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Abstract

Lamellarins were selected as representatives of stilbene-containing natural products.
These compounds have been shown to exhibit promising biological activities. In this study,
twenty-two naturally occurring and three unnatural lamellarins synthesized in our laboratory
were evaluated for their cytotoxic activity against eleven cancer cell lines derived from
six different cancer types. The ICs, values of these compounds ranged from sub-nanomolar
(0.08 nm) to micromolar (>97.0 um). Structure-activity relationship (SAR) studies were then
performed using matched molecular pairs analysis, by comparing the IC5, values of several
pairs of lamellarin structures that differ in selected substitution patterns. Our results not only
reveal the importance of specific hydroxylation or methoxylation patterns around the lamellarin
core for the first time, but also confirm prior findings and clarify some previous uncertainties.
Additionally, drug-likeness of these compounds was also assessed using a range of
physicochemical parameters in comparison with oral marketed drugs, drug molecules in
development, as well as natural product derivatives in development and on the market. The
results indicated that even though lamellarins are not particularly drug-like in the conventional
sense, they still remain a good starting point for structural optimization to obtain lamellarin

analogs that are more suitable for further development.
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Executive Summary
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with a saturated D-ring with an unsaturated D-ring
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I 3 siia lawn dehydrolamellarin J, dehydrolamellarin Y L&z dihydrolamellarin n
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NATWNULBLEBLAEDILIENEIAYGAT 9 aasa Uil

- LraduziTIbaysasthn 1 oila fa KB (human oral epidermoid carcinoma)

- waauzisIten 2 Tiia Ae A549 (human non-small cell lung carcinoma) L8z H69AR
(human multidrug-resistant, small cell lung carcinoma)

- raaNsSaduy 2 vha fa T47D (human hormone-dependent breast cancer) LLag

MDA-MB-231 (human hormone-independent breast cancer 231)
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- I TRRNISIAL 2 Tia A HepG2 (human hepatocellular carcinoma) W8z S102 (human
hepatocellular carcinoma)

- I RaNZL5IYeIn@ 1 a9k e HUCCA-1 (human cholangiocarcinoma)

- Lsﬁaﬁmﬁ\‘iﬂﬂﬂu@@ﬂ 1 78@ e Hela (human cervical adenocarcinoma)

- wRauzSaAaRea 2 Tl fa HL-60 (human promyelocytic leukemia) LLRs P388
(mouse lymphoid neoplasm)

wanniod lanagauanuduisvasmsauaasudalTasUndsiia MRC-5 (human

. . v A [ Aa [ 6 <1 A

fetal/lembryonic lung fibroblast) @738 LWaAUKEIFITNUAINLRNISLINZIINULTRIRNSLIILAZIAINY
< a ] 6 Aa L2 ol 1 n€ a Aa 6 & o
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resistance) ladnéne
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Group 1 Group 2 Substituents

(with C5-C6) | (withC5=C8) | oR' | OR° | z | oR’ | orR" | OR* | OR” | X Y
Lamellarin A ° - OH OMe H OH OMe | OMe | OMe | OMe OH
Lamellarin C Lamellarin B OH OMe H OH OMe | OMe | OMe | OMe H
Lamellarin Lamellarin D OH OMe H OH OMe | OMe OH H H
Lamellarin E Lamellarin X OH OMe H OMe OH OMe | OMe OH H
Lamellarin F Lamellarin ¢ OH OMe H OMe | OMe | OMe | OMe OH H
Lamellarin G - OMe OH H OMe OH OMe OH H H
- Lamellarin H ° OH OH H OH OH OH OH H H
Lamellarin | Lamellarin OH OMe H OMe | OMe | OMe | OMe | OMe H
Lamellarin J Dehydrolam J ? OH OMe H OMe | OMe | OMe OH H H
Lamellarin K Lamellarin M OH OMe H OH OMe | OMe | OMe OH H
Lamellarin L Lamellarin N OH OMe H OMe OH OMe OH H H
Lamellarin S ° - OH OH H OH OH OMe OH H H
Lamellarin T Lamellarin W OH OMe H OMe OH OMe | OMe | OMe H
Lamellarin U Lamellarin o OH OMe H OMe OH OMe | OMe H H
Lamellarin V * - OH OMe H OMe OH OMe | OMe | OMe OH
Lamellarin Y Dehydrolam Y *| OH OMe H OMe OH OH OMe H H
Lamellarin Z ° - OMe OH H OH OH OMe OH H H
Lamellarin B ° - OH OH H OMe OH OH OH H H
Lamellarin y ° - OH OMe | OMe - OMe | OMe | OMe OH H
- Lamellarin ¢ ° OH OMe H OH OMe OH OMe | OMe H
Dihydrolam 1 ° | Lamellarin 1 © OH | OMe H OMe | OMe | OMe | OMe H H

2 a%ﬂmmdnmiﬁmuﬁ%mﬁaLmﬂ:ﬁ

g mﬂumjumLmaﬁuﬁﬁimm%’wﬂﬁwUmma@]ﬁ'mﬁﬁﬁwma (unnatural lamellarins)
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ICs0 [M]
Compound Oral Lung Breast Liver Cervix Blood cell Fibroblast

KB A549 H69AR T47D M’\gl?gl HUCCA-1 HepG2 S102 HelLa P388 HL-60 MRC-5
Lamellarin C 5.7 3.6 12.1 7.7 8.3 115 18.3 4.4 7.9 4.2 5.7 ND
Lamellarin B 4.4 5.4 6.4 0.2 4.4 53 0.8 59 4.8 6.1 6.2 68.1
Lamellarin y, 2.6 2.0 38.9 3.8 4.8 49.9 0.1 3.4 6.6 1.6 1.8 ND
Lamellarin D 0.04 0.06 0.4 0.00008 0.4 0.08 0.02 3.2 0.06 0.1 0.04 9.2
Lamellarin E 4.0 2.2 7.2 53 3.4 9.4 1.0 2.8 53 2.6 4.5 ND
Lamellarin X 0.08 0.3 0.3 0.006 0.08 0.04 0.2 1.6 0.09 0.3 0.2 10.1
Lamellarin F 4.2 4.4 10.1 4.6 3.7 8.8 0.5 2.7 6.4 3.1 3.6 ND
Lamellarin & 0.3 0.3 2.3 0.006 0.3 0.07 0.1 2.1 0.3 0.3 0.1 25.8
Lamellarin G 3.0 4.0 7.4 8.6 15.0 49.9 15 9.6 4.2 1.6 7.5 ND
Lamellarin | 6.3 10.6 18.1 9.5 8.6 11.2 1.3 12.4 11.2 3.8 6.9 ND
Lamellarin ¢ 4.7 10.6 23.3 0.09 4.7 6.3 0.3 7.9 8.3 7.2 12.3 >89.7
Lamellarin J >97.0 1.1 >97.0 13.0 7.4 >97.0 0.4 19.4 >97.0 0.8 0.9 ND
Dehydrolam J 0.08 0.04 0.3 0.0001 0.4 0.006 0.01 2.1 0.08 0.08 0.04 >97.4
Lamellarin K 0.9 4.2 4.3 0.09 0.4 34 1.0 44 2.8 34 3.8 ND
Lamellarin M 0.2 0.04 0.3 0.009 0.1 0.06 0.02 1.9 0.3 0.1 0.06 134
Lamellarin L 3.0 0.8 3.0 44 1.8 21.9 0.3 14 2.8 0.5 1.9 ND
Lamellarin N 0.06 0.04 0.06 0.0006 0.6 0.008 0.02 2.3 0.04 0.08 0.04 >100.1
Lamellarin T 6.4 2.9 13.2 13.2 8.6 14.7 0.6 55 9.9 4.8 6.4 ND
Lamellarin W 5.3 5.2 4.4 4.2 5.2 4.2 0.9 5.8 5.0 5.6 6.7 285
Lamellarin U 3.9 0.9 8.7 10.3 4.5 44.6 0.6 3.0 5.0 1.8 45 ND
Lamellarin oo 9.4 1.6 8.0 0.6 3.9 5.8 0.06 5.6 7.6 1.7 105 >97.4
Lamellarin Y 5.0 0.9 14.8 7.2 8.0 37.9 0.6 4.3 29.9 1.0 5.0 ND
Dehydrolam Y 0.8 1.3 7.6 0.08 0.6 1.4 0.4 6.2 1.6 0.9 34 31.0
Dihydrolam n N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamellarin n N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Etoposide 0.5 1.1 459 0.08 0.2 6.8 0.2 1.5 0.4 0.4 2.3 >85.0

ND = not determined as these group 1 lamellarins are generally less cytotoxic than their group 2 counterparts, and thus, are less likely to be toxic to normal

cells. N/A = not available due to the insolubility of the compounds in DMSO.
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. . Natural Product Drugs in Natural Products

Properties Lamellarins Oral Drugs .
Drugs Development in Development

MWT 521.68 + 27.02 | 333.10 + 121.09 | 568.20 + 318.98 | 502.53 + 485.41 | 711.87 + 454.03
OE-xlogP 3.40 £+ 0.91 248 +2.20 1.39 + 3.51 240+ 3.78 3.50 + 3.07
PSA 124.67 + 12.56 70.55 + 45.22 176.07 £ 128.62 | 131.49 £ 209.37 | 178.88 + 152.85
CHARGE 0.00 + 0.00 0.26 + 0.85 —0.30 + 1.05 0.17 + 1.26 0.34 + 1.04
NEG 0.00 £+ 0.00 0.21 + 0.41 0.48 + 0.51 0.28 £ 0.45 0.22 £ 0.42
POS 0.00 £+ 0.00 0.48 + 0.50 0.28 + 0.46 0.46 + 0.50 0.53 + 0.51
HBA 1.06 £ 0.24 277 +2.23 8.17 + 5.00 490 +7.49 7.22 + 5.96
HBD 267 +£1.14 1.90 + 1.68 4.57 +5.19 3.87 + 8.51 5.09 £ 6.15
CHIRAL 0.06 £ 0.24 1.61+£273 7.39 £ 5.30 2.85 + 5.65 7.44 £ 6.55
ROT 4.88 + 1.41 5.48 + 3.82 9.96 + 7.28 11.03 + 20.35 10.88 + 12.18
RINGS 2.00 + 0.00 1.84 + 0.94 211 +1.14 244 +1.32 247 +1.29
N 33 1791 46 2125 32

MWT = molecular weight; OE-xlogP = logP prediction by OpenEye Scientific Software; PSA = polar surface
area; CHARGE = net charge; NEG = number of negative charges; POS = number of positive charges; HBA =
number of H-bond acceptors; HBD = number of H-bond donors; CHIRAL = number of chiral centers; ROT =
number of rotatable bonds; RINGS = number of rings; N = number of compounds
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ID Mean Min Max SD RMSE r (slope/intercept/SE)
Experimental logP 3.66 2.59 5.19 0.71 - -
MI-xlogP 4.16 3.57 4.94 0.40 0.62 0.83 (1.61/-3.02/0.30)
OE-xlogP 3.75 2.87 4.99 0.65 0.44 0.62 (0.86/0.44/0.44)
FAF-xlogP 4.23 3.61 4.84 0.42 0.85 0.19 (0.73/0.57/0.65)
ACD LogP 4.99 4.08 6.32 0.59 1.57 0.02 (0.16/2.85/0.71)
ClogP 4.65 3.96 5.59 0.41 1.15 0.29 (0.93/-0.68/0.61)
CSlogP 3.91 3.65 4.32 0.20 0.66 0.27 (1.89/-3.74/0.61)
AlogP 5.11 4.71 5.62 0.27 1.64 0.00 (-0.13/4.30/0.72)

wanini s ldvinnsnmenuduiusznigaslasaiaivanuran i (lugl

Pa3A1 logP) maamﬂumjummaaﬁuﬁaaﬁ% matched molecular pairs analysis tEwta8InLlw

midns SAR udlunsdiiidunaliouifioudn logP vasansauaaiwiugg lugtves logP

increment (A logP) fifiaanmMaasuulasgaslanainnmaiianran nelt dldwldvinnis

Wisufisuen A logP A ldannmyianuannudazlusunsulalunmsdmimas (@319 5)

