH
Br. Br H+ ‘\/ \'\ Br
_— —_— (0] ; e
)
NH /’
2 HO. ~ OR HO. —~ OR
COOH N N
0 )
tyrosine spirooxepinisoxazoline

(son

Figure 2.8 Formation of spirooxepinisoxazoline

To date, twelve compounds have been reported in this class, including
psammaplysins A-J and ceratinamides A and B (Figure 2.9), which were isolated from
Aplysinella sp. [52], Hyattella sp. (order Dictyoceratida) [53], Pseudoceratina sp. [54-
561, Rhaphoxya sp. (order Bubarida) and Suberea sp. [57]. Psammaplysins A, B, and C
exhibited moderate cytotoxicity (ICses 6, 6, and 3 ug/ml, respectively) against HCT116
colon tumor cells [54]. Psammaplysins F, G, and H displayed antimalarial activity (ICsos
1.9, 5.2, and 0.4 pM, respectively) against chloroquine-sensitive (3D7) Plasmodium
falciparum [56].
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: Br Br
psammaplysins ceratinamides psammaplysin H
AR =R =R =H A;R =R =H; R =CHO
1 2 3 1 2 3
B;R =OH;R =R =H B;R =H,R =H,R =CO(CH) CH(CH )
1 2 3 1 2 3 211 32

GR =OH,R =H,R_=CH
1 2 3 3
F;R =H,R =H,R =CH
1 2 3 3
GR =HR =CH,R = CONH
1 2 3 3 2

Figure 2.9 Examples of spirooxepinisoxazoline bromotyrosine derivatives

4. Oxime bromotyrosine derivatives

The amine functionality of bromotyrosine is oxidized into the oxime. The
majority of these compounds have been shown to have a (£)-2-(hydroxyimino)-N-
alkylamide functional motif. (£,2)-Psammaplin A is the first bromotyrosine derivative
possessing the Z-isomeric motif. The geometry was determined by the chemical shifts
of the C-7, which are about 27 and 36 ppm for the E-geometry and Z-geometry,
respectively [58]. This class are categorized into 3 groups based on their structures
(Figure 2.10): oxime-tyramine (e.g., purealidin C, aplysamin-2), oxime-histamine (e.g.,

verongamine), and oxime-disulfide (e.g., psammaplin A).
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M@iOV\/NH
N/OH OH
H N/\/\O /\/S H l

purealidin C

(Pseudoceratina purea)
(E,E)-psammaplin A

(Pseudoceratina sp.)
O\/\/ﬁH\

W _OH OH
N
N H '

aplysamine 2 /\/ Br

(Aplysina sp.)

(E,Z)-psammaplin A

H3CO HO\N
| H (unidentified sponge of Aplysinidae family)
Br N\/Y\NH
¢} N=/

verongamine

(Verongula gigantea)

Figure 2.10 Examples of oxime bromotyrosine derivatives

Purealidin C showed modest antibacterial activity against S. aureus, Sarcina
lutea, and B. subtilis; antifungal activity against C. albicans, Cryptococcus neoformans,
and Paecilomyces variotii; and cytotoxicity against KB epidermoid carcinoma and
L1210 murine lymphoma cells with I1Css 3.2 and 2.4 pg/ml [59]. Aplysamine 2 showed
acetylcholinesterase inhibitory activity with ICs 1.3 uM [60]. Verongamine gave specific
histamine-Hs receptor binding with 1Cs, 0.5 uM [61]. (E,£)-Psammaplin A has a significant
cytotoxicity to several cancer cell lines, such as lung A549, ovarian SK-OV-3, skin SK-
MEL-2, CNS XF498, and colon HCT15 [33] and potent human topoisomerase Il and
histone deacetylase inhibitory activities with 1Cs5,s 18.8 and 0.003 pM, respectively [62-
63]. In addition, it inhibited mycothiol-S-conjugate amidase from Mycobacterium

tuberculosis with 1Csy 2.8 UM [64].
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5. Bastadins

Bastadins are a class of acyclic and macrocylic bromotyrosine alkaloids, which
are derived from four bromotyrosines. The majority of bastadins were isolated from
marine sponges of the genera lanthella and Pseudoceratina. Bastadins-4, -8, and -9
(Figure 2.11) isolated from [ basta exhibited cytotoxicity against L-1210 mouse

lymphocytic leukemia with EDsy 5 pg/ml [65].

_OH _OH
H N| R, H N|
Br. x> N Br. N
O O
O O
H H
O Br O Br
OH OH
HO Br: Br HO Br: Br
Br O R O
2
NS ] Nl
H N H N
OH OH
bastadin-4 bastadin-8; R1 = OH, R2 = Br

bastadin-9; R1 =H, R2 =H

Figure 2.11 Examples of bastadins

6. Miscellaneous

A number of bromotyrosine-derived compounds are not classified to any above
classes, such as, aplysillin A, ma'edamine A, polyandrocarpamide A, and geodiamolide

J (Figure 2.12). The common feature of this class is biogenetic bromotyrosine precursor.
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Br
H3CO O, H
X | Br
N
O/\/\N/
Br |

aplysillin A (Aplysina fulva) ma'edamine A (Suberea sp.)

)
H Br
] I V\C[
HN OH
polyandrocarpamide A geodiamolide B; R = CH3
(ascidian Polyandrocarpa sp.) geodiamolide E; R =H

(Axinyssa sp.)

Figure 2.12 Examples of miscellaneous bromotyrosine derivatives

Aplysillin Ais a weak thrombin receptor antagonist isolated from Aplysina fulva,
which is typically known for its production of bromotyrosine derivatives [66].
Ma'edamine A is probably derived from 11,12-dehydro form of aplysamine 2 through
the cyclization of six-membered ring and dihydroxylation. It exhibited cytotoxicity
against murine leukemia L1210 and KB cells with ICsgs 4.3 and 5.2 pg/ml, respectively
[67]. Polyandrocarpamides are derived from tyrosine and tryptophan units [68].
Geodiamolides are cyclic desipeptides that vary in type and position of amino acids
and polyketide fragments [34, 69-72]. Geodiamolides A-F originally isolated from
Geodia sp. (order Tetractinellida) and Axinyssa sp. (order Suberitida) showed potent
cytotoxicity against L1210 with IC5, values in the range of 2.5-14.0 ng/ml [70].

Most of these alkaloids possess a wide range of bioactivities, including
antimicrobial [42, 48-49, 59, 73-75], antiviral [76], antifungal [48, 59], antimalarial [56,
771, cytotoxic [33, 43, 50, 54, 59, 65, 67, 70, 73-74, 78-81], anti-inflammatory [82],
histamine Hs; antagonism [61], thrombin receptor antagonism [66] and enzyme
inhibitory activities, such as Na'™-K™-ATPase [44], protein tyrosine phosphatase [83],

mycothiol S-conjugate amidase [64], topoisomerase Il [62], histone deacetylase [63],
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and acetylcholinesterase [60]. Among the diverse bioactivities of these alkaloids, the

antimicrobial and cytotoxic activities have been most frequently reported.

1.4. Acetylcholinesterase inhibitory activity

Alzheimer's disease (AD) is a neurodegenerative disorder and the leading cause
of dementia, mainly affects people over the age of sixty. Approximately 46.8 million
people worldwide are living with dementia according to the 2015 estimation and this
number will increase dramatically in the future, escalating up to 131.5 million cases
by 2050 [84]. AD is characterized by loss of neurons and synapses in the cerebral cortex
and subcortical regions, collapse of cognitive functions, and formation of amyloid
plaques and neurofibrillary tangles. The causes of AD are not well understood so
several competing hypotheses exist trying to explain the cause of the disease, such as
cholinergic, glutamatergic, amyloid, and tau hypotheses [85]. However, most currently
available drug therapies are based on the cholinergic hypothesis involving in the
reduction of acetylcholine (ACh). The reduction of ACh synthesis in AD patients leads
to loss of ACh receptor stimulation that appears to relevant to cognitive process and
memory [85-88]. Acetylcholinesterase (AChE) is a serine hydrolase that hydrolyzes
acetylcholine (ACh) into inactive choline and acetic acid, which terminates the
neurotransmission process. AChE is mainly expressed in nervous tissues,
neuromuscular junctions and red blood cells [85]. Inhibition of AChE results in a
prolongation of the existence and the activity of ACh [88]. Another type of
cholinesterase is butyrylcholinesterase (BChE) that hydrolyses many different choline-
based esters. BChE is made in liver and found mainly in blood plasma and neuroslia.
BChE is less substrate specific towards ACh and hydrolyses ACh slower than AChE. The
physiological role in the cholinergic transmission has not been fully understood, but
the possibility to use selective BChE inhibitors or dual action AChE/BChE inhibitors was

suggested for symptomatic improvement in AD [89].

Structural insights on AChE and most in vitro work on AChE inhibitors have been

carried out using the AChEs of electric eel Electrophorus electricus (EeAChE) and
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electric ray Torpedo californica (TcAChE), which are structurally similar to that of
mammalian. As shown in Figure 2.13, the active site of AChE (the catalytic anionic site,
CAS) located in the bottom of a deep and narrow gorge is divided into 4 main subsites:
esteratic subsite (ES), anionic subsite (AS), oxyanion hole (OX), and acyl pocket (AP).
The ES contains the catalytic triad of serine200-histidine440-glutamate327 responsible
for nucleophilic attack to the carbonyl ester of ACh. The AS mainly comprising of
aromatic residues is responsible for the interaction with quaternary ammonium group
of ACh. The OX stabilizes the tetrahedral intermediate of ACh formed during the
catalytic process. The AP is believed to play a role in substrate selectivity. The major
differences between AChE and BChE involve this subsite [88]. Another important
subunit known as the peripheral anionic site (PAS) is located at the active center gorge
entry. Binding at the PAS could lead to changes in the allosteric conformation of the
active catalytic center [90]. The CAS is highly conserved in AChEs from different species,
while the PAS varies among them [88, 91].

Peripheral Site

15A

Anionic Site y

Figure 2.13 Schematic view of the active site gorge of Torpedo californica acetylcholinesterase
The bottom of the gorge consists of the esteratic site, anionic site, oxyanion hole, and acyl

pocket, and the peripheral anionic subsite is located close to the entry of the gorge [92].
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The AChE inhibitory activity is measured according to the in vitro modified
Ellman's method [93-94]. The chemical principle of the enzymatic reaction is depicted
in Figure 2.14. Acetylthiocholine iodide (ATCI) and 5,5'-dithiobis(2-nitrobenzoic acid)
(DTNB, Ellman's reagent) are used as substrates. AChE hydrolyzes ATCI to thiocholine
iodide and acetic acid. Then, thiol of thiocholine iodide cleaves the disulfide bond of
DTNB to produce 5-thio-2-nitrobenzoate that has yellow color. The color intensity of
the product is measured at 405 nm. The BChE inhibitory assay is carried out under the
same protocol as described above, except the substrate and enzyme were replaced

with butyrylthiocholine chloride and BChE, respectively.

o o}
/ AChE +/
Hch\SMN\— + HO — HSNN\— + )J\OH
I k
acetylthiocholine iodide thiocholine iodide acetate

5,5'-dithiobis(2-nitrobenzoic acid)

(DTNB)
NO
2 O
H /
o \
ON
5-thio-2-nitrobenzoic acid 2-nitrobenzoate-
(yellow colour) 5-mercaptothiocholine

Figure 2.14 Chemical principle of the Ellman's method

To date, three prescription drugs acting as AChE inhibitors have been approved
by the U.S. Food and Drug Administration (FDA) for symptomatic treatment of AD,
including donepezil (Aricept®), a selective, non-competitive, reversible AChE inhibitor;
rivastigmine (Exelon®), a dual AChE/BChE, non-competitive, slow-reversible carbamate
inhibitor; and galantamine (Razadyne®), a selective, competitive, rapidly-reversible
AChE inhibitor (Figure 2.15). Two of them are derived from natural sources, including

rivastigmine, a synthetic analog of physostigmine isolated from the seeds of
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Physostioma venenosum [88, 95], and galantamine, a natural product isolated from
Galanthus woronowii and several other plants within the order Amaryllidaceae [96].
Consequently, extensive research has been focused on the discovery of naturally

derived AChE inhibitors.

o N\
| N
~ N o
H CO N\/© hig
3 0
H cO
3

donepezil rivastigmine galantamine

HO

Figure 2.15 Acetylcholinesterase inhibitors approved by the U.S.

FDA for symptomatic treatment of Alzheimer's disease

The majority of the naturally occurring AChE inhibitors are primarily reported
from plants, with a comparatively few molecules from marine origins [88, 95]. However,
those reported marine natural products have exhibited strong inhibitory activity against
AChE compared to standard drugs, tacrine and galantamine (ICsos 0.06 and 0.6 pM,
respectively). These include 4-acetoxy-plakinamine B (ICs, 3.8 uM), a steroidal alkaloid
isolated from the sponge Corticium sp. [97]; petrosamine (ICso 0.09 pM), a
pyridoacridine alkaloid isolated from the sponge Petrosia n. sp. [98];
phlorofucofuroeckol A (ICso 4.9 uM), a phlorotannin isolated from the brown algae
Ecklonia stolonifera [99]; and marinoquinoline A (ICsq 4.9 uM), a pyrrole alkaloids

isolated from the marine gliding bacterium Rapidithrix thailandica [100] (Figure 2.16).
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Figure 2.16 Acetylcholinesterase inhibitors from marine origins

Recently, non-competitive inhibition of AChE by four bromotyrosine alkaloids,
including purealidin Q, isoanomoian A, aplyzanzine A, and aplysamine 2 (ICsos 1.2, 70,
104, and 1.3 uM, respectively), from the sponge Pseudoceratina cf. purpurea has been
reported (Figure 2.17). The N,N-dimethylaminopropyloxydibromotyramine moiety of

these compounds were proposed as an important subunit for AChE inhibitory activity
[60].

jso-anomoian A; R =CH

aplyzanzine A; R =

Br
O,

purealidin Q

Br
N Br H CO HO.
3 N
O/\/\N < | H Br

Br | o) H
-
o NT

Br |

aplysamine 2

Br

Figure 2.17 Bromotyrosine alkaloids acting as acetylcholinesterase inhibitors

from Pseudoceratina cf. purpurea
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2. Sponge Xestospongia sp.
2.1. Taxa and description of the sponge Xestospongia sp.

Kingdom: Animalia
Phylum: Porifera
Class: Demospongiae
Subclass: Heteroscleromorpha
Order: Haplosclerida
Family: Petrosiidae

Genus: Xestospongia de Laubenfels, 1932

Family Petrosiidae contains 4 valid genera: Petrosia, Neopetrosia, Xestospongia,
and Acanthostrongylophora. Spicule forms and sizes are considered as an important
taxonomic characters among different genera. Desqueyroux-Faundez and Valentine

(2002) provide key to this genus as follows [101]:

“Ectosomal skeleton undifferentiated from choanosomal skeleton, consisting
of a very dense disordered network of free spicules, with a single type of spicule
of a single size class larger than 200 pm long. Choanosomal skeleton consisting
of short longitudinal, undivided, pauci- to multispicular tracts connected by

few oxeas, causing irregular meshes”

The blue sponge sample was collected from Sichang Island, the Gulf of
Thailand and identified as Xestospongia sp. #2133 (family Petrosiidae) by Dr. John N.
A. Hooper. The voucher specimen was deposited at the Queensland Museum, South
Brisbane, Australia (sample code QMG306998) and the Department of Pharmacognosy
and Pharmaceutical Botany, Faculty of Pharmaceutical Sciences, Chulalongkorn
University, Bangkok, Thailand. This sponge exhibits thick, encrusted, lobate growth. Its
texture is hard, brittle and easily crumbled. Its color is light grayish-blue when alive
and turns to pinkish in ethanol. Oscula are numerous and of moderate size, and are
found, on apexes of surface lobes, with slightly raised lips. Its surface has prominent

bulbous surface lobes with some that are nearly digitate in size. The surface is
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translucent, membranous, optically smooth, macroscopically bulbous, and
microscopically even, with choanosomal drainage canals that are slightly visible below
the surface. Ectosomal skeleton membranes have no specialized speculation or
structure. The choanosomal skeleton with isotropic reticulation of paucispicular tracts
of oxeas forms tight oval meshes. Many free oxeas are scattered between tracts. Small
to moderately sized subdermal cavities are observed throughout skeleton. There are
no visible fibers and only small amounts of collagen in the mesophyll. The oxeas are
robust, straight or slightly curved at the center, sharply pointed, and hastate (190-210
x 12-18 m) [102].

2.2. Tetrahydroisoquinoline alkaloids

A study of tetrahydroisoquinoline family started from the isolation of an
antibiotic naphthyridinomycin from Streptomyces lusitanus in 1974 [103]. These
alkaloids are chemically classified into saframycin, naphthyridinomycin, quinocarcin,
and tetrazomine families. Saframycin family is bistetrahydroisoquinolines divided into
4 groups, including saframycins, safracins, renieramycins, and ecteinascidins (Figure
2.18). These tetrahydroisoquinoline alkaloids have been isolated from bacteria,
sponges, tunicates, and nudibranchs. Most of them display antimicrobial and
anticancer activities [104]. The main difference among 4 groups is the C-22 side chain:
saframycins contain a pyruvamide, safracins contain an alanyl amide, renieramycins
contain an angelate ester, whereas ecteinascidins contain a ten membered sulfide-
containing lactone ring attached with a tetrahydroisoquinoline or a tetrahydro—ﬂ—

carboline or a chain of carbon units [105].
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renieramycin M (RM) ecteinascidin 743 (ET 743)

Figure 2.18 Chemical structures of selected saframycin type compounds

2.2.1. Biosynthesis of tetrahydroisoquinoline alkaloids

The chemical structures of saframycins, safracins, renieramycins, and
ecteinascidins are formed by a two-fused tetrahydroisoquinoline ring (units A and B)
linked to different C-22 side chains. The similarity of the conserved A and B subunits
suggested that they might share biosynthetic pathway and precursors. The biosynthesis
of saframycins A (SA), which was isolated from Streptomyces lavendulae [106] have
been elucidated by feeding experiments of the carbon-labeled precursors. It was
proposed that SA is biosynthesized by the condensation of two tyrosine molecules to
generate the quinone ring system. A dipeptide of glycine and alanine were
incorporated as the precursors for pyruvamide side chain, and the five methyl groups
arose directly from methionine (Figure 2.19) [107-108]. Moreover, biosynthetic study of
saframycin Mx1 (SMx1), which was isolated from Myxococcus xanthus [109], revealed
that enzymes involved in its biosynthesis were two multifunctional nonribosomal

peptide synthetases (NRPS) and one O-methyltransferase [110].
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Methionine

Methionine

saframycin A 3

Figure 2.19 Biosynthetic precursors of saframycin A

Biosynthesis of renieramycins has not yet been defined; however, Cheun-arom
(2012) proposed that RM may be derived from two molecules of tyrosine and one
molecule of glycine through the same NRPS biosynthetic pathway with saframycins

[111].

2.2.2. Marine tetrahydroisoquinoline alkaloids as anticancer drugs and

potential drug candidates

Ecteinascidin 743 (ET 743) is a tristetrahydroisoquinoline alkaloid that was
initially isolated from the Caribbean tunicate Ecteinascidia turbinata in 2002 [112]. ET
743 or trabectedin is a marine anticancer drug under the trade name Yondelis
approved by the European Commission in 2007 and the U.S. Food and Drug
Administration in 2015 for the treatment of patients with advanced liposarcoma and
leiomyosarcoma after failure of standard treatments [113-114]. Its mechanism of action
is unique from that of the other alkylating agents used in chemotherapy, such as
cisplatin and ifosfamide. Traditional alkylating agents mostly bind to the N7 position of
guanine nucleotides in DNA major groove, while ET 743 binds to the exocyclic N2
amino group of guanine nucleotides in DNA minor groove though an iminium
intermediate of the carbinolamine moiety presenting in unit A. This binding is
additionally stabilized through hydrogen bonding and van der Waals interactions

between units A and B with neighboring nucleotides in the DNA double helix. In
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addition, the formation of DNA adducts of ET 743 in the minor groove results in bending
the helix toward the major groove. The units A and B are responsible for covalent
interaction and hydrogen bonding with the target DNA, whereas C subunit protrudes
from the DNA duplex, allowing an interaction with DNA binding proteins, such as DNA

repair proteins and transcription factors [115-116].

Lurbinectedin (PM01183) and Zalypsis® (PM00104), synthetic tetrahydroiso-
quinoline alkaloids related to trabectedin, have been progressed in phase Il clinical
trials. Trabectedin, lurbinectedin and Zalypsis® contain the same units A and B, but
differ in unit C (Figure 2.20). The tetrahydroisoquinoline presenting in unit C of
trabectedin was replaced by the tetrahydro-p-carboline in lurbinectedin, while
Zalypsis® lack of 10-membered lactone ring, and replaced the tetrahydroisoquinoline
of trabectedin by trifluorocinnamic acid moiety. All compounds showed
antiproliferative activity against several cancer cell lines at concentrations in the nM
range. However, antitumor activity in several tumor models in vivo and clinical

pharmacokinetic properties were different [117].

H CO
£

trabectedin (ET 743) lurbinectedin (PM01183) Zalypsis® (PM00104)

Figure 2.20 Marine tetrahydroisoquinoline alkaloids as anticancer drugs and potential drug candidates

2.3. Renieramycins
2.3.1. Chemistry of renieramycins

Renieramycins are a group of bistetrahydroisoquinoline alkaloids mainly

comprising an angelate ester side chain at C-22. To date, twenty-five renieramycins



26

isolated from marine sponges of the genera Reniera [118-119], Xestospongia [102, 120-
124], Haliclona [125], Cribrochalina [126], and Neopetrosia [127] have been reported.
Eight other renieramycin-related alkaloids, including jorumycin [128], jorunnamycins A-
C [129], and fennebricins A-D [130-131], isolated from the sponge-eating nudibranch
Jorunna funebris have been also reported. They could be divided into 4 groups based

on rings A and E.

1. Renieramycins with two quinones (rings A and E) comprise renieramycins A-

G, KK, M, O, R, S, V, and W [102, 118-121, 123, 125]; jorumycin [128];

jorunnamycins A and C [129]; and fennebricin A, C, and D [130-131].

renieramycins
A X=0H;Y=Y=H
102
B, X=0OCHCH;Y=Y=H
23 1 2
GX=0HY,Y=0
12
D;X=0OCHCH;Y,Y=0
23 1 2
E;X=Y=H; Y =0H
2 1
F;X=0CH;Y =0H,Y =H
31 2
GX=HY,Y=0
12
J;X=Y=H;Y =CH COCH
2 1 2 3
K;X=0CH,Y =CHCOCH,Y =H
31 2 32
M; X =Y =H;Y =CN
2 1
0O; X = OH, Y1: CN, Y2: H

R;X=0CH,Y =CN,Y =H
3 1 2

. .
ennebricins jorumycin; R = COCH , X = H, Y = OH

G X = OH, Y1 = CHZCOCH3, YZ: H renieramycin W jorunnamycins

D; X = OCH CH_,Y = CH COCH_,Y = H AR=X=HY=CN
GR= COCHZCHB, X=H,Y=CN
fennebricin A;R =X =H; Y = CHQCOCH3
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2. Renieramycins with one quinone (ring A) and one dihydroquinone (ring E)
comprise renieramycins H (cribrostatin 4), L, N, P, and Q [102, 121, 126-127];

and jorunnamycins B [129].

renieramycin H renieramycins

(cribrostatin 4) L; Y= CHZCOCH3

Q; Y=CN

renieramycins jorunnamycin B
N; Y =CN
P; Y = OH

3. Renieramycins with a methylenedioxy functionality on ring A and a quinone

(ring E) comprise renieramycins T, U and X [122]; and fennebricin B [130].

renieramycins renieramycin X fennebricin B

T;X=H
U; X = OH



28

4. Renieramycins with a penta-substituted phenol ring (ring A) and a quinone

(ring E) comprise renieramycin Y [124].

renieramycin Y

2.3.2. Bioactivities of renieramycins

Renieramycins A-D showed moderate antimicrobial activity against S. aureus, B.
subtilis, and Vibrio anguillarum [118]. Renieramycin G exhibited moderate active
against KB and LoVo cell lines with MIC 0.5 and 1.0 pg/mL, respectively [120].
Renieramycin P displayed cytotoxicity against 3Y1, Hela, and P388 cell lines with 1Css
5.3, 12.3, and 0.53 nM, respectively [127].

Table 2.1 Cytotoxicity of renieramycins with different C-21 functional groups against human cancer

cell lines [132]

R ICs (NM)

C-21 HCT116 QG56 DU145

renieramycin E (RE) OH <0.4 1.0 <0.4
renieramycin J (RJ) CH,COCH;, 730.0 510.0 370.0
renieramycin M (RM) CN 79 110 NT

HCT116: human colon carcinoma
QG56: human lung carcinoma
DU145: human prostate cancer

NT: not tested
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The cytotoxic profile in Table 2.1 showed that RJ without the reactive leaving
group at C-21 was dramatically less active than RE and RM. Thus, the leaving group
(OH or CN) at C-21 was apparently essential for cytotoxicity.

Table 2.2 Cytotoxicity of renieramycins with different C-14 and C-22 functional groups against
human cancer cell lines [102, 121, 129]

R ICs (NM)

c-14  C21 C-22 HCT116 DLD1 QG56 H460 DU145
renieramycin M (RM)®0< H CN angelate ester 79 9.6 19.0 59 NT
renieramycin O (RO)*® OH CN angelate ester 28.0 NT 40.0 NT NT
renieramycin R (RR)° OCH; CN angelate ester 23.0 NT 29.0 NT NT
saframycin A (SA)X? H CN pyruvamide 0.4 0.6 55 2.1 NT
jorunnamycin A (JA) H CN hydroxy 13.0 NT 59.0 NT 29.0
jorunnamycin B (JB) =0 CN hydroxy 455.0 NT  618.0 NT  448.0
jorunnamycin C (JO) H CN propionate ester 1.5 NT 2.8 NT 0.3

HCT116 and DLD1: human colon carcinoma
QG56 and H460: human lung carcinoma
DU145: human prostate carcinoma

NT: not tested

9see ref. [102]; bsee ref. [121]; “see ref. [129]

As shown in Table 2.2, renieramycins with the presence of the oxygenated
substituent at C-14 (RO and RR) were much less active than RM. In the same way, JB
with the carbonyl group at C-14 was also less cytotoxic than JA. Moreover, the
difference of the C-22 side chain among RM, SA, JA and JC apparently affect their

cytotoxic potency.
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Table 2.3 Cytotoxicity of renieramycins M and T against human cancer cell lines [122]

ICso (NM)

HCT116 QG56 T47D AsPCl

renieramycin M (RM) 87 140 0.8 200
renieramycin T (RT) 39.0 770 a7 980

HCT116: human colon carcinoma
QG56: human lung carcinoma
T47D: human ductal breast epithelial tumor

AsPC1: human pancreatic adenocarcinoma

The cytotoxic profile in Table 2.3 suggested that the methylenedioxy
functionality on ring A of RT decreased the cytotoxicity against all 4 cancer cell lines

compared to the quinone of renieramycin RM.

2.3.3. Structure modification at C-22 of renieramycins

Charupant et al. (2009) prepared twenty-four 22-O-ester derivatives of
jorunnamycin A and evaluated their cytotoxicity against HCT116 human colon
carcinoma and MDA-MB-435 human breast carcinoma. The results are summarized in
Table 2.4. The starting material jorunnamycin A was prepared from renieramycin M
that was isolated from the Thai blue sponge Xestospongia sp., via three-step
transformation, including hydrogenation, hydride reduction and air oxidation, as shown

in Figure 2.21 [132].

EtOAC

renieramycin M bistetrahydroquinone renieramycin M jorunnamycin A

Figure 2.21 Synthetic scheme of jorunnamycin A (JA) from renieramycin M (RM)
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deri R ICso (NM)
vative chemical name chemical structure HCT116 MDA-MB-435
renieramycin M e 9.4 3.8
07> H
CH
3
jorunnamycin A H 130.0 290.0
1 tiglic acid ester derivative )\J\ 34.0 11.0
=
0 CH
CH ’
)
2 3,3-dimethylacryloyl ester A, 27.0 11.0
0N cH
derivative 3
H
3 formic acid ester derivative A 38.0 38.0
07 H
4 butyric acid ester derivative 34.0 12.0
o)\/\CH3
5 | 2-methylpropanoic acid ester | _ )\KCHE 22.0 10.0
derivative Chi
6 2-(R/S)-methylbutanoic acid o)j/\CH 33.0 12.0
ester derivative CH, ’
7 hexanoic acid ester derivative M 100.0 40.0
0 CH,
8 3'-chloropropanoic acid ester 16.0 12.0
prop O)\/\Cl
derivative
9 cyclopentanecarboxylic acid 5 ; 93.0 30.0
ester derivative
10 1'-cyclopentenecarboxylic acid o J 33.0 13.0
ester derivative
11 3'-cyclopentenecarboxylic acid 5 ; 33.0 13.0
ester derivative
12 1'-cyclohexenecarboxylic acid o J 49.0 29.0
ester derivative




Table 2.4 (continued).
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deri R ICs (NM)
vative chemical name chemical structure HCT116 MDA-MB-435

13 3'-cyclohexenecarboxylic acid o J 49.0 29.0
ester derivative

14 benzenecarboxylic acid ester 25.0 8.6
derivative O)\O

15 4'-methoxybenzenecarboxylic 26.0 8.9
acid ester derivative OJ\Q\OCH

3

16 2'-methoxybenzenecarboxylic oy 34.0 11.0
acid ester derivative OJ\@

17 4'-nitrobenzenecarboxylic acid 26.0 9.4
ester derivative O)\Q\NOZ

18 4'-bromobenzenecarboxylic 38.0 13.0
acid ester derivative O;\©\Br

19 4'-pyridinecarboxylic acid ester < N 10.0 4.4
derivative | N

20 3'-pyridinecarboxylic acid ester . 7.9 3.5
derivative i | /N

21 2'-pyridinecarboxylic acid ester 5 Ng 3.3 1.4
derivative | J»

22 4'-quinolinecarboxylic acid 10.0 4.1
ester derivative T :N

23 3'-quinolinecarboxylic acid 5 ~ 10.0 3.8
ester derivative | >

24 2'-quinolinecarboxylic acid N 11.0 4.2
ester derivative ° | ;

HCT116: human colon carcinoma;

MDA-MB-435: human breast carcinoma

Boldface refers to ICs, less than that of RM

Among 22-O-ester derivatives, nitrogen-containg heterocyclic ester derivatives,

including pyridinecarboxylic acid ester (19-21) and quinolinecarboxylic acid ester
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derivatives (22-24) had similar cytotoxicity to RM. 2-pyridinecarboxylic acid ester
derivative 21 was the most active, approximately 3-fold more cytotoxic than RM. In
contrast, the derivatives possessing isomeric esters (1-2), formyl ester (3), long aliphatic
alkyl esters (4-7), aliphatic cyclic esters (9-12), aryl ester (14), and monosubstituted
aryl esters (15-18) showed decreased cytotoxicity [133].

Later, Liu et al. (2012) synthesized jorumycin and its 22-O-ester derivatives and
evaluated their cytotoxicity against 10 cancer cell lines. The results are summarized in

Table 2.5.