an171991 5 wavasnaasuulasgaslasiaienddadn logP vasmslunguaiiuaaiin

A logP (log unit)
Transformation ’\é%ig Experimental FAF- ACD

logP Ml-xLogP | OE-xlogP xlogP LogP ClogP CSlogP AlogP
C5-C6 — C5=C6 12 +0.70 £ 0.11 +0.58 +0.56 +0.78 -0.71 +0.41 +0.02 -0.44
5-H — 5-OH 2 2 -0.66 -0.55 -0.47 -1.30 -1.23 -0.25 -0.60
7-H — 7-OH 4 -0.20 £ 0.04 -0.09 —0.66 -0.41 -0.83 -0.77 -0.39 -0.24
7-H — 7-OMe 4 +0.77 £0.10 +0.19 +0.08 -0.22 -0.30 -0.38 -0.13 —-0.01
7-OH — 7-OMe 6 +0.98 + 0.14 +0.28 +0.74 +0.19 +0.53 +0.39 +0.26 +0.23
8-OH — 8-OMe 4 +0.60 + 0.03 +0.31 +0.74 +0.05 +0.77 +0.41 +0.27 +0.23
9-OH — 9-OMe 2 +0.75 + 0.04 +0.30 +0.74 +0.05 +0.77 +0.42 +0.27 +0.22
13-OH — 13-OMe 8 +0.34 £ 0.01 +0.31 +0.74 +0.05 +0.62 +0.47 +0.26 +0.23
14-OH — 14-OMe 6 +0.29 + 0.04 +0.30 +0.74 +0.05 +0.70 +0.47 +0.26 +0.22
20-OH — 20-OMe 1 2 +0.31 +0.74 -0.11 +0.51 +0.15 +0.26 +0.22
8-OMe, 9-OH
. 8-OH, 9-OMe 2 +0.16 + 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13-OMe, 14-OH
. 13-OH, 14-OMe 6 —0.05 +0.03 0.00 0.00 0.00 +0.08 0.00 0.00 0.00
14-OMe, 15-H a
_, 14-H, 15-OMe 1 +0.39 -0.22 +0.27 -0.07 +0.35 0.00 0.00
20-OH, 21-OMe b
., 20-OMe, 21-OH 1 -0.11 0.00 0.00 0.00 —-0.09 0.00 0.00 0.00
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\";: The inside cover picture shows the structure of lamellarin N as a representative of
Ny cytotoxic marine lamellarin alkaloids, together with a potential molecular target, the
[:hEI'n Pub'SCIC topoisomerase |-DNA complex. Systematic SAR studies revealed the importance of
the substituents for potent cytotoxicity. For more details, see the Full Paper by P.

Ploypradith et al. on p. 457 ff.
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Cytotoxicities and Structure-Activity Relationships of
Natural and Unnatural Lamellarins toward Cancer Cell

Lines

Montakarn Chittchang,™® Paratchata Batsomboon,” Somsak Ruchirawat,”®® and

Poonsakdi Ploypradith*® !

Twenty-two naturally occurring and three unnatural lamellarins
were synthesized and evaluated for their cytotoxicities against
cancer cells. Across eleven cancer cell lines derived from six differ-
ent cancer types, the ICs;, values of these compounds ranged
from sub-nanomolar (0.08 nm) to micromolar (> 97.0 um). About
one-fourth (6/25) and one-half (11/25) of these lamellarins are
more potent than the positive control, etoposide, against at least
six different cell lines and three different cell types, respectively. In

Introduction

Lamellarins are a group of marine natural products initially iso-
lated from mollusks and subsequently found in ascidians and
sponges. Their discovery in 1985 by Faulkner and co-workers
prompted research groups worldwide to screen their biological
activities, conduct total or partial syntheses, and, more recent-
ly, investigate molecular mechanism(s) of their anticancer
action. Interestingly, some lamellarins have been found to ex-
hibit a wide array of promising biological activities, which in-
clude cytotoxicity, multi-drug resistance (MDR) reversal in
some cancer cell lines, HIV-1 integrase inhibition, and immuno-
modulation.3

Since 1985, over 35 of these polyaromatic pyrrole alkaloids
have been isolated (Figure 1 and Table 1).""* Despite the lack
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Figure 1. Structure of the lamellarins.
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general, lamellarins D, X, ¢, M, N, and dehydrolamellarin J are
significantly more potent than the other lamellarins. The ICs,
values were used to perform structure-activity relationship (SAR)
studies by comparing the cytotoxic activities of several pairs of
lamellarin structures that differ in selected substitution patterns.
Our results not only reveal the importance of specific hydroxyl-
ation or methoxylation patterns for the first time, but also con-
firm prior findings and clarify some previous uncertainties.

of other crucial information such as toxicity toward normal cell
lines, chemical stability, and related pharmacological proper-
ties, considerable effort has been expended on the synthesis,
biological evaluation, and the study of other biochemical prop-
erties on lamellarin D. This compound exhibits potent antican-
cer activity at nanomolar concentrations.”® Interactions be-
tween regions of lamellarin D and specific amino acid residues
of the topoisomerase I-DNA ternary complex have been identi-
fied from molecular modeling studies. Additionally, the pro-
apoptotic activity of lamellarin D has been correlated with its
ability to promote DNA cleavage through stabilization of topo-
isomerase I-DNA covalent complexes and inhibition of the
enzyme.”’ Unlike lamellarin D and its structural analogues, the
biological profiles—particularly the anticancer activities—of
other lamellarins have been studied, but to a lesser extent.
Even though a majority of lamellarins (except lamellarins O-
R) contain the same pentacyclic 2-pyrrolo(dihydro)isoquinoline
lactone core and only differ in the substituents present on
each ring (Figure 1 and Table 1), many exhibit rather diverse
cytotoxic activities. Owing to their low natural abundance,
total synthesis of the lamellarins is a pivotal alternative for pro-
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Table 1. Substituents around the lamellarin core.
Group 1 Group 2 Substituents

R' R? Z R? R* R® R® X Y
Lamellarin A® - H Me H H Me Me Me OMe OH
Lamellarin C Lamellarin B H Me H H Me Me Me OMe H
Lamellarin y, Lamellarin D H Me H H Me Me H H H
Lamellarin E Lamellarin X H Me H Me H Me Me OH H
Lamellarin F Lamellarin H Me H Me Me Me Me OH H
Lamellarin G - Me H H Me H Me H H H
- Lamellarin H®! H H H H H H H H H
Lamellarin | Lamellarin T H Me H Me Me Me Me OMe H
Lamellarin J Dehydrolam. J®! H Me H Me Me Me H H H
Lamellarin K Lamellarin M H Me H H Me Me Me OH H
Lamellarin L Lamellarin N H Me H Me H Me H H H
Lamellarin S - H H H H H Me H H H
Lamellarin T Lamellarin W H Me H Me H Me Me OMe H
Lamellarin U Lamellarin o H Me H Me H Me Me H H
Lamellarin V& - H Me H Me H Me Me OMe OH
Lamellarin Y Dehydrolam. Y*! H Me H Me H H Me H H
Lamellarin Z - Me H H H H Me H H H
Lamellarin B - H H H Me H H H H H
Lamellarin y© - H Me OMe - Me Me Me OH H
- Lamellarin ¢ H Me H H Me H Me OMe H
Dihydrolam. n® Lamellarin n'© H Me H Me Me Me Me H H
[a] Synthesis in progress. [b] Unnatural lamellarins. [c] Not tested due to insolubility in DMSO.

viding sufficient quantities for further detailed biological evalu-
ation. Because of their diverse biological activities, it is necessa-
ry to establish a comprehensive structure-activity relationship
(SAR) for these compounds. Thus, a number of convergent and
flexible synthetic routes have been designed and developed
for the lamellarin framework."*!

Our research program on the total synthesis and medicinal
aspects of lamellarins has focused on the design and execution
of efficient synthetic routes°"*™>s Accordingly, natural and
unnatural lamellarins with either a saturated or an unsaturated
D-ring have been synthesized.™ Herein, we report the evalua-
tion of the cytotoxicities of these lamellarins against 11 cancer
cell lines and disclose our observations on SARs that highlight
the importance of the C5=C6 double bond in the D-ring and
the substitution pattern on the periphery of the lamellarin
core in relation to their cytotoxicity toward cancer cells.

Results and Discussion
Chemistry

Lamellarins are classified into three structural groups, two of
which possess either a “fused” saturated or unsaturated D-ring
(groups 1 and 2, respectively; Figure 1). The third group, lamel-
larins O-R, on the other hand, contain an open structure lack-
ing the B-, D-, and E-rings, and can be classified as 3,4-diaryl-2-
carbomethoxypyrrole derivatives. Our modular synthetic strate-
gies®™ have focused on the preparation of lamellarins with a
saturated D-ring, which can then be converted directly into
the corresponding lamellarins with an unsaturated D-ring via
oxidation, as shown in Scheme 1. The key features of our syn-
thetic strategies are: 1) the efficient Michael addition/ring clo-
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sure (Mi-RC) condensation between the benzyldihydroisoqui-
noline and a-nitrocinnamate derivatives to form directly the
3,4-diaryl pyrrole core, 2) the sole use of benzyl and acetate as
phenoxy protecting groups, 3)the stability of intermediates
under the reaction conditions and to storage, and 4) minimal
requirement of purification for each intermediate.

Cytotoxic activities

The cancer cell lines used in this study represent various types
of cancer commonly found in a number of major tissues and
organs. These include the hepatocellular carcinoma (HepG2
and S102) and cholangiocarcinoma (HuCCA-1) frequently
found in Thailand. A multi-drug-resistant small-cell lung carci-
noma (SCLC) cell line, H69AR, was also included in order to
screen for potential candidates that may help circumvent the
problem of multi-drug resistance. The use of human embryon-
ic lung fibroblasts (MRC-5) serves to demonstrate the toxicity
of selected lamellarins toward normal cells.

As shown in Table 2, a number of lamellarins exhibit potent
anticancer activities, with 1Cs, values in the nanomolar or low-
micromolar range. While lamellarins D, K, and M are usually
classified among the most cytotoxic molecules in the series,”
the results show that lamellarin N and dehydrolamellarin J are
also promising candidates. These compounds are significantly
more potent than the other lamellarins and the positive con-
trol, etoposide, in most cancer cell lines. Moreover, both of
them exhibit relatively low toxicity toward MRC-5 cells, in con-
trast to the other compounds tested, especially lamellarins D,
M, X, and g, that have similar cytotoxic activities toward cancer
cells.

ChemMedChem 2009, 4, 457 - 465


www.chemmedchem.org

Cytotoxicities and SARs of Lamellarins

2,
R%0 \ RO oR! R0 oR!
O R’ oR! R°O )
Oy O
NaHCO, RO 1)Hy, PdIC | R*O
RSO + _— / \ oBh ——  » / \ o)
SN oBn MeCN RSO CO,Et 2)NaH, THF | R50
\ ) N N 0o
RGO COZEt
X 02N R6O Reo
X
X =H or OBn or OMe 1_R2=
R3_R5 = Bn or Me R'-R"=Bnor Me X =H or OBn or OMe X =H or OH or OMe
R'-R€ = Bn or Me R'-R® = H or Me
R0 QR! RO QR
“r O o O
R%O O KOH, EtOH R4o O 1) AcCl, DMAP, Et;N, CH,Cl,
N\ ° 2)DDQ, CH.CI
R50 / \ R%0 / ) 2Vl
DG DO
RGO & R6O &
X X
X =H or OH or OMe X =H or OAc or OMe
R'-R® = H or Me R'-R® = Ac or Me

Scheme 1. Synthetic route used for the preparation of natural and unnatural lamellarins with either a saturated or an unsaturated D-ring.

Table 2. Cytotoxic activities of lamellarins.®

Compound 1Csp [1Mm]

Oral Lung Breast Liver Cervix Blood cell Fibroblast

KB A549 H69AR T47D MDA-MB-231 HuCCA-1 HepG2 $102 Hela P388 HL-60 MRC-5
Lamellarin C 57 3.6 121 77 83 1.5 18.3 4.4 7.9 4.2 57 ND
Lamellarin B 44 54 6.4 0.2 44 53 0.8 59 4.8 6.1 6.2 68.1
Lamellarin 2.6 2.0 389 3.8 4.8 49.9 0.1 3.4 6.6 1.6 1.8 ND
Lamellarin D 0.04 0.06 0.4 0.00008 0.4 0.08 0.02 3.2 0.06 0.1 0.04 9.2
Lamellarin E 4.0 2.2 7.2 53 34 9.4 1.0 2.8 53 2.6 4.5 ND
Lamellarin X 0.08 0.3 0.3 0.006 0.08 0.04 0.2 1.6 0.09 0.3 0.2 10.1
Lamellarin F 4.2 4.4 10.1 4.6 37 8.8 0.5 2.7 6.4 3.1 3.6 ND
Lamellarin & 0.3 0.3 23 0.006 0.3 0.07 0.1 2.1 0.3 03 0.1 258
Lamellarin G 3.0 4.0 7.4 8.6 15.0 49.9 15 9.6 4.2 1.6 75 ND
Lamellarin | 6.3 10.6 18.1 9.5 8.6 1.2 13 124 1.2 3.8 6.9 ND
Lamellarin € 4.7 10.6 233 0.09 4.7 6.3 0.3 7.9 83 72 12.3 >89.7
Lamellarin J >97.0 1.1 >97.0 13.0 74 >97.0 04 19.4 >97.0 0.8 0.9 ND
Dehydrolam. J 0.08 0.04 03 0.0001 0.4 0.006 0.01 2.1 0.08 0.08 0.04 >97.4
Lamellarin K 0.9 4.2 43 0.09 0.4 34 1.0 4.4 2.8 34 3.8 ND
Lamellarin M 0.2 0.04 0.3 0.009 0.1 0.06 0.02 19 0.3 0.1 0.06 134
Lamellarin L 3.0 0.8 3.0 4.4 1.8 219 0.3 14 28 0.5 1.9 ND
Lamellarin N 0.06 0.04 0.06 0.0006 0.6 0.008 0.02 23 0.04 0.08 0.04 >100.1
Lamellarin T 6.4 29 13.2 13.2 8.6 14.7 0.6 55 9.9 4.8 6.4 ND
Lamellarin W 53 5.2 4.4 4.2 5.2 4.2 0.9 58 5.0 5.6 6.7 285
Lamellarin U 3.9 0.9 8.7 10.3 4.5 44.6 0.6 3.0 5.0 1.8 4.5 ND
Lamellarin o 9.4 1.6 8.0 0.6 39 5.8 0.06 5.6 7.6 1.7 10.5 >97.4
Lamellarin Y 5.0 0.9 14.8 7.2 8.0 379 0.6 4.3 29.9 1.0 5.0 ND
Dehydrolam. Y 0.8 13 76 0.08 0.6 14 0.4 6.2 1.6 0.9 34 31.0
Dihydrolam. n NA NA NA NA NA NA NA NA NA NA NA NA
Lamellarin n NA NA NA NA NA NA NA NA NA NA NA NA
Etoposide 0.5 1.1 459 0.08 0.2 6.8 0.2 1.5 0.4 0.4 23 >85.0

T47D, human hormone-dependent breast cancer.

[a] ND=not determined, as these group 1 lamellarins are generally less cytotoxic than their group 2 counterparts, and are therefore less likely to be toxic
to normal cells. NA=not available due to insolubility of the compounds in DMSO. Cell lines used (in alphabetical order): A549, human non-small-cell lung
carcinoma; H69AR, human multi-drug-resistant small-cell lung carcinoma; Hela, human cervical adenocarcinoma; HepG2, human hepatocellular carcinoma;
HL-60, human promyelocytic leukemia; HUCCA-1, human cholangiocarcinoma; KB, human oral epidermoid carcinoma; MDA-MB-231, human hormone-in-
dependent breast cancer 231; MRC-5, human fetal/embryonic lung fibroblast; P388, mouse lymphoid neoplasm; S102, human hepatocellular carcinoma;
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Interestingly, lamellarin N and dehydrolamellarin J also dem-
onstrate appreciable cytotoxic activity against the multi-drug-
resistant H69AR cell line, relative to etoposide. It has been
shown that some lamellarins effectively reverse multi-drug re-
sistance by inhibiting P-glycoprotein.® However, this might
not be the case for H69AR cells, which, unlike most multi-
drug-resistant cell lines, do not overexpress P-glycoprotein."”
In fact, the alternative resistance mechanisms in this cell line
have been shown to involve decreased susceptibility to drug-
induced DNA damage and reduced levels of topoisomer-
ase 1,2 as well as overexpression of multi-drug-resistance--
associated protein (MRP).!'>'¥

Additionally, some lamellarins show selective cytotoxicities
toward certain cancer cell lines, whereas some are broadly
toxic against all cell lines under evaluation. The most promi-
nent selectivity is observed with the human breast cancer
T47D and MDA-MB-231 cells, which differ mainly in the pres-
ence and absence of estrogen receptors (ER), respectively. One
plausible explanation is that these lamellarins may also act as
anti-estrogens in inhibiting the proliferation of ER-positive
T47D cells, whereas this mechanism may not be possible for
ER-negative MDA-MB-231 cells. Nevertheless, the actual rea-
sons for the selectivity remain to be investigated.

SAR studies

In an early attempt to correlate the structures of lamellarins
with their cytotoxic activities, Quesada et al.® observed that an
increase in the number of methylations and/or methoxylations
appears to cause a decrease in the antitumor activities of the
13 lamellarins tested in their studies. Most subsequent SAR
studies have been directed at derivatives of lamellarin D by
using their mechanism-based (i.e., topoisomerase | inhibition)
activities in relation to their cytotoxicities against cancer cell
lines. It has been demonstrated that the full pentacyclic struc-
ture of lamellarins is important for their biological activity.
Simplification of the lamellarin D structure by opening the lac-
tone ring results in a significant decrease in cytotoxicity
toward certain human tumor cell lines.”? Another general ob-
servation made from these limited studies focusing on the la-
mellarin D series is that the planarity of the pharmacophore
conferred by the C5=C6 double bond is also essential for cyto-
toxicity and topoisomerase | inhibition.” ' Unfortunately, as re-
ported by Quesada et al.,” such a relationship does not hold
for lamellarins K and M. These compounds contain the same
substituents, but differ in the nature of the C5-C6 bond (see
Table 1). However, they possess roughly the same cytotoxicity,
and furthermore, lamellarin K triacetate is even more cytotoxic
than lamellarin M triacetate.

Additionally, Ishibashi et al.”! have demonstrated that the hy-
droxy groups at the C8 and C20 positions of lamellarin D are
important structural requirements for cytotoxic activity, where-
as neither the hydroxy group at C14 nor the two methoxy
groups at C13 and C21 are necessary. However, it was subse-
quently reported by Tardy et al." that all of the phenolic hy-
droxy groups at each of the C8, C14, and C20 positions of la-
mellarin D are important for maintaining the activity against
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topoisomerase | and potent cytotoxic action. It was also found
that these groups could be substituted with positively charged
amino acid derivatives without loss of activity. Furthermore, it
was pointed out in a review article that almost any modifica-
tions of the substitution pattern on lamellarin D decrease the
cytotoxicity of the molecule.”

The discrepancies of the previous findings observed with la-
mellarin D derivatives have prompted us to execute a more
comprehensive SAR investigation of the lamellarins in groups 1
and 2, beyond the lamellarin D series, to clarify the importance
of each substituent on the lamellarin skeleton. The number
and diversity of the substitution patterns of the lamellarins in-
vestigated in this study allow us to compare the cytotoxic ac-
tivities of several pairs of lamellarins, which differ only in sub-
stitution at the positions of interest.

The first structural element considered was the C5=C6
double bond in the D-ring. The importance of this functionality
for the cytotoxic activities of these compounds was studied by
comparing the ICs, values of 11 pairs of lamellarins, each of
which contains exactly the same substituents and differs only
in the nature of the C5—C6 bond. As shown in Figure 2, the re-
sults unequivocally indicate that, in most cases, the presence
of the C5=C6 double bond significantly decreases the ICg,

Figure 2. Contributions of the C5=C6 double bond in the D-ring to the cyto-
toxic activities of various lamellarins toward cell lines (indicated by color).
The ICs, values of two structures differing in one given position were com-
pared, and the logarithm of the ICs, ratio was subsequently determined with
the ICs, values of the compounds after and before the modification in the
numerator and denominator, respectively. Positive log (IC, ratio) values indi-
cate a loss of cytotoxic activity, whereas negative values show an increase in
the activity upon the structural modification being considered.

ChemMedChem 2009, 4, 457 - 465
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values, that is, increases the cytotoxic activities of
the lamellarins.

It has been pointed out previously that, in the
case of lamellarin D, the planarity of the pentacyclic
lamellarin core is essential for intercalation into DNA
and topoisomerase | inhibition. On the other hand,
replacement of the C5=C6 double bond in lamel-
larin D by a single bond in lamellarin 501, subse-
quently isolated from natural sources and named
lamellarin %, introduces a large kink into the core
structure and abolishes the capacity of the molecule
to insert between two consecutive base pairs in the
DNA.

Among all the lamellarins investigated, the sub-
stituent at C7 may be a hydrogen atom, a hydroxy
group, or a methoxy group. To our knowledge, the
contribution of the substituent at this particular posi-
tion to the cytotoxic activities of lamellarins has not
been reported previously. As shown in Figure 33,
substitution of the hydrogen atom at C7 with a hy-
droxy group significantly increases the cytotoxicities
of lamellarins with a C5=C6 double bond (compare
lamellarin o and lamellarin X). On the other hand,
methoxylation at this position may only slightly
affect the cytotoxic activities of these compounds
(Figure 3b). However, it is difficult to evaluate any
trend conclusively in this case, as only two pairs of
lamellarins were available for comparison.

Interestingly, the effect is significantly more pro-
nounced if the C7 hydroxy group is replaced by a
methoxy group. This clearly decreases the cytotoxic activities
of the lamellarins, especially those containing a C5=C6 double
bond (Figure 3c). These results indicate that the hydroxy
group at this position is an important structural element that
may also feature in an interaction with the putative biological
target(s).

In the case of the substituent at C8 in the two pairs of the
lamellarins examined in this study, the results clearly show that
methylation of the hydroxy group at this position decreases
cytotoxic activity (Figure 4). The effect is much more promi-
nent if the C5—C6 single bond in lamellarin L and lamellarin U
is replaced by a double bond in lamellarin N and lamellarin o,
respectively. However, due to the rather limited number of la-
mellarins for direct comparison at this position, additional la-
mellarins that differ from the others exclusively at C8 are tar-
gets of our future investigations.

On the other hand, methylation of the hydroxy group at C9,
C13, or C14 induces rather more subtle changes in cytotoxic
activity (Supporting Information figures ST and S2). Whereas
the significance of the C9 hydroxy group has not been report-
ed before, the relative lack of influence that substituents at
C13 and C14 have toward cytotoxic activity agrees well with
observations of the lamellarin D derivatives reported by Ishiba-
shi et al®™ More importantly, switching the hydroxy and me-
thoxy groups between these two positions does not signifi-
cantly affect cytotoxicity in most cases (Supporting Information
figure S3). Nevertheless, additional lamellarin derivatives with
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Figure 3. Contributions of the hydroxylation/methoxylation pattern at the C7 position of
lamellarins to their cytotoxic activities: a) H vs. OH, b) H vs. OMe, c) OH vs. OMe. Increas-
es or decreases in cytotoxicity were determined as described in Figure 2.

Figure 4. Contributions of the hydroxylation/methoxylation pattern (OH vs.
OMe) at the C8 position of lamellarins to their cytotoxic activities. Changes
in cytotoxicity were determined as described in Figure 2.

modified C13 and C14 substituents are currently being synthe-
sized by our research group for further investigations.