Table 2.5 Cytotoxicity of the 22-O-ester derivatives of jorumycin

e
=
jorumycin 25-39
deri R ICs50 (NM)
vative MCF | Hela | HCT | BGC- | BEL- | HEL | Asa | KB | A2780 | Ketr
7 8 | 823 | 7402 | F 9 3
jorumycin 186 | 21 | 128 | 33 | 12 | 36 | 11 | 26 38 57
25 ;\ 34 | 08 | 76 | 09 | 21 | 14 | 71 | 15 77 77
O CH
3
26 - NT | 434 | NT | NT | NT | 957 | NT | 886 | NT NT
O 3
O
27 ocH 03 | 03 | 259 | 15 | NT | 53 | 33 | 20 | 315 | 45
O
OCH
OCH
3
28 17 | 08 | 96 | 34 | 282 | 1.8 | 12 | 70 74 1.0
O I\N
N A
29 28 | 25 | 180 | 35 | 18 | 30 | 16 | 80 89 | 11.8
O =
Y,
30 D 161 | 35 | 265 | 201 | 462 | 90 | 307 | 66 90 | 231
O




Table 2.5 (Continued)

34

deri R |C50 (nM)
vative MCF | Hela | HCT | BGC- | BEL- | HEL A54 KB A2780 | Ketr
-7 -8 823 | 7402 F 9 3
31 J\/\© 11.6 1.8 82.0 | 33.7 | 282 | 18.7 | 16.1 10.9 454 17.8
O
32 ;\/\©\/ NT 12.2 NT 32.2 NT NT 23.2 5.9 100.0 85.9
O
33 _ 9.5 2.9 82.5 4.6 46.2 | 37.7 9.4 4.4 88.5 27.6
O
OCH
3
34 o / OCH3 1.0 0.3 28.2 35 1.8 12.0 2.2 2.2 75.0 26.1
OCH3
OCH
3
35 ;\/\@\ 195 | 779 NT 51.1 NT NT 152 | 413 86.3 79.9
O
CF
3
36 O)\/\Q/CFB NT 52.0 NT 22.7 NT NT NT 7.7 NT 89.2
37 P a2.7 Sh2 NT 138 | 20.1 | 203 | 215 | 224 50.1 52.3
o) | N
—
N
38 5.6 0.9 20.5 1.3 NT 3.3 2.1 33 7.2 7.6
1o =
HN
39 H 1.7 0.2 8.6 0.7 2.1 1.7 1.5 1.4 1.6 1.9
O)\/N\ﬂ/©
O

MCF-7: human breast cancer;

HCT-8: human colon cancer;

BEL-7402: human hepatic carcinoma;

A549: human lung cancer;

A2780: human ovarian cancer,

NT: not tested

Boldface refers to ICs, less than that of jorumycin

Hela: human cervical cancer;

BGC-823: human gastric adenocarcinoma;

HELF: human embryonic lung fibroblast carcinoma;

KB: human oral epidermoid carcinoma;

Ketr3: human renal cell carcinoma.

Compound 26 with pyruvic acid side chain that existed in saframycin A showed

dramatically decreased cytotoxicity. The aryl ester derivatives (27-29) showed similar

potency to jorumycin. The one carbon insertion in the side chain of 30 might cause
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less potent cytotoxicity than that of 29. The aryl acrylolyl ester derivatives (31-37)
showed generally decreased cytotoxicity that might be affected by the two-carbon
elongation between the aryl and carboxylic groups. Moreover, 33 and 34 with electron-
donating groups on the aromatic ring seemed to exhibit stronger cytotoxicity than
those of 35 and 36 with electron-withdrawing groups. Noticeably, the hippuric acid
ester derivative 39 was the most potent cytotoxicity among all of the compounds

[134].

Moreover, renieramycin G and its 22-O-ester derivatives were totally
synthesized and evaluated their cytotoxicity against 9 cancer cell lines by Liu et al.

(2011). The ICs, values of most derivatives (Table 2.6) were at the level of uM.

Table 2.6 Cytotoxicity of the 22-O-ester derivatives of renieramycin G (RG)

HC

H CO
3

deri R ICso (M)
vative MCF- | Hela HCT- | BGC- BEL- | A549 KB A2780 Ketr3
7 8 823 7402
RG s 38 | 29 | 88 | 34 | 91| 50| 33 | a2 | 34
S T
CH
3
40 A 49 | 27 | 57 | a3 | 40 | 45 | 23 | 33 | a6
O CH3
a1 )\/ﬂ 238 | 127 | 207 | 107 | 239 | 74 | 53 | 253 | 172
O CH

3
2 | WCH 25 | 24 | 35| 35| 21|32 20| 24 | 39

43 175 | 34 1194 | 34 | 65 | 59 | 3.2 | 122 4.6

a4 )\QEOCH 20 |13 | 27 |12 |23 | 22| 1.8 | 22 | 22
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Table 2.6 (Continued)

deri R ICso (UM)
vative MCF- | Hela | HCT- | BGC- | BEL- | A549 KB A2780 Ketr3
7 8 823 7402
45 ‘ 14.1 76 | 280 | 175|109 | 125 5.4 15.0 13.8
v
46 39 2.7 7.9 2.6 4.6 4.1 3.4 3.8 4.4
O =
HN
47 4.9 3.1 6.1 | 84 | 38 | 39 | 28 3.1 8.8
o I\
N/
48 19 | 05| 15| 05|16 | 07 |002]| 1.4 1.7
O =
s/
49 0)\/\© 3.6 4.4 5.0 3.3 2.3 5.0 3.0 5.0 7.8
50 ;\/\@ 3.7 2.8 8.9 3.8 7.3 8.3 3.7 4.2 3.1
o)
OCH
3
OCH
51 3 106 | 5.1 124 | 93 | 140 | 106 | 82 16.8 9.3
G OCH,
OCH
3
52 )\/\Q\ 9.7 | 100 | 92 | 74 | 142 | 83 40 | 158 10.4
0
r
53 ‘ 39 | 74 | 93 [11.7] 98 | 50 | 87 | 91 | 79
=
7O
54 P 2.2 1.2 2.1 1.3 2.3 2.1 0.4 2.2 1.4
o B
| —
N
MCF-7: human breast cancer; Hela: human cervical cancer;
HCT-8: human colon cancer; BGC-823: human gastric adenocarcinoma;
BEL-7402: human hepatic carcinoma; A549: human lung cancer;

KB: human oral epidermoid carcinoma;  A2780: human ovarian cancer;
Ketr3: human renal cell carcinoma.

Boldface refers to ICs, less than that of RG

Among the non-aromatic acid ester (40-42), the crotonic acid ester derivative

41 was the least cytotoxic, while 40 with acetyl group and 42 with elongated conjugate
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system exhibited similar potency to RG. Among the aryl esters (43-48), 45 with a bulky
1-naphthyl group was the least cytotoxic. Noticeably, 2-thiophene carboxylic acid ester
derivative 48 was the most potent among all of the compounds. It exhibited potent
cytotoxicity against several cancer cell lines, especially KB cell line with IC5y 20 nM.
Among the aromatic acrylic acid ester (49-54), 51 and 52 with three methoxy groups
and a fluoro group, respectively, on the benzene ring showed decreased cytotoxic
potency, while 54 with trans-3-(3-pyridyl)acrylic acid ester was more potent than RG
[135].

2.3.4. Other related anticancer activities of renieramycins

Halim et al. (2011) demonstrated promising anticancer and antimetastatic
activities of renieramycin M (RM) against NSCLC cells. RM has been shown to possess
potent cytotoxicity against several cancer cell lines, including HA60 NSCLC cell line.
This study indicated that apoptosis was the primary mode of cell death in response to
RM and this apoptosis was induced though a p53-dependent mechanism, which
subsequently down-regulated anti-apoptotic proteins BCL-2 and MCL-1, while the level
of pro-apoptotic protein BAX was not changed. Moreover, RM at subtoxic
concentrations can sensitize H460 cells to anoikis. Anoikis, an apoptosis induced by
loss of cell adhesion or inappropriate cell adhesion, has been widely accepted to be
one of the most important mechanisms for inhibition of cancer metastasis. RM
inhibited anchorage-independent growth of H460 cells subjected to soft agar colony-
formation assay. The abilities to survive and grow under anchorage-independent
condition are a key characteristic of metastatic cancer cells. RM also inhibited cell
migration and invasion, which are important abilities in determining aggressiveness of
metastatic cancer. The results suggested that RM possessed a strong cytotoxic activity

against H460 NSCLC cells and has potential antimetastatic properties [136].
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2.4, Targeted therapy for metastatic lung cancer

Cancer is a group of diseases involving in the uncontrolled cell growth with the
potential to invade and spread to other sites of the body. Cancer remains a serious
health problem. In 2012, there were 8.2 million people die from cancer, accounting
for 13% of all deaths worldwide. Lung cancer is the most common cause of cancer
deaths, approximately 1.6 million deaths representing 19% of all cancer deaths [137].
There are two main types of lung cancer: about 17% of lung cancer cases are small-
cell lung carcinoma (SCLC) and about 80% of lung cancer cases are non-small-cell lung
carcinoma (NSCLC). Metastasis is the major cause of cancer deaths and more than 60%
of patients with lung cancer are diagnosed with metastatic cancer [138-139]. The
platinum-based doublet, including cisplatin or carboplatin and either paclitaxel,
docetaxel, gemcitabine, vinorelbine, irinotecan or pemetrexed, is a standard regimen
for metastatic NSCLC. These regimens are effective in terms of response rate, time to
progress, and overall survival compared with cisplatin alone or older platinum-based
combinations [140-142]. Despite new drugs and therapeutic regimens, the overall five-
year survival rate for patients with NSCLC is less than 15% and after surgical resection
in patients with early-stage cancer, 65% of cancer recurrence occur within the first 2
years [138]. Cancer metastasis, tumor relapse, and drug resistance are major causes of
treatment failure. Understanding of the molecular mechanisms of these processes

could improve clinical management of cancer.

Metastasis is a multistep process including detachment of cells from primary
tissues, intravasation, transport through the circulatory system, extravasation, and
subsequent formation of tumors in distant secondary organs. All of these steps are
required for metastatic development, especially the survival of cells in the circulatory
system [143-145]. The presence of a high number of circulating tumor cells (CTCs) in
blood is associated with poor survival in patients with lung metastatic cancer [146].
Therefore, targeting CTCs represent a promising approach to reducing metastasis,
thereby improving patient survival. Anoikis is a programmed cell death induced upon

cell detachment from the extracellular matrix and neighboring cells [147]. Tumor cells
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that acquire malignant potential can develop resistance to anoikis through multiple
mechanisms, such as constitutive activation of pathways responsible for cell survival,
integrin switch, epithelial-mesenchymal transition, and oxidative stress [143-145, 148-
149]. Stimulation of prosurvival signals and suppression of death signals are proposed
as primary mechanisms responsible for anoikis resistance and metastasis. In lung
cancer, the up-regulation of proteins in the survival pathways, including activated
extracellular signal-regulated kinase (ERK) and ATP-dependent tyrosine kinase (AKT),
was shown to increase anoikis-resistant potential [150]. Moreover, the proteins of the
B-cell lymphoma-2 family in the apoptotic pathways, such as anti-apoptotic proteins,
B-cell lymphoma-2 (BCL2) and myeloid cell leukemia-1 (MCL1), and pro-apoptotic
protein BCL2-associated X (BAX), have been found to associate with anoikis resistance
in circulating tumor cells in several cancers [151-154]. To date, CTCs have been
detected in several cancers, such as lung, colon, prostate, and breast cancers [155-
158]. There are significant efforts to understand the biological properties and triggering
mechanisms of CTCs; however, a few chemotherapeutic drugs are specifically active
toward killing CTCs. This treatment failure may contribute to cancer recurrence and
metastasis [159]. Recently, it was reported that alkaloid berberine (Figure 2.22) inhibited

the growth of anoikis-resistant breast cancer cells by inducing cell cycle arrest [160].

Cancer stem cell (CSC) is believed to be one of the major cause of drug-
resistance, cancer recurrence, and metastasis after chemotherapy [161-163]. CSCs are
cancer cells that possess characteristics associated with normal stem cells, specifically
the abilities of self-renewal and differentiation into multiple cell types. Cancer stem
cells were first identified in human acute myeloid leukemia in 1997 [164]. Since the
early 2000s CSCs have been reported in several solid cancers, such as breast, brain,
prostate, pancreatic, colon, and lung cancers [165-170]. Based on CSC capabilities to
undergo self-renewal and differentiate at the single cell level, colony- and sphere-
formation assays has been widely used to identify them [167, 170-173]. Cell surface
markers that are specific for normal stem cells are commonly used for isolating CSCs.
Putative markers for lung CSCs have been reported including CD133, CD44, and ALDH

[161, 170-175]. Targeting CSCs might prevent cancer recurrence and metastasis.
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Salinomycin (Figure 2.22), a polyether antibiotic first isolated in 1972 from a culture of
Streptomyces albus, have been found to selectively reduce the proportion of breast
CSCs in mice by more than 100-fold relative to paclitaxel, a commonly used
chemotherapeutic drug in breast cancer [176]. In addition, curcumin; piperine [177];
sulforaphane, a dietary component of broccoli/broccoli sprouts [178]; shogaol isolated
from ginger (Zingiber officinale) [179]; and gigantol, a bibenzyl derivative isolated from

orchid, Dendrobium draconis [180], have recently reported to target CSCs (Figure 2.22).

o\
° ()
O o OH N
X H CO ™ NG OCH N 0]
J e o :
N
=
H,c0 HO OH O
OCH
3
berberine curcumin piperine
Berberis sp. Curcuma longa Piper sp.
OH
0 S 0
5 NZ© P H.CO
IO 3 O OCH3
HO HO
OCH3
sulforaphane shogaol gigantol
Brassica oleracea Zingiber officinale Dendrobium draconis

salinomycin

Streptomyces albus

Figure 2.22 Natural products reported to target anokis-resistant cancer cells

and cancer stem cells
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CHAPTER IlI

EXPERIMENTAL PROCEDURES

1. Chromatography

1.1. Analytical thin-layer chromatography (TLC)

Technique : One dimension, ascending direction
Adsorbent . Silica gel 60 Fysq coated on an aluminium sheet (Merck)

Layer thickness : 0.2 mm

Distance : 5cm
Temperature  : Room temperature (30-35 °C)
Detection . 1. Visual detection under daylight.

2. Ultraviolet light at a wavelength of 254 nm.
3. Spraying with p-anisaldehyde-sulfuric acid reagent and heating

until colors develop.

1.2. Gel filtration chromatography

Adsorbent : Sephadex LH-20 (Pharmacia).

Column size : diameter 2.3 cm, length 60-110 cm for sample size of 100-1000 mg

Packing method : Wet-packing method was used to prepare a column. The adsorbent
was kept in an eluent overnight for maximum swelling. The
adsorbent was carefully poured into the column and allowed to
equally settle.

Sample loading : The sample was dissolved in a small amount of the eluent and
then applied gently on top of the column.

Detection : Each fraction was monitored by TLC technique as mentioned above.

1.3. Normal-phase vacuum liquid chromatography

Adsorbent : Silica gel 60 particle size 0.063-0.200 mm, 70-230 mesh ASTM (Merck)



Column size

Packing method

Sample loading

Detection

a2

: diameter 7 cm, length 3 cm for sample size of ~700 mg (silica gel 65 g)
diameter 11 cm, length 4 cm for sample size of ~30 g (silica gel 120 g)
: Wet-packing method was used to prepare a column. The adsorbent
was suspended in an eluent, and the slurry was carefully poured into
the sintered glass funnel used as the column. Reduced pressure
(negative pressure) produced by a water aspirator allowed the eluent
to drain and helped to equally settle the adsorbent.

: The sample was dissolved in a small amount of more volatile
CH,CLl,, mixed with kieselguhr, triturated, dried and then transferred
to surface of the column. The eluent was sucked by reduced
pressure.

: Each fraction was monitored by TLC technique as mentioned above.

1.4. Normal-phase flash column chromatography

Adsorbent

Column size

: Silica gel 60 particle size 0.040-0.063 mm, 230-400 mesh ASTM (Merck)

diameter ~1 cm, length ~30 cm for sample size of 25-150 mg (silica gel ~30 ¢)

diameter ~2 cm, length ~30 cm for sample size of 120-300 mg (silica gel ~50 ¢)

diameter ~3 cm, length ~30 cm for sample size of 0.3-0.8 g (silica gel ~130 ¢)

diameter ~4 cm, length ~30 cm for sample size of 0.8-1.2 g (silica gel ~170 ¢)

diameter ~5 cm, length ~30 cm for sample size of 2-5 g (silica gel ~230 ¢)

Packing method

Sample loading

Detection

: Wet-packing method was used to prepare a column. The adsorbent
was suspended in an eluent, and the slurry was carefully poured into
the column. Compressed air (positive pressure) allowed the eluent
to drain and helped to equally settle the adsorbent. The flow rate
was adjusted to 1-2 mL/min by compressed air and a stopcock.

: The sample was dissolved in a small amount of the eluent and
then loaded gently on top of the column. The eluent was pushed
through the column by compressed air.

: Each fraction was monitored by TLC technique as mentioned above.
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1.5. Preparative reversed-phase high-performance liquid chromatography

(RP-HPLC)

HPLC was performed on a Shimadzu apparatus equipped with a LC-20AB binary
pump, a Rheodyne 7125 injector port, and a SPD-20A UV/Vis detector (Faculty of
Pharmaceutical Sciences, Chulalongkorn University) and on a Waters apparatus
equipped with a 1525 binary pump, a Rheodyne 7125 injector port, and a 2998
photodiode array (PDA) detector (Faculty of Pharmaceutical Sciences, Prince of Songkla

University).

Table 3.1 Reversed-phase high-performance liquid chromatography (RP-HPLC) columns

column size

adsorbent  particle size brand
diameter length

C-18 5pum 4 mm 250 mm LiChrosphere® 100
C-18 5pm 4.6 mm 150 mm VertiSepTM
C-18 5pm 7 mm 150 mm Apollo
C-18 10 pm 10 mm 250 mm LiChrosphere® 100
C-18 10 pum 10mm 250 mm VertiSep™
C-8 5pum 4 mm 250 mm LiChrosphere® 100
C-8 5um 10 mm 250 mm Ascentis™

C-18: octadecylsilane (ODS)
C-8: octylsilane

2. Spectroscopy

2.1. Ultraviolet (UV) and visible (Vis) spectroscopy

UV-Vis spectra were obtained on a Shimadzu UV-160A spectrophotometer
(Faculty of Pharmaceutical Sciences, Chulalongkorn University) with cuvette cells SCC
282 1.000, 1-cm path length. Samples were dissolved in MeOH (analytical grade,
Labscan, Thailand) and applied to measure the UV spectra plotted with the
absorbance on the Y-axis and the wavelength on the X-axis. Molar absorptivity (€) at a
specified wavelength of a particular compound is a constant value that can be

calculated using the following equation:



aq

A is the absorbance
c is the molar concentration

L is the pathlength of cell (cm)

2.2. Infrared (IR) spectroscopy

IR spectra were obtained on a Shimadzu IRAffinity-1 FTIR spectrophotometer
(Meiji Pharmaceutical University). Samples were either mixed with KBr powder and
compressed as KBr disc or dissolved in CHCl; (specially prepared reagent grade, Nacalai

Tesque, Kyoto, Japan).

2.3. Mass spectrometry (MS)

The high-resolution electron impact (El) and fast atom bombardment (FAB)
mass spectra were recorded on a JEOL JMS 700 mass spectrometer (Meiji
Pharmaceutical University). The high-resolution electrospray ionization (ESI) mass
spectrum was obtained on an Agilent 6200 ESI-TOF (Medicinal Plant Research Institute,
Department of Medical Sciences, Ministry of Public Health). The exact molecular weight

was calculated to confirm the molecular formula of the isolated compounds.

2.4. Nuclear magnetic resonance (NMR) spectroscopy

One-dimensional proton (*H) and carbon (**C) NMR, and two-dimensional NMR,
including 'H-'H correlation spectroscopy (COSY), heteronuclear single-quantum
correlation (HSQC) spectroscopy, heteronuclear multiple-bond correlation (HMBC)
spectroscopy, and nuclear Overhauser effect spectroscopy (NOESY) were obtained on
a Bruker Avance DPX-300 (Faculty of Pharmaceutical Sciences, Chulalongkorn
University), a JEOL JNM-AL 300, a JEOL JNM-AL 400 (Meiji Pharmaceutical University),
and a Varian Inova-500 NMR spectrometers (Scientific and Technological Research
Equipment Centre, Chulalongkorn University). Solvent signals themselves served as
internal standards (CDCls: 5H 7.26/5C 77.0, acetone-dé: 5H 2.05/5C 29.8 and 206.3,
DMSO-d6: 0y 2.50/0 39.5).
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3. Optical Activity

3.1.1. Optical rotation

Optical rotation measurements were obtained on a Perkin Elmer Polarimeter
341 (Faculty of Pharmaceutical Sciences, Chulalongkorn University) and a Horiba SEPA-
200 polarimeter (Meiji Pharmaceutical University). Samples were dissolved in MeOH
(analytical grade, Labscan, Thailand; spectro grade, Kanto Chemical Co., Inc., Tokyo,
Japan). Specific optical rotation ([@]) value can be calculated using the following

equation:

100 X

T
[a]; - o x 1

O is the observed rotation in degrees
c is the concentration in ¢/100 ml

L is the pathlength of cell (dm)

T is the temperature (°C)

A is the wavelength of the light (nm)

3.1.2. Circular dichroism (CD)

CD measurements were taken on a Jasco J-715 (Faculty of Pharmaceutical
Sciences, Chulalongkorn University) and a Jasco J-820 spectropolarimeters (Meiji
Pharmaceutical University). Samples were dissolved in MeOH (analytical grade,
Labscan, Thailand; spectro grade, Kanto Chemical Co., Inc., Tokyo, Japan) and applied
to measure the CD spectra plotted with the ellipticity (@) or molecular circular
dichroism (Mol.CD, A&) on the Y-axis and the wavelength on the X-axis. CD values are

expressed as either molar ellipticity ([6h) or molecular circular dichroism (Ag).



Molar ellipticity ([6}) can be calculated using the following equation:

0
10X c X%l

o] -

0 is the ellipticity (mdeg)
c is the molar concentration

L is the pathlength of cell (cm)
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CHAPTER IV
BROMOTYROSINE ALKALOIDS WITH ACETYLCHOLINESTERASE INHIBITORY

ACTIVITY FROM THE THAI SPONGE ACANTHODENDRILLA SP.*

Natchanun Sirimangkalakitti,* Opeyemi J. Olatuniji,” Kanokwan Changwichit,®
Tongchai Saesong, Supakarn Chamni,? Pithi Chanvorachote,® Kornkanok Ingkaninan,”

Anuchit Plubrukarn,” and Khanit Suwanborirux®

“Center for Bioactive Natural Products from Marine Organisms and Endophytic Fungi (BNPME),
Department of Pharmacognosy and Pharmaceutical Botany, Faculty of Pharmaceutical
Sciences, Chulalongkorn University, Bangkok 10330, Thailand; bDe,oczrz‘rm?nt of Pharmacognosy
and Pharmaceutical Botany, Faculty of Pharmaceutical Sciences, Prince of Songkla University,
Hat-Yai, Songkhla 90112, Thailand,; CDeporTment of Pharmaceutical Chemistry and
Pharmacognosy, Faculty of Pharmaceutical Sciences and Center of Excellence for Innovation in
Chemistry, Naresuan University, Phitsanulok 65000, Thailand; “Cell-Based Drug and Health
Product Development Research Unit and Department of Pharmacology and Physiology, Faculty
of Pharmaceutical Sciences, Chulalongkorn University, Bangkok 10330, Thailand

1. Introduction

Acetylcholinesterase (AChE: E.C. 3.1.1.7) is a serine hydrolase enzyme that
hydrolyzes acetylcholine (ACh), the cholinergic neurotransmitter, into inactive choline
and acetic acid. The cholinergic hypothesis proposes that the causes of cognitive
impairment in Alzheimer's disease (AD) patients are involved in the loss of cholinergic
neurons in the brain and consequently, the reduction of Ach [1]. Thus, the inhibition
of AChE is one of the therapeutic approaches in AD treatment. To date, there are four
prescription drugs, donepezil, rivastigmine, galantamine, and memantine, approved by

the U.S. Food and Drug Administration for symptomatic treatment of AD. The

: Reproduced by permission of Natural Product Communications, 10 (11), 1945-1949, 2015.
Copyright 2015 Natural Product Communications Inc.
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discoveries of rivastigmine and galantamine, AChE inhibitors derived from natural
sources, have been a driving force for the search of new natural leads for AD drug
development. The majority of the naturally occurring compounds with AChE inhibitory
activity are primarily reported from plants, with a comparatively few molecules from
marine sources [2-3]. However, those reported marine natural products have exhibited
strong inhibitoryactivity against AChE. These include 4-acetoxy-plakinamine B from the
sponge Corticium sp. [4], petrosamine from the sponge Petrosia n. sp. [5], purealidin Q
and aplysamine 2 from the sponge Pseudoceratina cf. purpurea [6],
phlorofucofuroeckol A from the brown algae Ecklonia stolonifera [7], and

marinoquinoline A from the marine gliding bacterium Rapidithrix thailandica [8].

2. Experimental

General. 'H and >C NMR spectra were obtained on either a Bruker Avance DPX-
300 or a Varian Inova-500 NMR spectrometer. Solvent signals themselves served as
internal standards (CDCls: 5H 7.26/5(; 77.0, acetone-d,: 5H 2.05/5C 29.8 and 206.3,
DMSO-dys: Oy 2.50/0¢ 39.5). High-resolution mass spectra were acquired from either an
Agilent 6200 ESI-TOF or a JEOL JMS 700 mass spectrometer. Optical rotation
measurements were obtained on a Perkin Elmer Polarimeter 341. Circular dichroism
measurements were taken on a Jasco J-715 spectropolarimeter. UV spectra were
obtained from a Shimadzu UV-160A spectrophotometer, and IR spectra from a
Shimadzu [RAffinity-1 FTIR spectrophotometer. HPLC was performed on a Shimadzu
apparatus equipped with a LC-20AB binary pump, a Rheodyne 7125 injector port, and
a SPD-20A UV/Vis detector or on a Waters apparatus equipped with a 1525 binary
pump, a Rheodyne 7125 injector port, and a 2998 photodiode array (PDA) detector.

Animal material. Acanthodendrilla sp. was collected by scuba divers from
Koh-Ha Islets, Krabi, Thailand at a depth of 15-20 m in December 2011 and frozen until
used. The sponge sample was taxonomically identified as Acanthodendrilla sp., family
Dictyodendrillidae, by Dr Sumaitt Putchakarn of the Institute of Marine Science,

Burapha University, Chonburi, Thailand. This nonspicule-forming sponge has an irregular
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shape and looks like an encrusting sheet. The texture consistency is soft and
compressible. The outer surface is clean and smooth to the touch, slippery, conulose
with irregularly disposed conules 1-4 mm high and 2-5 mm apart. The inner surface
has several irregular hollows. The color of the specimen is creamy white underwater
and becomes light brown on the surface. The voucher specimens have been deposited
at the Department of Pharmacognosy and Pharmaceutical Botany, Faculty of
Pharmaceutical Sciences, Chulalongkorn University and Prince of Songkla University,

under the code number AP11-001-01.

Extraction and isolation. The sponge specimen (6.8 kg wet weight) was
macerated with MeOH. The aqueous-methanolic extract was partitioned with EtOAc to
give the EtOAC extract (67.81 g). This was chromatographed on a silica gel column with
a gradient of n-hexane:EtOAc (40-100%) and EtOAc:MeOH (0-100%) to obtain 7
combined fractions. The major fraction (14.97 ¢) eluted with 70-100% EtOAc in n-
hexane was crystallized from EtOAc-n-hexane to yield the major compound B13 (8.12
g). The mother liquor (5.91 g) was further fractionated on a silica gel column eluted
with 50% EtOAc in CH,Cl, to afford 4 sub-fractions A (230.6 mg), B (94.5 mg), C (2.05 ¢),
and D (1.51 g), which were separately subjected to Sephadex® LH-20 (MeOH), silica gel,
and HPLC columns (LiChrospher 100 RP-18, 10 mm x 250 mm, 10 um) to yield B11
(4.9 mg) from sub-fraction A; B12 (14.3 mg) from sub-fraction B; B1 (30.6 mg), B2 (2.8
mg), B6 (121.7 mg), and B7 (72.7 mg) from sub-fraction C;, and B3 (33.8 mg), B4 (10.1
mg), B5 (4.0 mg), B8 (13.9 mg), B9 (5.8 mg), B10 (7.2 mg), B14 (8.1 mg), B15-16 (39.5
mg), B17-18 (24.8 mg), and B19-20 (5.6 mg) from sub-fraction D.

13-Oxosubereamolline D (B5): Colorless amorphous powder. [a]éoz +143.1
(c 0.1, MeOH). IR (CHCL,): 3422, 2938, 1715, 1676, 1533, 1233, 989 cm™. UV /Lnax (MeOH)

nm (log €): 231 (4.05), 283 (3.78). CD [0 : [0],50 +51 765, [Ops +60 532 (c 0.001,
MeOH). 'H NMR (500 MHz, acetone-dy): Table 4.1. *C NMR (125 MHz, acetone-dy): Table
4.1. HRESIMS: m/z [M+Na]" calcd for C;7H,,Br,N;O;Na: 559.9644; found: 559.9649.

5,7ﬂ-Dichlorocavemicolin (B19) and 5,7a-dichlorocavernicolin (B20):

Colorless amorphous powder. [a]2: +14.0 (c 0.1, MeOH). UV A, (MeOH) nm (log &):
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245 (3.88). 'H NMR (500 MHz, acetone-d,) of B19: 0 7.76 (1H, br, NH), 7.21 (1H, br s, H-
4), 5.50 (1H, s, OH), 5.07 (1H, d, J = 10.4 Hz, H-7), 4.05 (1H, dd, J = 10.4, 1.7 Hz, H-7a),
2.90 and 2.44 (each 1H, each d, J = 16.9 Hz, H-3). 'H NMR (500 MHz, acetone-d) of
B20: O 7.24 (1H, br, NH), 7.09 (1H, d, J = 1.0 Hz, H-4), 5.71 (1H, s, OH), 5.27 (1H, d, J =
3.9 Hz, H-7), 4.46 (1H, br d, J = 3.9 Hz, H-7a), 2.70 (2H, s, H-3). C NMR (125 MHz,
acetone-d,) of B19: 0 184.1 (C-6), 173.8 (C-2), 145.9 (C-4), 130.1 (C-5), 75.4 (C-3a), 69.1
(C-7a), 66.8 (C-7), 42.9 (C-3). *C NMR (125 MHz, acetone-d,) of B20: O 184.0 (C-6), 173.1
(C-2), 144.9 (C-4), 129.9 (C-5), 74.6 (C-3a), 65.0 (C-7a), 61.9 (C-7), 45.8 (C-3). HRESIMS:
m/z [M+H]* calcd for CgHgClLNO4: 235.9881; found: 235.9889.