Even though most naturally occurring lamellarins contain a
hydroxy group at C20 and a methoxy group at C21, there is
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one pair of lamellarins, lamellarin L and lamellarin G, in which
these two substituents are reversed. As shown in Table 2, inter-
change of the C20 hydroxy and C21 methoxy groups of lamel-
larin L to provide lamellarin G results in a substantial decrease
in cytotoxic activity against most of the cell lines tested in this
study (Supporting Information figure S4). These results agree
well with all previous findings, including the observation that
the C20-sulfated form of lamellarins usually show little or no
cytotoxicity, in contrast to the non-sulfated analogues with a
free C20 hydroxy group. Instead, the presence of a sulfate
group at this position appears to be a key structural element
for HIV-1 integrase inhibition by lamellarins.®¥

According to all the results from our SAR studies, there
appear to be four important structural elements that deter-
mine the cytotoxic activities of lamellarins toward cancer cells.
These include the C5=C6 double bond as well as the C7, C8,
and C20 hydroxy groups (Figure 5). Based on their cytotoxic
activities, the lamellarins with an unsaturated D-ring may be
subdivided into two categories (Table 3): those with lower
cytotoxicities all contain only the C5=C6 double bond and a
C20 hydroxy group, whereas the more potent compounds also
contain a hydroxy group at either C7 or C8. Such a group may
provide additional interactions with the target biological mac-
romolecules. Notably, the other substituents that play a less

Figure 5. Important structural elements in the lamellarin skeleton.

P. Ploypradith et al.

important role are located toward the inner part of the lamel-
larin molecule.

Molecular modeling studies

The results from our preliminary molecular modeling studies
using HyperChem 7.5 show that the C5=C6 double bond en-
sures planarity of the molecule and also affects the spatial
array of the substituents around the periphery of the lamellarin
skeleton, especially those on the E-ring (C7, C8, and C9). The
group 1 lamellarins bearing a C5—C6 single bond are twisted,
as most clearly observed if the molecules are viewed side-on
from the E-ring (Figure 6a and 6c compared with Figure 6b
and 6d, respectively), resulting in the spatial displacement of
the substituents, most notably on the E-ring. As summarized in
Table 4, the E-ring of group 1 lamellarins assumes a dihedral
angle 6 about C6a—C10a—C4a—C1 of much less than 180°
(164.7-166.7°), significantly different from the planarity other-
wise present in the group 2 lamellarins (8 =179.0-180.0°).

The orientation of the E-ring may be the factor that ac-
counts for the more pronounced and more easily distinguished
effects generally observed in the group 2 lamellarins as sub-
stituents are varied. These compounds with the unsaturated D-
ring possess a more rigid framework and better alignments of
the substituents around the pyrrole core than those in the
group 1 lamellarins. Therefore, the C5=C6 double bond may
exert its effect not only by making the molecule planar and
thus suitable for intercalating the topoisomerase [-DNA com-
plex, but also by spatially aligning the substituents, especially
those on the E-ring, to their respective amino acid residues of
the enzyme. It has been reported that the hydroxy groups at
C8 and C20 are within hydrogen-bonding distance from
Asn722 and Glu356 of the enzyme, respectively, whereas the
ester carbonyl group interacts with the Arg 364 residue.”

Conclusions

We have disclosed herein a comprehensive evaluation of the
cytotoxic activities of the lamellarins against a number of

Table 3. Classification of the lamellarins with an unsaturated D-ring, according to their cytotoxicities to cancer cells.”
Group Lamellarin ICso [uM] Substituents
MRC-
to MRC-5 OR'(C20) OR°(C8) X (C7) OR*(C21) Z(C15) OR*(C14) OR*(C13) OR°(C9 Y (C5)
Lamellarin B 68.1 OH OMe OMe OMe H OH OMe OMe H
Lamellarin W 28.5 OH OMe OMe OMe H OMe OH OMe H
Less cytotoxic Lamellarin T >89.7 OH OMe OMe OMe H OMe OMe OMe H
Lamellarin o >97.4 OH OMe H OMe H OMe OH OMe H
Dehydrolam. Y®! 31.0 OH OMe H OMe H OMe OH OH H
Lamellarin D 9.2 OH OH H OMe H OH OMe OMe H
Lamellarin N >100.1 OH OH H OMe H OMe OH OMe H
Highly cvtotoxic Dehydrolam. J®! >974 OH OH H OMe H OMe OMe OMe H
anly o Lamellarin M 134 OH OMe OH OMe H OH OMe OMe H
Lamellarin X 10.1 OH OMe OH OMe H OMe OH OMe H
Lamellarin € 25.8 OH OMe OH OMe H OMe OMe OMe H
[a] See Table 2. [b] Unnatural lamellarins.
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Figure 6. Energy-minimized structures of selected lamellarins calculated by using the

have focused on lamellarin D and its derivatives that
only possess a hydrogen atom at C7. It is noted that
because the point-to-point comparisons of substitu-
ents at C13 and C14 give unclear results, possibly
due to their flexibility, the importance of these posi-
tions toward anticancer activity remains to be evalu-
ated.

Information from our current and planned SAR
studies is critical for streamlining structural require-
ments for good anticancer activity. Further structural
modifications that increase aqueous solubility or
lower toxicity toward normal cells can then be made
at those positions known not to have a marked
effect on the anticancer activity.

AM1 method in HyperChem 7.5: a) lamellarin J (with a dihedral angle 6 about C6a—
C10a—C4a—C1 of 164.7°), b) dehydrolamellarin J (6 =179.9°), c) lamellarin L (0 =164.8°),

d) lamellarin N (6=179.8°).

Table 4. Dihedral angles in various lamellarins (AM1 method).
Lamellarin Dihedral angle 6 [°]
6a—10a—4a—1 4a—1-11-12

Lamellarin C 166.6 88.3
Lamellarin B 180.0 91.8
Lamellarin y 165.1 89.4
Lamellarin D 180.0 91.6
Lamellarin E 164.9 89.5
Lamellarin X 179.0 90.4
Lamellarin F 164.9 89.3
Lamellarin € 179.8 91.8
Lamellarin | 166.7 88.6
Lamellarin T 179.9 97.4
Lamellarin J 164.7 90.2
Dehydrolam. J 179.9 92.2
Lamellarin K 165.2 88.8
Lamellarin M 179.8 92.3
Lamellarin L 164.8 89.7
Lamellarin N 179.8 90.6
Lamellarin T 166.4 87.8
Lamellarin W 179.9 91.8
Lamellarin U 164.8 89.8
Lamellarin o 179.9 91.0
Lamellarin Y 165.5 86.9
Dehydrolam. Y 179.9 89.1
Dihydrolam. n 165.2 90.0
Lamellarin 179.9 93.4

cancer cell lines. This study reveals that some of these com-
pounds may be potential candidates for anticancer drug devel-
opment. In addition, the results of the SAR studies have
helped delineate the important structural elements in the la-
mellarin skeleton that contribute to cytotoxicity. These data
will be employed for the structure optimization of these com-
pounds in order to improve their efficacy, safety, as well as
their physicochemical and pharmacokinetic properties.

The contributions from the C5=C6 double bond as well as
the C8 and C20 hydroxy groups toward the overall anticancer
activity are in good agreement with previously reported data.
Importantly, this study reveals for the first time a significant
contribution from the C7 substituent. Previous SAR studies
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Experimental Section
Syntheses of lamellarins

Two series of natural and unnatural lamellarins, contain-
ing either a saturated or an unsaturated D-ring, were previously
synthesized and fully characterized using our established methodo-
logies.”™ All compounds were purified by crystallization from ap-
propriate solvent systems, and the purified lamellarins were stored
at 4°C without solvent until use.

Spectroscopic data ("H NMR, *C NMR, and HRMS-TOF) were used
to confirm the identity of the compounds by comparing them
with previously reported data. For unnatural lamellarins, their spec-
troscopic data were correlated with those of the natural lamellarins
for structure elucidation. The purity of compounds was estimated
based on their melting point ranges, the cleanliness of both
'HNMR and *CNMR spectra, as well as their HPLC traces. Only
trace amounts of impurities, if any, could be detected by HPLC
analyses (Supporting Information table S1).

Cell culture

Four commercially available cancer cell lines (A549, H69AR, HepG2,
and T47D) were obtained from the American Type Culture Collec-
tion (ATCC, Manassas, VA, USA). Additionally, KB and P388 cell lines
were obtained from the University of lllinois at Chicago (Chicago,
IL, USA), whereas Hela, HL-60, and MDA-MB-231 cell lines were ob-
tained from the University of Texas M. D. Anderson Cancer Center
(Houston, TX, USA). Human cholangiocarcinoma (HuCCA-1) and
human hepatocellular carcinoma (S102) cells were obtained from
Thai patients as previously reported."®'” The human lung fibro-
blast (MRC-5) cells were generously provided by the Armed Force
Research Institute of Medical Sciences (AFRIMS, Bangkok, Thailand).

All cell lines were maintained using standard procedures in the ap-
propriate culture media supplemented with the nutrients essential
for each cell line (Supporting Information table S2). All culture
media and fetal bovine serum (FBS) were obtained from HyClone
Laboratories (Logan, UT, USA), whereas L-glutamine, dimethyl sulf-
oxide (DMSO), glucose, sodium pyruvate, non-essential amino
acids, bovine insulin, crystal violet, 2,3-bis[2-methoxy-4-nitro-5-sul-
fophenyl]-2H-tetrazolium-5-carboxyanilide (XTT) sodium, phenazine
methosulfate (PMS), and etoposide were obtained from Sigma
(St.Louis, MO, USA). All materials were used as received.
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Cytotoxicity assays

All lamellarins were solubilized in DMSO and tested for their cyto-
toxic activities against a panel of 11 cancerous and one normal
(MRC-5) cell lines. Briefly, the cells suspended in the corresponding
culture medium (100 pL for adherent cells and 75 pL for suspended
cells, i.e., P388 and HL-60 cells) were inoculated in 96-well microtit-
er plates (Corning Inc., NY, USA) at a density of 10000-20000 cells
per well, and incubated at 37°C in a humidified atmosphere with
95% air and 5% CO,. After 24 h, an equal volume of additional
medium containing either the serial dilutions of the test com-
pounds, positive control (etoposide), or negative control (DMSO)
was added to the desired final concentrations, and the microtiter
plates were further incubated for an additional 48 h.

The number of surviving cells in each well was determined using
either crystal violet staining (for adherent cells) or XTT assay (for
suspended cells), as described below, in order to determine the
ICso, Which is defined as the concentration that inhibits cell growth
by 50% (relative to negative control) after 48 h of continuous ex-
posure to each test compound. Within each experiment, determi-
nations were done in triplicate, and each compound was tested in
at least two separate experiments. Any experiments with a varia-
tion greater than 10% were excluded from the analysis. The results
are expressed as the mean ICs, value; standard deviations are omit-
ted for visual clarity.

For the crystal violet staining, supernatants were discarded, and
the cells were washed twice with 10 mm phosphate-buffered
saline (PBS; 100 pLwell™"), fixed with 95% ethanol (100 uLwell™")
for at least 5 min, and then stained with a solution of crystal violet
(0.5%) in 25% methanol (50 pLwell™") for 10 min. Afterward, the
cells were air dried and subsequently lysed with a solution of HCl
(0.1N) in absolute methanol (100 uLwell™"). The absorbance at
540 nm was measured using a Multiskan Ascent microtiter plate
reader (Labsystems, Helsinki, Finland). The percentage of surviving
cells was then calculated for each concentration of the test com-
pounds by comparing the absorbance of each sample well to the
average absorbance of the negative control wells.