Cholinesterase inhibitory activity. The AChE and butyrylcholinesterase (BChE)
inhibitory activities were measured according to the modified Ellman's method [30-31].
Briefly, 25 uL of 1.5 mM ATCI, 125 pL of 3 mM DTNB, 50 pL of 50 mM Tris buffer (pH
8), and 25 pL of the test sample dissolved in the buffer containing not more than 10%
MeOH were added to a 96-well microplate. Hydrolysis of the substrate was initiated
with an addition of 25 ulL of 0.28 U/mL of either electric eel AChE (EeAChE) or human
recombinant AChE (hrAChE). To determine BChE inhibitory activity, in the same
procedure, the substrate and enzyme were replaced with BTCC and 2.8 U/mL BChE,
respectively. The developing yellow color of the product was measured at 405 nm
every 5 s for 2 min using a BioStack microplate stacker (BioTek Instruments, Inc.,
Winooski, VT, USA). Every experiment was carried out in triplicate. Enzyme activity was
calculated as a percentage of the velocity of the test sample compared with that of
the non-treated control. Inhibitory activity was calculated by subtracting the
percentage of enzyme activity from 100% enzyme activity. The ICs, of inhibitory activity
was analyzed using GraphPad Prism (Graphpad software, USA). Galantamine was used
as a positive control. To study the hrAChE inhibition kinetics of B7, the same
methodology at the ICsq (4.5 puM) with various ATCI concentrations (0.05-10 mM) was
used. The velocities of the reactions with or without the presence of B7 were recorded
and plotted in the graph according to the Michaelis-Menten and Lineweaver-Burk
equations. The kinetic parameters including V., and K, values were calculated using

GraphPad Prism.
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Cytotoxicity assay. The effect of B7 on the viability of normal human
keratinocyte HaCaT cells (Cell Lines Service, Eppelheim, Germany) cultured in
Dulbecco's modified Eagle's medium was investigated by MTT assay [33]. Cells were
seeded into a 96-well plate at a density of 1x10* cells/well and allowed to adhere
overnight. After that, the cells were treated with various concentrations of B7 dissolved
in the medium containing not more than 0.2% DMSO for 24 h and then incubated with
0.5 mg/mL MTT for 4 h. The absorbance of the formazan products solubilized by DMSO
was measured at 570 nm using a VICTOR3 multilabel plate reader (PerkinElmer,
Waltham, MA, USA). The percentage viability was calculated in respect to non-treated
control cells. Every experiment was carried out in triplicate. Statistical analysis was
performed using one-way ANOVA with Dunnett's T3 post hoc test at a significant level
of p-values < 0.05 (IBM SPSS statistics version 20, USA).

3. Results and Discussion

In the course of this study for biologically active compounds from marine
invertebrates, the MeOH crude extract of the sponge Acanthodendrilla sp. collected
from Koh-Ha lIslets, Krabi, Thailand, showed a strong AChE inhibitory activity (80%
inhibition of FeAChE at 100 pg/mL). Extensive chemical purification of the extract by
chromatographic combination of silica gel, Sephadex® LH-20, and RP-HPLC columns
led to the isolation of 20 bromotyrosine-derived alkaloids (Figure 4.1), including a new
compound 13-oxosubereamolline D (B5), together with 19 known compounds,
subereamolline C (B1), subereamolline D (B2) [9], B3, B4 [10], aerothionin (B6) [11-12],
homoaerothionin (B7) [11], 11-oxoaerothionin (B8) [13], oxohomoaerothionin (B9) [14],
fistularin 1 (B10) [15], 11,19-dideoxyfistularin 3 (B11) [12], 19-deoxyfistularin 3 (B12)
[16], 3,5-dibromo-1-hydroxy-4,4-dimethoxy-2,5-cyclohexadiene-1-acetamide (B13) [17-
18], verongiaquinol (B14) [19-20], cavernicolin-1 (B15), cavernicolin-2 (B16) [21], 7,3—
bromo-5-chlorocavernicolin (B17), 70--bromo-5-chlorocavernicolin (B18) [22], 5,7,3—
dichloro-cavernicolin (B19), and 5,70-dichloro-cavernicolin (B20) [23]. Bromotyrosine-
derived alkaloids are a well-known group of marine secondary metabolites isolated

from sponges, mostly belonging to the order Verongiida [24]. Therefore, this is the first



52

report of such derivatives from the sponge Acanthodendrilla sp. of the different order
Dendroceratida. Bromotyrosine alkaloids were previously reported to possess various
biological activities such as antimicrobial, antifungal, antiviral, cytotoxic, and enzyme
inhibitory activities [25]. Recently, non-competitive inhibition was reported of AChE by
bromotyrosine alkaloids from the sponge Pseudoceratina cf. purpurea [6]. Herein, we
report the structure elucidation of the isolated bromotyrosine-derived alkaloids by
careful analyses of UV, IR, NMR, high-resolution MS, and circular dichroism spectra,

together with literature comparisons, and also their cholinesterase inhibitory activity.
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Figure 4.1 Structures of bromotyrosine alkaloids isolated from the Thai marine sponge

Acanthodendrilla sp.

13-Oxosubereamolline D (B5) was isolated as a colorless amorphous powder.
A pseudomolecular ion at m/z 559.9649 [M+Na]" (calcd for 559.9644) in the HRESIMS

suggested the molecular formula Cy7H,,Br,N;O; for B5, which required 8 degrees of



53

unsaturation. The UV absorptions at /lmax 283 and 231 nm were attributed to a
cyclohexadienyl moiety [14], whereas the IR bands at 3422 and 1676 cm™ showed the
presence of a hydroxyl and O-iminoamide carbonyl function, respectively [14,26].
Careful interpretation of the H, **C, 'H-'H COSY, HSQC, and HMBC NMR data (Table
4.1) indicated that B5 possessed a 1-hydroxy-2,4-dibromo-3-methoxy-8-carbamoyl
spiro-cyclohexadienylisoxazoline (SHI) moiety due to the signals of an oxymethine [0y
4.16 (d, J = 7.8 Hz, H-1)/0¢ 75.2 (C-1)], a hydroxy [0y 5.43 (d, J = 7.8 Hz, 1-OH)], two
conjugated olefins [0 113.8 (C-2), O 149.0 (C-3), O¢ 122.0 (C-4), Oy 6.51 (s, H-5)/O¢
132.4 (C-5)], a methoxy [0y 3.71 (s, 3-OCH5)/Oc 60.2 (3-OCH,)], a quaternary oxygenated
carbon [0c 91.5 (C-6)], a methylene [J}, 3.82 (d, J = 18.0 Hz, H-7b) and 3.16 (d, J= 18.0
Hz, H-7a)/O¢ 40.2 (C-7)], and an iminoamide [0}, 7.67 (br, 9-NH), O¢ 155.3 (C-8), O 160.1
(C-9)]. The remaining acyclic part of the molecule consisted of four aliphatic
methylenes [0y 3.30 (q, J= 6.9 Hz, H»-10)/Oc 39.2 (C-10), Oy 1.82 (quintet, J = 6.9 Hz,
H,-11)/0¢ 241 (C-11), Oy 2.54 (t, J = 6.9 Hz, H,-12)/0c 37.0 (C-12), O}, 3.96 (d, J = 5.5 Hz,
H,-14)/0c 50.9 (C-14)], a ketone carbonyl [0 206.0 (C-13)], and a methylcarbamate [0,
6.33 (br, 15-NH), Oc 158.0 (C-15), Oy 3.59 (s, 15-OCHs)/O¢ 52.1 (15-OCH,)]. The IR
spectrum showed a strong broad band at 1700-1750 cm™, confirming the presence of
a ketone and carbamate carbonyl function. The sequential arrangement of the
methylene groups was assigned based on the 'H-'H COSY correlations of Hy-10-H,-
11-H,-12, and the location of the ketone carbonyl at C-13 was assured by the HMBC
correlations from H,-11, H,-12 and H,-14 to C-13 (Figure 4.2). Furthermore, the
connectivity of the methylcarbamate to C-14 was supported by the 'H-'H COSY
correlation from Hy,-14 to 15-NH and the HMBC correlation from H,-14 to C-15 (Figure
4.2). This acyclic part was finally connected to the SHI moiety by the 'H-'H COSY
correlation from 9-NH to H,-10 and the HMBC correlation from H,-10 to C-9 (Figure 4.2).
Comparison of the 'H and >C NMR and mass spectra of B5 with those of B2 [9] revealed
that one methylene group at C-13 in B2 was replaced by the ketone carbonyl group.

Therefore, the new compound B5 was named as 13-oxosubereamolline D.
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Figure 4.2 Selected "H-'H COSY (m=) and HMBC (—) correlations of

13-oxosubereamolline D (B5).

The trans-geometry of the hydroxyl group at C-1 and the oxygen atom at C-6
of B5, commonly found in marine natural products consisting of the SHI moiety, was
supported by the characteristic proton chemical shifts of, in particular, H-1 0y, 4.16),
H-5 (0} 6.51), and H,-7 (O 3.16 and 3.82) [27]. In addition, the carbon chemical shifts
of C-1 to C-8 of the SHI moiety of B5 were almost identical to those of the other trans-
SHI containing compounds [10,14,28]. The trans-geometry was finally ensured by the
2D NOESY correlation between 1-OH (Jy 5.43) and H-7b (0, 3.82). The absolute
configuration of the chiral centers C-1 and C-6 of B5 was determined by comparing the
CD spectrum with that of the related compounds B3, B4 [10], and B6 [29]. The
analogous values of the positive Cotton effect ([],5,+51 745, [0],,,+60 532) in the
CD spectrum suggested the absolute configuration of 5 as 1R,6S.



Table 4.1 'H and °C NMR data for 13-oxosubereamolline D (B5) in acetone-dj

Position 0, (multiplicity) O, type HMBC correlations from H to C
1 4.16 (1H,d, J = 7.8) 75.2 (CH) C-2,C3,C5,G6
2 113.8 (O)
3 149.0 (O
4 122.0 (O
5 6.51 (1H, s) 1324 (CH)  C1,C-2,C3,C4,C6,C7
6 91.5(Q)
Ta 3.16 (1H, d, J = 18.0)
40.2 (CHy)  C-1,C5,C6,C-8,C9
7b 3.82 (1H, d, J = 18.0)
8 155.3 (0
9 160.1 (O
10 3.30(2H, q,J = 6.9) 39.2(CHy)  C9,C11,C12
11 1.82 (2H, quintet, J = 6.9) 24.1(CH,)  C-10,C12,C-13
12 254 (2H,t,J=6.9) 37.0(CH)  C10,C11,C13
13 206.0 (O)
14 3.96 (2H, d, J = 5.5) 50.9 (CH,)  C-13,C-15
15 158.0 (O)
1-OH 5.43(1H,d, J = 7.8) C1,C2,C6
3-OCH, 371 (3H, s) 60.2 (CH;)  C-3
15-OCH;  3.59 (3H, 9) 521(CHy)  C-15

9-NH 7.67 (1H, br)
15-NH 6.33 (1H, br)

Chemical shifts (0) are expressed in ppm, and J values are presented in Hz.



56

5,7,B—DichLorocavemicolin (B19) and 5,70-dichlorocavernicolin (B20) were
obtained from the sponge Acanthodendrilla sp. as an inseparable mixture with a ratio
of 1:3, respectively, based on the 'H and °C intensities in the NMR spectra. The mixture
of the compounds was previously reported from the sponge Aplysina fistularis in 1985
without the NMR assignments [23]. In this study, the complete spectral data
assignments of B19 and B20 are described for the first time. Compounds B19 and B20
are C-7 epimeric having a molecular formula CgH;CLNO; determined by a
pseudomolecular ion at m/z 235.9889 [M+H]" (calcd for 235.9881) in the HRESIMS. The
complete 'H and C assignments were assured by the 'H-'H COSY, HSQC and
comparison with the reported data of B15 and B16 [21] and B17 and B18 [22]. The
larger coupling constant (10.4 Hz) between H-7 and H-7a of B19 revealed their trans
diaxial relationship, while the smaller coupling constant (3.9 Hz) of B20 revealed the

cis relationship for H-7 and H-7a.

All isolated compounds were evaluated in vitro for their inhibition potency
towards AChE and BChE by the modified Ellman's method [30-31], using galantamine
as a positive control. The enzyme inhibitory activity of the isolated compounds at 100
UM was preliminarily screened using EeAChE. The primary results of the % inhibition
(Table 4.2) showed that the mono- and bis-SHI containing compounds (B1-12)
exhibited weak to strong EeAChE inhibitory activity (~9-97% inhibitions), while the
simple bromotyrosine derivatives (B13-20) were relatively inactive (~3-11% inhibitions).
Among them, B7 showed the highest inhibitory potency (97.1% inhibition), while B1,
B2, B6, and B10 showed weak to moderate inhibitory activity (~32-66% inhibitions).
These active compounds were further evaluated with ICsys for EeAChE, hrAChE, and
BChE inhibitory activities, as shown in Table 4.3. The results indicated that B7 exhibited
the strongest inhibitory activity with ICsos of 2.9, 4.5, and 6.2 uM against FeAChE,
hrAChE, and BChE, respectively, and B1, B2, and B6 showed much lower potency (ICsys
>100 pM). Interestingly, B10 was rather selectively active to hrAChE (ICsy 47.5 uM),
while it was less active towards both FeAChE and BChE (ICs,s >100 pM). However, B7
showed less inhibitory activity than galantamine. In addition, B7 at 10 uM did not show

cytotoxic activity against a normal human keratinocyte HaCaT cell line.
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Table 4.2 The EeAChE inhibitory activity of all isolated bromotyrosine alkaloids at 100 pM

Compound %inhibition Compound %inhibition Compound %inhibition
B1 65.7+20 B7 97.1+0.3 B13 52+14
B2 31.7+£29 B8 143+ 35 B14 11.0 £ 8.9
B3 236 +2.1 B9 121 +£3.8 B15-16 6.0+4.1
B4 18.6 + 0.6 B10 35.1+69 B17-18 43+10
B5 267+ 2.2 B11 8.7+6.0 B19-20 34405
B6 319+ 45 B12 11.2+45 galantamine 98.4 + 0.6

Values are expressed as mean + standard deviation

Table 4.3 IC,s for cholinesterase inhibitory activity of subereamolline C (B1), subereamolline D

(B2), aerothionin (B6), homoaerothionin (B7), and fistularin-1 (B10)

Compound IC5o+ S.D. (UM)

EeAChE hrAChE BChE

B1 >100 >100 >100

B2 >100 >100 >100

B6 >100 >100 >100
B7 29+03 45+09 6.2+09

B10 >100 475 +9.0 >100
Galantamine 1.5+0.2 0.6 +£0.1 78+ 1.1

Values are expressed as mean + standard deviation

To study the inhibition mode of B7 against hrAChE, the enzyme activity was
measured at its ICsy concentration (4.5 pM) using different concentrations of the
substrate acetylthiocholine iodide (ATCI, 0.05-10 mM) and plotted in the graph
according to the Michaelis-Menten and Lineweaver-Burk equations (Figure 4.3). The
kinetic parameters including K, and V., values of the reaction with and without the
presence of B7 were calculated (Table 4.4). The increased K, value and unchanged
Vnax Value demonstrated that B7 was a competitive inhibitor against AChE similar to
galantamine [32]. A molecular docking study of B7 is required for further investigation

to explain and understand its binding mode in the active site of AChE.
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Figure 4.3 Binding study of homoaerothionin (B7) on hrAChE.

(a) Michaelis-Menten saturation curve of the rate of reaction (V) against substrate concentration
([S]) for the reaction with or without the presence of B7

(b) Lineweaver-Burk plot of the inverse rate of reaction (1/V) against the inverse substrate
concentration (1/[S]) for the reaction with or without the presence of B7. The X-axis intercept is

equal to -1/K.,, and the Y-axis intercept is equal to 1/V,,,

Table 4.4 The hrAChE inhibition kinetics of homoaerothionin (B7)

hrAChE-inhibition kinetics

Treatment K., (UM) Vox
Without B7 482.6 120.7
With B7 1451.0 122.3

Although the number of the isolated bromotyrosine-derived alkaloids is
limited, the chemical structural features associated with the AChE inhibitory activity
are described for further investigation. Based on the % enzyme inhibition data (Table
4.2), the simple bromotyrosine derivatives (B13-20) became dramatically less active
compared with the other alkaloids (B1-12); thus, it is clear that the presence of a SHI
moiety is essential for AChE inhibitory activity. This is in agreement with the previous
report [6]. Among the alkaloids possessing an alkyl diamine chain (B1-9), the presence
of a ketone group in the chain (B3-5, B8, and B9) diminished the inhibitory activity up
to 2-8 fold. Although additional structure-related alkaloids are required for concrete

evidence, among the four active compounds (B1, B2, B6, and B7), the specific length
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of the alkyl diamine chain is important for the enzyme inhibitory potency. Compared
with compounds B10-12 containing an aminopropyloxydibromotyramine unit, it is
noted that the second SHI on the other end decreased the enzyme inhibition activity

up to 3-4 fold. This information additionally supports the previously reported data [6].

4, Conclusion

In conclusion, 20 bromotyrosine-derived alkaloids, including a new compound,
13-oxosubereamolline D (B5), were isolated from the Thai sponge Acanthodendrilla
sp., and this report is the first occurrence of bromotyrosine alkaloids from the sponge
of the order Dendroceratida. The complete 'H and ">C NMR assignments of B19 and
B20 are also described herein for the first time. The most active compound against
AChE was identified as B7, which acted as a competitive inhibitor. It is likely that the
SHI and specific length of the alkyl diamine chain affect the inhibitory activity.
Therefore, B7 could be considered as a promising new lead for the development of

new AD drugs.
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CHAPTER V
SYNTHESIS AND ABSOLUTE CONFIGURATION OF ACANTHODENDRILLINE,
A NEW CYTOTOXIC BROMOTYROSINE ALKALOID,

FROM THE THAI MARINE SPONGE ACANTHODENDRILLA SP.*

Nachanun Sirimangkalakitti,” Masashi Yokoya,b Supakarn Chamni,?

Pithi Chanvorachote,® Anuchit Plubrukarn,® Naoki Saito,? and Khanit Suwanborirux?®

“Center for Bioactive Natural Products from Marine Organisms and Endophytic Fungi (BNPME),
Department of Pharmacognosy and Pharmaceutical Botany, Faculty of Pharmaceutical
Sciences, Chulalongkorn University, Pathumwan, Bangkok 10330, Thailand; ®Graduate School of
Pharmaceutical Sciences, Meiji Pharmaceutical University, 2-522—1 Noshio, Kiyose, Tokyo 204—
8588, Japan; “Cell-Based Drug and Health Product Development Research Unit and Department
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1. Introduction

Bromotyrosine alkaloids are a large group of secondary metabolites and
commonly found in marine sponges [1]. The remarkable diversities of their chemical
structures, together with the wide range of bioactivities, including antimicrobial [2-6],
antiviral [7], antiprotozoal [8], cytotoxic 3, 4, 9-12], anti-inflammatory [13], and enzyme
inhibitory activities [14-16], make them highly attractive to both natural product
chemists and molecular biologists. In the course of our search for bioactive secondary

metabolites from Thai marine organisms, we recently reported the isolation of a series

: Reproduced with permission from Chemical and Pharmaceutical Bulletin, 64 (3), 258-262, 2016.
Copyright 2016 The Pharmaceutical Society of Japan.
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of bromotyrosine alkaloids from the Thai marine sponge Acanthodendrilla sp. along
with homoaerothionin (B7) (Figure 5.1), a potent cholinesterase inhibitor [17]. In
addition, several bromotyrosine alkaloids isolated from this sponge, including
verongiaquinol  (B14), aerothionin (B6), 11-oxoaerothionin (B8), and 11,19-
dideoxyfistularin-3 (B11) (Figure 5.1), were previously reported by other research groups

as cytotoxic agents against several cancer cell lines [3, 4, 12, 18].

Further investigation of the crude EtOAc extract from this sponge resulted in
the isolation of a new bromotyrosine alkaloid, acanthodendrilline (B21, Figure 5.2). In
this work, we describe the structure elucidation of B21 based on spectroscopic
techniques and synthetic protocols. The enantiomers of B21 were prepared from
commercially available starting materials and used to determine the absolute
configuration. We also report the cytotoxicity of the enantiomers to human non-small

cell lung cancer H292 and normal human keratinocyte HaCaT cell lines.
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11-oxoaerothionin (B8); X = ”PHQJ\/\MM

11,19-dideoxyfistularin-3 (B11)

Figure 5.1 Structures of some bioactive bromotyrosine alkaloids
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2. Experimental

General Experimental Procedures. 'H- and "?C-NMR spectra were measured
on Bruker Avance DPX-300, JEOL JNM-AL 300, and JEOL JNM-AL 400 NMR
spectrometers. The solvent signals served as the internal standard (CDCls: 5H 7.26/5C
77.0). IR spectra were recorded on a Shimadzu IRAffinity-1 Fourier transform-infrared
(FT-IR) spectrophotometer. HR-MS were acquired with a JEOL JMS 700 mass
spectrometer. Optical rotation and circular dichroism measurements were carried out
on a Horiba SEPA-200 polarimeter and a Jasco J-820 spectropolarimeter, respectively.
HPLC was performed on a Shimadzu apparatus equipped with an LC-20AB binary
pump, a Rheodyne 7125 injector port, and an SPD-20 A UV/Vis detector. Silica gel 60
F254 aluminum sheets were used for TLC. Spots on TLC chromatograms were detected
under UV light (254 nm) and by spraying with p-anisaldehyde reagent. Silica gel 60
(230-400 and 70-230 mesh) and Sephadex® LH-20 were used for column

chromatography.

Extraction and Isolation. The EtOAc extract (67.81 g) previously prepared from
the Thai marine sponge Acanthodendrilla sp. [17] was fractionated with the following
chromatographic steps: SiO, (70% EtOAc in n-hexane; then 100% EtOAc), SiO, (50%
FtOAc in n-hexane), Sephadex LH-20 (MeOH), SiO, (4% MeOH in CH,CLl,), and C;g RP-
HPLC (I_iChrospher® 100 RP-18, 10 pm, 10 mm x 250 mm, 65% MeOH in H,O, flow rate
3.0 mL/min, UV detector 230 nm), to yield B21 (43.1 mg, 0.0006% vyield of sponge wet

weight).

Acanthodendrilline (B21): Colorless amorphous powder. "H-NMR (300 MHz)
and "C-NMR (75 MHz), see Table 5.1. IR (KBr) cm™": 3329, 2950, 1751, 1705, 1541, 1466,
1449, 1256, 1094, 739. UV A, (MeOH) nm (log &): 214 (4.37). HR-FAB-MS m/z: 450.9512
[M+H]" (calcd for CiqH17BrN,0s: 450.9504). [er]s +25.8 (c=0.1, MeOH).

4-(2-Aminoethyl)-2,6-dibromophenol  (B23):  Tetrabutylammonium  tri-
bromide [(n-Bu)sNBr3, 14.1 g, 29.9 mmol] was added to a solution of tyramine (B22, 2.0
g, 14.6 mmol) in CH,Cl, (105 mL) and MeOH (70 mL). The reaction mixture was stirred
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at room temperature for 30 min. After the solvent was removed in vacuo, the residue
was suspended in EtOAc-CHCl; (1:1), and the precipitate was filtered off and washed
with CH,Cl,. Compound B23 was obtained as a pale yellow powder (2.71 g, 63%). 'H-
NMR (300 MHz, CD;0D) 0: 7.43 (2H, s), 3.14 (2H, t, J=7.7 Hz), 2.86 (2H, t, J=7.7 Hz) [19].
HR-electron ionization (E)-MS m/z 292.9045 [M]" (calcd for CgHgBr,NO: 292.9051).

Methyl-[2-(3,5-dibromo-4-hydroxyphenyl)ethyllcarbamate (B24): Methyl
chloroformate (CLCO,CHs5, 47.7 mL, 0.59 mmol) was added to a solution of B23 (151
mg, 0.51 mmol) in tetrahydrofuran (THF) (2 mL), H,O (2 mL), and NaHCO; (135 mg, 1.61
mmol) at 0°C. After stirring for 1.5 h, the reaction mixture was diluted with EtOAc (20
mL) and then extracted with 1 N NaOH ag. (2x10 mL). The combined alkaline solution
was acidified with 1 N HCl aq. and then extracted with CHCl; (3%x10 mL). The combined
extract was washed with brine (10 mL), dried, and concentrated in vacuo to give a
residue (103 mg). Chromatography on a silica gel column with n-hexane-EtOAc (2:1) as
the eluent gave B24 (100.3 mg, 56%) as a colorless powder. 'H-NMR (400 MHz, CDCl5)
0:7.28 (2H, s), 4.87 (1H, br s), 3.67 (3H, s), 3.38 (2H, q, J=6.8 Hz), 2.71 (2H, t, J=6.8 Hz).
BC-NMR (100 MHz, CDCl;) O: 157.0 (s), 148.1 (s), 133.3 (s), 132.1 (d), 109.9 (s), 52.2 (),
42.0 (t), 34.7 (t). HR-EI-MS m/z 350.9104 [M]" (calcd for CyoH;;Br,NOs: 350.9106).

(55)-5-(Chloromethyl)-1,3-oxazolidin-2-one  [(S)-B26]: (S)-Epichlorohydrin
[(5)-B25, 390 pL, 4.99 mmol] and MgSO, (1.2 ¢, 10 mmol) were added to a solution of
potassium cyanate (KOCN, 811 mg, 10 mmol) in H,O (5 mL). After stirring at 100°C for
5 h, the reaction mixture was diluted with H,O (5 mL) and then extracted with EtOAc
(3x20 mL). The combined extract was washed with brine (20 mL), dried, and
concentrated in vacuo to give a residue (304 mg). Chromatography on a silica gel
column with n-hexane-EtOAc (1:2) as the eluent gave (S)-B26 (275.7 mg, 41%) as a
colorless powder. 'H-NMR (300 MHz, CDCl) 0: 6.37 (1H, br s, NH), 4.92-4.81 (1H, m),
3.76 (1H, td, J=9.2, 0.7 Hz), 3.72-3.70 (2H, m), 3.54 (1H, ddd, J=9.2, 5.9, 0.9 Hz) [20]. HR-
EI-MS m/z 135.0087 [M]" (calcd for C4H¢CINO,: 135.0087). [oz]ZD5 +10.0 (c=1.0, CHCL,).

(5R)-5-(Chloromethyl)-1,3-oxazolidin-2-one [(R)-B26]: (R)-Epichlorohydrin
[(R)-B25, 390 uL, 4.99 mmol] and MgSO, (1.2 ¢, 10 mmol) were added to a solution of
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KOCN (811 mg, 10 mmol) in H,O (5 mL). After stirring at 100°C for 5 h, the reaction
mixture was diluted with H,O (5 mL) and then extracted with EtOAc (3x20 mL). The
combined extract was washed with brine (20 mL), dried, and concentrated in vacuo to
give a residue (320 mg). Chromatography on a silica gel column with n-hexane-EtOAc
(1:2) as the eluent gave (R)-B26 (272.8 mg, 40%) as a colorless powder. 'H-NMR (300
MHz, CDCls) 0: 6.37 (1H, br s, NH), 4.92-4.81 (1H, m), 3.76 (1H, td, J=9.2, 0.7 Hz), 3.72-
3.70 (2H, m), 3.54 (1H, ddd, J=9.2, 5.9, 0.9 Hz) [20]. HR-EI-MS m/z 135.0086 [M]* (calcd
for C4HsCINO,: 135.0087). [Ot]ZD5 -9.9 (c=1.0, CHCly).

Methyl-(2-(3,5-dibromo-4-(((55)-2-oxo-1,3-oxazolidin-5-yl)methoxy)
phenylDethylcarbamate [(S)-B21]: (S)-B26 (21.7 mg, 160 umol) in N,N-dimethyl-
formamide (DMF, 4.0 mL) was added to a solution of B24 (43.5 mg, 123 umol). K,COs
(204 mg, 1.48 mmol) was added, and the reaction mixture was stirred at 140°C for 45
min. The mixture was filtered, and the filtrate was diluted with H,O (5 mL) and then
extracted with CHCl; (3x30 mL). The combined extract was washed with brine (20 mL),
dried, and concentrated in vacuo to give a residue (60 mg). Chromatography on a silica
gel column with n-hexane-EtOAc (1:2-1:1) as the eluent gave (5)-B21 (26.8 mg, 48%)
as a colorless powder. 'H-NMR (400 MHz, CDCls) 0: 7.35 (2H, s), 5.79 (1H, br), 5.02 (1H,
ddt, J=8.7, 6.2, 5.0 Hz), 4.82 (1H, br), 4.20 (2H, d, J=5.0 Hz), 3.91 (1H, dd, J=8.7, 6.2 Hz),
3.82 (1H, t, J=8.7 Hz), 3.67 (3H, s), 3.39 (2H, g, J=6.7 Hz), 2.74 (2H, t, J=6.7 Hz). HR-FAB-
MS m/z 450.9498 [M+H]" (calcd for C;4H;7Br,N,Os: 450.9504). [0{]2,35 +21.4 (c=0.1,
MeOH).

Methyl-(2-(3,5-dibromo-4-(((5R)-2-oxo-1,3-oxazolidin-5-yl)methoxy)
phenylethyl)carbamate [(R)-B21]: (R)-B26 (21.7 mg, 160 pmol) in DMF (4.0 mL) was
added to a solution of B24 (43.5 mg, 123 pmol). K,CO5 (204 mg, 1.48 mmol) was added,
and the reaction mixture was stirred at 140°C for 1 h. The reaction mixture was filtered,
and the filtrate was diluted with H,O (5 mL) and then extracted with CHCl; (3x30 mL).
The combined extract was washed with brine (20 mL), dried, and concentrated in
vacuo to give a residue (60 mg). Chromatography on a silica gel column with n-hexane-

EtOAc (1:1) as the eluent gave (R)-B21 (20.5 mg, 37%) as a colorless solid. 'H-NMR (400
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MHz, CDCly) O: 7.35 (2H, s), 5.75 (1H, br), 5.02 (1H, ddt, J=8.7, 6.1, 5.1 Hz), 4.81 (1H, br),
4.20 (2H, d, J=5.1 Hz), 3.91 (1H, dd, J=8.7, 6.1 Hz), 3.82 (1H, t, J=8.7 Hz), 3.67 (3H, s),
3.39 (2H, q, J=6.6 Hz), 2.74 (2H, t, J=6.6 Hz). HR-FAB-MS m/z 450.9507 [M+H]" (calcd for
C1aH17BrN,O5: 450.9504). [@]5 -19.7 (c=0.3, MeOH).

Cytotoxicity. Cytotoxicity to the human non-small cell lung cancer NCI-H292
cell line (ATCC, Manassas, VA, USA) and the normal human keratinocyte HaCaT cell
line (Cell Lines Service, Eppelheim, Germany) was investigated by performing the MTT
assay [21]. H292 cells and HaCaT cells were seeded onto 96-well plates at the densities
of 2.5x10° and 1x10* cells/well, respectively, and were treated with various
concentrations of samples dissolved in the culture medium containing not more than
0.5% dimethyl sulfoxide (DMSO) for 72 h. The detailed experimental procedure was
described in our previous study [17]. Cell viability was calculated with respect to non-
treated control cells. ICs, was determined using GraphPad Prism (GraphPad Software,

USA).

Acetylcholinesterase Inhibitory Activity. Inhibitory activity toward acetyl-
cholinesterase from electric eel (Electrophorus electricus) was determined by the
modified Ellman's method [22-23]. Details of the experimental procedure were

described in our previous report [17].

3. Results and Discussion

The EtOAc extract of the Thai marine sponge Acanthodendrilla sp. [17] was
repeatedly subjected to silica gel column chromatography, Sephadex® LH-20 column

chromatography, and preparative HPLC to afford B21 (Figure 5.2).