For the XTT assay, 75 pL of the mixture prepared from 1 mgmL™'
XTT sodium (5 mL) and 0.383 mgmL~" PMS (100 uL) was added to
each well, and the microtiter plates were further incubated for 4 h.
The absorbance of the orange formazan compounds formed was
measured at both 492 and 690 nm (reference absorbance) using a
SPECTRA max PLUS 384 microplate reader (Molecular Devices, Sun-
nyvale, CA, USA). The absolute absorbance (AA=A,,—Ag) Was
then calculated for each well, and the percentage of surviving cells
compared with control was determined by comparing AAg, ..
with AAontrol

SAR studies

The mean IC, values obtained from the cytotoxicity assays were
used to perform SAR studies in a systematic manner. To determine
the importance of a particular structural component for the cyto-
toxic activity of lamellarins, the IC;, values of the two structures
differing only in that particular position were compared, and the
logarithm of the IC;, ratio was subsequently determined with the
ICs, values of the compounds after and before the modification in
the numerator and denominator, respectively. Positive log
(ICs ratio) values indicate a loss of cytotoxic activity, whereas nega-
tive values show an increase in the activity upon the structural
modification being considered. To account for experimental varia-
tion, the contribution from the position of interest to the cytotoxic
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activity was deemed significant only when |log (ICs, ratio) | > 1,
meaning that the ICs, value either increased or decreased by at
least 10-fold upon modification at that particular position.
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position of lamellarins to their cytotoxic activities.
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Table S1. Purity of lamellarins determined by HPLC analyses™®

Solvent system 11! Solvent system 2[4
Lamellarin Retef(]rt#i)r?) time % Purity Reter(1rtrl1?rr]1) time % Purity
Lamellarin C 10.018 98.59 22.021 99.19
Lamellarin B 18.868 96.27 8.553 100.00
Lamellarin y 5.264 92.33 7.977 92.07
Lamellarin D 7.933 97.66 11.290 99.56
Lamellarin E 6.231 96.64 11.810 99.38
Lamellarin X 9.328 97.79 18.086 98.98
Lamellarin F 8.079 97.68 18.359 99.30
Lamellarin e 12.493 98.83 29.278 98.81
Lamellarin G 5.200 96.91 9.704 97.33
Lamellarin | 12.985 93.39 39.673 100.00
Lamellarin¢ 25.543 94.54 13.368 100.00
Lamellarin J 6.608 97.72 12.906 98.35
Dehydrolam J 10.234 99.46 19.684 100.00
Lamellarin K 6.437 100.00 11.146 100.00
Lamellarin M 10.000 99.41 16.902 100.00
Lamellarin L 5.469 92.71 8.634 91.64
Lamellarin N 7.738 99.47 11.812 99.30
Lamellarin T 10.231 97.73 25.018 99.73
Lamellarin W 19.877 95.71 48.479 98.52
Lamellarin U 7.755 96.61 16.540 99.49
Lamellarin o 13.292 99.63 28.289 100.00
Lamellarin Y 5.144 93.56 9.708 97.92
Dehydrolam Y 7.447 94.52 13.884 94.46
Dihydrolam n'® 9.253 92.03 24.200 97.58
Lamellarin n® 16.075 90.58 41.919 93.38

[a] Analysiswere done using a C18 column and two solvent systems at aflow rate of 1 mL/min.
[b] Solvent system 1: 75% of methanol and 25% of water.
[c] Solvent system 2: 45% of acetonitrile (with 0.045% TFA) and 55% of water (with 0.045% TFA).

[d] The solvent system was changed to 65% of acetonitrile (with 0.045% TFA) and 45% of water (with
0.045% TFA) due to the very high lipophilicity of the compounds.

[€] Not tested for cytotoxicity due to the insolubility in DM SO.
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Table S2. Culture medium used for each cell line.
Cell line Culture medium

A549 (ATCC No. CCL-185) RPMI 1640 supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, 100 pg/mL streptomycin, and 125 ng/mL amphotericin B

H69AR (ATCC No. CRL-11351) RPMI 1640 supplemented with 20% FBS, 2 mm L-glutamine, 4.5 g/L
glucose, and 1 mM sodium pyruvate

HeLA (ATCC No. CCL-2) DMEM supplemented with 10% FBS and 2 mM L-glutamine

HepG2 (ATCC No. HB-8065) DMEM supplemented with 10% FBS, 100 U/mL penicillin, 100 pg/mL
streptomycin, and 125 ng/mL amphotericin B

HL-60 RPMI 1640 supplemented with 10% FBS and 2 mm L-glutamine

HuCCA-1 Ham’s F-12 medium supplemented with 10% FBS

KB (NEC) DMEM supplemented with 10% FBS

MDA-MB-231 DMEM supplemented with 10% FBS, 2 mm L-glutamine, and 1% non-
essential amino acid

MRC-5 DMEM supplemented with 10% FBS, 100 U/mL penicillin, 100 pg/mL
streptomycin, and 125 ng/mL amphotericin B

P388 RPMI 1640 supplemented with 10% FBS and 2 mm L-glutamine

S102 RPMI 1640 supplemented with 10% FBS, 100 U/mL penicillin, 100
pg/mL streptomycin, and 125 ng/mL amphotericin B

T47D (ATCC No. HTB-133) RPMI 1640 supplemented with 10% FBS, 2mm L-glutamine, 4.5 g/L
glucose, 1 mmM sodium pyruvate, and 0.2 U/mL bovineinsulin (80 uL/100
mL)
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Natural products currently represent an underutilized source of leads for the pharmaceutical industry,
especially when one considers that almost 50% of all drugs were either derived from such sources or are
very closely related. Lamellarins are a class of natural products with diverse biological activities and have
entered into preclinical development for the treatment of multidrug-resistant tumors. Although these
compounds demonstrated good cell penetration, as observed by their low uM activity in whole cell
models, they have not been extensively profiled from a physicochemical point of view, and this is the
goal of this study.

For this study, we have determined the experimental logP values of a set of 25 lamellarins, given it is
the single most important parameter in determining multiple ADMET parameters. We also discuss the
relationship between this natural product class, natural product derivatives in development and on the
market, oral marketed drugs, as well as drug molecules in development, using a range of physico-
chemical parameters in conjunction with principal components analysis (PCA). The impact of this
systematic analysis on our ongoing medicinal chemistry strategy is also discussed.

© 2010 Elsevier Masson SAS. All rights reserved.

1. Introduction

Natural products currently represent an underutilized source of
leads for the pharmaceutical industry due to the current domi-
nance of high throughput screening (HTS) lead generation
processes. Even if identified from alternative cell based models,
their often unknown mode of action makes biological character-
ization and structure-activity relationship (SAR) expansion difficult
using the favored in vitro assays. Coupled with their often low
abundance in nature, or complex structures posing synthetic
challenges, mean the progression of natural products in a modern
development cascade is limited. Despite these hurdles, natural
products, or molecules derived from natural products, represent
~50% of all drugs coming to market over the last 2 decades [1],
which appears to add weight to arguments that naturally derived
molecules are inherently better tolerated in the body than
synthetically derived molecules [2-4].

* Corresponding author at: Laboratory of Medicinal Chemistry, Chulabhorn
Research Institute, 54 Moo 4, Vibhavadee-Rangsit Highway, Laksi, Bangkok 10210,
Thailand. Tel.: +66 2 574 0622; fax: +66 2 574 2027.

E-mail address: montakarn@cri.or.th (M. Chittchang).

0223-5234/$ - see front matter © 2010 Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.ejmech.2010.01.053

Lamellarins are a class of marine-derived natural products iso-
lated from mollusks [5], ascidians [6-13], and marine sponges
[14,15]. The majority of naturally-occurring lamellarins contain the
same pentacyclic 2-pyrrolo(dihydro)isoquinoline lactone core, and
only differ in the nature of the C5-C6 bond in the D-ring, as well as
the substitution pattern on each ring (Table 1). Lamellarins have
been the focus of considerable scientific research due to their
diverse biological activities [16,17], demonstrating cytotoxic activ-
ities and multidrug resistance (MDR) reversal in a number of cancer
cell lines [18-25], as well as being confirmed inhibitors of HIV-1
integrase [19,21], a number of kinases [26], and topoisomerase |
[22-24]. Recognition of the biological potential of this compound
class can be found in recent reports of lamellarins entering into
preclinical development for the treatment of multidrug-resistant
tumors [27-32].

Key to the success of any clinical candidate is their absorption,
distribution, metabolism, excretion, and toxicity (ADMET) charac-
teristics, and these are known to depend heavily on their overall
molecular properties, in particular lipophilicity (logP), molecular
weight (MWT), ionization state, as well as the number of H-bond
donors and acceptors [33-35]. However, as with most natural
products, lamellarins are not particularly drug-like in the conven-
tional sense (although these compounds demonstrated good cell
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Table 1
Structures of lamellarins in group 1 and group 2.

M. Chittchang et al. / European Journal of Medicinal Chemistry 45 (2010) 2165-2172

Group 1 Group 2 Substituents

(with a C5-C6) (with a C5=C6) OR! OR? ~ OR® OR? OR® OR® X Y
Lamellarin A® - OH OMe H OH OMe OMe OMe OMe OH
Lamellarin C Lamellarin B OH OMe H OH OMe OMe OMe OMe H
Lamellarin ¥, Lamellarin D OH OMe H OH OMe OMe OH H H
Lamellarin E Lamellarin X OH OMe H OMe OH OMe OMe OH H
Lamellarin F Lamellarin & OH OMe H OMe OMe OMe OMe OH H
Lamellarin G - OMe OH H OMe OH OMe OH H H
- Lamellarin H? OH OH H OH OH OH OH H H
Lamellarin I Lamellarin ¢ OH OMe H OMe OMe OMe OMe OMe H
Lamellarin ] Dehydrolam J° OH OMe H OMe OMe OMe OH H H
Lamellarin K Lamellarin M OH OMe H OH OMe OMe OMe OH H
Lamellarin L Lamellarin N OH OMe H OMe OH OMe OH H H
Lamellarin S$* - OH OH H OH OH OMe OH H H
Lamellarin T Lamellarin W OH OMe H OMe OH OMe OMe OMe H
Lamellarin U Lamellarin o OH OMe H OMe OH OMe OMe H H
Lamellarin V* - OH OMe H OMe OH OMe OMe OMe OH
Lamellarin Y Dehydrolam Y OH OMe H OMe OH OH OMe H H
Lamellarin Z? - OMe OH H OH OH OMe OH H H
Lamellarin §° - OH OH H OMe OH OH OH H H
Lamellarin y? - OH OMe OMe H OMe OMe OMe OH H
- Lamellarin ¢* OH OMe H OH OMe OH OMe OMe H
Dihydrolam 75° Lamellarin 7 OH OMe H OMe OMe OMe OMe H H

¢ Synthesis in progress.
b Unnatural lamellarins.

penetration, as observed by their low uM activity in whole cell
models [25], but a number of them showed poor solubility under
assay conditions). As a class, they have not been extensively
profiled from a physicochemical point of view, and this is the goal of
this study.

In this study, we experimentally determined logP values of 25
lamellarins synthesized in our laboratory since it is the single most
important parameter affecting multiple ADMET parameters [35].
It is also one of the most difficult molecular properties to predict
in silico. Given the importance of maintaining logP values in the
range of oral drugs (~2.5) [36-38], we also investigated the
structure-logP relationships of lamellarins and the validity of
in silico methods. We subsequently assessed the relationship
between this natural product class, natural product derivatives in
development and on the market, oral marketed drugs, as well as
drug molecules in development. Principal components analysis
(PCA), in conjunction with computed and experimental molecular
properties, was used for this purpose.