0
13
%Q Br
HN H 3
1\2/\/0 0

Figure 5.2 Structure of acanthodendrilline [(S)-B21].
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Compound B21, obtained as a colorless amorphous powder, was optically
active [0(]2D5 +25.8 (c=0.1, MeOH). The appearance of the protonated molecular parent
ion at m/z 450.9512 [M+H]" (calcd for 450.9504) in the high resolution (HR)-FAB-MS of
B21 suggested that the molecular formula was Cy4H6BroN,Os. The 'H-NMR, *C-NMR,
and heteronuclear multiple bond connectivity (HMBC) spectra of B21 (Table 5.1)
indicated that B21 possessed a 3,5-dibromotyramine skeleton: signals assignable to
two aromatic protons [5H 7.36 (s, H-2, 6)], six aromatic carbons [5(; 138.3 (C-1), 5C 133.1
(C-2, 6), Oc 118.0 (C-3, 5), Oc 150.6 (C-4)], and two methylenes [0y 2.75 (t, J=6.8 Hz, H,-
7)/0c 34.9 (C-7), Oy 3.40 (td, J=6.8, 6.3 Hz, H,-8)/0. 41.8 (C-8)] were observed. The
presence of a methylcarbamate moiety was suggested by the typical chemical shifts
of OCH; (Oc 52.2) and C-9 (O¢ 157.0) in the *C-NMR spectrum and confirmed by the
HMBC correlation from the methoxy protons [0}, 3.69 (s, OCH,)] to C-9. The connectivity
of the dibromotyramine and carbamate moieties was confirmed by the 'H-'H
correlation spectroscopy (COSY) correlations of H,-7/H,-8/9-NH and the HMBC
correlation from H,-8 to C-9. In addition, a 5-methyl-2-oxazolidone moiety [0, 4.21 (d,
J=5.1 Hz, Hy-10)/0¢ 71.9 (C-10), Oy, 5.04 (ddt, J=8.7, 5.9, 5.1 Hz, H-11)/0¢ 74.2 (C-11), Oy,
3.93 (dd, J=8.7, 5.9 Hz, H-12b) and Oy, 3.83 (t, J=8.7 Hz, H-12a)/O 42.6 (C-12), 0}, 5.64
(br, 13—NH)/5C 159.3 (C-13)] was deduced from the 'H-'H COSY correlations of H,-10/H-
11/H-12 and the HMBC correlations from H-11, H-12, and 13-NH to C-13. The HMBC
correlation from H,-10 to C-4 suggested the connectivity of the dibromotyramine and
2-oxazolidone moieties. Selected 'H-"H COSY and HMBC correlations are illustrated in
Figure 5.3. Thus, B21 was elucidated as methyl-(2-(3,5-dibromo-4-((2-oxo-1,3-
oxazolidin-5-ylmethoxy) phenylethyl)carbamate and named acanthodendrilline. Our
spectroscopic studies depicted that B21 contained a stereogenic center at C-11.
However, the absolute configuration of B21 remained ambiguous. Therefore, we
decided to access the S and R enantiomers of B21 by chemical synthesis. Both
synthetic enantiomers could serve as standards for the comparison of chemical and

physical properties.
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Table 5.1 'H- and ’C-NMR data of acanthodendrilline [(5)-B21] in CDCl,

position 0, (multiplicity) 0., type HMBC correlation from H to C
1 138.3 (Q)
2,6 7.36 (2H, s) 133.1 (CH) C-2,6/C-3,5/C-4/C-7
3,5 118.0 (O
4 150.6 (Q)
7 2.75 (2H, t, J=6.8) 34.9 (CH,) C-1/C-2,6/C-8
8 3.40 (2H, td, J=6.8, 6.3) 41.8 (CH,) C-1/C-1/C-9
9 157.0 (O
10 4.21 (2H, d, J=5.1) 71.9 (CH,) C-4/C-11/C-12
11 5.04 (1H, ddt, J=8.7, 5.9, 5.1) 74.2 (CH) C13
12 a3.83(1H, t, J=8.7) 42.6 (CH,) C-10/C-11/C-13
b 3.93 (1H, dd, J=8.7, 5.9)
13 159.3 (O
9-NH 4.82 (1H, br)
13-NH 5.64 (1H, br) C-11/C-12/C-13
OCH, 3.69 (3H, s) 52.2 (CH,) c9

Chemical shifts (0) are expressed in ppm, and coupling constants () are presented in Hz.

(0]
13
/’>\\Q Br
AN YE |, OR
127 11, ~5
1 )J\’\
Br 7 8 N 9 OCH3

H

Figure 5.3 Selected "H-'H COSY (m==) and HMBC (—) correlations of acanthodendrilline [(S)-B21].
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The four-step synthesis of (5)-B21 and (R)-B21 is shown in Figure 5.4. Tyramine
(B22) was used as the starting material to prepare methyl-[2-(3,5-dibromo-4-
hydroxyphenyl) ethyl] carbamate (B24) in two steps. First, B22 was brominated by
tetrabutylammonium tribromide to give 3,5-dibromotyramine (B23) [19] in 63% vyield.
Subsequent acylation of B23 with a stoichiometric amount of methyl chloroformate
at 0°C provided B24 in 56% yield. Commercially available (S)- and (R)-epichlorohydrins
(B25) were separately transformed in one step into the respective enantiomers 5-
chloromethyl-2-oxazolidinone [(5)-B26 and (R)-B26, each ca. 40% vyield] using
potassium cyanate as the nucleophile to transform the oxirane ring into the
oxazolidinone motif [20]. Both (5)-B26 and (R)-B26 were finally coupled with B24 by
base-mediated nucleophilic substitution to furnish (5)-B21 (48% vyield) and (R)-B21

(37% yield), respectively.

ClCO CH
2 3
(n- Bu) NBr NaHCO
>\—OCH
NH CH CL CH OH THF, H o
HO ?
T oshrt Tish o
B22 63% 56%
KOCN, MgSO KOCN, MgSO
4 o 4 0
¢ HO o) HO
L\; 2 HNJ\Q Q\; 2 HN)J\O
cl 5h,100°C \—¥ cl 5h,100°C \—&
a a
(5)-825 41% (5)-B26 (R)-B25 40% (R)-B26
o
»—ocH, 0 <0, §—OCH
NH L DMF
HO + MNT0 _
\—f\; 45 min, 140°C J_/
Br Cl
B24 (5)-B26 48% (5)-821
o o
K C
»—ocH, j\ °s »—ocH,
. NH . i N0 DMF . . NH
o
L&G 1 h, 140°C YJ_/
HN
Br B24 (R)-B26 37% Br (R)-B21

Figure 5.4 Synthetic scheme of (S)- and (R)-acanthodendrillines (B21)
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The 'H-NMR data of the synthetic enantiomers were identical to that of natural
B21. Determination of the specific rotation of the enantiomers clarified that (S)-B21
{[a] +21.4 (c=0.1, MeOH)} and natural B21 {[a]; +25.8 (c=0.1, MeOH)} possessed
almost identical optical rotation values, whereas the optical rotation of (R)-B21 was
the opposite {[05]2D5 -19.7 (c=0.3, MeOH)}. Thus, the absolute configuration at C-11 of
natural B21 was unambiguously determined as S. Interestingly, measurement of the
circular dichroism (CD) spectra of B21 and the synthetic enantiomers yielded no

characteristic absorptions.

The cytotoxicity of the synthetic enantiomers was evaluated by the 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) assay [21]. The results
(Table 5.2) indicated that (5)-B21 (ICs, 58.5 uM) was approximately threefold more
potent than (R)-B21 (ICs, 173.5 uM) against the H292 cell line. Interestingly, both
enantiomers were not cytotoxic to normal HaCaT cell line (IC5ys >400 uM). Moreover,
the acetylcholinesterase (AChE) inhibitory activity of the synthetic enantiomers was
determined by the modified Ellman's method [22-23]. Both (5)-B21 and (R)-B21 showed
weak inhibitory activity toward AChE (23% and 25% enzyme inhibition at 100 uM,

respectively).

Table 5.2 Cytotoxicity of synthetic acanthodendrillines [(S)- and (R)-B21] against the cancer
(H292) and normal (HaCaT) cells

Compound ICso + SD (UM)
H292 HaCaT
(5)-B21 585+ 6.7 >400
(R-B21 1735+ 247 >400

cisplatin 75+ 0.6 46+09
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4. Conclusion

(S)-Acanthodendrilline [(5)-B21)], a new bromotyrosine alkaloid, was isolated
from the Thai marine sponge Acanthodendrilla sp. It is the first example of a
bromotyrosine alkaloid that is composed of dibromotyramine, methylcarbamate, and
2-oxazolidone moieties in the molecule. The concise synthesis of the enantiomers of
B21 was accomplished from commercial tyramine (B22) and (S)- and (R)-
epichlorohydrins (B25). By comparing the specific rotation values of natural B21 and
the synthetic enantiomers, the stereocenter at C-11 of natural B21 was assigned the S
configuration. Both enantiomers exhibited weak AChE inhibitory activity. Interestingly,
cytotoxicity evaluation revealed that (5)-B21 was approximately threefold more
cytotoxic to the human non-small cell lung cancer H292 cell line than (R)-B21. This
biological information clearly emphasized the importance of the stereochemistry at C-

11 of B21 as a key feature related to the cytotoxicity.
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1. Introduction

Renieramycins, such as renieramycins E, G, M (RM), H, and T, are
bistetrahydroisoquinoline marine natural products mainly isolated from marine
sponges of the genera Reniera [1, 2], Xestospongia [3-8], Haliclona [9], Cribrochalina
[10], and Neopetrosia [11]. Other renieramycin-type alkaloids, such as jorumycin [12],
jorunnamycin A (JA) [13], and fennebricin B [14-15], were isolated from the sponge-
eating nudibranch Jorunna funebris (Figure 6.1). Renieramycins are structurally and
biologically related to ecteinascidins 743 (ET 743) isolated from the tunicate
Ecteinascidia turbinata [16-17]. ET 743 (trabectedin under the trade name Yondelis)

" This manuscript has been submitted for publication to Journal of Natural Products since 12"

May 2016.
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has been approved by the European Commission and U.S. Food and Drug
Administration for the treatment of patients with advanced soft tissue sarcomas [18-
19]. Renieramycins possess highly potent cytotoxicity toward a wide range of cancer
cell lines, such as breast, colon, lung, pancreatic, and prostate cancer cells [4-6, 13,
20]. According to their unique structures together with their pronounced anticancer
activity, renieramycins have been remarkable synthetic targets for medicinal chemists
worldwide, and most synthetic approaches have been focused on total synthesis [21-
34]. Despite their medicinal importance, there are very few structure-activity

relationship (SAR) studies owing to the meager amount of available natural products.

renieramycins cribrostatin 4 renieramycin T:
E:X = O (= renieramycin H) R =H,R = angeloyl, X = CN
G: X==0
fennebricin B:
M: X = CN (RM)

R1 = acetyl, R2 =H, X =0H

O¢I'\CH3

jorunnamycin A (JA) jorumycin ecteinascidin 743 (ET 743)

Figure 6.1 Structures of representative tetrahydroisoquinoline marine-derived natural products
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As a result of untiring efforts to establish the medicinal chemistry of marine-
derived antitumor renieramycins, this study was able to prepare several renieramycin
derivatives with an eye to improving cytotoxicity profiles [35]. Of particular significance
is renieramycin M (RM), which was isolated as a major component in high yield from
the Thai blue sponge Xestospongia sp. pretreated with potassium cyanide [4]. RM
exhibits potent cytotoxicity with an ICsq value in the nanomolar concentration range
against several human cancer cell lines [4-6, 13, 20]. Recently, other related anticancer
activities of RM have been discovered, including anoikis sensitization, inhibition of
migration, invasion, and anchorage-independent growth of lung cancer cells [36-37].
Earlier, it was reported that the leaving group (OH and CN) at C-21 is essential for
cytotoxicity, while the presence of either a lactam carbonyl at C-21 or an oxygenated
substituent at C-14 leads to a dramatic decrease in cytotoxicity [20]. To extend the
scope of SARs of these fascinating marine-derived natural products, this study has
focused on the preparation of 22-O-ester analogues. A previous study’s result
suggested that the introduction of nitrogen-heterocyclic aromatic side chains such as
pyridinecarbonyl moieties improves cytotoxic potency [35]. Recently, Liu and co-
workers [38-40] studied the syntheses of the less cytotoxic (-)-renieramycin G and (-)-
jorumycin along with their cytotoxicity profiles. The result of their research also
indicated that C-22 ester side chains play an important role in the activity against

several cancel cell lines.

Over the past decades, lung cancer has become a leading cause of cancer that
has led to deaths of both men and women worldwide, approximately 1.6 million
deaths in 2012, or as high as 19.4% of all cancer deaths [41]. Approximately 80% of all
lung cancer cases are non-small cell lung cancers (NSCLC). Although many
chemotherapeutic drugs, such as cisplatin, paclitaxel, docetaxel, and gemcitabine,
have been used to treat NSCLC [42,43], the overall five-year survival rate for NSCLC
patients is less than 15% [42-44]. Therefore, much research is now focusing on the
discovery and development of the new series of more effective anticancer drugs to

treat patients with lung cancer.
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This report aims to extend previous research to gain additional information for
the further development of renieramycins as new anticancer agents. For this reason,
an additional series of 22-O-ester derivatives of jorunnamycin A (JA), having benzoyl
and trans-cinnamoyl moieties with electronegative and electron-withdrawing
functional groups together with nitrogen-heterocyclic rings, was prepared from RM via
JA. The results of their cytotoxicity against H292 and H460 NSCLC cell lines are also

discussed.

2. Experimental

General Experimental Procedures. Optical rotations were measured on a
Horiba SEPA-200 polarimeter in a 1 decimeter cell (length), concentration (c) is reported
in g/100 mL. Circular dichroism (CD) spectra were obtained on a Jasco J-820
spectropolarimeter. IR spectra were taken on a Shimadzu IRAffinity-1 FTIR
spectrophotometer. 'H and **C NMR spectra were obtained on a JEOL JNM-ECA 500 FT
NMR spectrometer. 'H NMR chemical shifts (0) and coupling constants (J) were given
in ppm and Hz, respectively, with tetramethylsilane (TMS, 0.00 ppm) as an internal
standard. Deuterated chloroform (CDCls, 77.0 ppm) served as an internal standard for
the >C NMR spectra. All proton and carbon signals were assigned by extensive 2D NMR
measurements, including 'H-"H COSY, HMQC and HMBC techniques. Mass spectra were

recorded on a JEOL JMS 700 mass spectrometer.

Sponge Material and Isolation of RM. The Thai blue sponge Xestospongia sp.
(9 kg wet weight) was collected by SCUBA diving in the vicinity of Sichang Island, the
Gulf of Thailand, at 4-5 m depth in June 2013. According to our published extraction
and isolation procedure [4], RM as brightly orange prisms (1.2 g, 0.01% yield based on
the sponge wet weight) was isolated from the ethyl acetate extract (18.8 ¢) of the
sponge after pretreatment with KCN in pH 7 buffer. The chemical structure of RM was

assured by comparing its NMR data with the authentic renieramycin M [4].



82

General synthetic procedure of R1-13 and R18. Fifteen equimolar quantities
of the corresponding acid chloride were added to a stirred solution of JA (10.0 mg,
0.02 mmol) and DMAP (0.3 mg, 0.002 mmol) in pyridine (1.0 mL) at -17 °C. After that,
the stirring was continued at -17 °C for 1 h. The reaction mixture was quenched by
addition of 5% NaHCO; and then extracted with CHCl;. The combined organic layer
was washed with brine and evaporated to dryness under reduced pressure to produce
a residue. The residue was purified by silica gel flash column chromatography using an
appropriate ratio of n-hexane/EtOAc as an eluent to produce the corresponding 22-O-
ester derivative of JA. The physical and spectroscopic data of R1-13 and R18 are
provided in Appendix C.

Synthesis of R17. 3-(4-Pyridylacrylic acid (13.5 mg, 0.09 mmol) was added to
a stirred solution of JA (15.0 mg, 0.03 mmol), DMAP (0.4 mg, 0.003 mmol), and 0.1 M
DCC (0.9 mL, 0.09 mmol) in CH,Cl, (1.5 mL) at 25 °C. The reaction mixture was
continuously stirred overnight. The organic solvent was evaporated from the mixture
under reduced pressure to give a residue (55.8 mg). The residue was repeatedly washed
with EtOAc and filtered. The combined filtrates were dried and subjected to silica gel
flash column chromatography with n-hexane/EtOAc (3:2) as an eluent to produce R17.

The physical and spectroscopic data of R17 are provided in Appendix C.

Cytotoxicity assay. The cytotoxic activity against two human H292 and H460
NSCLC cell lines (American Type Culture Collection) were investigated by MTT assay
[46]. The cells were seeded into a 96-well plate at a density of 2x10° cells/well and
allowed to adhere overnight. After that, cells were treated with various concentrations
of the analouges dissolved in RPMI medium containing not more than 0.2% DMSO for
72 h and then incubated with 0.5 mg/mL MTT for 4 h. The absorbance of the formazan
products solubilized by DMSO was measured at 570 nm using a VICTOR3 multilabel
plate reader (PerkinElmer). The percentage of viability was calculated with respect to
non-treated control cells. The IC5, of cell viability was analyzed using GraphPad Prism
(Graphpad software, USA). Means+standard deviations (SD) were obtained from three

independent experiments. Cisplatin was used as a positive control.



83

3. Results and Discussion

RM was isolated in gram quantity from the Thai blue sponge Xestospongia sp.
after pretreatment with KCN as previously reported [4]. The starting material JA was
prepared from RM via our published three-step transformation [20], including
hydrogenation with 20% Pd(OH),/C in EtOAc, aluminium hydride reduction in
tetrahydrofuran at -20°C, and air oxidation, in 44% overall yield (Figure 2.21). Acylation
of JA with a corresponding acid chloride in the presence of pyridine as a solvent and
4-dimethylaminopyridine (DMAP) as a catalyst at -17 °C for 1 h gave an acyclic ester
analogue (R1) and thirteen aromatic ester analogues (R2-13 and R18) in 55-82% vyields
(Figure 6.2). Preparation of R17 by the above method was unsuccessful; however, R17
was subsequently obtained by coupling of JA with 3-(4-pyridylDacrylic acid in the
presence of N,N'-dicyclohexylcarbodiimide (DCC) and DMAP in CH,Cl, at 25°C overnight.
The yield of R17 was surprisingly low (35%) because it was difficult to completely
remove the DCC-urea by-product during purification of R17. Three 22-O-
pyridinecarbonyl analogues (R14-16) were prepared from JA as reported in our

previous publication [35].
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jorunnamycin A (JA) 22-0O-ester derivatives of JA

R1-15 and R18

2 3

X = F (R2) X = F (R3) X = F (R4)
X = CF3 (R5) X = CF3 (R6) X = CF3 (R7)
X = H (R8)
= F (R9)
X = NO (R13)

*@*@*@%“@

Figure 6.2 Synthetic scheme of 22-O-ester derivatives of jorunnamycin A

from renieramycin M (RM)

All synthetic ester analogues were characterized by IR, MS, and 'H and *C NMR
measurements. The configurations of all analogues were in agreement with both JA
and RM, which were confirmed by the 2D NOESY and ECD spectra, and the negative
specific rotations [4, 20]. All proton and carbon signals were unambiguously assigned
by COSY, HMQC and HMBC experiments, together with literature comparisons [4, 35,
45]. The 'H and °C NMR spectral data of the ester analogues were almost identical to
those of JA, except the deshielded protons [0y 3.93-4.39 (H-22a) and 4.40-5.03 (H-22b)
ppm] adjacent to the ester carbonyl group compared to those of JA [0y 3.88 (A0, 7
average = 0.60 ppm) and 3.71 (AOy 20 average = 1.16 ppm) ppm, respectively]. The

additional proton and carbon signals in the 'H and *C NMR spectra of the ester side
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chains at C-22 of the analogues were respectively assigned. The aromatic acyl esters
of R2-18 showed signals of aromatic protons in the range of 0, 7.01-8.83 ppm and
aromatic carbons in the range of Oc 114.2-165.7 ppm. The trans-olefinic protons of the
ester moieties of R8-13, R17 and R18 showed proton signals in the range of 0, 6.00-
6.40 (COCH=CH-) and 7.34-7.74 (COCH=CH-) ppm together with carbon signals in the
range of O¢ 116.3-124.7 (COCH=CH-) and 129.2-144.5 (COCH=CH-) ppm. The
connectivity of the ester moieties to C-22 was clearly confirmed by the HMBC
correlations of H,-22 to the ester carbonyl carbons in the range of Oc 163.4-165.9 ppm.
Interestingly, 16-CH; and 17-OCH; proton signals of R2-18 were shielded to Oy 1.60-
1.79 and 3.69-3.94 ppm when compared to those of JA [0, 1.93 (A, average = 0.25
ppm) and 3.98 Ao, average = 0.19 ppm) ppm, respectively]. This information revealed
that the possible orientation of the aromatic ring of ester group might be placed above
the quinone ring E. This estimation was also supported by distinct NOE correlations,
for example, the 2D-NOESY spectrum of R18 displayed correlations of 16-CH; to H-2/,
H-5' and H-6' of the aromatic ring and a correlation of H-4f to H-f of the a.f-

unsaturated carbonyl of the ester moiety as illustrated in Figure 6.3.

Figure 6.3 A: Chemical structure of 22-O-[3-(d-pyridylacryloylJjorunnamycin A (R18). B: Selected NOESY

correlations (=) for R18 and energy-minimized 3D structure using Discovery Studio 4.0 Visualizer.
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All of the 22-O-ester analogues together with RM and JA were evaluated in
vitro for their cytotoxicity by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay [46] against two representative human H292 and H460 NSCLC cell
lines. These two cell lines have been widely used as models to study molecular
mechanisms of metastatic process and drug resistance in NSCLC [47-50]. The IC5, values
of all ester analogues (Table 6.1) are less than cisplatin, a traditional chemotherapeutic
drug for lung cancer treatment. Not surprisingly, the parent compound JA with a free
OH and R1 with a trifluoropropionyl side chain were dramatically less cytotoxic than
RM. A previous report demonstrated that the monosubstituted benzoyl esters with
electron-donating substituents, such as 4-methoxybenzoyl and 2-methoxybenzoyl
esters, decreased cytotoxicity [35]. In this paper, the monosubstituted benzoyl esters
with electron-withdrawing substituents (R2-7) and the trans-cinnamoyl esters with
electron withdrawing-substituents (R8-13) exhibited either similar or slightly decreased
cytotoxicity compared to RM. However, the nitrogen-heterocyclic esters, such as R14-
16 and R18 exhibited highly increased cytotoxicity against H292 cell line with ICsq
values in the range of 1.1-6.4 nM, approximately 4- to 20-folds more potent than RM
(IC59 22.5 nM) and H460 cell line with IC5es in the range of 1.6-6.0 nM, approximately
2- to 5-folds more potent than RM (ICsy 8.3 nM). Among them, R14 possessing a 4-
pyridinecarbonyl ester is the most potent cytotoxic analogue, exhibiting 20-fold and 5-
fold increases in cytotoxicity to the H292 and H460 cell lines, respectively, relative to
RM. In contrast, analogue R17 possessing a 3-(d-pyridylacryloyl ester showed similar
potency against H292 cell line and approximately 2-fold decreased cytotoxicity against
H460 cell line compared to RM. Considering the present cytotoxicity results together
with other previous reports [35-39], the ester side chain at C-22 of the renieramycin
derivatives appears to be an important part responsible for the improved cytotoxicity
profile. It should also be noted that the introduction of nitrogen-heterocyclic ring into
the 22-O-ester analogue, which was proposed to overlay the right-hand quinone ring
E, might mimic the third tetrahydroisoquinoline ring of ET 743 resulting in an increase

in cytotoxic potency.
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Table 6.1 Cytotoxicity of renieramycin M (RM), jorunnamycin A (JA), and 22-O-ester derivatives of

JA against non-small cell lung cancer H292 and H460 cell lines

compound R cytotoxicity ICg, £ SD (nM)
H292 H460

RM angeloyl 22.5+39 83+0.6
JA H 217.4 £ 21.7 164.3 + 11.1
R1 3,3,3-trifluoropropionyl 567.0 + 48.1 3213 +46.2
R2 4-fluorobenzoyl 56.2 £53 22120
R3 3-fluorobenzoyl 17.6 £ 2.0 112+ 15
R4 2-fluorobenzoyl 29.8 £ 2.7 103+ 0.5
R5 4-trifluoromethyl benzoyl 50.7+13 238+ 1.1
R6 3-trifluoromethyl benzoyl 48.6 + 3.1 29.7+28
R7 2-trifluoromethyl benzoyl 514+ 15 220+32
R8 cinnamoyl 194 + 1.7 183 + 2.1
R9 4-fluorocinnamoyl 443 + 4.5 122 +0.2
R10 3-fluorocinnamoyl 113+ 1.6 9.8+0.3
R11 pentafluorocinnamoylt 210+ 3.1 68.7 £ 0.4
R12 2-chlorocinnamoyl 250+ 4.6 9.0+ 0.1
R13 4-nitrocinnamoyl 215+ 29 143+ 10
R14 4-pyridinecarbonyl 1.1+0.1 1.6 £0.3
R15 3-pyridinecarbonyl 6.4+ 0.6 6.0+0.8
R16 2-pyridinecarbonyl 37+0.6 22+0.3
R17 3-(4-pyridylacryloyl 204 + 1.4 202+ 1.2
R18 3-(3-pyridylacryloyl 49+0.3 28+0.4

cisplatin - 12.1 + 1.1 uM 8.2+ 0.6 uM

H460 and H292: human non-small cell lung cancer cell lines.
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4. Conclusion

In conclusion, eighteen 22-O-ester derivatives of JA were synthesized in
moderate vyields from JA, which was prepared by the three-step deangeloyl
transformation of RM obtained from the Thai blue sponge Xestospongia sp. This study
supports that the 22-O-ester derivatives of JA with a nitrogen-heterocyclic ring are
potential candidates for development of new effective anticancer drugs to treat NSCLC
patients. Among these analogues, R14 showed the most potent cytotoxicity profile,
exhibiting a 20-fold and 5-fold increases in cytotoxicity to H292 and H460 NSCLC cell
lines, respectively, relative to RM. Further studies are needed to completely
understand the molecular basis of the extraordinary cytotoxicity profiles of

renieramycins.
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RENIERAMYCIN M SENSITIZES

ANOIKIS-RESISTANT H460 LUNG CANCER CELLS TO ANOIKIS*
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of Pharmacognosy and Pharmaceutical Botany; ®Cell-Based Drug and Health Product
Development Research Unit and Department of Pharmacology and Physiology, Faculty of

Pharmaceutical Sciences, Chulalongkorn University, Pathumwan, Bangkok, Thailand

1. Introduction

Lung cancer is the leading cause of cancer deaths in both men and women
worldwide, with approximately 80% of all lung cancer comprising non-small cell lung
cancer, and metastasis is the major cause of death from lung cancer [1-2]. Metastasis
is @ multistep process including detachment of cells from primary tissues, survival in
the circulatory system, and subsequent formation of tumors in distant secondary
organs [3-5]. In general, cells undergo apoptosis upon detachment from the
extracellular matrix and neighboring cells, a process known as anoikis [6]. Metastatic
cancer cells can develop resistance to anoikis through multiple mechanisms, allowing
them to survive in the circulatory system. Therefore, circulating tumor cells (CTCs)
which are anoikis-resistant have become a hot topic in cancer research fields [5, 7-9].
Numerous studies on anoikis-resistant mechanisms suggested that the survival and
apoptotic pathways are primary mechanisms responsible for anoikis resistance, as well

as cancer metastasis [3-5, 10-11]. The up-regulation of proteins in the survival

: Reproduced with permission from Anticancer Research, 36 (4), 1665-1671, 2016.
Copyright 2016 by The International Institute of Anticancer Research.
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pathways, including activated extracellular signal-regulated kinase (ERK) and ATP-
dependent tyrosine kinase (AKT), was shown to increase anoikis-resistant potential in
lung cancer cells [12]. The proteins of the B-cell lymphoma-2 (BCL2) family in the
apoptotic pathways play an important role in resistance to anoikis [4, 10]. For example,
the up-regulation of the anti-apoptotic protein BCL2, together with down-regulation of
the pro-apoptotic protein BCL2-associated X (BAX), provides anoikis resistance for CTCs
in prostate cancer [13]. Moreover, the expression of BCL2 on CTCs is also associated
with anoikis resistance and rapid progression in patients with metastatic breast cancer
[8]. In addition, it has been found that the expression of the anti-apoptotic protein
myeloid cell leukemia-1 (MCL1) mediates anoikis resistance of breast cancer and
melanoma cells, and the knockdown of MCL1 markedly both sensitized cancer cells

to anoikis [14-15] and prevented metastasis in vivo [14].

In order to prevent cancer metastasis, our group focuses on searching for
natural products with a capability of sensitizing anoikis-resistant cells to anoikis.
Renieramycin M (RM), a bistetrahydroisoquinolinequinone alkaloid isolated from the
Thai blue sponge Xestospongia sp., was reported to possess highly potent cytotoxicity
against several human cancer cell lines, including lung, colon, prostate, breast,
pancreatic, and oral cancer cells [16-19]. However, the effects on anoikis-resistant cells
are still unknown. In this study, anoikis-resistant H460 lung cancer cells were
established and used as a model of CTCs. The effects of RM on cell viability and cell
morphology, and the role of survival and apoptotic proteins in the anoikis-resistant

lung cancer cells were investigated.

2. Experimental

Renieramycin M (RM). RM was isolated from the Thai blue marine sponge
Xestospongia sp. as previously reported, and its chemical structure was determined
by comparison of the spectroscopic data with the literature [16]. RM was dissolved in
dimethyl sulfoxide (DMSO; RCI Labscan, Bangkok, Thailand) as a 10 mM stock solution
and diluted with serum-free medium to achieve concentrations containing less than

0.2% DMSO.
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Cells and reagents. Human non-small cell H460 lung cancer cells and
immortalized hair follicle dermal papilla (DP) cells were obtained from the American
Type Culture Collection (Manassas, VA, USA) and Applied Biological Materials Inc.
(Richmond, BC, Canada), respectively. Roswell Park Memorial Institute (RPMI)-1640
medium used for the culture of H460 cells and Dulbecco's modified Eagle's medium
(DMEM) used for the culture of DP cells were supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 100 units/ml penicillin, and 100 pg/ml streptomycin
(Gibco, Carlsbad, CA, USA). Cell cultures were incubated in a humidified incubator at
37°C in an atmosphere of 5% CO,. Primary antibodies to total ERK, phosphorylated
ERK (p-ERK), total AKT, phosphorylated AKT (p-AKT), BCL2, MCL1, BAX, and &-tubulin
and a secondary antibody: horseradish peroxidase (HRP)-linked anti-rabbit 1gG were
purchased from Cell Signaling Technology (Danvers, MA, USA).

Anoikis-resistant cells. Anoikis-resistant H460 cells (AR_H460) were established
according to the method of Winitthana et al [20]. Briefly, attached H460 cells were
trypsinized with 0.05% trypsin/0.02% EDTA (Gibco). Then the single-cell suspension in
serum-free RPMI medium at a density of 2x10° cells/ml was seeded in a Costar 6-well
plate with ultra-low attachment surface (Corning, New York, NY, USA) and cultured for
48 h. H460 cells were anoikis-resistant after 24-h detachment and called AR_H460. Cell
viability, cell morphology, and the expression of the survival and apoptotic proteins of
AR H460 cells were determined compared to H460 cells under detached conditions.
AR H460 cells at 48 h were collected for further RM-treated experiments by
centrifugation at 2,690 x ¢ for 10 min at room temperature and dissociation into single

cells with 1 mM EDTA. Then the cells were washed with cultured RPMI medium.

Cell viability assay of attached cells. Cell viability was determined by water-
soluble tetrazolium salt (WST) assay according to the manufacturer's instruction (Roche
Diagnostic GmbH, Mannheim, Germany). H460 and DP cells were seeded in Costar 96-
well plates (Corning) at a density of 1x10° cells/ml and allowed to adhere overnight
in cultured RPMI and DMEM media, respectively. After the culture media were

removed, cells were treated with different concentrations of RM (0-1 uM) and cultured
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in the respective serum-free media for 24 h. Following the treatment, cells were
incubated with 10% WST-1 for 2 h at 37°C. The intensity of the formazan product was
determined by a VICTOR3 multilabel plate reader (PerkinElmer, Waltham, MA, USA) at
450 nm. Cell viability was calculated from optical density (OD) readings and
represented as percentages with respect to the non-treated control value. Three
concentrations of RM subtoxic to attached H460 cells were used for cell viability, cell

morphology, and western blot assays on AR _H460 cells.

Cell viability assay of detached cells and anoikis assay. Cell viability was
determined by WST assay. Cells in serum-free RPMI medium were seeded in a Costar
24-well plate with ultra-low attachment surface (Corning) at a density of 1x10°
cells/ml. H460 cells in a detached condition were cultured and harvested at 0, 6, 12,
24, and 48 h for cell viability assay. AR H460 cells in a detached condition were treated
with subtoxic concentrations of RM (0-0.1 uM) and harvested at 0, 6, 12, 24, and 48 h
for cell viability assay. The harvested cells were incubated with 10% WST-1 for 2 h at
37°C. The intensity of the formazan product was measured at 450 nm using a plate
reader. Cell viability was calculated from OD readings and represented as percentages

with respect to the non-treated control value.

Cell morphology. Cells in serum-free RPMI medium were seeded in a 24-well
plate with ultra-low attachment surface at a density of 2x10° cells/ml. H460 cells in a
detached condition were cultured and observed at 0, 24, and 48 h. AR _H460 cells in
a detached condition were treated with subtoxic concentrations of RM (0-0.1 uM) and
cultured for 24 h. Cell morphology was observed using a Nikon inverted phase contrast
light microscope (Nikon, Tokyo, Japan) at x40 and x100 magnification equipped with a
Sony NEX-5 camera (Sony, Tokyo, Japan).

Western blot analysis. Cells in serum-free RPMI medium were seeded in a 6-
well plate with ultra-low attachment surface at a density of 2x10° cells/ml. H460 cells
in a detached condition were cultured and harvested at 0, 24, and 48 h. AR_H460 cells
in a detached condition were treated with subtoxic concentrations of RM (0-0.1 uM),

cultured and harvested at 24 h. The cells were harvested by centrifugation at 2,690 x
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g for 10 min at 4°C and incubated in lysis buffer for 1 h on an ice box. Cell lysates
were collected by centrifugation at 6,720 x g for 1 min at 4°C, and protein contents
were analyzed using a BCA protein assay kit (Pierce Biotechnology, Rockford, IL, USA).
An equal amount of protein from each sample (60 pg) was denatured by heating at
95°C for 5 min with Laemmli loading buffer and loaded onto 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). After separation, proteins were
transferred onto 0.45 um nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). The
transferred membranes were blocked with 5% skim milk (Sigma-Aldrich, St. Louis, MO,
USA) in TBST [20 mM Tris-HCL (pH 7.5), 138 mM NaCl, and 0.1% Tween 20] for 1 h at
room temperature. The membranes were then washed with TBS and incubated with
specific primary antibodies at 4°C overnight. After washing with TBST for 5 min (three
times) to remove non-specific binding of the antibody, the membranes were further
incubated with HRP-linked anti-rabbit IgG for 2 h at room temperature. The immune
complexes were detected using a SuperSignal West Pico chemiluminescent substrate
(Pierce Biotechnology) and exposed to Carestream Medical X-ray Blue/MXB film
(Rochester, NY, USA). Relative protein levels were quantified by densitometric analysis
using an ImageJ 1.48v software (http://imagej.nih.gov/ij/index.html, Bethesda, MD,
USA). To confirm equal amounts of loaded proteins, G-tubulin was re-probed as a

loading control in each treatment.

Statistical analysis. All data were obtained from at least three independent
experiments and presented as means + standard deviations (SD). Statistical differences
were performed using one-way ANOVA with Turkey's post hoc test, unless otherwise
stated, at a significance level of p<0.05. IBM SPSS statistics version 20 (IBM Company,

New York, NY, USA) was used for all statistical analyses.
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3. Results

Characterization of anoikis-resistant H460 lung cancer cells. We first
characterized the anoikis response of the lung cancer cells by culturing the cells in a
detached condition for 0-48 h and cell viability at different times was determined. As
shown in Figure 7.1A, cell viability gradually declined until 24 h after detachment and
approximately 60% of the cells remained viable for a further 24 h. Therefore, we
isolated the live cells after the first 24 h, and these anoikis-resistant H460 cells were
named as AR H460. Cell morphology in detached AR H460 cells at 24 and 48 h was
observed and compared to that of their parental H460 cells at 0 h as shown in Figure
7.1B. Interestingly, we found AR H460 cells spontaneously formed multicellular
aggregations while their parental H460 cells mostly exhibited a single-stage cell

pattern.
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Figure 7.1 Cell viability and cell morphology of H460 lung cancer cells in a detached condition.

A: H460 cells were cultured in a detached condition for 48 h. After detachment for 24 h, H460 cells
were anoikis-resistant and named as AR_H460. Cell viability at each indicated time was evaluated
by WST assay. Values are means + SD calculated as percentages compared to the control value at
time 0 h. *p<0.05 versus the control at time 0 h. B: Cell morphology of H460 cells at 0, 24, and 48
h after detachment was investigated using an inverted phase contrast light microscope at x100

magnification. Scale bar is 100 pm.
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To study the proteins involved in anoikis resistance, the expression of the
survival and apoptotic proteins in H460 and AR H460 cells at 24 and 48 h under
detached conditions was examined as illustrated in Figure 7.2. It is postulated that the
declining viability of H460 cells during 0-24 h might mainly involve the reduced
expression of the survival protein p-AKT, while the levels of the anti-apoptotic protein
MCL1 and proapoptotic protein BAX were unchanged. Interestingly, it is clear that
anoikis-resistant response of AR H460 cells was mediated through the significant
increase of the activation of ERK and AKT as well as the anti-apoptotic proteins BCL2

and MCL1 at 48 h compared with that at 24 h.
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Figure 7.2 Expression of survival and apoptotic proteins of H460 lung cancer cells in a detached
condition. A: At 0, 24, and 48 h after detachment, the indicated proteins of H460 cells were
analyzed by western blotting. B: Relative protein levels were quantified by densitometric analysis.
Values are means + SD calculated as values relative to those of H460 cells at 0 h, and statistically
significant differences were analyzed by independent samples t-test. *p<0.05 versus H460 cells at
0 h; “p<0.05 cells at 24 h versus 48 h. ERK: Extracellular signal-regulated kinase; AKT: ATP-
dependent tyrosine kinase; BCL2: B-cell lymphoma-2; MCL1: myeloid cell leukemia-1; BAX: BCL2-

associated X.
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Effect of RM on viability of H460 lung cancer and DP normal cells under
attached conditions. To determine the appropriate concentrations for anoikis-
resistant assay, concentrations of RM subtoxic to attached H460 lung cancer and DP
normal cells were evaluated (Figure 7.3A). Cells were incubated with different
concentrations of RM (0-1 uM) for 24 h, and cell viability was analyzed by WST assay.
The results showed that RM at concentrations of 0-0.1 pM was non-toxic to both
attached H460 and DP cells. Furthermore, RM at 1 uM was considered toxic to H460

cells but non-toxic to DP cells.

Effect of RM on viability of AR_H460 lung cancer cells. AR H460 cells in a
detached condition were established by culturing H460 cells on an ultra-low
attachment plate for 48 h. AR _H460 cells were treated with subtoxic concentrations
of RM (0-0.1 uM) and harvested at different times. Cell viability was evaluated by WST
assay. Figure 7.3B shows that viability of non-treated AR H460 cells was unchanged
over the entire 48-h period. Interestingly, RM sensitized AR H460 cells to anoikis in
both time- and dose-dependent manners. RM at concentrations of 0.01-0.1 uM
significantly reduced cell viability at 24 h, whilst cell viability was significantly
decreased as early as 12 h after treatment with 0.1 pM RM, compared to the non-

treated control.
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Figure 7.3 A: Cytotoxic effect of renieramycin M (RM) on H460 lung cancer and normal dermal
papilla (DP) cells under attached conditions. Cells were treated with different concentrations of RM
(0-1 uM) for 24 h. Cell viability was determined by WST assay. Values are means + SD calculated
as percentages compared to the non-treated control value. *p<0.05 versus the non-treated control.
B: Cytotoxic effect of RM on AR_H460 cells in a detached condition. Cells were treated with RM at
subtoxic concentrations (0-0.1 uM) for 48 h. Cell viability was determined by WST assay. Values are
means + SD calculated as percentages compared to the non-treated control value at time 0 h.

*p<0.05 versus the non-treated control at the same time.
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Effect of RM on cell morphology of AR_H460 lung cancer cells. AR H460
cells in a detached condition were treated with subtoxic concentrations of RM (0-0.1
UM) and cultured in a plate with ultra-low attachment surface for 24 h. Cell
morphology was observed under an inverted phase contrast light microscope (Figure
7.4). Non-treated AR _H460 cells spontaneously formed large aggregates. Treatment of
AR H460 cells with RM resulted in a dose-dependent suppression of aggregate

formation.
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Figure 7.4 Cell morphology of AR _H460 lung cancer cells in a detached condition treated with
renieramycin M (RM) at subtoxic concentrations. AR_H460 cells were treated with RM (0-0.1 uM) for
24 h and observed using an inverted phase contrast light microscope at x40 (upper panel, scale

bar is 250 pm) and x100 (lower panel, scale bar is 100 pm) magnification.
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RM sensitizes AR_H460 lung cancer cells to anoikis by decreasing anoikis-
resistant pathways. To investigate the mechanisms of RM in sensitizing AR_H460 cells
to anoikis, AR H460 cells in a detached condition were treated with subtoxic
concentrations of RM (0-0.1 uM) for 24 h. The expression of the survival proteins p-
ERK, total ERK, p-AKT, and total AKT, anti-apoptotic proteins BCL2 and MCL1, and pro-
apoptotic protein BAX was evaluated by western blot analysis. Figure 7.5 shows that
the levels of p-ERK, p-AKT, total AKT, BCL2, and MCL1 were decreased in response to
RM treatment in a dose-dependent manner. Treatment of RM at 0.01 pM resulted in
a significant decrease of p-AKT and BCL2 levels, while a higher concentration of RM at
0.05 uM reduced the expression of total AKT and MCL1. Likewise, the protein level of
p-ERK was only slightly reduced by RM at 0.1 uM. However, the expression of total ERK

and BAX was not significantly altered.
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Figure 7.5 Expression of survival and apoptotic proteins of AR_H460 lung cancer cells treated with
renieramycin M (RM) at subtoxic concentrations. A: After AR_H460 cells in a detached condition
were treated with RM (0-0.1 uM) for 24 h, the indicated proteins were analyzed by western blotting.
B: Relative protein levels were quantified by densitometric analysis. Values are means + SD
calculated as values relative to the non-treated control value. *p<0.05 versus the non-treated
control. ERK: Extracellular signal-regulated kinase; AKT: ATP-dependent tyrosine kinase; BCL2: B-cell
lymphoma-2; MCL1: myeloid cell leukemia-1; BAX: BCL2-associated X; NC: No change.
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4. Discussion

Lung cancer is a significant cause of cancer-related deaths worldwide, with the
majority of such a mortality due to metastasis [1-2]. To metastasize, cancer cells must
have the capability to resist anoikis and survive within the circulatory system, and to
initiate new tumors in distant secondary organs. Anoikis resistance plays an important
role in promoting the survival of CTCs, which is one of the keys to cancer metastasis.
Although fewer than 1% of cancer cells are still viable within 24 h after entering the
circulation, very few surviving cells can give rise to metastases [21-22]. Not surprisingly,
the presence of a high number of CTCs in blood is associated with poor survival in
patients with lung metastatic cancer [23]. Targeting anoikis resistance in CTCs might
represent a promising approach to reducing metastasis, thereby improving patient

survival.

In this study, we employed anoikis-resistant H460 (AR_H460) lung cancer cells
as a model of CTCs. Acquisition of anoikis resistance can be successfully developed in
HA460 lung cancer [12, 20, 24] by cell culturing under detached conditions. AR_H460
cells exhibited characteristics of anoikis resistance with unchanged cell viability for 24-
48 h period after detachment and increased aggregate formation. These results were
consistent with a previous study reporting that spontaneous aggregate formation of
detached cells correlated with cell survival and growth [25]. Although the mechanisms
of anoikis resistance are still largely unknown, many underlying mechanisms have been
proposed, and the survival and apoptotic pathways were mentioned the most
frequently [3-5, 10-11]. Our study showed that the survival proteins activated ERK and
AKT, and anti-apoptotic proteins BCL2 and MCL1 were up-regulated, and that such
proteins were likely responsible for anoikis resistance in these human lung cancer cells.
Consistently, overexpression of BCL2 has been shown to be a marker of CTCs in
patients with metastatic cancer [8-13]. The activation of ERK and AKT signals in these
cells promotes cell survival by in part through the increase of BCL2 protein.
Furthermore, several studies indicated that the inhibition of ERK and AKT signals,
resulting in the decrease of BCL2 and MCL1, is able to restore anoikis sensitivity in

several cancer types [14, 26-27].
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Our investigations demonstrated that RM at subtoxic concentrations
significantly reduced viability and suppressed spontaneous aggregate formation of
AR H460 cells. The molecular mechanisms indicate that RM sensitized AR H460 cells
to anoikis through the suppression of the survival proteins activated ERK and AKT,
resulting in the reduction of expression of the anti-apoptotic proteins BCL2 and MCL1
(Figure 7.6). Inhibition of BCL2 and MCL1 protein expression of AR H460 cells in a
detached condition by RM were consistent with our previous finding for H460 cells in

an attached condition [28].

Anoikis Reslstance\l,

Figure 7.6 The scheme represents the effect of renieramycin M (RM) on anoikis-resistant lung cancer
cells. The present study proposed that RM has the ability to reduce anoikis resistance of AR_H460
cells through the suppression of survival signals of extracellular signal-regulated kinase (ERK) and
ATP-dependent tyrosine kinase (AKT), which in turn reduce that of anti-apoptotic proteins B-cell
lymphoma-2 (BCL2) and myeloid cell leukemia-1 (MCL1).



108

5. Conclusion

In conclusion, our findings highlicht the potent effects of RM, a
bistetrahydroisoquinolinequinone alkaloid isolated from the Thai blue sponge
Xestospongia sp., on sensitization of anoikis-resistant lung cancer cells to anoikis
through the reduction of the survival proteins activated ERK and AKT and anti-
apoptotic proteins BCL2 and MCL1. Interestingly, the concentrations used caused no
effect on viability of attached H460 and normal DP cells. A better understanding of
molecular mechanisms of RM involved in anoikis resistance would assist in the
development of anticancer drugs to kill CTCs and prevent metastasis in patients with

lung cancer.
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1. Introduction

Cancer stem cells (CSCs) are a subpopulation of cancer cells posessing self-
renewal capability and pluripotency. The existence of CSCs was first proven in human
acute myeloid leukemia in 1997 [1] and was further extended to a broad spectrum of
solid tumor types, including lung cancer [2-7]. In general, lung cancer has been
accepted as one of leading causes of cancer deaths worldwide [8] with high degree of
metastasis [9-10]. A number of studies show that CSCs within the tumors are major
contributors responsible for drug-resistance, cancer recurrence, and metastasis after
chemotherapy [11-13]. Since the clinical outcomes under current chemotherapeutic
agents in non-small cell lung cancer (NSCLC) are not satisfied level (5-year survival is
less than 15%) [9], researchers intensively investigate for the lung CSC-targeted
therapies with the hope that they are promission means to improve the clinical

outcomes.

" This draft manuscript will be submitted for publication to Anticancer Research.
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Well-known characteristics of CSCs are the abilities to form colonies in an
anchorage-independent condition and grow indefinitely as detached tumor spheroids
in a serum-free condition [4, 7, 14-16]. Moreover, several studies have identified CD133,
CD44, and aldehyde dehydrogenase (ALDH) as CSC markers, which are commonly used
to distinguish CSCs from non-CSC populations [7, 11, 15-16]. In lung cancer research,
CD133 is a potential marker for clinical prognosis. CD133 positive NSCLC patients had
worse 5-year overall survival compared to the CD133 negative expression [17]. CD133
positive cancer cells have been found in several lung cancer subtypes [7] and shown
higher tumorigenicity and chemoresistance than CD133 negative counterparts [14].
CD44 expression is commonly used as a marker for lung CSCs, and stem cell-like
characteristics are enriched in CD44 positive cells of lung cancer cell lines [11, 15].
Aldehyde dehydrogenase 1 (ALDH1) is an another cell surface marker connected with
stem cell-like properties in NSCLC cell lines [18]. ALDH1Al expression is associated
with poor clinical outcome in NSCLC patients [16].

Most current anticancer agents are focused on the whole bulk of cancer cells.
Interestingly, a number of natural products, such as curcumin, piperine [19],
sulforaphane [20], 6-shogaol [21], and gigantol [22], have recently been reported to
target CSCs. As renieramycin M (RM), a major bistetrahydroisoquinolinequinone alkaloid
isolated from the Thai blue sponge Xestospongia sp., was reported to possess highly
potent cytotoxicity against several human cancer cell lines [23-25], we further
hypothesize that RM may have inhibitory effects on CSCs in human H460 NSCLC cells..
In this study, CSC-like phenotypes, including colony and spheroid formations as well

as cell surface CSC markers, were evaluated after RM treatment.

2. Experimental

Renieramycin M (RM). RM was isolated from the Thai blue marine sponge
Xestospongia sp. as previously reported, and its chemical structure was identified by
comparison of the spectroscopic data with the literature [23]. RM was dissolved in

dimethyl sulfoxide (DMSO, RCI Labscan, Bangkok, Thailand), and 10 mM stock solution
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of RM was further diluted in serum-free medium to achieve concentrations containing

less than 0.2% DMSO.

Cells and reagents. Human non-small cell H460 lung cancer cells and
immortalized hair follicle dermal papilla (DP) cells were obtained from the American
Type Culture Collection (Manassas, VA, USA) and Applied Biological Materials Inc.
(Richmond, BC, Canada), respectively. H460 and DP cells were cultured in Roswell Park
Memorial Institute (RPMI)-1640 medium and Dulbecco's Modified Eagle's Medium
(DMEM) medium, respectively. The media were supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 100 units/ml penicillin, and 100 pg/ml streptomycin
(Gibco, Carlsbad, CA, USA). Cell cultures were incubated in humidified atmosphere of
5% CO, at 37°C.

Cell viability assay. Cell viability was determined by water-soluble tetrazolium
salt (WST) assay according to the manufacturer's instruction (Roche Diagnostic GmbH,
Mannheim, Germany). H460 and DP cells were seeded at a density of 1x10° cells/ml
in Costar 96-well plate (Corning, New York, NY, USA) and allowed to adhere overnight.
The cells were treated with different concentrations of RM (0-1 uM) for 24 h. The
detailed experimental procedure was described in our previous study [26]. The
percentage of cell viability was calculated relative to the non-treated control value.
Three concentrations of RM that was subtoxic to attached H460 cells were chosen for

further experiments on lung CSC like-phenotypes.

Colony-formation assay. Anchorage-independent cell growth was determined
in two-layer soft agar [27]. To prepare the lower layer, equal volumes of melted 1%
agarose (Bio-Rad, Hercules, CA, USA) and the cultured RPMI medium were mixed (1:1),
and then 500 pl of the mixture was put in a 2d-well plate and allowed to solidify at
4°C for 15 min. To prepare the upper layer, melted 1% agarose and the cultured RPMI
medium containing anoikis-resistant H460 cells at a density of 4x10> cells/ml and
subtoxic concentrations of RM (0-0.1 uM) were mixed (1:2), and then 250 pl of the
mixture was added as the upper layer. After the upper layer solidified, the cultured

medium was added over the upper layer and incubated at 37°C for 2 weeks. Fresh
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culture medium (200 pl/well) was fed to the system every 3 days. Colony formation
was photographed at day 7 and day 14 using a Nikon inverted phase contrast light
microscope (Tokyo, Japan) at x40 magnification equipped with a Sony NEX-5 camera
(Tokyo, Japan). Relative colony number and size were determined using ImageJ 1.48v
software (http://imagej.nih.gov/ij/index.html, Bethesda, MD, USA) with respect to the

non-treated control cells.

Spheroid-formation assay. H460 cells were seeded in a 24-well plate with
ultra-low attachment surface at a density of 5x10° cells/ml in serum-free RPMI
medium. Cells were treated with subtoxic concentrations of RM (0-0.1 pyM) and
incubated at 37°C. Fresh serum-free medium was added to the system every 3 days.
Primary spheroids were allowed to form and photographed at day 7 after treatment
using an inverted phase contrast light microscope (Nikon) at x40 magnification
equipped with a camera (Sony NEX-5). These primary spheroids were re-suspended
into single cells and seeded in a 24-well ultra-low attachment plate. Secondary
spheroids were allowed to form in the absence of RM and photographed at day 14,
day 21, and day 30 after RM treatment.

Western blot analysis. Anoikis-resistant H460 cells in a detached condition
were treated with subtoxic concentrations of RM (0-0.1 uM), cultured and harvested at
24 h. Western blotting was analyzed according to the method of our previous study
[26]. The primary antibodies to CD44 (Cell Signaling Technology, Danvers, MA, USA),
CD133 (Cell Applications, San Diego, CA, USA), and ALDH1A1 (Cell Signaling Technology)
were incubated with the membranes at 4°C for 2 days. After washing the membranes
with TBST, the secondary antibody, horseradish peroxide-conjugated either to anti-
rabbit or to anti-mouse IgG (Cell Signaling Technology), was incubated for 2 h at room
temperature. The immune complexes were detected using a SuperSignal West Pico
chemiluminescent substrate (Pierce Biotechnology, Rockford, IL, USA) and exposed to
carestream medical X-ray blue/MXB film (Rochester, NY, USA). Relative protein levels

were quantified by densitometric analysis using an ImageJ 1.48v software. The blots
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were reprobed with a-tubulin (Cell Signaling Technology) to confirm equal amounts

of loaded proteins in each treatment.

Statistical analysis. Data were expressed in means+tstandard deviation (SD)
obtained from at least three independent experiments. Statistical differences were
performed using one-way ANOVA with Turkey's post hoc test at a significance level of
p<0.05. IBM SPSS statistics version 20 (IBM Company, New York, NY, USA) was used for

all statistical analyses.

3. Results

Effect of RM on viability of H460 lung cancer and DP normal cells under
attached conditions. To evaluate the effects of RM on CSC-like phenotypes, subtoxic
concentrations of the compound on attached H460 lung cancer and DP normal cells
were initially determined (Figure 8.1). Cells were treated with different concentrations
of RM (0-1 uM) for 24 h, and cell viability was measured by WST assay. The results
showed that RM was considered non-toxic at the concentrations of 0-0.1 uM to both
HA460 and DP cells (viability >93%). However, RM at 1 uM was considered toxic to H460
cells (viability ~83%) but non-toxic to DP cells (viability ~93%).

1201
001 & =0 oD T e
80 I P
60
401

% cell viability

20+

0 0001 001 0.1 1
RM (uM)

Figure 8.1 Cytotoxic effect of renieramycin M (RM) on H460 lung cancer and normal dermal papilla
(DP) cells under normal culturing conditions. Cells were treated with different concentrations of
RM (0-1 puM) for 24 h. Cell viability was determined by WST assay. Values are means+SD calculated

as percentages compared to the non-treated control value. *p<0.05 versus the non-treated control.
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RM suppressed colony formation. Anoikis-resistant H460 cells were subjected
to soft agar colony-formation assay as a single-stage cell and treated with subtoxic
concentrations of RM (0-0.1 uM). The colony formation was observed at day 7 and day
14 after RM treatment (Figure 8.2A). The colony number and size were determined and
presented as relative values in comparison to those of non-treated control at day 7
(Figure 8.2B) and day 14 (Figure 8.2C). The results showed that non-treated control
cells have certain ability to survive and grow in an anchorage-independent condition,
while RM-treated cells exhibited significantly suppressed colony formation in a dose-

dependent manner in terms of colony number and size on both observed days.

@ A 5 L . o .
$ o f\@ﬁ( % o Day 7

% £ oo Day 14
Q » |
p e 3 = : i &l
0.01 0.05 0.10
RM (uM)
B C
Day 7 Day 14

= 1.5 e 1.59

k] ER Colony number K] = Colony number

g [ Colony size g [ Golony size

8 1.0 8 1.0

= =

c c

o o

E 8

S 0.5 S 0.5

2 2

= i =

$ ; E,E._ g

& 9,0 ® 0.0

.01 0. 05 0.10 0 0.01 0.05 0.10

RM (M) RM (nM)

Figure 8.2 Colony formation of anoikis-resistant H460 cells treated with RM at subtoxic
concentrations. Cells were treated with RM (0-0.1 uM) and subjected to soft agar colony-formation
assay. The colony formation was observed using an inverted phase contrast light microscope with
x40 magnification at day 7 and day 14, scale bar is 500 um (A). Colony number and size at day 7
(B) and day 14 (C) were analyzed and calculated as relative values to the non-treated control

values. *p<0.05 versus the non-treated control.
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RM suppressed spheroid formation. To evaluate whether RM could suppress
the spheroid formation, H460 cells were seeded as a single-stage cell at a low density
in serum-free RPMI medium and treated with subtoxic concentrations of RM (0-0.1 uM).
The primary spheroids were allowed to form for 7 days in a detached condition and
then resuspended into single cells and cultured for an addition passage under the
absence of RM. The secondary spheroids were allowed to form for 30 days in a
detached condition. As shown in Figure 8.3, non-treated control cells have an ability
to survive and form spheroids in a serum starvation condition for long-term period.
The number of secondary spheroids represented the presence of CSCs in H460 cells
regarding their self-renewal ability and pluripotency. Interestingly, the results indicated
that RM at the concentrations of 0.01-0.10 pM significantly suppressed the formation
of primary spheroids in a dose-dependent manner and completely abolished the

formation of secondary spheroids after day 30.
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Figure 8.3 Spheroid formation of H460 lung cancer cells treated with RM at subtoxic concentrations.
Cells at a low density in a serum-free condition were treated with RM (0-0.1 uM) and subjected to
spheroid-formation assay. The primary spheroids were observed using an inverted phase contrast
light microscope with x40 magnification at day 7 and then resuspended into single cells. The
secondary spheroids were allowed to form and observed at day 14, day 21, and day 30. Scale bar

is 500 pm.
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RM reduced cancer stem cells (CSCs) markers. Having shown that treatment
of the lung cancer cells with RM significantly suppressed the abilities of the cells to
survive and grow in an anchorage-independent manner as well as to form spheroids,
the molecular CSC markers in these cells in response to RM were further investigated.
Cells in a detached condition were treated with subtoxic concentrations of RM (0-0.1
uM) for 24 h. The expression of CSC markers including CD133, CD44, and ALDH1A1 was
evaluated by western blot analysis (Figure 8.4). The results showed that the expression
of CD133, CD44, and ALDH1A1 significantly decreased in RM-treated cells at 0.1 pM

compared to those of non-treated control.
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Figure 8.4 Expression of the lung cancer stem cell markers of anoikis-resistant H460 lung cancer
cells treated with RM at subtoxic concentrations. A. After cells were treated with RM (0-0.1 uM) for
24 h, the indicated proteins were analyzed by western blotting. B. Relative protein levels were
quantified by densitometric analysis. Values are means+SD calculated as relative values to the

non-treated control values. *p<0.05 versus the non-treated control.

4. Discussion

Lung cancer remains the most common cause of cancer deaths worldwide [8].
Limited outcomes of current chemotherapies are related to the metastatic potential
of lung cancer [9, 14, 28]. These might be due to the presence of CSCs in lung cancer
[29]. With a major role of CSCs in treatment failure and cancer recurrence [11-13], CSCs-
targeting therapeutic strategy is an attractive approach for the effective cancer

treatment. Small subpopulations of cancer cells with CSC properties have been also
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identified within various cancers [1-7]. Based on the self-renewal capability and
pluripotency, CSCs can initiate tumor development and maintain tumor growth. The
colony- and spheroid-formation assays are commonly used to demonstrate these
specific properties of CSCs [4, 7, 14-16] and assess the inhibitory activity against CSCs
of anticancer agents [19-22]. CSCs possess high clonogenicity and produce more soft
agar colonies compared to non-CSCs [4, 15-16]. Long-term cultures of spheroid-forming
cells in the serum-free medium enrich with CSCs and exhibit high tumorigenicity [7, 14-
15]. It has been demonstrated that the spheroids enhance the production of key
angiogenic cytokines, preservation of extracellular matrix components, activation of
survival signals as well as inhibition of apoptotic proteins leading to increase in survival
and proliferation in culture time- and spheroid-size-dependent manners [30].
Furthermore, lung CSCs can be characterized by specific cell surface markers including
CD133, CD44, and ALDH1A1 [7, 11, 15-16]. Lung cancer patients with high level of these
CSC markers are related to poor prognosis and overall survival [17, 31]. The
identification of CSCs provides a tool to investigate new anticancer drugs targeted to

CSCs.

Previous research showed that RM, a major bistetrahydroisoquinoline-quinone
alkaloid isolated from the blue sponge Xestospongia sp. [23], exhibited potent
cytotoxicity against several human cancer cell lines [23-25], including HA60 NSCLC [23].
In addition, RM exhibited other related anticancer activities, including anoikis
sensitization, inhibition of migration, invasion, and anchorage-independent growth in
H460 NSCLC cells [32]. Recently, our study has reported that RM is effective in targeting
anoikis-resistant H460 NSCLC cells at concentrations of 0.01-0.10 uM, which are
subtoxic to the cancer cells in a normal culturing condition. Anoikis resistance plays
an important role in promoting the survival of circulating tumor cells, which is one of
the keys to cancer metastasis [26]. In the present investigation, the effects of RM on
CSCs in H460 cells were examined. We found that treatment of H460 cells with RM at
subtoxic concentrations (0.01-0.10 uM) resulting in the decrease of CSCs indicated by
the reduction of colony and spheroid formations along with the downregulation of

lung CSC markers. RM markedly decreased colony-forming activity of CSCs in terms of
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colony number and size at both observed days 7 and 14. RM also suppressed the
formation of primary spheroids at day 7 and completely abolished the formation of
secondary spheroids after day 30. Having shown that RM suppressed CSC-like
phenotypes in HA60 cells, we next confirmed these observations by using well-known
lung CSC markers, including CD133, CD44, and ALDH1Al. The expression of these
markers significantly decreased after treatment of RM at the highest concentration of
0.1 uM. Although these results did not strongly support the above colony- and
spheroid-forming results due to the exposure time of RM to the cells for just 24 h, they
addressed a potential role of RM treatment on CSCs in H460 cells. In this case,
extending the exposure time of RM to the cells could sensitize most cells to anoikis,

which was a problem to collect the cells and analyze their proteins.