2. Results and discussion
2.1. Measured and predicted logP values of lamellarins

The results obtained from our experimental and theoretical
efforts are given in Table 2. In Table 3, we summarize the results

further, listing the mean, standard deviation, minimum, and
maximum obtained for 25 synthesized lamellarins from each logP
method. We also report the root mean square error (RMSE) and
a number of line of best fit statistics (r%, slope, intercept, and
standard error (SE)) to allow for a meaningful inter-comparison of
the values, both in terms of their absolute predictions and corre-
lation with experimental data. See the Supplementary Material and
reference [39] for more details regarding the statistics used here.
The mean experimental logP value for the 25 lamellarins tested
here was 3.66. The standard deviation of data set was 0.71 log unit,
with only one compound having a logP value > 5 putting the set in
a reasonable area of logP space. However, not all calculation
methods predicted the lamellarins as a class to have moderate
lipophilicity. The most popular lipophilicity calculators, AlogP, ACD
LogP, and ClogP, performed worst, predicting mean logP values of
5.11, 4.99, and 4.65, respectively. Their root mean square errors
were therefore found to be large at 1.64, 1.57, and 1.15 log units,
respectively. The best prediction was obtained from the OpenEye
implementation of xlogP, displaying a mean value for the set of only
0.09 log unit from the experimental mean and the smallest RMSE of
0.44. Surprisingly, the three xlogP based methods used here,
OE-xlogP, MI-xlogP, FAF-xlogP, showed predictions that varied
considerably, displaying mean logP values of the set at 3.75, 4.16,
and 4.23, respectively, with RMSEs of 0.44, 0.62, and 0.85, respec-
tively. These variations arise from the subtle difference in the way
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Table 2
Experimentally determined and calculated logP values of lamellarins.
Lamellarin Experimental logP Calculated logP Values
CEIUD (=111 100D Mi-xlogP OE-xlogP FAF-xlogP ACD LogP ClogP CSlogP AlogP

Lamellarin A? - 3.40 3.14 333 4.02 3.17 3.66 4.78
Lamellarin C 4.02 £+ 0.001 4.06 3.69 3.80 5.32 4.39 3.91 538
Lamellarin B 4.93 £ 0.001 4.64 4.25 4.57 4.61 4.72 3.93 4.94
Lamellarin 2.78 + 0.003 3.57 2.87 3.96 4.85 428 3.77 517
Lamellarin D 3.45 + 0.001 4.15 343 4.74 4.14 4.76 3.79 4.73
Lamellarin E 3.14 £ 0.002 3.78 2.95 3.61 4.87 3.96 3.65 5.15
Lamellarin X 3.75 + 0.001 4.36 3.51 438 4.16 438 3.67 4.71
Lamellarin F 3.49 + 0.002 4.09 3.69 3.66 5.49 443 3.91 5.38
Lamellarin ¢ 4.10 £+ 0.001 4.67 4.25 4.44 4.78 4.85 3.93 494
Lamellarin G 2.63 + 0.002 3.57 2.87 3.96 4.84 428 3.77 5.17
Lamellarin H* - 3.22 1.20 5.06 3.07 3.88 3.00 4.05
Lamellarin I 4.33 + 0.002 4.36 443 3.85 6.02 4.87 417 5.60
Lamellarin ¢ 5.19 + 0.003 494 4.99 4.62 5.32 5.19 419 5.16
Lamellarin ] 3.07 + 0.002 3.87 3.61 4.01 5.55 4.75 4.04 5.39
Dehydrolam ] 3.69 + 0.004 445 4.17 4.79 4.85 5.24 4.06 4.95
Lamellarin K 3.15 £+ 0.005 3.78 2.95 3.61 4.79 3.96 3.65 5.15
Lamellarin M 3.79 + 0.004 4.36 3.51 438 4.08 438 3.67 471
Lamellarin L 2.74 £+ 0.001 3.57 2.87 3.96 493 4.28 3.77 517
Lamellarin N 3.37 £ 0.007 4.15 343 4.74 422 4.76 3.79 4.73
Lamellarin S$* - 2.95 1.39 418 4.08 3.70 3.25 472
Lamellarin T 3.99 + 0.005 4.06 3.69 3.80 5.40 4.39 3.91 5.38
Lamellarin W 4.83 + 0.006 4.64 4.25 4.57 4.69 4.72 3.93 494
Lamellarin U 3.31 + 0.007 3.87 3.61 4.01 5.69 475 4.04 5.39
Lamellarin o 3.98 + 0.004 445 417 4.79 499 5.12 4.06 495
Lamellarin V* - 3.40 3.14 333 4.10 3.17 3.66 4.78
Lamellarin Y 2.59 + 0.005 3.57 2.87 3.96 493 4.28 3.77 517
Dehydrolam Y 3.21 + 0.002 4.15 474 343 4.22 476 3.79 473
Lamellarin Z° - 3.26 2.13 4.07 4.59 3.85 3.51 494
Lamellarin p? - 2.95 1.38 418 4.02 3.70 3.25 4.72
Lamellarin y* - 448 3.47 3.93 542 478 391 5.38
Lamellarin ¢? - 4.33 3.51 438 4.08 438 3.67 4.71
Dihydrolam 7 3.65 + 0.001 4.18 4.35 4.07 6.32 5.22 4.30 5.62
Lamellarin 7 4.33 £ 0.004 4.76 491 4.84 5.61 5.59 432 5.18

2 Synthesis in progress. Used in the in silico profiling exercises only.

each method is implemented in practice. For example, the OpenEye
has implemented a variant of xlogP, which utilizes a 2D approach
rather than 3D, neglects the internal hydrogen bond term, and
corrects subtle atom-type inconsistencies, with performance
comparable to the original version [40]. The logP method imple-
mented in ChemBioDraw Ultra, CSlogP, performed moderately well,
with a mean predicted logP of 3.91 and an RMSE of 0.66.

While it is important to be able to accurately benchmark the
lipophilicity of a given chemotype, it may be acceptable if
a prediction method correlates well with the experimental
parameter, even if the absolute values are not well predicted,
potentially proving useful for SAR rationalization. Should a partic-
ular series be consistently under or over predicted, it may also be

Table 3

Summary of the experimental and theoretical logP results. Reported are the mean,
minimum (Min) and maximum (Max) logP values for 25 synthesized lamellarins
obtained from each method, as well as the standard deviation (SD) and the root
mean square error (RMSE). Also given is the correlation coefficient obtained from
the line of best fit between the experimental and theoretical logP measures, along
with the corresponding slope, intercept, and standard error (SE).

ID Mean Min Max SD RMSE 12 (slope/intercept/SE)
Experimental logP 3.66 2.59 5.19 0.71 - -

MiI-xlogP 416 357 494 040 0.62 0.83 (1.61/-3.02/0.30)
OE-xlogP 375 287 499 0.65 044 0.62 (0.86/0.44/0.44)
FAF-xlogP 423 3,61 484 042 085 0.19 (0.73/0.57/0.65)
ACD LogP 499 408 632 059 1.57 0.02 (0.16/2.85/0.71)
ClogP 465 396 559 041 1.15 0.29 (0.93/-0.68/0.61)
CSlogP 391 365 432 020 066 027 (1.89/-3.74/0.61)
AlogP 511 471 562 027 164 0.00 (—0.13/4.30/0.72)

possible to correct the absolute value to give results closer to the
expected value. This we can assess using linear regression (Table 3).
The line of best fit results showed that MI-xlogP (* = 0.83), rather
than OE-xlogP (r* = 0.62), correlated better with experimental logP
values. The lower prediction error of the latter method is due to the
fact that the un-regressed slope and intercept (Table 3) are closer to
the line of unity than the former, but correcting all methods to
remove any prediction bias, revealed that MI-xlogP would perform
better than OE-xlogP. The line of best fit standard error, which can
be considered as being analogous to the RMSE associated with the
Y = X line (see Supplementary Material Table S1), was 0.30 log unit,
compared to 0.44 for OE-xlogP. The lower prediction error was
because MI-xlogP was intrinsically better correlated with the
experimental logP of the lamellarins. However, it was predicted
with a greater bias than OE-xlogP, as can be seen from the slope and
intercept in Table 3. Note while correcting the ACD LogP, ClogP, and
AlogP values dramatically lowered their overall error, it was almost
comparable to the standard deviation of the data, indicating they
are still of limited utility.

To assess the value of corrected logP predictions further, we
performed a leave-one out (LOO) cross-validation exercise for the
two best performing methods: MI-xlogP and OE-xlogP. In this
procedure, each compound was left out in turn and subsequently
predicted using the line of best fit equation obtained from the other
compounds. From the LOO results, we found that MI-xlogP
displayed an r? of 0.80 and an SE of 0.32, compared to an 1 of
0.54 and an SE of 0.49 for OE-xlogP, respectively, suggesting such an
approach could have predictive potential. However, while correct-
ing a prediction for a given series may be advantageous in the short
term, care should be taken since such relationships have a tendency
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to break down as more compounds in the series are synthesized,
with markedly different functional groups or dramatic changes to
the scaffold, leading them away from the so called model space
[41,42].

2.2. Effects of structural modifications on logP

Apart from the correction factors for intramolecular interac-
tions, the logP increments assigned for various atoms or fragments
form the fundamental basis of most currently available calculation
methods. As a result, the deviations between the calculated and
measured logP values are partly governed by the reliability of those
atomic and fragmental values which, in turn, depends on the
methods and the classes of compounds from which these values
have been derived. Additionally, a key problem with most logP
software packages is that they typically assume almost constant
logP increments associated with related substituent changes, even
though equivalent substitutions at different positions can have
dramatically different effects [43-46].

Since at least five of the currently available logP calculators did
not appear applicable to lamellarins, a possible source of disparities
between the calculated and experimental logP values of these
compounds was investigated. The systematically diversified
substitution patterns of the lamellarins used in this study enabled
us to determine the logP increments resulting from various struc-
tural modifications around the lamellarin core. Those determina-
tions were performed using the matched molecular pairs analysis
[47] by comparing the logP values of any two lamellarin struc-
tures that differ only in each structural component being consid-
ered. The results are reported as the A logP values in Table 4.

The first structural modification considered was the conversion
of the C5-C6 bond to a double bond. Interestingly, our HPLC
determinations demonstrated that the introduction of a C5-C6
double bond into the D-ring of a lamellarin molecule consistently
increased the logP value by an average of +0.70 log unit (Table 4). In
contrast, the logP increments applied by various calculators for
changing the C5-C6 bond to an olefin moiety widely ranged from
only +0.02 log unit in CSlogP to —0.71 and +0.78 log unit in ACD
LogP and FAF-xlogP, respectively.

Such a significant increase in the chromatographic logP values
upon the introduction of the C5-C6 olefin is not likely to solely
result from the modification of a particular bond which, theoreti-
cally, induces minimal changes in molecular weight, molecular
volume, and polar surface area. However, the geometry of

Table 4

lamellarin molecules is constrained to be more planar in the
presence of the C5-C6 double bond [22,25]. This molecular
planarity enhances intermolecular stacking interactions, which has
been demonstrated to significantly increase lipophilicity of some
compounds [48].

In contrast, all but two software programs consistently pre-
dicted a decrease in the logP values, albeit to different extents, of
these compounds upon hydroxylation at either C5 or C7, as well as
methoxylation at C7. Such predictions are conceivable since these
oxygen-containing functional groups are capable of hydrogen
bonding with water molecules. However, HPLC determinations
demonstrated a relatively small decrease in the experimental logP
values by —0.20 log unit upon hydroxylation at the C7 position
(Table 4). On the contrary, substitution of the hydrogen atom at the
C7 position with a methoxy group actually led to a substantial
increase (by +0.77 log unit) in the experimental logP values.

These observations suggest that, when attached to the penta-
cyclic core structure of lamellarins, the oxygen atom in either
a hydroxy group or a methoxy group becomes less accessible to
interact with water molecules than when present in smaller
compounds. Nonetheless, when C7 is hydroxylated, the H-bond
donor property of the resulting aromatic OH group still remains to
interact with water, leading to a small decrease in the logP values of
lamellarins upon C7-hydroxylation. In contrast, methoxylation at
the C7 position results in an aromatic ether, which is considered as
an exceptionally poor H-bond acceptor [47,49]. As a result, the
overall increase in the logP values experimentally observed upon
C7-methoxylation was probably due to the hydrophobic interac-
tions between the methyl component and the chromatographic
stationary phase.

Another series of structural modifications investigated in this
study involve methylation of various hydroxy groups around the
lamellarin core. An increase in the logP values was observed for this
transformation, as expected from both the removal of an H-bond
donor and the increased hydrophobic interactions through the
methyl group. Most of the logP calculators used in this study tend to
predict very similar logP increments for this type of modifications
at various positions (Table 4). Interestingly, our experimental
results clearly indicated that the logP values of lamellarins were
remarkably increased upon methylation of the hydroxy groups at
C7, C8, or C9 positions on the pentacyclic lactone core. In contrast,
a smaller effect was observed in the case of the same modification
at either C13 or C14 residing on the aromatic ring orthogonal to the
core structure,

Effects of structural modifications on the logP values for the key lamellarin substitution positions.