In summary, RM plays a role in the attenuation of CSC-like phenotypes in H460
lung cancer cells by the reduction of colony- and spheroid-forming activities, along
with the decrease in lung CSC markers. Our findings indicated that RM might be a
potential candidate for prevention and treatment of metastasis in patients with lung

cancer.
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CHAPTER IX

CONCLUSION

Twenty-one bromotyrosine-derived alkaloids, including two new compounds,
13-oxosubereamolline D (B5) and acanthodendrilline (B21), were isolated from the
Thai sponge Acanthodendrilla sp. (Figure 9.1) This report is the first occurrence of
bromotyrosine alkaloids from the sponge belonging to the order Dendroceratida. The
structures were determined by analyses of 1D- and 2D-NMR, high-resolution mass, and
optical rotation and circular dichroism (CD) data, together with literature comparisons.
To resolve the absolute configuration of single chiral carbon of B21, the (S)- and (R)-
synthetic enantiomers were obtained from the 4-step synthetic strategy using
commercial tyramine and (S)- and (R)-epichlorohydrins as precursors. By comparing the
specific rotation values of natural B21 and the synthetic enantiomers, the stereocenter
at C-11 was assigned as S. All isolated compounds were evaluated the
acetylcholinesterase inhibitory activities by the modified Ellman's method. The most
active compound was identified as B7 with 1Csos 2.9 and 4.5 pM against FeAChE and
hrAChE, respectively. The hrAChE inhibition kinetics showed increased K, and
unchanged V. values, suggesting its competitive mode of inhibition. The
spirocyclohexadienylisoxazoline and specific length of the alkyl diamine linkage were
proposed as the crucial parts for its strong inhibitory activity. On the other hand, the
other compounds exhibited weak to moderate AChE inhibitory activity. Therefore, B7
could be considered as a promising new lead for the development of new Alzheimer's
drugs. In addition, the cytotoxicity of the synthetic enantiomers of B21 evaluated by
MTT assay indicated that (S)-enantiomer was approximately 3-fold more potent than
(R)-enantiomer against human non-small cell lung cancer H292 cell line. The
stereochemistry at C-11 of B21 was, therefore, proposed as a key feature related to

their cytotoxicity.



127

OCH OCH
3 3

H CO OCH
R =Br,R =7p)-Br
Brl Er Br Br E 2 P
R =Br,R =7a-Br o
iy 2 %
HO” “CH CONH HO” “CH_CONH R =CLR =708 /"9 Br
2 2 2 2 \/\/O
R1 =.Cl R2 =70-Br j\
B13 B14 B15-20 B19 R =CLR =70-Cl Br N OCH3
1 2
H
B20 R1 =Cl, R2 =T7a-Cl B21

Figure 9.1 Bromotyrosine alkaloids isolated from the sponge Acanthodendrilla sp.

Fighteen 22-O-ester derivatives of jorunnamycin A (JA), including the 3,3,3-
trifluoropropionyl ester (R1), six benzoyl (R2-7) and six cinnamoyl esters (R8-13) that
vary in the electron-withdrawing groups, three pyrindinecarbonyl esters (R14-16), and
two pyridineacryloyl esters (R17 and R18), were synthesized from JA (Figure 9.2). This
starting material was prepared by the three-step deangeloyl transformation of
renieramycin M (RM), a bistetrahydroisoquinolinequinone alkaloid which was obtained
from the Thai blue sponge Xestospongia sp. The cytotoxicity of the derivatives
emphasizing against human non-small cell lung cancer (NSCLC) cell lines was
evaluated in vitro by measuring ICs, using MTT assay. Our finding showed that the 22-
O-ester derivatives of JA with nitrogen-heterocyclic aromatic ring, such as
pyridinecarbonyl esters (R14-16) and 3-(3-pyridylacryloyl ester (R18), are potential
candidates for development of new effective anticancer drugs to treat NSCLC patients.

Among them, 22-O-(4-pyridinecarbonyl) ester (R14) is the most potent derivative,
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exhibiting 5-fold and 20-fold increase in cytotoxicity to the H460 and H292 cell lines,

respectively, relative to RM.

22-O-ester derivatives of JA
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Figure 9.2 22-O-ester derivatives of jorunnamycin A prepared from renieramycin M (RM),

isolated from the blue sponge Xestospongia sp.

RM was further investigated the effects on new therapeutic targets related to
antimetastatic activity, including anoikis-resistant lung cancer cells and lung cancer
stem-like cells. RM sensitized the anoikis-resistant lung cancer cells to anoikis through
the reduction of the survival proteins activated ERK and AKT and anti-apoptotic
proteins BCL2 and MCL1. RM also suppressed lung cancer stem cell-like phenotypes
determining by the reduction of the colony and spheroid formations and the
downregulation of lung CSC markers, including CD133, CD44, and ALDH1Al. A better
understanding of molecular mechanisms of RM involved in anoikis resistance and
stemness would assist in the development of anticancer drugs to kill circulating tumor

cells and cancer stem cells in patients with metastatic lung cancer.
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APPENDIX A

SPONGE MATERIALS, EXTRACTION, AND ISOLATION

Figure Al Underwater (left) and surface (right) photographs of the sponge Acanthodendrilla sp.
collected from Ha Island, Krabi, Thailand

(photographed by Dr. Khanit Suwanborirux)

Figure A2 Underwater (left) and surface (right) photographs of the blue sponge Xestospongia sp.
collected from Si Chang Island, Chonburi, Thailand
(photographed by Dr. Khanit Suwanborirux)



spraying with
under UV at 254 nm
anisaldehyde reagent

H:E (3:7)

H:E (3:7)

AP1 23 4 5Cr67 AP-1 23 4 5Cr67
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sponge Acanthodendrilla sp.

6.8 kg wet wt

macerated with MeOH (12 L x 5 times)

concentrated under reduced pressure

Ag. MeOH extract

partitioned with EtOAc

’ EtOAc crude extract 67.81 g

aqueous layer

EtOAc crude extract 32 g x 2 times

Silica gel quick column chromatography
a gradient of H:E (3:2) - EM

H:E (3:7b -E

AP-1 AP-2 AP-3 AP-4 AP-5 AP-6 AP-7
105¢ 133 ¢ 16¢ 103 ¢ 15.0 ¢ 20¢g 78¢
crystallization (H/E)
| J
B13 (crystal) mother liquor
81g AP-559 ¢
Silica gel column chromatography
a gradient of C:E (1:1) - EM (1:1)
CE Fl:l) CE(1:1) CE(1:1) CE ‘kl:l) ‘ CE(3:7) ‘
AP-8 AP-9 AP-10 AP-11 AP-12 AP-13 AP-14 AP-15 AP-16 AP-17
15.6 mg 230.6 mg 94.5 mg 508.5 mg 1.54 ¢ 3174 mg 1.51¢ 731.2 mg 116 ¢ 308.3 mg
Sephadex-LH 20: Sephadex-LH 20: Sephadex LH-20: MeOH
MeOH MeOH Sephadex LH-20: MeOH
Silica gel CC Sllicargel CC
RP-HPLC (C18): RP-HPLC (C18): SBBIE RP-HPLC
68%MeOH in H,0 63%MeOH in H,0
B11 B12 B1 30.6 mg | B6 121.7 mg B3 33.8 mg B10 7.2 mg B14 8.1 mg
49 mg 143 mg B2 2.8 mg B7 72.7 mg B4 10.1 mg B15-16 39.5 mg
' B540mg |B8139mg B17-18 24.8 mg
under UV at 254 nm ' B9 5.8 mg B19-20 5.6 mg
EtOAC C:M (47:3) double develop
B21  43.1 mg
C=CHC,
E = EtOAc
H = n-hexane
M = MeOH
A 1011121314 Cr151 AP-8 9 10111213 14 Cr 15 16 17

Figure A3 Extraction and isolation scheme of bromotyrosine alkaloids

from the sponge Acanthodendrilla sp.
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sponge Xestospongia sp.
9.2 kg wet wt

under UV at 254 nm

H:E (3:2)

pretreated with KCN phosphate buffer (pH 7)
macerated with MeOH (10 L x 6 times)
concentrated under reduced pressure

Aq. MeOH extract

partitioned with EtOAc (2 L x 6 times)

EtOAc crude extract 18.8 g aqueous layer

Silica gel quick column chromatography
gradient of H:E to M

Cr X1 2 3 4 5 6 7 8

HE|(7:3) H:E‘ (7:3) ‘
X-1 X-2 X-3 X-4 X-5 X-6 X-7 X-8
72¢ 21¢g 0.6 ¢ 09¢ 09¢ 03¢ 11¢g 37¢

crystallization (H%E)
| | E = EtOAc

mother liquor RM mother liquor H = n-hexane
X-16.4¢ 12¢ X-217¢ M = MeOH

0.01% yield of
the sponge wet weight

renieramycin M (RM)

Figure A4 Extraction and isolation scheme of renieramycin M (RM)

from the blue sponge Xestospongia sp.
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APPENDIX B

PHYSICAL AND SPECTROSCOPIC DATA OF BROMOTYROSINE ALKALOIDS

Subereamolline C (B1):

30.6 mg, 0.045% yield of EtOAc extract.

White amorphous powder.

[a]y) +185.0 (c 0.1, MeOH).

UV Aax (MeOH) nm (log &€): 230 (3.95), 283 (3.51).

IR (KB) Vinax 3339, 2940, 1701, 1653, 1541, 1263, and 989 cm ™

'H NMR (CDCls, 300 MHz) 0 6.93 (1H, br, 9-NH), 6.31 (1H, s, H-5), 5.01 (1H, br, 14-NH),
4.36 (1H, s, H-1), 3.94 (1H, d, J = 18,5 Hz, H-7b), 3.75 (3H, s, 3-OCHs), 3.66 (3H, s, 14-
OCH,), 3.35 (2H, dt, J = 6.4, 6.1 Hz, H,-10), 3.19 (2H, g, J = 5.0 Hz, H,-13), 3.01 (1H, d, J
= 18.5 Hz, H-7a), 1.57 (2H, br, H,-12), 1.56 (2H, br, H,-11).

C NMR (CDCls, 75 MHz) 0 159.4 (C, C-9), 157.4 (C, C-14), 154.2 (C, C-8), 148.0 (C, C-3),
130.9 (CH, C-5), 121.5 (C, C-4), 112.8 (C, C-2), 91.8 (C, C-6), 74.0 (CH, C-1), 60.1 (CHs, 3-
OCHs), 52.2 (CHs, 14-OCH,), 40.5 (CH,, C-13), 39.2 (CH,, C-10), 38.9 (CH,, C-7), 27.3 (CH,,
C-11), 26.5 (CH,, C-12).

HREIMS: m/z 508.9790 [M]" (calcd for C;4H,;Br,N;Oq, 508.9797).
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T 1
ppm



156

Subereamolline D (B2):

2.8 mg, 0.004% vyield of EtOAc extract.

White amorphous powder.

[a]y +110.0 (c 0.1, MeOH).

UV Aax (MeOH) nm (log &€): 233 (3.68), 281 (3.36).

IR (CHCl3) Vyax 3017, 2938, 1717, 1676, 1522, and 1236 cm ™

'"H NMR (CDCl, 300 MHz) 0 6.66 (1H, br, 9-NH), 6.33 (1H, s, H-5), 4.47 (1H, br, 15-NH),
4.41 (1H, s, H-1), 3.97 (1H, d, J = 18.8 Hz, H-Tb), 3.77 (3H, s, 3-OCHs), 3.68 (3H, s, 15-
OCHs), 3.36 (2H, br t, J = 6.8 Hz, H,-10), 3.19 (2H, g, J = 6.3 Hz, H,-14), 3.02 (1H, d, J =
18.8 Hz, H-7a), 1.60 (2H, m, H,-11), 1.55 (2H, m, H,-13), 1.41 (2H, m, H,-12).

3C NMR (CDCls, 75 MHz) 0 159.1 (C, C-9), 157.2 (C-15), 154.3 (C, C-8), 148.1 (C, C-3),
131.1 (CH, C-5), 121.5 (C, C-4), 112.5 (C, C-2), 91.6 (C, C-6), 74.0 (CH, C-1), 60.2 (CH3, 3-
OCHs), 52.1 (CHs, 15-OCHj), 40.8 (CH,, C-14), 39.3 (CH,, C-10), 38.8 (CH,, C-7), 29.6 (CH,
C-13), 28.9 (CH,, C-11), 23.8 (CH,, C-12).

HREIMS: m/z 522.9947 [M]" (calcd for Ci7H,3BrN;0g, 522.9954).
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B3:

33.8 mg, 0.050% yield of EtOAc extract.

White amorphous powder.

[a]y) +137.0 (c 2.4, MeOH).

UV Aax (MeOH) nm (log €): 232 (4.12), 283 (3.87).

'H NMR (acetone-ds, 500 MHz) 0 7.61 (1H, t, J = 5.9 Hz, 9-NH), 6.50 (1H, s, H-5), 6.41
(1H, br, 14-NH), 5.43 (1H, d, J = 8.2 Hz, 1-OH), 4.16 (1H, d, J = 8.2 Hz, H-1), 3.99 (2H, d,
J = 5.5 Hz, Hy-13), 3.81 (1H, d, J = 18.3 Hz, H-7b), 3.71 (3H, s, 3-OCH5), 3.59 (3H, s, 14-
OCHs), 3.54 (2H, dt, J = 6.5, 5.9 Hz, H,-10), 3.15 (1H, d, J = 18.3 Hz, H-7a), 2.79 (2H, t, J
= 6.5 Hz, H,-11).

C NMR (acetone-dg, 125 MHz) 0 205.7 (C, C-12), 159.9 (C, C-9), 157.9 (C, C-14), 155.1
(C, C-8), 148.7 (C, C-3), 132.3 (CH, C-5), 122.0 (C, C-4), 113.8 (C, C-2), 91.6 (C, C-6), 75.1
(CH, C-1), 60.2 (CHs, 3-OCHs), 52.2 (CHs, 14-OCHs), 51.0 (CH,, C-13), 40.0 (CH,, C-11), 39.4
(CH,, C-7), 34.9 (CH,, C-10).

HREIMS: m/z 522.9586 [M]" (calcd for CigH1oBroN;05, 522.9590).
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B4.

10.1 mg, 0.015% vyield of EtOAc extract.

White amorphous powder.

[a]) +156.4 (c 0.7, MeOH).

UV Aax (MeOH) nm (log €): 231 (4.12), 283 (3.89).

'H NMR (acetone-ds, 500 MHz) 0 7.77 (1H, t, J = 5.3 Hz, 9-NH), 6.54 (1H, s, H-5), 6.18
(1H, br, 14-NH), 5.45 (1H, d, J = 7.7 Hz, 1-OH), 4.20 (1H, d, J = 7.7 Hz, H-1), 4.18 (2H, d,
J = 5.3 Hz, H,-10), 3.83 (1H, d, J = 18.5 Hz, H-7b), 3.71 (3H, s, 3-OCH5), 3.55 (3H, s, 14-
OCHs), 3.37 (2H, td, J = 6.8, 6.3 Hz, H,-13), 3.19 (1H, d, J = 18.5 Hz, H-7a), 2.75 (2H, t, J
= 6.8 Hz, H,-12).

C NMR (acetone-dg, 125 MHz) 0 204.9 (C, C-11), 159.9 (C, C-9), 157.9 (C, C-14), 155.1
(C, C-8), 148.7 (C, C-3), 132.3 (CH, C-5), 122.1 (C, C-4), 113.9 (C, C-2), 91.9 (C, C-6), 75.2
(CH, C-1), 60.2 (CH3, 3-OCH5), 51.8 (CHs, 14-OCH3), 49.4 (CH,, C-10). 39.9 (CH,, C-7), 40.5
(CH,, C-12), 36.5 (CH,, C-13).

HREIMS: m/z 522.9583 [M]" (calcd for CigH1oBroN;05, 522.9590).
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Aerothionin (B6):

121.7 mg, 0.179% yield of EtOAc extract.

White amorphous powder.

[a]y) +245.0 (c 0.1, MeOH).

'H NMR (acetone-d, 300 MHz) O 7.69 (2H, br, 9-NH), 6.53 (2H, s, H-5), 5.47 (2H, d, J =
7.8 Hz, 1-OH), 4.18 (2H, d, J = 7.8 Hz, H-1), 3.84 (2H, d, J = 18.0 Hz, H-7b), 3.72 (6H, s,
3-OCHs), 3.33 (4H, m, H,-10), 3.19 (2H, d, J = 18.0 Hz, H-7a), 1.62 (dH, m, H,-11).

*C NMR (acetone-ds, 75 MHz) & 159.9 (C, C-9), 155.3 (C, C-8), 148.7 (C, C-3), 132.4 (CH,
C-5), 122.0 (C, C-4), 113.9 (C, C-2), 91.5 (C, C-6), 75.2 (CH, C-1), 60.2 (CHs, 3-OCH>), 40.2
(CH,, C-7), 39.5 (CH,, C-10), 27.5 (CH,, C-11).

HRFABMS: m/z 836.8387 [M+Na]" (calcd for CyqH,6BraN,OgNa, 836.8382).
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Homoaerothionin (B7):

72.7 mg, 0.107% yield of EtOAc extract.

White amorphous powder.

[a]y +153.0 (c 0.1, MeOH).

'H NMR (CDCls, 300 MHz) 0 6.90 (2H, t, J = 6.0 Hz, 9-NH), 6.3 (2H, s, H-5), 4.39 (2H, s,
H-1), 3.94 (2H, d, J = 18.5 Hz, H-7b), 3.76 (6H, s, 3-OCH,), 3.35 (4H, m, H,-10), 3.03 (2H,
d, J = 18.5 Hz, H-7a), 1.60 (4H, quin, J = 6.8 Hz, H,-11), 1.39 (2H, m, H,-12).

BC NMR (CDCL, 75 MHz) O 159.5 (C, C-9), 154.3 (C, C-8), 148.0 (C, C-3), 131.0 (CH, C-5),
121.4 (C, C-4), 112.8 (C, C-2), 91.9 (C, C-6), 74.0 (CH, C-1), 60.0 (CHs, 3-OCH3), 39.2 (CH,,
C-7), 38.9 (CH,, C-10), 28.7 (CH,, C-11), 23.7 (CH,, C-12).

HRFABMS: m/z 850.8553 [M+Na]" (calcd for CpsH,gBraN,OgNa, 850.8538).
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11-Oxoaerothionin (B8):

13.9 mg, 0.020% yield of EtOAc extract.

White amorphous powder.

[a]y +175.0 (c 0.2, MeOH).

UV Ao (MeOH) nm (log €): 233 (4.26), 283 (4.04).

'H NMR (acetone-d, 500 MHz) 0 7.81 and 7.63 (each 1H, t, J = 5.7 Hz, 9-NH and 9'-NH),
6.54 and 6.51 (each 1H, d, J = 0.9 Hz, H-5 and H'-5), 5.46 and 5.43 (each 1H, d, J = 7.8
Hz, 1-OH and 1'-OH), 4.20 and 4.16 (each 1H, d, J = 7.8 Hz, H-1 and H-1"), 3.89 and 3.77
(each 1H, d, J = 18.0 Hz, H-7b and H-7'b), 3.72 and 3.71 (each 3H, s, 3-OCH; and 3'-
OCHs), 4.19 (2H, d, J = 5.7 Hz, H,-10), 3.56 (2H, td, J = 6.9, 5.7 Hz, H,-13), 3.20 and 3.14
(each 1H, d, J = 18.0 Hz, H-7a and H-7'a), 2.82 (2H, overlapped, H,-12).

BC NMR (acetone-dg, 125 MHz,) 0 205.0 (C, C-11), 160.1 and 160.0 (C, C-9 and C-9),
155.1 and 154.8 (C, C-8 and C-8'), 148.7 (C, C-3 and C-3)), 132.3 (CH, C-5 and C-5'), 122.1
(C, C-4 and C-4"), 113.9 (C, C-2 and C-2), 92.0 and 91.7 (C, C-6 and C-6'), 75.2 (CH, C-1
and C-1"), 60.2 (CH5, 3-OCHs and 3'-OCHs), 49.4 (CH,, C-10), 40.0 and 39.9 (CH,, C-7 and
C-7, 39.8 (CH,, C-12), 34.9 (CH,, C-13).

HRFABMS: m/z 850.8181 [M+Na]" (calcd for CyqHoqBraN,OgNa, 850.8174).
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Oxohomoaerothionin (B9):

5.8 mg, 0.009% vyield of EtOAc extract.

White amorphous powder.

[@]] +215.2 (c 0.3, MeOH).

UV Ao (MeOH) nm (log €): 231 (4.48), 283 (4.23).

'H NMR (acetone-dj, 500 MHz) 0 7.76 and 7.68 (each 1H, t, J = 5.7 Hz, 9-NH and 9'-NH),
6.54 and 6.51 (each 1H, d, J = 0.9 Hz, H-5 and H'-5), 5.46 and 5.43 (each 1H, d, J = 8.3
Hz, 1-OH and 1'-OH), 4.17 and 4.16 (each 1H, d, J = 8.3 Hz, H-1 and H-1"), 3.84 and 3.82
(each 1H, d, J = 18.3 Hz, H-7Tb and H-7'b), 3.72 and 3.71 (each 3H, s, 3-OCH; and 3'-
OCHs), 4.17 (2H, d, J = 5.7 Hz, H,-10), 3.31 (2H, td, J = 6.8, 5.7 Hz, H,-14), 3.21 and 3.15
(each 1H, d, J = 18.3 Hz, H-7a and H-7'a), 2.60 (2H, t, J = 6.8 Hz, H,-12), 1.84 (2H, quin,
J = 6.8 Hz, H,-13).

BC NMR (acetone-dg, 125 MHz,) 0 205.4 (C, C-11), 160.2 and 160.1 (C, C-9 and C-9),
155.3 and 154.8 (C, C-8 and C-8), 148.8 (C, C-3 and C-3"), 132.4 and 132.3 (CH, C-5 and
C-5), 122.1 (C, C-4 and C-4), 113.9 (C, C-2 and C-2"), 92.0 and 91.6 (C, C-6 and C-6'), 75.2
(CH, C-1 and C-1'), 60.2 (CHs, 3-OCH, and 3-OCHs), 49.3 (CH,, C-10), 40.2 and 39.9 (CH,,
C-7 and C-7Y), 39.1 (CH,, C-14), 37.3 (CH,, C-12), 24.1 (CH,, C-13).

HRFABMS: m/z 864.8331 [M+Na]" (calcd for C,5H,4BraN,OgNa, 864.8331).
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Fistularin 1 (B10):

7.2 mg, 0.011% vyield of EtOAc extract.

White amorphous powder.

[a] +76.6 (c 0.2, MeOH).

'H NMR (DMSO-dj, 500 MHz) 0 8.39 (1H, t, J = 5.9 Hz, 9-NH), 7.75 (1H, br, 21-NH), 7.68
(2H, s, H-15 and H-17), 6.58 (1H, s, H-5), 6.38 (1H, d, J = 8.0 Hz, 1-OH), 5.57 (1H, t, J =
7.9 Hz, H-19), 5.30 (1H, d, J = 5.4 Hz, 11-OH), 4.07 (1H, m, H-11), 3.93 (1H, overlapped,
H-1), 3.93 (1H, overlapped, H-12b), 3.84 (each 1H, overlapped, H-12a and H-20b), 3.64
(3H, s, 3-OCHs), 3.62 (1H, d, J = 18.0 Hz, H-7b), 3.47 (1H, overlapped, H-10b), 3.37 (1H,
overlapped, H-20a), 3.30 (1H, overlapped, H-10a), 3.21 (1H, d, J = 18.0 Hz, H-7a).

C NMR (DMSO-d, 125 MHz) O 159.1 (C, C-9), 158.3 (C-21), 154.4 (C, C-8), 152.4 (C, C-
13), 147.1 (C, C-3), 138.7 (C, C-16), 131.2 (CH, C-5), 130.4 (CH, C-15 and C-17), 120.9 (C,
C-4), 117.8 (C, C-14 and C-18), 113.1 (C, C-2), 90.3 (C, C-6), 75.5 (CH,, C-12), 74.5 (CH,,
C-19), 73.6 (CH, C-1), 68.0 (CH, C-11), 59.6 (CHs, 3-OCHS,), 47.1 (CH,, C-20), 42.5 (CH,, C-
10), 39.8 (CH,, C-7).

FABMS: m/z 794 [M+Na]" (calcd for C,,H,;BrsNsOgNa, 793.7960).
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11, 19-Dideoxyfistularin 3 (B11):

4.9 mg, 0.007% vyield of EtOAc extract.

Pale yellow amorphous powder.

[@] +188.1 (c 0.1, MeOH).

'H NMR (acetone-ds, 300 MHz) O 7.78 (1H, t, J = 7.2 Hz, 9'-NH), 7.73 (1H, t, J = 6.9 Hz,
9-NH), 7.53 (2H, s, H-15 and H-17), 6.54 and 6.52 (each 1H, s, H-5 and H-5'), 5.45 (2H, d,
J =75 Hz, 1-OH and 1-OH), 4.18 (2H, d, J = 7.5 Hz, H-1 and H-1'), 4.10 (2H, t, J = 6.0
Hz, H,-12), 3.86 and 3.83 (each 1H, d, J = 18.0 Hz, H-7b and H-7'b), 3.73 (6H, s, 3-OCH5
and 3'-OCHs), 3.62 (2H, m, H,-10), 3.58 (2H, m, H,-20), 3.19 and 3.17 (each 1H, d, J =
18.0 Hz, H-7a and H-7'a), 2.87 (2H, overlapped, H,-19), 2.16 (2H, quin, J = 6.0 Hz, H,-11).
3C NMR (acetone-d;, 75 MHz) 0 159.1 (C, C-9 and C-9"), 154.4 and 154.3 (C, C-8 and C-
8), 151.4 (C, C-13), 147.9 (C, C-3 and C-3)), 138.9 (C, C-16), 133.2 (CH, C-15 and C-17),
131.5 and 131.4 (CH, C-5 and C-5'), 121.23 and 121.18 (C, C-4 and C-4'), 117.6 (C, C-14
and C-18), 113.0 (C, C-2 and C-2'), 90.7 (C, C-6 and C-6"), 74.4 (CH, C-1 and C-1"), 71.3
(CH,, C-12), 59.3 (CHs, 3-OCH; and 3'-OCHs;), 40.1 (CH,, C-20), 39.3 (CH,, C-7 and C-7),
36.6 (CH,, C-10), 33.9 (CH,, C-19), 29.8 (CH,, C-11).

HRFABMS: m/z 1098.7070 [M+Na]" (calcd for Cs;HsoBrgN,OgNa, 1098.7011).
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19-Deoxyfistularin 3 (B12):

14.3 mg, 0.021% yield of EtOAc extract.

Pale yellow amorphous powder.

[@]) +122.4 (c 0.6, MeOH).

'H NMR (acetone-ds, 300 MHz) O 7.79 (1H, t, J = 6.0 Hz, 9'-NH), 7.66 (1H, t, J = 5.7 Hz,
9-NH), 7.53 (2H, s, H-15 and H-17), 6.54 and 6.52 (each 1H, d , J = 0.6 Hz, H-5 and H-5"),
5.48 and 5.46 (each 1H, d, J = 7.8 Hz, 1-OH and 1-OH), 4.49 (1H, br, 11-OH), 4.25 (1H,
m, H-11), 4.20 and 4.19 (each 1H, d, J = 7.8 Hz, H-1 and H-1'), 4.04 (2H, m, H,-12), 3.87
and 3.84 (each 1H, d, J = 18.3 Hz, H-7b and H-7'b), 3.73 (6H, s, 3-OCH; and 3-OCH,),
3.59 (2H, m, H,-20), 3.57 (1H, m, H-10b), 3.31 (1H, br, H-10a), 3.21 and 3.17 (each 1H, d,
J =18.3 Hz, H-7a and H-T'a), 2.89 (2H, overlapped, H,-19).

3C NMR (acetone-d;, 75 MHz) 0 160.1 and 159.7 (C, C-9 and C-9"), 154.8 (C, C-8 and C-
8, 151.6 (C, C-13), 148.4 (C, C-3 and C-3'), 139.5 (C, C-16), 133.8 (CH, C-15 and C-17),
131.9 (CH, C-5 and C-5), 121.7 (C, C-4 and C-4'), 118.0 (C, C-14 and C-18), 113.5 (C, C-2
and C-2Y, 91.4 and 91.2 (C, C-6 and C-6'), 75.5 (CH,, C-12), 74.9 (CH, C-1 and C-1"), 69.4
(CH, C-11), 59.8 (CH5, 3-OCH; and 3'-OCH,), 43.2 (CH,, C-10), 40.6 (CH,, C-20), 39.74 and
39.70 (CH,, C-7 and C-7'), 34.4 (CH,, C-19).

HRFABMS: m/z 1114.7019 [M+Na]" (calcd for Cs;HsoBreN.O;oNa, 1114.6960).
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3,5-dibromo-1-hydroxy-4,4-dimethoxy-2,5-cyclohexadiene-1-acetamide (B13):

8.12 g, 11.975% vyield of EtOAc extract.

White crystal.

'H NMR (DMSO-dg, 300 MHz) O 7.40 and 6.99 (each 1H, br s, NH,), 6.80 (2H, s, H-2 and
H-6), 6.01 (1H, br s, 1-OH), 3.04 and 2.97 (each 3H, s, 4-OCH;x2), 2.40 (2H, s, H,-7).

C NMR (DMSO-dg, 75 MHz) 0 171.0 (C, C-8), 143.6 (CH, C-2 and C-6), 121.4 (C, C-3 and
C-5),97.5 (C, C-4), 71.4 (C, C-1), 51.6 and 51.3 (CH5, 4-OCH;x2), 47.5 (CH,, C-7).

EIMS: m/z 369 [M]" (calcd for CyyH;5Br,NO,, 368.9211).
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HO  CH CONH
728

Verongiaquinol (B14):

8.1 mg, 0.012% vyield of EtOAc extract.

White amorphous powder.

UV Aoy (MeOH) nm (log &): 258 (3.87).

'H NMR (DMSO-dg, 500 MHz) 0 7.58 (2H, s, H-2 and H-6), 7.41 and 6.95 (each 1H, br s,
NH,), 6.37 (1H, s, 1-OH), 2.58 (2H, s, H,-7).

BC NMR (DMSO-d,, 125 MHz) O 172.5 (C, C-4), 169.4 (C, C-8), 153.6 (CH, C-2 and C-6),
119.2 (C, C-3 and C-5), 72.0 (C, C-1), 45.2 (CH,, C-7).

HREIMS: m/z 322.8794 [M]* (calcd for CgH;Br,NO5, 322.8793).
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Figure B34 °C NMR spectrum (125 MHz) of verongiaquinol (B14) in DMSO-d,
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cavernicolin-1  cavernicolin-2

Cavernicolin-1 (B15) and cavernicolin-2 (B16)

An epimeric mixture, 39.5 mg, 0.058% vyield of EtOAc extract.

White amorphous powder.

UV s (MeOH) nm (log &): 257 (3.84).

'H NMR (300 MHz, acetone-dy) of B15: 0 7.65 (1H, br, NH), 7.45 (1H, s, H-4), 5.52 (1H,
s, OH), 5.18 (1H, d, J = 10.2 Hz, H-7), 4.21 (1H, d, J = 10.2 Hz, H-7a), 2.91 and 2.47
(each 1H, d, J = 16.5 Hz, H-3).

'H NMR (300 MHz, acetone-ds) of B16: O 7.33 (1H, s, H-4), 7.21 (1H, br, NH), 5.67 (1H,
s, OH), 5.34 (1H, d, J = 3.9 Hz, H-7), 4.45 (1H, d, J = 3.9 Hz, H-7a), 2.74 and 2.57 (each
1H, d, J = 17.1 Hz, H-3).

C NMR (75 MHz, acetone-dy) of B15: 0 183.5 (C-6), 174.3 (C-2), 150.2 (C-4), 120.4 (C-
5), 76.5 (C-3a), 69.0 (C-7a), 53.3 (C-7), 43.1 (C-3).

BC NMR (75 MHz, acetone-d,) of B16: 0 183.9 (C-6), 173.2 (C-2), 149.2 (C-4), 120.5 (C-
5), 75.5 (C-3a), 64.8 (C-7a), 56.8 (C-7), 45.1 (C-3).

HREIMS: m/z 322.8790 [M]" (calcd for CgH;Br,NOs, 322.8793).
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chlorocavernicolin chlorocavernicolin

7f3-Bromo-5-chlorocavernicolins (B17) and 7@-bromo-5-chlorocavernicolin (B18)

An epimeric mixture, 24.8 mg, 0.037% yield of EtOAc extract.

White amorphous powder.

UV Aoy (MeOH) nm (log &): 247 (3.71).

'H NMR (500 MHz, DMSO-d) of B17: 0 8.55 (1H, br, NH), 7.21 (1H, s, H-4), 6.23 (1H, d,
J = 0.6 Hz, OH), 5.36 (1H, d, J = 10.2 Hz, H-7), 3.94 (1H, dd, J = 10.2, 2.1 Hz, H-7a), 2.84
and 2.25 (each 1H, d, J = 17.1 Hz, H-3).

'H NMR (500 MHz, DMSO-dy) of B18: 0 8.14 (1H, br, NH), 7.11 (1H, s, H-4), 6.29 (1H, s,
OH), 5.22 (1H, d, J = 3.9 Hz, H-7), 4.21 (1H, d, J = 3.9 Hz, H-7a), 2.63 and 2.44 (each
1H, d, J = 17.1 Hz, H-3).

BC NMR (125 MHz, DMSO-d,) of B17: O 183.6 (C-6), 173.7 (C-2), 146.5 (C-4), 128.1 (C-
5), 74.5 (C-3a), 68.1 (C-7a), 58.3 (C-7), 42.5 (C-3).

C NMR (125 MHz, DMSO-dj) of B18: 0 183.7 (C-6), 173.2 (C-2), 145.2 (C-4), 127.5 (C-
5), 73.3 (C-3a), 63.3 (C-7a), 53.5 (C-7), 44.4 (C-3).

HREIMS: m/z 278.9296 [M]" (calcd for CgH,BrCINO5, 278.9298).
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Figure B38 "°C NMR spectrum (125 MHz) of 7,B—and 70-bromo-5-chlorocavernicolins
(B17 and B18) mixture in DMSO-d,.



191

H-4
H-7
1-on @4 H7a
H-dl (d,4)
HE3
H-7 [
d,10.5) HL3 | H-3
| H-7a
1-OH (d,10.5)
1-NH ‘ /
N I Al ;
\[. | i
_rJLam_J v M JMWJ,JM-____)L_/MJL/}J WJJ“J\'«J”L\_‘_JU._._._
SR S A

]

e [ g S i e S
6 5 4 3 2 1 ppm

Figure B39 'H NMR spectrum (500 MHz) of 5,7ﬂ—and 5,70-dichlorocavernicolins

(B19 and B20) mixture in acetone-dy

c3
! c7 }
| C-7a | | C3
J' uc% - 4'[ c5 C3a || L o
| C-6 ! c-5 C-3a; |! \
WMWMMW MF'MWWML@WW'(’M WMWW“WWWWWW" M sl W‘M mewww"

220 200 180 160

Figure B40 BC NMR spectrum (125 MHz) of 5,7ﬁ—and 5,70-dichlorocavernicolins

(B19 and B20) mixture in acetone-d,



192

MS Spectrum
x10 4 [Cpd 1: C8 H7 CI2 N 0O3: +ES| Scan (1.009-1.498 min, 18 Scans) Frag=150.0V AP01n-B-A-MSMS...
235.0893

8+ (M+H)+ o

g| 1039570 a a
H

4- 463.2902 HO Ni

2] 347.2060 ©

J N [ l 643.3356
1 e J ].Ik " L L) .IH“LJJ. JLM«..JH T T (R R | lL L‘L Al e

MS Zoomed Spectrum

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950

Counts vs. Mass-to-Charge (m/z)

x10 4 Cpd 1: C8 H7 CI2 N O3: +ESI Scan (1.009-1.498 min, 18 Scans) Frag=150.0V AP01n-B-A-MSMS...
235.9893
& (M+H)+
6
4
217.1066
2] 250.0499 261.1329
0 i ".'J J. : Lol us |]I||l Lo All L I.lJJ
210 215 220 225 230 235 240 245 250 255 260

Counts vs. Mass-to-Charge (m/z)

Figure B41 HRESIMS spectrum of 5,7ﬂ—and 5,70-dichlorocavernicolins (B19 and B20) mixture



193

mmmmmmmmmmm

—1.360
]
0
0
0
0
0
9
8
2
2

O
13
>\Q Br
LN RPE .
1210 8
B .1 N/U\QOCH H-10 4-0CH,
7 H 3
H-2,6
H7.
H-124
13-NH H-8 ‘
H-11 |
I
J e
H-12b

T T T T T T T T T T T T 1
7.5 70 €5 6.0 55 50 a.5 35 3.0 2.5 2.0 1.5 ppm

€ % W

Figure B42 "H NMR spectrum (300 MHz) of 115-acanthodendrilline [(5)-B21] in CDCL,

. | [
c2l6
C-3,5
c11
C-10 C-12
9-OCH; - |- g7
WWMWWWMWMWWMWWW WMWWWWW t«mmww
160 150 140 130 120 110 100 5:1 80 70 50 55 4'0 3'0 pprnl

Figure B43 °C NMR spectrum (75 MHz) of 115-acanthodendrilline [(5)-B21] in CDCL,



194

>\Q Br

= i
. j ﬁ[\
0
= 5
= &
ﬁ)
B
- b
6.0
I-6.5
- 7.0
B
=
7.5
T T T T T T T T T T 8.0
8.0 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 ppm

Figure B44 'H-"H COSY spectrum (300 MHz) of 11S-acanthodendrilline [(S)-B21] in CDCL,



195

S |V ——

|
i
A 0 .

.
xS

recge =

F 50
- 60

70

l

=) o
F 90

— 100

(’>\O Br F1ie
ﬁ % 0 -
O @

B OCH 130
.oer A u 5

i F140
F150

- F160

- T T T T T
8.0 7.5 70 6.5 6.0 55 5.0 45 4.0 35 30 25 ppm

Figure B45 HSQC spectrum (300 MHz) of 11S-acanthodendrilline [(S)-B21] in CDCl,



196

| |

L e ,JUJU‘ ;LgJ‘LJ__ "

. - 30

73 ] @ & I
— § Qg @ P
E 50
F 60
3 | o F 70

— @ [} Ejvj
T e ¢ F 80
o %0
f>\Q Br 100
HN ‘4\ o
w/f O 110
_ ) N
— LE] Br <@ N OCH, b12o
130
—_— [T e R @2
7 & @ 140
3 i) ' 5] 150
4 @ &

— @ [ 2} 160

T T T T T T T T T T T
8.0 7.5 7.0 65 6.0 5.5 5.0 a5 40 35 20 25 ppm

Figure B46 HMBC spectrum (300 MHz) of 11S-acanthodendrilline [($)-B21] in CDCl,



197

[ Elemental Composition ]

Data : 469FH001 Date : 11-Nov-2013 18:39
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RT : 7.08 min Scan#: (31,35)

Elements : C 40/5, H 40/5, O 82, N 2/0, Br 2/1

Mass Tolerance : Smmu
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APPENDIX C

PHYSICAL AND SPECTROSCOPIC DATA OF RENIARAMYCIN DERIVATIVES

Renieramycin M: orange prisms; 'H NMR (CDCls, 300 MHz) 0 5.96 (1H, qq, J = 7.4, 1.5
Hz, 26-H), 4.54 (1H, dd, J = 11.7, 3.0 Hz, H-22b), 4.10 (1H, dd, J = 11.7, 2.7 Hz, H-22a),
4.07 (1H, d, J = 2.4 Hz, H-21), 4.02 (2H, overlapped, H-1 and H-11), 4.02 and 3.99 (each
3H, each s, 7-OCH; and 17-OCH.), 3.40 (1H, ddd, J = 7.5, 2.4, 1.8 Hz, H-13), 3.11 (1H,

ddd, J = 11.4, 3.0, 2.6 Hz, H-3), 2.89 (1H, dd, J = 17.3, 2.6 Hz, H-4Q), 2.76 (1H, dd, J =

20.8, 7.5 Hz, H-1401), 2.30 (1H, d, J = 20.8 Hz, H-14f3), 2.28 (3H, s, NCHs), 1.94 and 1.90
(each 3H, each s, 6-CHsand 16-CHs), 1.82 (3H, dqg, J = 7.4, 1.5 Hz, 27-CH,), 1.58 (3H, dq,

J = 1.5, 1.2 Hz, 28-CH,), 1.36 (1H, ddd, J = 17.3, 11.4, 2.7 Hz, H-4/3).
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Figure C1 'H NMR spectrum (300 MHz) of renieramycin M (RM)
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Jorunnamycin A: yield 44.0%; yellow amorphous powder; 'H NMR (CDCl;, 500 MHz)

0 4.14 (1H, d, J = 2.1 Hz, H-21), 4.08 (1H, d, J = 2.7 Hz, H-11), 4.03 and 3.99 (each 3H,

each s, 7-OCH; and 17-OCHs), 3.89 (1H, br d, J = 2.4 Hz,, H-1), 3.71 (1H, dd, J = 11.6, 2.6
Hz, H-22b), 3.49 (1H, br, H-22a), 3.42 (1H, br d, J = 7.5 Hz, H-13), 3.18 (1H, ddd, J = 11.7,

2.7, 2.3 Hz, H-3), 293 (1H, dd, J = 17.4, 2.3 Hz, H-4@l), 2.83 (1H, dd, J = 21.2, 7.5 Hz, H-

140, 2.31 (3H, s, NCH3), 2.27 (1H, d, J = 21.2 Hz, H—14,B), 1.94 (6H, s, 6-CHs and 16-CH,),

1.41 (1H, ddd, J = 17.4, 11.7, 2.1 Hz, H—4,B).
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Figure C2 'H NMR spectrum (500 MHz) of jorunnamycin A (JA)
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22-0-(3,3,3-Trifluoropropionyl)jorunnamycin A (R1): yield 78.5%; yellow amorphous
solid; [@]8 -129.1 (c 0.1, CHCL); CD A& nm (c 13.3 UM, MeOH, 24°C) 0 (400), -6.5
(353), -3.1 (306), -21.4 (280), 0 (264), +7.2 (254), +0.5 (229), +8.7 (207); IR (KBr) Vnax
2955, 2926, 2855, 1751, 1655, 1618, 1375, 1298, 1263, 1236, 1150, 1121 cm™; 'H NMR
(CDCls, 500 MHz) 0 4.40 (1H, dd, J = 11.8, 2.9 Hz, H-22b), 4.23 (1H, dd, J = 11.8, 3.4 Hz,
H-22a), 4.04 (1H, d, J = 2.3 Hz, H-21), 4.03 (1H, overlapped, H-1), 4.03 (1H, overlapped,
H-11), 4.003 (3H, s, 7-OCHs), 3.997 (3H, s, 17-OCH,), 3.41 (1H, ddd, J = 7.7, 2.3, 1.7 Hz,
H-13), 3.11 (1H, ddd, J = 11.5, 2.9, 2.0 Hz, H-3), 2.97 (2H, qd, J = 20.6, 3.5, COCH,CF3),
2.90 (1H, dd, J = 17.8, 2.0 Hz, H-4®), 2.78 (1H, dd, J = 21.4, 7.7 Hz, H-14Q), 2.30 (3H, s,
NCHs), 2.27 (1H, d, J = 21.4 Hz, H—14,B), 1.95 (3H, s, 6-CHs), 1.94 (3H, s, 16-CH3), 1.37 (1H,
ddd, J = 17.8, 11.5, 2.7 Hz, H-4f3); >C NMR (CDCls, 125 MHz) 0 186.4 (C, C-15), 185.2 (C,
C-5), 182.4 (C, C-18), 181.0 (C, C-8), 163.4 (C, OCO), 155.6 (C, C-7), 155.4 (C, C-17), 142.0
(C, C-10), 141.8 (C, C-20), 135.0 (C, C-19), 134.6 (C, C-9), 128.8 (C, C-6 and C, C-16), 124.1
(C, CH,CF), 116.7 (C, CN), 64.5 (CH,, C-22), 61.1 (CHs, 17-OCHs), 60.9 (CHs, 7-OCHs), 58.7
(CH, C-21), 55.9 (CH, C-1), 54.5 (CH, C-13), 54.4 (CH, C-3), 54.1 (CH, C-11), 41.5 (CH,,
NCHs), 39.5 (CH,, CH,CF3), 25.1 (CH,, C-4), 21.1 (CH,, C-14), 8.8 (CH5, 6-CH3), 8.5 (CH5, 16-
CH,); HREIMS m/z 603.1829 [M]* (calcd for CaoHyOgNsFs, 603.1828).
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Figure C7 HMBC spectrum (500 MHz) of 22-0-(3,3,3-triflucropropionyl)

jorunnamycin A (R1) in CDCl,
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22-0-(4-Fluorobenzoyl)jorunnamycin A (R2): yield 72.1%; yellow amorphous solid;
[a]y -67.6 (c 0.3, CHCL); CD A& nm (c 9.8 uM, MeOH, 24°C) 0 (403), -5.7 (359),
-2.5(309), —13.9 (284), 0 (272), +13.2 (261), 0 (244), —6.1 (234), 0 (219), +6.0 (206), 0
(203), —11.6 (201); IR (KBr) Vi 2959, 2940, 2855, 1721, 1655, 1614, 1605, 1508, 1450,
1373, 1310, 1263, 1234, 1153, 1117, 1090, 802, 766 cm™*; 'H NMR (CDCls, 500 MHz) O
7.66 (2H, dd, J = 8.9, 5.4 Hz, H-2' and H-6"), 7.01 (2H, dd, J = 8.9, 8.6 Hz, H-3' and H-5"),
4.99 (1H, dd, J = 11.6, 2.7 Hz, H-22b), 4.10 (1H, dd, J = 11.6, 2.3 Hz, H-22a), 4.09 (1H, d,
J = 2.4 Hz, H-21), 4.05 (3H, s, 7-OCH,), 4.07 (1H, ddd, J = 2.7, 2.6, 2.3 Hz, H-1), 3.94 (1H,
d,J = 2.3 Hz, H-11), 3.77 (3H, s, 17-OCH>), 3.39 (1H, ddd, J = 7.8, 2.4, 1.7 Hz, H-13), 3.09
(1H, ddd, J = 11.7, 2.6, 2.3 Hz, H-3), 2.90 (1H, dd, J = 17.6, 2.6 Hz, H-4a\), 2.71 (1H, dd,
J =212, 7.8 Hz, H-14a), 2.35 (1H, d, J = 21.2 Hz, H-14/3), 2.22 (3H, s, NCH,), 2.00 (3H, s,
6-CHs), 1.75 (3H, s, 16-CH3), 1.26 (1H, ddd, J = 17.6, 11.7, 2.6 Hz, H-4/3); **C NMR (CDCLs,
125 MHz) O 185.8 (C, C-15), 185.2 (C, C-5), 182.2 (C, C-18), 181.1 (C, C-8), 165.7 (C, C-4"),
164.5 (C, OCO), 155.6 (C, C-7), 154.9 (C, C-17), 142.1 (C, C-10), 142.0 (C, C-20), 135.4 (C,
C-9), 134.5 (C, C-19), 132.0 (CH, C-2" and C-6"), 128.7 (C, C-6), 128.1 (C, C-16), 125.4 (C,
C-1, 116.9 (C, CN), 115.7 (CH, C-3" and C-5"), 62.0 (CH,, C-22), 61.2 (CHs, 7-OCHs), 60.8
(CHs, 17-OCHs), 58.4 (CH, C-21), 56.7 (CH, C-1), 54.5 (CH, C-13), 54.3 (CH, C-3), 54.1 (CH,
C-11), 41.4 (CHs, NCH3), 25.5 (CH,, C-4), 20.9 (CH,, C-14), 8.9 (CHs, 6-CH,), 8.7 (CH,, 16-

CHs); HREIMS m/z 615.2020 [M]* (calcd for C53H300gN3F3, 615.2017).
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22-0-(3-Fluorobenzoyl)jorunnamycin A (R3): yield 81.8%; yellow amorphous solid;
[l -65.3 (c 0.4, CHCL,); CD A& nm (c 13.0 uM, MeOH, 24°C) 0 (404), —4.4 (360),
-1.7 (312), =9.7 (282), 0 (270), +9.7 (259), 0 (241), —3.5 (230), —0.3 (211); IR (KBr) V,pax
2947, 2853, 1726, 1655, 1616, 1593, 1447, 1373, 1271, 1236, 1200, 1152, 957, 907, 754
cm ™ 'H NMR (CDCls, 500 MHz) O 7.40 (1H, ddd, J = 7.8, 1.6, 1.2 Hz, H-6'), 7.34 (1H,
ddd, J = 9.5, 2.6, 1.6 Hz, H-2), 7.32 (1H, ddd, J = 8.3, 7.8, 5.5 Hz, H-5'), 7.22 (1H, tdd, J
= 8.3, 2.6, 1.2 Hz, H-4"), 5.00 (1H, dd, J = 11.7, 3.0 Hz, H-22b), 4.12 (1H, dd, J = 11.7, 2.0
Hz, H-22a), 4.10 (1H, d, J = 2.4 Hz, H-21), 4.08 (1H, ddd, J = 3.0, 2.5, 2.0 Hz, H-1), 4.05
(3H, s, 7-OCHs), 3.95 (1H, d, J = 2.3 Hz, H-11), 3.75 (3H, s, 17-OCHs), 3.40 (1H, ddd, J =
7.7, 2.4, 1.7 Hz, H-13), 3.10 (1H, ddd, J = 11.5, 2.6, 2.3 Hz, H-3), 2.91 (1H, dd, J = 17.6,
2.6 Hz, H-401), 2.72 (1H, dd, J = 21.2, 7.7 Hz, H-140), 2.36 (1H, d, J = 21.2 Hz, H-14/3),
2.23 (3H, s, NCH5), 2.00 (3H, s, 6-CHs), 1.74 (3H, s, 16-CH5), 1.27 (1H, ddd, J = 17.6, 11.5,
2.5 Hz, H-4f); ®C NMR (CDCls, 125 MHz) 0 185.9 (C, C-15), 185.4 (C, C-5), 182.2 (C, C-
18), 181.1 (C, C-8), 164.4 (C, OCOQ), 162.4 (C, C-3)), 155.6 (C, C-7), 154.9 (C, C-17), 142.1
(C, C-10), 142.0 (C, C-20), 135.3 (C, C-9), 134.5 (C, C-19), 131.4 (C, C-1"), 130.2 (CH, C-5'),
128.8 (C, C-6), 128.3 (C, C-16), 124.9 (CH, C-6"), 120.3 (CH, C-4"), 116.9 (C, CN), 116.4 (CH,
C-2'), 62.2 (CH,, C-22), 61.2 (CHs, 7-OCH5), 60.8 (CH5, 17-OCH5), 58.4 (CH, C-21), 56.7 (CH,
C-1), 54.5 (CH, C-13), 54.3 (CH, C-3), 54.1 (CH, C-11), 41.4 (CHs, NCH5), 25.5 (CH,, C-4),
21.0 (CH,, C-14), 8.9 (CHs, 6-CHs), 8.6 (CHs, 16-CH,); HREIMS m/z 615.2013 [M]* (calcd

for C33H3008N3F3, 6152017)
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22-0-(2-Fluorobenzoyl)jorunnamycin A (R4): yield 79.4%,; yellow amorphous solid;
[@]y —67.5 (c 0.3, CHCL): CD A& nm (c 13.0 UM, MeOH, 24°C) 0 (402), —4.7 (355),
-2.1 (311), -9.2 (282), 0 (269), +7.4 (259), 0 (244), -5.6 (231), 0 (219), +1.6 (212), 0
(207), =3.4 (203); IR (KBr) Vyay 2945, 2853, 1721, 1655, 1614, 1498, 1456, 1373, 1294, 1236,
1150, 1128, 1080, 760 cm™*; *H NMR (CDCls, 500 MHz) O 7.69 (1H, td, J = 7.7, 1.9 Hz, H-
6, 7.49 (1H, m, H-4"), 7.15 (1H, td, J = 7.7, 1.0 Hz, H-5"), 6.98 (1H, ddd, J = 11.0, 8.4, 1.0
Hz, H-3), 4.94 (1H, dd, J = 11.7, 2.6 Hz, H-22b), 4.15 (1H, dd, J = 11.7, 2.5 Hz, H-22a),
4.14 (1H, d, J = 2.5 Hz, H-21), 4.07 (1H, ddd, J = 2.8, 2.6, 2.5 Hz, H-1), 4.02 (3H, s, 7-
OCHs), 3.99 (1H, d, J = 2.2 Hz, H-11), 3.82 (3H, s, 17-OCH,), 3.40 (1H, ddd, J = 7.7, 2.5,
1.4 Hz, H-13), 3.13 (1H, ddd, J = 11.6, 2.3, 2.2 Hz, H-3), 2.88 (1H, dd, J = 17.6, 2.3 Hz, H-
40)), 2.72 (1H, dd, J = 21.1, 7.7 Hz, H-1400), 2.36 (1H, d, J = 21.1 Hz, H-14f), 2.25 (3H, s,
NCH5), 1.97 (3H, s, 6-CH5), 1.62 (3H, s, 16-CH,), 1.44 (1H, ddd, J = 17.6, 11.6, 2.8 Hz, H-
4/3); *C NMR (CDCls, 125 MHz) O 185.8 (C, C-15), 185.5 (C, C-5), 182.4 (C, C-18), 181.2
(C, C-8), 163.9 (C, OCO), 161.3 (C, C-2'), 155.6 (C, C-7), 154.9 (C, C-17), 142.3 (C, C-10),
142.0 (C, C-20), 135.1 (C, C-9), 134.9 (CH, C-4"), 134.7 (C, C-19), 132.6 (CH, C-6), 128.7
(C, C-6), 128.2 (C, C-16), 124.3 (CH, C-5"), 117.5 (C, C-1"), 117.0 (C, CN), 116.9 (CH, C-3"),
62.9 (CH,, C-22), 61.1 (CHs, 7-OCH5), 60.8 (CH5, 17-OCH5), 58.4 (CH, C-21), 56.4 (CH, C-
1), 54.6 (CH, C-13), 54.2 (CH, C-3 and CH, C-11), 41.4 (CHs, NCH5), 25.2 (CH,, C-4), 21.0
(CH,, C-14), 8.8 (CH5, 6-CH5), 8.5 (CH,, 16-CHs); HREIMS m/z 615.2013 [M]* (calcd for

Cy3H300sNsFs, 615.2017).
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22-O-(4-Trifluoromethyl benzoyl)jorunnamycin A (R5): vield 68.2%; vyellow
amorphous solid; [l -91.3 (c 0.3, CHCL,); CD A& nm (c 12.0 uM, MeOH, 23°C) 0
(404), —3.9 (358), —1.4 (306), —8.6 (281), 0 (270), +6.7 (259), 0 (242), —-4.3 (227), 0
(214), +1.4 (211), 0 (205), —1.8 (203); IR (KBr) V. 2945, 2855, 1728, 1655, 1616, 1450,
1412, 1375, 1325, 1275, 1236, 1132, 1067, 1018, 773, 702 cm™"; 'H NMR (CDCls, 500
MHz) O 7.75 (2H, d, J = 8.5 Hz, H-2' and H-6"), 7.61 (2H, d, J = 8.5 Hz, H-3' and H-5"),
5.03 (1H, dd, J = 11.8, 3.1 Hz, H-22b), 4.15 (1H, dd, J = 11.8, 2.0 Hz, H-22a), 4.10 (1H,
d, J = 2.3 Hz, H-21), 4.09 (1H, overlapped, H-1), 4.05 (3H, s, 7-OCH3), 3.95 (1H, d, J =
2.3 Hz, H-11), 3.73 (3H, s, 17-OCH,), 3.40 (1H, ddd, J = 7.7, 2.3, 1.7 Hz, H-13), 3.10 (1H,
ddd, J = 11.5, 2.7, 2.3 Hz, H-3), 2.91 (1H, dd, J = 17.6, 2.7 Hz, H-4@.), 2.72 (1H, dd, J =
21.2, 7.7 Hz, H-14a1), 2.36 (1H, d, J = 21.2 Hz, H-14f3), 2.23 (3H, 5, NCH5), 2.00 (3H, s, 6-
CHa), 1.70 (3H, s, 16-CH,), 1.25 (1H, ddd, J = 17.6, 11.5, 2.7 Hz, H-43); **C NMR (CDCLs,
125 MHz) 0 185.9 (C, C-15), 185.5 (C, C-5), 182.2 (C, C-18), 181.1 (C, C-8), 164.2 (C,
0CO), 155.6 (C, C-7), 154.9 (C, C-17), 142.12 (C, C-20), 142.07 (C, C-10), 135.3 (C, C-9),
134.7 (C, C-4"), 134.5 (C, C-19), 132.3 (C, C-1'), 129.8 (CH, C-2' and C-6)), 128.8 (C, C-6),
127.9 (C, C-16), 125.6 (CH, C-3' and C-5'), 123.4 (C, 4'-CF5), 116.9 (C, CN), 62.4 (CH,, C-
22), 61.2 (CH,, 7-OCHs;), 60.8 (CH5, 17-OCH,), 58.4 (CH, C-21), 56.7 (CH, C-1), 54.5 (CH,
C-13), 54.3 (CH, C-3), 54.1 (CH, C-11), 41.4 (CH5, NCH3), 25.6 (CH,, C-4), 21.0 (CH,, C-
14), 8.9 (CH5, 6-CHs), 8.6 (CHs, 16-CHs); HRFABMS m/z 666.2065 [M+H]" (calcd for

CsqH3,05N5F5, 666.2063).
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Figure C19 'H NMR spectrum (500 MHz) of 22-O-(4-trifluoromethyl benzoyl)

jorunnamycin A (R5) in CDCl,
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Figure C20 "°C NMR spectrum (125 MHz) of 22-O-(-trifluoromethyl benzoyl)

jorunnamycin A (R5) in CDCl,
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22-O-(3-Trifluoromethyl benzoyl)jorunnamycin A (Ré6): vield 66.0%; yellow
amorphous solid; [l -68.0 (c 0.4, CHCL,); CD A& nm (c 12.0 uM, MeOH, 23°C) 0
(404), -3.9 (357), —1.8 (306), —10.0 (285), 0 (271), +9.0 (259), 0 (240), —1.9 (234), 0
(219), 0.9 (209), 0 (205); IR (KBr) V..., 2947, 2855, 1728, 1655, 1616, 1449, 1375, 1335,
1238, 1167, 1132, 1072, 957, 756, 696 cm ™" 'H NMR (CDCls, 500 MHz) O 7.92 (1H, s, H-
2'), 7.84 (1H, d, J = 7.8 Hz, H-6'), 7.78 (1H, d, J = 8.1 Hz, H-4'), 7.51 (1H, dd, J = 8.1,
7.8 Hz, H-5, 4.96 (1H, dd, J = 11.8, 3.2 Hz, H-22b), 4.12 (1H, dd, J = 11.8, 2.3 Hz, H-
22a), 4.11 (1H, d, J = 2.4 Hz, H-21), 4.11 (1H, overlapped, H-1), 4.04 (3H, s, 7-OCH,),
3.97 (1H, d, J = 2.4 Hz, H-11), 3.76 (3H, s, 17-OCH,), 3.40 (1H, ddd, J = 7.7, 2.4, 1.6 Hz,
H-13), 3.11 (1H, ddd, J = 11.6, 2.6, 2.4 Hz, H-3), 2.92 (1H, dd, J = 17.6, 2.2 Hz, H-4a),
2.71 (1H, dd, J = 21.2, 7.7 Hz, H-14a1), 2.33 (1H, d, J = 21.2 Hz, H-14f3), 2.24 (3H, s,
NCH,), 2.00 (3H, s, 6-CHs), 1.69 (3H, s, 16-CH5), 1.26 (1H, ddd, J = 17.6, 11.6, 2.7 Hz, H-
4f3); °C NMR (CDCls, 125 MHz) O 185.7 (C, C-15), 185.2 (C, C-5), 182.2 (C, C-18), 181.1
(C, C-8), 164.2 (C, OCO), 155.6 (C, C-7), 154.8 (C, C-17), 142.0 (C, C-10 and C, C-20),
135.3 (C, C-9), 134.5 (C, C-19), 132.6 (CH, C-6"), 131.3 (C, C-3"), 130.1 (C, C-1"), 129.7
(CH, C-4'), 129.3 (CH, C-5"), 128.9 (C, C-6), 127.9 (C, C-16), 126.1 (CH, C-2), 123.3 (C, 3-
CF,), 116.8 (C, CN), 62.8 (CH,, C-22), 61.2 (CHs, 7-OCHs), 60.7 (CHs, 17-OCHs), 58.5 (CH,
C-21), 56.5 (CH, C-1), 54.5 (CH, C-13), 54.2 (CH, C-3), 54.0 (CH, C-11), 41.4 (CHs, NCHj),
25.5 (CH,, C-4), 21.0 (CH,, C-14), 8.8 (CHs, 6-CH,), 8.5 (g, 16-CHs); HRFABMS m/z