Transformation Pairs A logP (log unit)

Experimental MI-xLogP OE-xlogP FAF-xlogP ACD LogP ClogP CSlogP AlogP

logP
C5-C6 — C5=C6 12 +0.70 £ 0.11 +0.58 +0.56 +0.78 -0.71 +0.41 +0.02 -0.44
5-H — 5-OH 2 a —0.66 -0.55 -0.47 -1.30 -1.23 -0.25 —0.60
7-H — 7-OH 4 —0.20 + 0.04 -0.09 —0.66 -0.41 —-0.83 -0.77 -0.39 -0.24
7-H — 7-OMe 4 +0.77 + 0.10 +0.19 +0.08 -0.22 -0.30 —0.38 -0.13 -0.01
7-OH — 7-OMe 6 +0.98 + 0.14 +0.28 +0.74 +0.19 +0.53 +0.39 +0.26 +0.23
8-OH — 8-OMe 4 +0.60 + 0.03 +0.31 +0.74 +0.05 +0.77 +0.41 +0.27 +0.23
9-OH — 9-OMe 2 +0.75 + 0.04 +0.30 +0.74 +0.05 +0.77 +0.42 +0.27 +0.22
13-OH — 13-OMe 8 +0.34 £ 0.01 +0.31 +0.74 +0.05 +0.62 +0.47 +0.26 +0.23
14-OH — 14-OMe 6 +0.29 + 0.04 +0.30 +0.74 +0.05 +0.70 +0.47 +0.26 +0.22
20-OH — 20-OMe 1 4 +0.31 +0.74 -0.11 +0.51 +0.15 +0.26 +0.22
8-OMe, 9-OH — 8-OH, 9-OMe 2 +0.16 + 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13-OMe, 14-OH — 13-0H, 14-OMe 6 —0.05 + 0.03 0.00 0.00 0.00 +0.08 0.00 0.00 0.00
14-OMe, 15-H — 14-H, 15-OMe 1 4 +0.39 -0.22 +0.27 -0.07 +0.35 0.00 0.00
20-0H, 21-OMe — 20-OMe, 21-OH 1 -0.11° 0.00 0.00 0.00 -0.09 0.00 0.00 0.00

@ Pair(s) not available for experimental determination.

b SD not determined as only one matched pair of lamellarins were available for comparison.
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These findings suggest that similar substituents located on the
orthogonal ring of lamellarins exhibit different physicochemical
properties from those on the pentacyclic core. However, this is not
unexpected given their distinctly different degrees of flexibility. In
contrast, the two substituents located at C13 and C14 are more
comparable in their physicochemical nature, considering that
switching the hydroxy and methoxy groups between these two
positions causes minimal changes in both the calculated and
experimentally determined logP values (Table 4). All these findings
demonstrate that not only the chemical nature, but also the posi-
tion, of substituents could affect the lipophilicity of the molecules,
as previously reported for smaller compounds [43-46].

In addition to the positional dependency, the experimental logP
increments upon each modification were examined separately for
the two groups of lamellarins (see Table 1), and then compared
using t-test with unequal variances. Interestingly, no statistically
significant (p > 0.05) differences were observed for any particular
modifications in these two series of compounds, except for C7
substituent modifications. The logP increments for lamellarins in
groups 1 and 2 were as follows: (a) —0.17 4 0.01 vs. —0.23 £ 0.00
(p = 0.049) upon C7-hydroxylation, (b) +0.68 + 0.00 vs.
+0.86 + 0.01 (p = 0.018) for C7-methoxylation, and (c) +0.85 + 0.02
vs. +1.10 £ 0.03 (p = 0.002) for C7-OH methylation. These results
provide additional evidence that the C7 substituents in these two
series of compounds must be oriented differently, as predicted by
our previously reported molecular modeling studies [25].

In summary, even though some of the logP increments used by
certain software programs coincide with the values experimentally
obtained for lamellarins in this study, most of them significantly
deviate. This could be one of the reasons for the discrepancies
between the calculated and experimental logP values of these
compounds. Additional analogs with more diverse substitution
patterns would be required to allow for the reliable estimation of
the logP values of lamellarins. Nevertheless, the A logP values
determined for each structural modification around the lamellarin
core can be used to predict the lipophilicity of certain lamellarin
analogs from the experimental logP values of their parent
compounds.

2.3. Lamellarins vs. drugs, natural products, and compounds in
development

The importance of benchmarking compounds to known areas of
chemical space is evident from many publications in the area,
including: Proudfoot et al. [50], who assessed the evolution of oral
drugs over time; Oprea et al. [51], who compared drugs, candidates,
lead-like and pub-like compounds; Wenlock et al. [52], who
assessed the relationship between drugs and candidates in
different stages of development; Ritchie et al. [53], who compared
the relationship between inhaled, intranasal, and oral drugs; as
well as O’Shea et al. [54], who assessed the overlap between anti-
bacterials and a literature derived data set.

In this section, we compared the lamellarin chemotype to a set
of relevant drug data sets from literature in order to understand the
differences and devise the most effective way of developing this
chemotype into one with more drug-like properties. To this end, we
have compared the lamellarin molecules to other natural product
derivatives in development and on the market, to oral marketed
drugs, as well as to molecules in drug development. The compar-
ison was performed using a range of fundamental physicochemical
parameters, in conjunction with multivariate PCA (Fig. 1) and
univariate statistical methods (Table 5).

The PCA based model of chemical space described 80% of the
total variation in the data set analyzed, with component 1
describing the largest portion of information at 49%, followed by

14% by component 2, 10% by component 3, and 7% by component 4.
This means that the descriptors used here have a high degree of
correlation. To aid comprehension, we briefly explain how to
interpret Fig. 1. Components 1 and 2 collectively described 63% of
the total variation, and the molecular significance of the location of
compounds on the scores plot (Fig. 1a) can be understood by
considering the corresponding loadings plot (Fig. 1b). Descriptors
with a large positive loading on the X-axis of Fig. 1b, such as MWT,
have larger values for compounds with positive loadings on the
scores plot (Fig. 1a), such as lamellarins, and smaller values for
compounds with negative loadings. In contrast to MWT, the values
of ABS have a negative loading on Fig. 1b so are thus inversely
correlated with MWT (i.e., decrease as MWT increases). This means
lamellarins have lower ABS scores than oral drugs, but higher
molecular weight. Finally, descriptors, such as MWT, PSA, and
LIPINSKI, have comparable loadings on the X-axis of Fig. 1b,
meaning they are highly correlated with each other.

Thus, we can relate the PCA components in a relatively crude
way to aid interpretation: component 1 primarily separates large
molecules (those with +ve coefficients on the X-axis of Fig. 1a) from
smaller ones (—ve coeff.), component 2 separates basic molecules
(+ve coeff.) from acidic molecules (—ve coeff.), component 3
separates lipophilic (—ve coeff.) from hydrophilic molecules
(+ve coeff), and component 4 separates chiral (—ve coeff.) from
achiral molecules (+ve coeff.). Analysis of Fig. 1 shows that lamel-
larins as a class occupy a position towards the edge of drug-like
chemical space, as defined by the two most important compo-
nents (Fig. 1a). While lamellarins occupy a central position on
component 2 due to their lack of ionizable functionality, their size
related characteristics result in them being located at the edge of
component 1, and thus, oral drug space. On the components 3 and 4
(Fig. 1¢), lamellarins occupy a more central position due in part to
their reasonable lipophilicity and due to the lack of a chiral center,
respectively.

However, lamellarins as a class do not have particularly extreme
properties when compared to natural product treatments, either on
the market or in development (note that 26% of these compounds
are not shown in Fig. 1 as they have a loading > 9 on component 1),
which suggests they still represent a good starting point for a lead
optimization campaign, given their diverse oncological activities.
For example, while the mean MWT of lamellarins at 522 Da is above
the Lipinski cut-off, that of natural products in development is
712 Da, and 568 Da for those compounds on the market (Table 5).
In addition, the mean logP for lamellarins is 3.4 log units, almost 1
log unit higher than oral drugs, and 2 log units higher than natural
product drugs. However, the mean number of H-bond donors and
acceptors are low, 2.7 and 1.1, respectively, suggesting there is
considerable scope to increase the polarity of the molecules and
reduce the logP further.

In recent years, a number of modifications by others have been
made to the lamellarin skeleton, aiming to increase the polarity of
these compounds. Most recently, the conjugation of lamellarin D
with poly(ethylene) glycol (PEG) has been undertaken to address
the physicochemical properties of lamellarins [55,56]. However,
such conjugations, while potentially providing groups which
increase aqueous solubility, inevitably increase molecular weight,
molecular volume, and the number of H-bond donors/acceptors of
the PEG-lamellarin adducts, pushing the molecules further from
drug-like chemical space. From our physicochemical profiling
exercise, we believe an approach is required to move the lamel-
larins towards a more optimal area of physicochemical parameter
space that in conjunction will allow us to explore wider SAR space.
To this end, we are virtually assessing synthetic derivatives of
lamellarins that incorporate additional functionality in the form of
alternative HBD, HBA, and ionizable groups at the various positions
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Fig. 1. PCA scores plot (top) and loadings plot (bottom) showing the relationship between the 3 natural product and 2 small molecule drug data sets using a range of computed
molecular descriptors. Components 1 to 4 cumulatively described 49%, 63%, 73%, and 80% of the total variance, respectively. Lamellarin A is an outlier on component 1 due to its
dramatically higher MWT and PSA, with lower ABS and Solubility scores. Note that 26% of NP drugs (12) and NP Development (9) compounds are excluded as they lie beyond 9 on

component 1.

of substitution, as well as subtle changes to the lamellarin core. By
virtually synthesizing and screening these molecules for both
structural diversity and optimal physicochemical properties, we
hope to efficiently explore the SAR of these compounds, while
simultaneously making more developable molecules.

3. Conclusion

We have reported experimental and theoretical studies that
help to increase our overall understanding of the physicochemical
characteristics of lamellarins and how they compare to oral drugs,
natural product drugs currently on the market, and new drugs in

development. We have put particular focus on lipophilicity, given it
has widespread implications for multiple ADMET parameters, and
because it is a difficult parameter to predict in silico. Thus, the
experimental logP values of 25 lamellarins were determined using
an industry standard HPLC method and correlated with the values
calculated by different prediction methods. While most software
assumes constant increments associated with related substituent
changes, we show that this is not the case for these molecules, and
that an equivalent substitution at different positions can have
dramatically different effects. The discrepancies observed with
theoretical methods emphasize the necessity of early experimental
assessments to determine the lipophilicity characteristics of a given

Table 5

Mean and standard deviation of the molecular properties used in the profiling exercises.
ID Oral drugs NP drugs Drugs in development NP in development Lamellarins
MWT 333.10 + 121.09 568.20 + 318.98 502.53 + 485.41 711.87 + 454.03 521.68 + 27.02
OE-xlogP 248 +2.20 1.39 + 3.51 2.40 + 3.78 3.50 + 3.07 3.40 + 0.91
PSA 70.55 + 45.22 176.07 + 128.62 131.49 £ 209.37 178.88 + 152.85 124.67 + 12.56
CHARGE 0.26 + 0.85 —0.30 + 1.05 0.17 + 1.26 0.34 + 1.04 -
NEG 0.21 + 0.41 0.48 + 0.51 0.28 = 0.45 0.22 + 0.42 -
POS 0.48 + 0.50 0.28 + 0.46 0.46 + 0.50 0.53 £ 0.51 -
HBA 277 £2.23 8.17 + 5.00 49 +749 7.22 +5.96 1.06 £+ 0.24
HBD 1.90 + 1.68 4.57 +£5.19 3.87 £ 8.51 5.09 + 6.15 267 +1.14
Chiral centers 1.61 +£2.73 7.39 + 5.30 2.85 =+ 5.65 7.44 £ 6.55 0.06 + 0.24
ROT 548 +3.82 9.96 + 7.28 11.03 £ 20.35 10.88 + 12.18 4.88 + 1.41
RINGS 1.84 £ 0.94 211+ 1.14 244 +1.32 247 +£1.29 2.00 + 0.00
N 1791 46 2125 32 33
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lead series. Having profiled a number of matched molecular pairs
here, we have determined a set of more reliable logP increments
(Table 4) which, if combined with logP increments determined for
the core template or new templates, may be used to more reliably
predict the lipophilicity of new lamellarin analogs. Our strategy
moving forward is to use the corrected in silico logP estimates to
help rationalize SAR, only benchmarking compounds that differ in
terms of the template or introduce new functionality, saving
material, operator time, and expense.