666.2065 [M+H]" (calcd for CsqHs OgN5Fs, 666.2063).
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Figure C21 'H NMR spectrum (500 MHz) of 22-O-(3-trifluoromethyl benzoyl)
jorunnamycin A (R6) in CDCl,
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Figure C22 °C NMR spectrum (125 MHz) of 22-O-(3-trifluoromethyl benzoyl)
jorunnamycin A (R6) in CDCl,
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22-0-(2-Trifluoromethyl benzoyl)jorunnamycin A (R7): yield 69.0%; yellow
amorphous solid; [@]y -64.9 (c 0.3, CHCL,); CD A& nm (c 13.0 uM, MeOH, 24°C) 0
(400), 4.0 (355), -1.7 (303), -10.0 (281), 0 (267), +6.5 (257), 0 (240), -3.4 (228), 0 (219),
+4.3 (209), +2.1 (203); IR (KBr) Vax 2934, 2857, 1736, 1655, 1616, 1449, 1375, 1314, 1236,
1165, 1146, 1053, 1036, 770 cm™*; 'H NMR (CDCls, 500 MHz) 0 7.68 (1H, d, J = 8.0 Hz, H-
3), 7.59 (1H, ddd, J = 8.0, 7.7, 0.8 Hz, H-4"), 7.53 (1H, ddd, J = 7.7, 7.3, 1.0 Hz, H-5)), 7.47
(1H,d, J = 7.3 Hz, H-6"), 4.57 (1H, dd, J = 11.8, 2.9 Hz, H-22b), 4.39 (1H, dd, J = 11.8, 3.2
Hz, H-22a), 4.103 (1H, ddd, J = 3.2, 2.9, 2.7 Hz, H-1), 4.097 (1H, d, J = 2.5 Hz, H-21), 4.00
(1H, overlapped, H-11), 3.99 (3H, s, 7-OCHs), 3.86 (3H, s, 17-OCH,), 3.40 (1H, ddd, J =
7.6, 2.5, 1.6 Hz, H-13), 3.13 (1H, ddd, J = 11.4, 2.9, 2.6 Hz, H-3), 2.88 (1H, dd, J = 17.6,
2.6 Hz, H-4ql), 2.74 (1H, dd, J = 21.2, 7.6 Hz, H-1401), 2.27 (3H, s, NCH5), 2.26 (1H, d, J =
21.2 Hz, H—14,B), 1.95 (3H, s, 6-CH3), 1.79 (3H, s, 16-CH5), 1.30 (1H, ddd, J = 17.6, 11.4,
2.7 Hz, H—4,B); BC NMR (CDCls, 125 MHz) 0 186.0 (C, C-15), 185.5 (C, C-5), 182.3 (C, C-
18), 180.9 (C, C-8), 165.9 (C, OCO), 155.8 (C, C-7), 155.1 (C, C-17), 141.9 (C, C-20), 141.5
(C, C-10), 135.1 (C, C-9), 134.9 (C, C-19), 131.7 (CH, C-5), 131.6 (CH, C-4"), 130.2 (CH, C-
6, 129.8 (C, C-1"), 128.9 (C, C-6), 128.7 (C, C-2'), 128.6 (C, C-16), 126.9 (CH, C-3"), 123.0
(C, 2-CF5), 116.7 (C, CN), 64.6 (CH,, C-22), 61.0 (CHs, 7-OCHs), 60.9 (CH5, 17-OCHS), 58.6
(CH, C-21), 56.1 (CH, C-1), 54.5 (CH, C-3 and CH, C-13), 54.2 (CH, C-11), 41.5 (CH5, NCH>),
25.2 (CH,, C-4), 21.2 (CH,, C-14), 8.7 (CHs, 6-CHs), 8.6 (CHs, 16-CHs); HRFABMS m/z
666.2059 [M+H]" (calcd for CagHs;OsNsFs, 666.2063).
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Figure C23 'H NMR spectrum (500 MHz) of 22-O-(2-trifluoromethyl benzoyl)
jorunnamycin A (R7) in CDCl,
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Figure C24 C NMR spectrum (125 MHz) of 22-O-(2-trifluoromethyl benzoyl)
jorunnamycin A (R7) in CDCl,
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22-O-Cinnamoyl jorunnamycin A (R8): yield 67.3%; yellow amorphous solid; [05]2D8
~156.7 (c 0.2, CHCly); CD A& nm (c 12.8 uM, MeOH, 25°C) 0 (403), —4.8 (355), —3.1
(307), —18.2 (282), 0 (269), +13.1 (258), +1.1 sh (231), 0 (228), —4.3 (219), 9.7 (206);
IR (KBr) Vs 2941, 2853, 1715, 1655, 1616, 1450, 1373, 1310, 1236, 1161, 770 cm ™ }; *H
NMR (CDCls, 500 MHz) 0 7.39 (5H, m, ArH), 7.38 (1H, d, J = 16.1 Hz, COCH=CH), 6.08
(1H, d, J = 16.1 Hz, COCH=CH), 4.89 (1H, dd, J = 11.8, 3.2 Hz, H-22b), 4.10 (1H, d, J =
2.5 Hz, H-21), 4.04 (3H, s, 7-OCH3), 4.03 (1H, ddd, J = 3.2, 2.7, 2.5 Hz, H-1), 3.98 (1H, d,
J = 2.6 Hz, H-11), 3.93 (1H, dd, J = 11.8, 2.5 Hz, H-22a), 3.69 (3H, s, 17-OCH,), 3.39 (1H,
ddd, J = 7.7, 2.5, 1.7 Hz, H-13), 3.10 (1H, ddd, J = 11.6, 2.6, 2.3 Hz, H-3), 2.92 (1H, dd,
J=17.4, 2.3 Hz, H-4a1), 2.72 (1H, dd, J = 21.2, 7.7 Hz, H-14a), 2.42 (1H, d, J = 21.2 Hz,
H-140), 2.25 (3H, s, NCHs), 1.99 (3H, s, 6-CH3), 1.60 (3H, s, 16-CHs), 1.37 (1H, ddd, J =
17.4, 11.6, 2.7 Hz, H-4f); **C NMR (CDCls, 125 MHz) J 186.0 (C, C-15), 185.7 (C, C-5),
182.4 (C, C-18), 181.1 (C, C-8), 165.8 (C, OCO), 155.6 (C, C-7), 154.5 (C, C-17), 144.5 (CH,
COCH=CH), 142.3 (C, C-10), 142.1 (C, C-20), 135.5 (C, C-9), 134.6 (C, C-19), 133.7 (C, C-
1", 130.8 (CH, C-4"), 129.0 (CH, C-2' and C-6), 128.7 (C, C-6), 128.4 (C, C-16), 128.2 (CH,
C-3'and C-5'), 117.0 (C, CN), 116.5 (CH, COCH=CH), 61.7 (CH,, C-22), 61.2 (CH5, 7-OCH),
60.6 (CHs, 17-OCH3), 58.4 (CH, C-21), 56.6 (CH, C-1), 54.6 (CH, C-13), 54.3 (CH, C-3), 54.1
(CH, C-11), 41.4 (CH5, NCH), 25.6 (CH,, C-4), 20.9 (CH,, C-14), 8.8 (CHs, 6-CHs), 8.4 (CH,,

16-CHs); HREIMS m/z 623.2268 [M]* (calcd for CasHs305N5, 623.2268).
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Figure C25 'H NMR spectrum (500 MHz) of 22-O-cinnamoyl jorunnamycin A (R8) in CDCl,
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Figure C26 "°C NMR spectrum (125 MHz) of 22-O-cinnamoyl jorunnamycin A (R8) in CDCl,
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Figure C27 'H-'H COSY spectrum (500 MHz) of 22-O-cinnamoyl jorunnamycin A (R8) in CDCl,
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Figure C28 HMQC spectrum (500 MHz) of 22-O-cinnamoyl jorunnamycin A (R8) in CDCl,
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Figure C29 HMBC spectrum (500 MHz) of 22-O-cinnamoyl jorunnamycin A (R8) in CDCl,
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Figure C30 NOESY spectrum (500 MHz) of 22-O-cinnamoyl jorunnamycin A (R8) in CDCl,
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22-0O-(4-Fluorocinnamoyl)jorunnamycin A (R9): yield 61.5%; yellow amorphous
solid; [@]5 -159.2 (c 0.4, CHCL); CD A& nm (c 12.5 UM, MeOH, 25°C) 0 (402), -5.8
(355), —3.1 (308), -19.4 (283), 0 (270), +16.5 (258), +1.8 sh (233), 0 (227), -5.0 (218), -4.0
(214), =12.7 (205); IR (KBr) V,a 2926, 2853, 1717, 1655, 1616, 1601, 1510, 1450, 1373,
1312, 1234, 1159, 835 cm™%; 'H NMR (CDCls, 500 MHz) O 7.41 (2H, dd, J = 8.9, 5.5 Hz,
H-2' and H-6"), 7.35 (1H, d, J = 16.1 Hz, COCH=CH), 7.08 (2H, t, J = 8.6 Hz, H-3' and H-
5, 6.00 (1H, d, J = 16.1 Hz, COCH=CH), 4.87 (1H, dd, J = 11.9, 3.2 Hz, H-22b), 4.10 (1H,
d, J = 2.2 Hz, H-21), 4.03 (3H, 5, 7-OCH5), 4.02 (1H, ddd, J = 3.2, 2.7, 2.6 Hz, H-1), 3.98
(1H, d, J = 2.9 Hz, H-11), 3.93 (1H, dd, J = 11.9, 2.7 Hz, H-22a), 3.76 (3H, s, 17-OCH3),
3.39 (1H, ddd, J = 7.8, 2.2, 1.7 Hz, H-13), 3.10 (1H, ddd, J = 11.7, 2.9, 2.6 Hz, H-3), 2.92
(1H, dd, J = 17.4, 2.6 Hz, H-4), 2.72 (1H, dd, J = 21.2, 7.8 Hz, H-14), 2.41 (1H, d, J =
21.2 Hz, H-14f), 2.26 (3H, s, NCHs), 1.94 (3H, s, 6-CHs), 1.61 (3H, s, 16-CHs), 1.36 (1H,
ddd, J = 17.4, 11.7, 2.6 Hz, H-4/3); **C NMR (CDCls, 125 MHz) 0 186.0 (C, C-15), 185.7 (C,
C-5), 182.4 (C, C-18), 181.1 (C, C-8), 165.7 (C, OCQ), 164.1 (C, C-4"), 155.6 (C, C-7), 154.5
(C, C-17), 144.5 (CH, COCH=CH), 142.3 (C, C-10), 142.1 (C, C-20), 135.5 (C, C-9), 134.6 (C,
C-19), 130.1 (CH, C-2' and C-6"), 130.1 (C, C-1'), 128.7 (C, C-6), 128.3 (C, C-16), 117.0 (C,
CN), 116.3 (CH, COCH=CH), 116.1 (CH, C-3' and C-5)), 61.8 (CH,, C-22), 61.2 (CH,, 7-OCHs),
60.7 (CH3, 17-OCH,), 58.4 (CH, C-21), 56.5 (CH, C-1), 54.5 (CH, C-13), 54.3 (CH, C-3), 54.1
(CH, C-11), 41.4 (CHs, NCHs), 25.6 (CH,, C-8), 20.9 (CH,, C-14), 8.8 (CHs, 6-CHs), 8.4 (CHs,
16-CHs); HRFABMS m/z 642.2255 [M+H]" (calcd for C3sHs305N5F, 642.2252).
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Figure C31 "H NMR spectrum (500 MHz) of 22-O-(4-fluorocinnamoyl)jorunnamycin A (R9) in CDCL,
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Figure C32 °C NMR spectrum (125 MHz) of 22-O-(4-fluorocinnamoy!l)
jorunnamycin A (R9) in CDCl,
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22-0-(3-fluorocinnamoyl)jorunnamycin A (R10): yield 69.2%; yellow amorphous solid;

[e]3 ~150.8 (c 0.5, CHCLY); CD A& nm (c 12.5 M, MeOH, 24°C) 0 (408), -4.5 (367), ~4.14
(319), -15.9 (282), 0 (269), +10.3 (258), +1.0 sh (236), 0 (230), -2.8 (220), -2.9 sh (213), -6.4
(205); IR (KBr) V... 2945, 2853, 2228, 1717, 1655, 1614, 1584, 1449, 1373, 1318, 1275, 1236,
1159, 1150, 980, 966, 787, 770, 756 cm%: 'H NMR (CDCl,, 500 MHz) & 7.36 (1H, m, H-5"),
7.35 (1H, d, J = 16.2 Hz, COCH=CH), 7.19 (1H, br d, J = 7.7 Hz, H-6"), 7.12 (1H, br d, J = 8.9
Hz, H-2"), 7.11 (1H, m, H-4"), 6.07 (1H, d, J = 16.2 Hz, COCH=CH), 4.86 (1H, dd, J = 11.8, 3.2
Hz, H-22b), 4.10 (1H, d, J = 2.3 Hz, H-21), 4.03 (3H, s, 7-OCHs), 4.03 (1H, overlapped, H-1),
3.99 (1H, d, J = 2.3 Hz, H-11), 3.96 (1H, dd, J = 11.8, 2.6 Hz, H-22a), 3.78 (3H, s, 17-OCH>),
3.39 (1H, ddd, J = 7.3, 2.3, 1.9 Hz, H-13), 3.10 (1H, ddd, J = 11.8, 2.6, 2.6 Hz, H-3), 2.92 (1H,
dd, J = 17.4, 2.6 Hz, H-4Q), 2.72 (1H, dd, J = 21.2, 7.3 Hz, H-14@)), 2.40 (1H, d, J = 21.2 Hz,
H-14/3), 2.26 (3H, s, NCHs), 1.99 (3H, s, 6-CHs), 1.69 (3H, s, 16-CH5), 1.36 (1H, ddd, J = 17.4,
11.8, 2.6 Hz, H—4ﬂ); BC NMR (CDCls, 125 MHz) 0 186.0 (C, C-15), 185.6 (C, C-5), 182.4 (C, C-
18), 181.1 (C, C-8), 165.4 (C, OCO), 163.0 (C, C-3'), 155.6 (C, C-7), 155.0 (C, C-17), 144.4 (CH,
COCH=CH), 142.2 (C, C-10), 142.1 (C, C-20), 136.0 (C, C-1'), 135.4 (C, C-9), 134.6 (C, C-19),
130.6 (CH, C-5Y), 128.7 (C, C-6), 128.3 (C, C-16), 124.4 (CH, C-6"), 117.9 (CH, COCH=CH), 117.6
(CH, C-2), 117.0 (C, CN), 114.2 (CH, C-4"), 62.0 (CH,, C-22), 61.1 (CH,, 7-OCHs), 60.7 (CHs, 17-
OCH,), 58.4 (CH, C-21), 56.5 (CH, C-1), 54.5 (CH, C-13), 54.3 (CH, C-3), 54.1 (CH, C-11), 41.4
(CHs, NCHs), 25.5 (CH,, C-4), 20.9 (CH,, C-14), 8.8 (CHs, 6-CH5), 8.4 (CHs, 16-CHy); HRFABMS
m/z 642.2255 [IM+H]* (calcd for CysHa;OgNSF, 642.2252).
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Figure C33 'H NMR spectrum (500 MHz) of 22-O-(3-fluorocinnamoyl)
jorunnamycin A (R10) in CDCl,
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Figure C34 °C NMR spectrum (125 MHz) of 22-O-(3-fluorocinnamoyl)
jorunnamycin A (R10) in CDCl,
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22-0-Pentafluorocinnamoyl jorunnamycin A (R11): yield 64.9%; yellow amorphous
solid; [aly —123.9 (c 0.6, CHCL), CD A& nm (c 11.2 uM, MeOH, 24°C) 0 (396), 2.4
(357), —1.7 (320), —8.7 (285), 0 (268), +4.6 (259), +0.6 sh (240), —1.3 (224), 0 (214),
+3.4 (206); IR (KBr) Vi, 2949, 2855, 1724, 1655, 1616, 1524, 1501, 1375, 1296, 1236,
1151, 964 cm™; 'H NMR (CDCls, 500 MHz) 0 7.35 (1H, d, J = 16.6 Hz, COCH=CH), 6.40
(1H, d, J = 16.6 Hz, COCH=CH), 4.74 (1H, dd, J = 11.5, 3.1 Hz, H-22b), 4.08 (1H, d, J =
2.4 Hz, H-21), 4.05 (1H, ddd, J = 3.1, 3.1, 2.5 Hz, H-1), 4.03 (3H, s, 7-OCH,), 4.02 (1H,
dd, J = 11.5, 3.1 Hz, H-22a), 3.99 (1H, d, J = 2.5 Hz, H-11), 3.94 (3H, s, 17-OCH,), 3.39
(1H, ddd, J = 7.7, 2.4, 1.7 Hz, H-13), 3.12 (1H, ddd, J = 11.6, 2.8, 2.5 Hz, H-3), 2.96 (1H,
dd, J = 17.5, 2.8 Hz, H-4a1), 2.73 (1H, dd, J = 21.2, 7.7 Hz, H-14a), 2.33 (1H, d, J = 21.2
Hz, H-14f3), 2.27 (3H, s, NCH), 1.98 (3H, s, 6-CH3), 1.70 (3H, s, 16-CHs), 1.36 (1H, ddd, J
= 17.5, 11.6, 2.5 Hz, H-4f3); *C NMR (CDCl;, 125 MHz) 0 185.9 (C, C-15), 185.7 (C, C-
5), 182.4 (C, C-18), 181.1 (C, C-8), 164.9 (C, OCO), 155.5 (C, C-7), 154.9 (C, C-17), 145.5
(C, C-2' and C-6), 142.2 (C, C-10), 142.1 (C, C-20), 142.0 (C, C-4"), 137.8 (C, C-3' and C-
5'), 135.2 (C, C-9), 134.7 (C, C-19), 129.2 (CH, COCH=CH), 128.9 (C, C-6), 127.9 (C, C-16),
124.7 (CH, COCH=CH), 116.9 (C, CN), 109.3 (C, C-1'), 63.1 (CH,, C-22), 61.1 (CH5, 7-OCHs),
60.9 (CH,, 17-OCH3), 58.7 (CH, C-21), 56.2 (CH, C-1), 54.5 (CH, C-13), 54.4 (CH, C-3), 54.2
(CH, C-11), 41.5 (CHs, NCH3), 25.4 (CH,, C-4), 21.1 (CH,, C-14), 8.8 (CHs, 6-CH5), 8.2 (CHs,

16-CHs); HRFABMS m/z 714.1880 [M+H]" (calcd for CasH,gOgNsFs, 714.1875).
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Figure C35 "H NMR spectrum (500 MHz) of 22-O-pentafluorocinnamoyl
jorunnamycin A (R11) in CDCls
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Figure C36 C NMR spectrum (125 MHz) of 22-O-pentafluorocinnamoyl
jorunnamycin A (R11) in CDCl,
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22-0-(2-Chlorocinnamoyl)jorunnamycin A (R12): yield 55.2%; yellow amorphous solid;

[2]5 ~94.4 (c 0.4, CHCL): CD A& nm (c 9.1 M, MeOH, 24°C) 0 (396), ~5.2 (351), ~3.8
(315), —18.5 (287), 0 (275), +24.0 (262), +5.2 sh (237), 0 (234), -5.1 (230), -8.0 sh (220),
~16.9 (212); IR (KBr) Viy 2945, 2930, 2853, 1717, 1655, 1616, 1447, 1373, 1314, 1236, 1161,
764 cm™ 'H NMR (CDCL,) O 7.74 (1H, d, J = 16.1 Hz, COCH=CH), 7.49 (1H, dd, J = 7.8, 1.7
Hz, H-6), 7.39 (1H, dd, J = 8.0, 1.3 Hz, H-3), 7.33 (1H, ddd, J = 8.0, 7.4, 1.7 Hz, H-4"), 7.29
(1H, ddd, J = 7.8, 7.4, 1.3 Hz, H-5, 6.05 (1H, d, J = 16.1 Hz, COCH=CH), 4.96 (1H, dd, J =
11.9, 3.2 Hz, H-22b), 4.10 (1H, d, J = 2.3 Hz, H-21), 4.03 (3H, s, 7-OCH,), 4.03 (1H,
overlapped, H-1), 4.00 (1H, d, J = 2.5 Hz, H-11), 3.94 (1H, dd, J = 11.9, 2.4 Hz, H-22a), 3.74
(3H, s, 17-OCH,), 3.38 (1H, ddd, J = 8.0, 2.3, 1.5 Hz, H-13), 3.10 (1H, ddd, J = 11.5, 2.5, 2.5
Hz, H-3), 2.93 (1H, dd, J = 17.5, 2.5 Hz, H-4@), 2.70 (1H, dd, J = 21.2, 8.0 Hz, H-14q), 2.40
(1H, d, J = 21.2 Hz, H-14f8), 2.25 (3H, s, NCH3), 1.98 (3H, s, 6-CH,), 1.58 (3H, s, 16-CH,), 1.45
(1H, ddd, J = 17.5, 11.5, 2.1 Hz, H-4f3); *C NMR (CDCls, 125 MHz) 0 185.9 (C, C-15), 185.5
(C, C-5), 182.4.(C, C-18), 181.2 (C, C-8), 165.0 (C, OCO), 155.5 (C, C-7), 154.7 (C, C-17), 142.10
(C, C-10), 142.06 (C, C-20), 140.8 (CH, COCH=CH), 135.4 (C, C-9), 135.1 (C, C-2"), 134.6 (C, C-
19), 131.8 (C, C-1"), 131.5 (CH, C-4"), 130.2 (CH, C-3), 128.9 (C, C-6), 127.7 (C, C-16), 127.4
(CH, C-6"), 127.2 (CH, C-5), 119.4 (CH, COCH=CH), 117.0 (C, CN), 61.5 (CH,, C-22), 61.2 (CH,
7-OCH,), 60.6 (CHs, 17-OCH,), 58.2 (CH, C-21), 56.6 (CH, C-1), 54.5 (CH, C-13), 54.2 (CH, C-
3), 50.0 (CH, C-11), 41.4 (CHs, NCHs), 25.6 (CH,, C-8), 20.9 (CH,, C-14), 8.8 (CHs, 6-CH5), 8.2
(CH5, 16-CH5); HRFABMS m/z 658.1968 [M+H]" (calcd for C55Ha305N5Cl, 658.1956).
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Figure C37 'H NMR spectrum (500 MHz) of 22-O-(2-chlorocinnamoyl)
jorunnamycin A (R12) in CDCls
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Figure C38 °C NMR spectrum (125 MHz) of 22-O-(2-chlorocinnamoy!l)
jorunnamycin A (R12) in CDCl,
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22-0O-(4-Nitrocinnamoyl)jorunnamycin A (R13): yield 64.2%; yellow amorphous
solid; [l ~189.1 (c 0.4, CHCL): CD A& nm (c 9.0 UM, MeOH, 24°C) 0 (395), —3.9
(365), —4.2 (345), —11.3 (301), 0 (274), +12.9 (262), 0 (239), -3.8 (228), -0.6 (211), -6.0
(204); IR (KBr) Vay 2926, 2851, 1719, 1655, 1616, 1522, 1450, 1346, 1308, 1234, 1163,
847, 758 cm™%; 'H NMR (CDCls, 500 MHz) O 8.25 (2H, d, J = 9.1 Hz, H-3' and H-5'), 7.60
(2H, d, J = 9.1 Hz, H-2' and H-6'), 7.45 (1H, d, J = 16.2 Hz, COCH=CH), 6.21 (1H, d, J =
16.2 Hz, COCH=CH), 4.83 (1H, dd, J = 11.8, 3.2 Hz, H-22b), 4.10 (1H, d, J = 2.2 Hz, H-
21),4.05 (1H, ddd, J = 3.2, 2.9, 2.6 Hz, H-1), 4.04 (3H, s, 7-OCHs), 3.99 (1H, dd, J = 11.8,
2.9 Hz, H-22a), 3.98 (1H, d, J = 2.9 Hz, H-11), 3.84 (3H, s, 17-OCH3), 3.40 (1H, ddd, J =
7.8,2.2, 1.7 Hz, H-13), 3.12 (1H, ddd, J = 11.6, 2.9, 2.6 Hz, H-3), 2.94 (1H, dd, J = 17.5,
2.6 Hz, H-401), 2.72 (1H, dd, J = 21.1, 7.8 Hz, H-14a1), 2.39 (1H, d, J = 21.1 Hz, H-14f3),
2.27 (3H, s, NCHs), 1.99 (3H, s, 6-CHs), 1.60 (3H, s, 16-CHs), 1.37 (1H, ddd, J = 17.5, 11.6,
2.6 Hz, H-4f3); °C NMR (CDCls, 125 MHz) 0 186.0 (C, C-15), 185.6 (C, C-5), 182.4 (C, C-
18), 181.1 (C, C-8), 165.0 (C, OCO), 155.6 (C, C-7), 154.9 (C, C-17), 148.7 (C, C-4"), 143.0
(CH, COCH=CH), 142.24 (C, C-10), 142.16 (C, C-20), 139.8 (C, C-1"), 135.2 (C, C-9), 134.7
(C, C-19), 128.8 (C, C-6 and CH, C-2' and C-6"), 128.1 (C, C-16), 124.2 (CH, C-3' and C-
5", 120.8 (CH, COCH=CH), 116.9 (C, CN), 62.6 (CH,, C-22), 61.2 (CHs, 7-OCHs), 60.9 (CHs,
17-OCH,), 58.5 (CH, C-21), 56.3 (CH, C-1), 54.5 (CH, C-13), 54.3 (CH, C-3), 54.2 (CH, C-
11), 41.5 (CH5, NCH,), 25.6 (CH,, C-4), 21.0 (CH,, C-14), 8.9 (CHs, 6-CHs), 8.5 (CHs, 16-

CHs); HRFABMS m/z 669.2209 [M+H]" (calcd for CssHa30,0Ng, 669.2197).
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Figure C39 'H NMR spectrum (500 MHz) of 22-O-(4-nitrocinnamoy!)
jorunnamycin A (R13) in CDCl,
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Figure C40 "°C NMR spectrum (125 MHz) of 22-O-(4-nitrocinnarmoyl)
jorunnamycin A (R13) in CDCl,
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22-0-[3-(4-Pyridyl)acryloylljorunnamycin A (R17): yield 35.3%; yellow amorphous
solid; [@]y -130.4 (c 0.3, CHCL,); CD A& nm (c 12.8 uM, MeOH, 27°C) 0 (402), —24.8
(357), —=17.2(317), —75.2 (285), 0 (265), +16.9 (258), 0 (248), —21.7 (230), 0 (212); IR
(KBr) Vi 2961, 2928, 2854, 1721, 1655, 1616, 1450, 1414, 1373, 1310, 1300, 1261,
1234, 1163, 1098, 1082, 1028, 816, 801 cm L 'H NMR (CDCls, 500 MHz) 0 8.67 (2H, d,
J = 6.1 Hz, H-3' and H-5), 7.34 (1H, d, J = 16.2 Hz, COCH=CH), 7.30 (2H, d, J = 6.1 Hz,
H-2' and H-6'), 6.26 (1H, d, J = 16.2 Hz, COCH=CH), 4.83 (1H, dd, J = 11.8, 2.9 Hz, H-
22b), 4.09 (1H, d, J = 2.4 Hz, H-21), 4.04 (1H, ddd, J = 2.9, 2.6, 2.6 Hz, H-1), 4.03 (3H,
s, 7-OCHs), 3.99 (1H, dd, 11.8, 2.6 Hz, H-22a), 3.98 (1H, d, J = 2.9 Hz, H-11), 3.81 (3H,
s, 17-OCH,), 3.39 (1H, ddd, J = 7.8, 2.4, 1.7 Hz, H-13), 3.11 (1H, ddd, J = 11.6, 2.9, 2.6
Hz, H-3), 2.94 (1H, dd, J = 17.5, 2.6 Hz, H-4a), 2.72 (1H, dd, J = 21.2, 7.8 Hz, H-14Q)),
2.38 (1H, d, J = 21.2 Hz, H-14f3), 2.27 (3H, s, NCH), 1.99 (3H, s, 6-CHs), 1.62 (3H, s, 16-
CHs), 1.35 (1H, ddd, J = 17.5, 11.6, 2.6 Hz, H-4/3); *C NMR (CDCl;, 125 MHz) O 186.0
(C, C-15), 185.6 (C, C-5), 182.4 (C, C-18), 181.1 (C, C-8), 164.9 (C, OCO), 155.6 (C, C-7),
154.9 (C, C-17), 150.4 (CH, C-3' and C-5'), 142.9 (CH, COCH=CH), 142.23 (C, C-20),
142.16 (C, C-10), 141.1 (C, C-1), 135.3 (C, C-9), 134.7 (C, C-19), 128.8 (C, C-6), 128.2 (C,
C-16), 121.9 (CH, C-2' and C-6"), 121.4 (CH, COCH=CH), 116.9 (C, CN), 62.4 (CH,, C-22),
61.2 (CHs, 7-OCHs;), 60.9 (CH5, 17-OCH5), 58.5 (CH, C-21), 56.4 (CH, C-1), 54.5 (CH, C-
13), 54.3 (CH, C-3), 54.2 (CH, C-11), 41.5 (CHs, NCH3;), 25.6 (CH,, C-4), 21.0 (CH,, C-14),
8.9 (CHs, 6-CH5), 8.5 (CH5, 16-CHs); HRFABMS m/z 625.2304 [M+H]" (calcd for

CsqH3308N,, 625.2298).
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Figure C41 "H NMR spectrum (500 MHz) of 22-O-[3-(4-pyridylacryloyl]
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Figure C42 °C NMR spectrum (125 MHz) of 22-O-[3-(d-pyridylacryloyl]
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22-0-[3-(3-Pyridyl)acryloylljorunnamycin A (R18): yield 80.6%; yellow amorphous
solid; [a]y —180.2 (c 0.5, CHCL,); CD A& nm (c 12.8 M, MeOH, 25°C) 0 (402), —2.9
(360), —2.3 (323), —8.4 (285), 0 (270), +5.0 (259), 0 (241), —2.7 (223), 0 (212); IR (KBr)
V... 2941, 2851, 1717, 1655, 1616, 1310, 1234, 1163 cm ™% 'H NMR (CDCl,, 500 MHz) O
8.67 (1H, d, J = 2.2 Hz, H-2"), 8.63 (1H, dd, J = 5.0, 1.8 Hz, H-4"), 7.75 (1H, ddd, J = 8.1,
2.2, 1.8 Hz, H-6"), 7.41 (1H, d, J = 16.1 Hz, COCH=CH), 7.34 (1H, dd, J = 8.1, 5.0 Hz, H-
5'), 6.17 (1H, d, J = 16.1 Hz, COCH=CH), 4.84 (1H, dd, J = 11.7, 2.9 Hz, H-22b), 4.11
(1H, d, J = 2.4 Hz, H-21), 4.04 (1H, overlapped, H-1), 4.03 (3H, s, 7-OCH,), 3.99 (1H, d,
J = 2.9 Hz, H-11), 3.97 (1H, dd, J = 11.7, 2.9 Hz, H-22a), 3.83 (3H, s, 17-OCH5), 3.39
(1H, ddd, J = 7.7, 2.4, 1.7 Hz, H-13), 3.11 (1H, ddd, J = 11.6, 2.9, 2.6 Hz, H-3), 2.93 (1H,
dd, J = 17.5, 2.6 Hz, H-4at), 2.72 (1H, dd, J = 21.1, 7.7 Hz, H-14a), 2.40 (1H, d, J = 21.1
Hz, H-14f8), 2.27 (3H, s, NCHs), 1.99 (3H, s, 6-CH3), 1.62 (3H, s, 16-CHs), 1.36 (1H, ddd, J
= 17.5, 11.6, 2.6 Hz, H-4/3); "*C NMR (CDCls, 125 MHz) 0 186.0 (C, C-15), 185.6 (C, C-
5), 182.4 (C, C-18), 181.1 (C, C-8), 165.2 (C, OCO), 155.6 (C, C-7), 155.0 (C, C-17), 151.4
(CH, C-4"), 149.7 (CH, C-2'), 142.3 (C, C-20 and CH, COCH=CH), 142.1 (C, C-10), 135.4
(C, C-9), 134.7 (C, C-19), 134.4 (CH, C-6"), 129.6 (C, C-1"), 128.8 (C, C-6), 128.2 (C, C-16),
123.7 (CH, C-5'), 118.7 (CH, COCH=CH), 116.9 (C, CN), 62.3 (CH,, C-22), 61.2 (CHs, 7-
OCH,), 60.8 (CH5, 17-OCHs), 58.5 (CH, C-21), 56.4 (CH, C-1), 54.5 (CH, C-13), 54.3 (CH,
C-3), 54.2 (CH, C-11), 41.4 (CHs, NCHs), 25.5 (CH,, C-4), 21.0 (CH,, C-14), 8.8 (CH5, 6-
CH5), 8.5 (CH5, 16-CHs); HRFABMS m/z 625.2295 [M+H]" (calcd for CsiH3308Ny,

625.2298).
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Figure C43 'H NMR spectrum (500 MHz) of 22-O-[3-(3-pyridylacryloyl]
jorunnamycin A (R18) in CDCl,
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Figure C44 C NMR spectrum (125 MHz) of 22-O-[3-(3-pyridylacryloyl]
jorunnamycin A (R18) in CDCl,
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[ Elemental Composition ]

Data : 258FHO00I Date : 21-Aug-2014 12:17
Sample: KNS-B11

Note : -

Inlet : Direct Ion Mode : FAB+

RT : 3.67 min Scan#: (17,21)

Elements : C 50/10, H 50/10, O 12/4, N 6/2
Mass Tolerance : Smmu
Unsaturation (U.S.) : 17.0 - 24.0

Observed m/z Int%  Err[ppm / mmu] U.S. Composition
625.2295  100.0 06/ 03 205 C334 H3308N4

[ Mass Spectrum ]

Dats : 256F@@3 Date : 29-Jul-2@14 16:06
Sample: KNS-BIL
Note : -
Inlet : Direct Ton Mode : FAB
Spectrum Type : Normal Ion (M -Linear)
RT : @.22 min Scand : (2,4)
BP : n/z 230.2873 Int. : 1293.67
Output m/z range : 58.0000 to 720.0000 Cut Leve) : .00 %
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Figure C49 HRFABMS spectrum of 22-O-[3-(3-pyridylacryloyljorunnamycin A (R18)
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