Lamellarins as a class lie towards the edge of drug-like chemical
space. However, lamellarins do not have particularly extreme
properties when compared to natural product treatments, either on
the market or in development, which suggests they still represent
a good starting point for a lead optimization campaign, given their
diverse oncological activities. Considering their high MWT,
moderate logP, along with low HBD and HBA counts, our strategy to
move to more optimal area of chemical space involves the incor-
poration of additional polar functionality in the form of alternative
HBD, HBA, and ionizable groups at the various positions of substi-
tution, as well as larger changes to the lamellarin core to reduce
their overall size.

In summary, the research work discussed herein is being used to
more effectively direct our medicinal chemistry effort, with
additional virtual studies being instigated to assess synthetic
derivatives of lamellarins, to enable us to more efficiently explore
the SAR of these compounds, while simultaneously making more
developable, drug-like molecules.

4. Experimental protocol
4.1. Data sets

Natural sources of lamellarins are not sufficient to supply the
quantities of compound required for comprehensive analytical or
biological studies. Thus, all compounds which underwent experi-
mental characterization in this study have been synthesized in our
laboratory (Table 1). The details of the individual syntheses have
been reported elsewhere [57].

The structures of oral marketed drugs [50] and compounds in
development [51] were obtained from original quoted sources. The
IDs of natural product drugs [4] and natural product compounds in
development [3] were taken from the literature references they
were reported in. The natural product structures were sourced from
PubChem [58]. Compounds were excluded if they failed to calculate
molecular descriptors. The full list of compounds used here can be
found in the Supplementary Material.

4.2. Experimental methods

Twenty-two naturally-occurring and three unnatural lamella-
rins, in groups 1 and 2 (Table 1), have been profiled in this study.
Their logP values were experimentally determined using an
industry standard reversed-phase HPLC method [59,60]. Briefly, the
HPLC method entails analyzing each compound on an Agilent 1200
Series LC System (Agilent Technologies, Inc., Santa Clara, CA, USA)
installed with a C18 column, using an isocratic elution (75%
methanol/25% water) for up to 30 min.

The system was calibrated daily by determining the retention
times (tR) of 7 reference compounds with known logP values. Their
retention factors (k) were then calculated, and the log k values were
regressed against their corresponding literature logP values to
generate a calibration curve. Subsequently, the retention factor of
each lamellarin was determined using the same chromatographic
conditions, and their logP value was then assessed from the

Table 6
Molecular descriptors computed in the study.
D Description Ref.
HEAVY No. of heavy atom count [62]
CHIRAL No. of chiral centers [62]
HBA No. of H-bond acceptors [62]
HBD No. of H-bond donors [62]
MWT Molecular weight [62]
CHARGE Net charge [62]
NEG No. of negative charges [62]
POS No. of positive charges [62]
RINGS No. of rings [62]
ROT No. of rotatable bonds [62]
PSA Polar surface area [62]
LIPINSKI No. of Lipinski failures [33,62]
ABS Absorption score [34,62]
Solubility Solubility score [62]
OE-xlogP logP prediction [62]
MI-xlogP logP prediction [64]
FAF-xlogP logP prediction [65,66]
ACD LogP logP prediction [67]
ClogP logP prediction [68]
CSlogP ¢ logP prediction [69]
AlogP logP prediction [70]

2 Crippen’s fragmentation scheme used.

calibration curve constructed on the same day. Please refer to the
Supplementary Material for further details.

4.3. Theoretical methods

Twenty-one commonly used molecular descriptors were
computed for this study, consisting of 7 different logP predictions
and 14 other molecular properties known to be important in
defining drug-like property space (Table 6). These descriptors
govern the key bulk property characteristics of molecules, and thus,
are frequently used in compound profiling exercises [33,35,38,50].

The correlation between experimental and theoretical logP
methods was investigated using linear regression in Microsoft
Excel 2007 and SPSS 16.0 [61]. The relationship between lamel-
larins, oral drugs, natural product drugs, and compounds in
development was assessed using PCA and OpenEye descriptors [62]
only. The PCA model was also generated on oral drugs in SIMCA-P
10.0 [63], using standard settings (i.e., mean centered and scaled
descriptors, with the auto-fitting of components).
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Assessing the Drug-likeness of Lamellarins, a
Marine-derived Natural Product Class with
Diverse Oncological Activities

Montakarn Chittchang, M. Paul Gleeson, Poonsakdi Ploypradith, Somsak
Ruchirawat

1. Experimental procedures

Twenty-five lamellarins were synthesized and fully characterized using our
established methodologies [1]. All compounds were purified by crystallization, and their
structural identity was confirmed by *H NMR and *C NMR techniques, as well as mass
spectrometry. The purity of compounds was estimated based on their HPLC traces, the
cleanliness of both *H NMR and *C NMR spectra, as well as their melting point ranges.
Only trace amount of impurities, if any, could be detected by HPLC-UV analyses. The
purified lamellarins were stored refrigerated at 4°C until use.

Formamide and benzonitrile were obtained from Merck (Darmstadt, Germany). On
the other hand, benzyl alcohol, methyl benzoate, benzophenone, naphthalene, and diphenyl
ether were obtained from Fluka Chemie (Buchs, Switzerland), whereas benzyl benzoate was
acquired from BDH Chemical (Poole, England). Additionally, methanol (HPLC grade) was
obtained from Scharlau Chemie S.A. (Barcelona, Spain). All chemicals were at least 98%
pure and used as received.

The water used to prepare samples and mobile phase for HPLC analyses was purified
to achieve a resistivity of 18.2 MQ-cm using a Milli-Q® Nanopure Water Purification System

(Millipore Corporation, Billerica, MA, USA).



1.1. Experimental determination of logP

Chromatographic logP values of 25 synthesized lamellarins were experimentally
determined using reversed-phase HPLC commonly used by pharmaceutical industry [2]. The
method employed in this study follows the OECD Test Guideline 117 entitled “Partition
Coefficient (n-octanol/water), High Performance Liquid Chromatography (HPLC) Method”
[3]. Briefly, the logP value of each test compound was determined from its retention time, in
relation to the calibration curve generated using a set of reference substances with known
logP values. In this study, 7 unionized compounds were selected from the list of
recommended reference substances in the OECD Guideline to cover a range of logP values
between 1.1 and 4.2, including benzyl alcohol, benzonitrile, methyl benzoate, benzophenone,
naphthalene, benzyl benzoate, and diphenyl ether.

Each lamellarin sample, as well as a mixture of formamide and 7 reference
compounds, were freshly prepared at a concentration of either 0.25 mg-mL™ (for lamellarins)
or 1 mg:-mL™? (for formamide and all the reference compounds) in the mobile phase,
containing methanol (75%) and water (25%). Tetrahydrofuran (THF; 25% v/v) was used at a
final concentration of 25% v/v as a cosolvent for lamellarins due to their very low solubility
in the mixture of methanol and water.

HPLC analyses were performed using an Agilent 1200 Series LC System (Agilent
Technologies, Inc., Santa Clara, CA, USA), consisting of a quaternary pump, a vacuum
degasser, a thermostatted autosampler, a thermostatted column compartment, and a diode
array detector. All samples (10 uL each) were separately injected, using an autosampler
maintained at 25°C, into a ZORBAX Eclipse Plus C18 column (Agilent Technologies, Santa
Clara, CA, USA), which was also maintained at 25°C. The particle size of the stationary
phase was 5 um, and the column dimensions were 4.6 mm I.D. x 250 mm. All compounds

were eluted isocratically with a mixture of methanol and water (75:25) at a flow rate of 1



mL-min™* for up to 30 min. UV detections were performed at 210 nm for formamide, 254 nm
for the reference compounds, and 276 nm for lamellarins.

To study the reproducibility of the method, another series of HPLC analyses were
performed at ambient temperature using a Waters® 600E Multisolvent Delivery System
(Waters Corporation, Milford, MA, USA), consisting of a quaternary pump, a vacuum
degasser, a controller, and a photodiode array detector. In this case, the samples (10 pL each)
were manually injected, through a Rheodyne 7725i analytical injector valve fitted with a 100
uL loop, into a C18 column obtained from Hichrom (Berkshire, England). The stationary
phase was Exsil 100-50DS with a particle size of 5 um, and the column dimensions were 4.6
mm 1.D. x 250 mm. Compound elution and detections were performed as mentioned above.

In both cases, the retention time was determined in duplicate for each compound, and

the capacity factor (also called retention factor), k , was then calculated using Equation 1.

Eq. (1)

where t, is the retention time of the test substance, and t, is the dead time (i.e., the average

time a solvent molecule needs to pass through the column, which was determined using an
unretained compound, formamide).

Calibration curves were established once daily by plotting the published logP values
of the selected reference compounds as a function of their experimental log k values. The
chromatographic logP values of lamellarins were then determined by substituting their

experimental log k values into the calibration equation obtained on the same day.

1.2. Experimental reproducibility
As shown in Table 3 of the main manuscript, the chromatographic logP values of

lamellarins could be successfully obtained with very small standard deviations. The



repeatability of the HPLC method used in this study was also confirmed by comparing the
logP values obtained using the same HPLC system on five different days. The values of each
lamellarin fell within a range of £ 0.03 log unit. This is well below the limit of £ 0.1 log unit,
as suggested in the OECD Test Guideline 117 [3] for the logP values derived from repeated
HPLC measurements, giving us confidence in our implementation.

To further explore the reproducibility of this method, HPLC analyses of a different
batch of twenty-five lamellarins were performed by another analyst using a totally different
HPLC system (see Section 1.1 for details). The logP values of fourteen lamellarins showed a
variation within £ 0.10 log unit, seven within £ 0.16 log unit, and four within = 0.26 log unit.

These deviations are comparable to those displayed by other in vitro determinations.
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Table S1 Basic statistics were computed in Microsoft Excel 2007 using the following functions or equations.

Statistic EXCEL Function
Line of best fit slope =SLOPE(... )
Line of best fit intercept =INTERCEPT(... )
Minimum value (Min) =MIN(... )
Maximum value (Max) =MAX(... )
Standard deviation (SD) =STDEV(... )
Correlation coefficient squared associated _
with the line of best fit () =RSQ(... )
=STEYX(...)

Standard error associated with the line of
best fit (SE)
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Non-standard function
Root mean square error (RMSE) RMSE |-1;' x —pis
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Table S2 PCA model results. Assessing the relationship between 5 different data sets using a range of
computed molecular descriptors (Table 6 of the main manuscript).

Model 2 R2X Q?
Component 1 0.49 0.45
Component 2 0.63 0.51
Component 3 0.73 0.56
Component 4 0.80 0.60

Table S3 Correlation matrix (r* given) for the logP methods investigated here.

Method  Expt. logP X'I\gé'P X%'Z'P Zﬁng ACD LogP ClogP CSlogP  AlogP
Expt. logP 1.00 - - - - - - -
MI-xlogP 0.83 1.00 - i : : : :
OE-xlogP 0.62 075  1.00 : - : i -
FAF-xlogP 0.19 046 036 1.00 - i - -
ACD LogP 0.02 000 006 0.17 1.00 : - -
ClogP 0.29 051 067 0.50 0.11 100 - -
CslogP 0.27 028 052 0.08 0.57 074 100 -
AlogP 0.00 007 000 0.45 0.89 000 026  1.00
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Our research group has been involved with the
synthetic development of lamellarins, a group
of marine-derived natural products. Syntheses
of the fused pentacyclic lamellarins have been
successfully developed. The key features of
our convergent synthesis are (1) the highly
efficient Michael addition-ring closure (Mi-RC)
Grob-type  condensation  between  the
benzyldihydroisoquinoline derivatives and the
a-nitrocinnamates, (2) the DDQ-mediated
benzylic oxidation of the saturated D-rings to
the corresponding unsaturated ones, and (3) the
minimal use of protecting groups (only the
benzyl and acetate). Lamellarins with the
saturated D-rings were prepared in good
overall yields (45%-71%) over 3 steps from the
a-nitrocinnamates, while those with the
unsaturated D-rings were obtained in good to
excellent overall yields (54%-95%) over 3

R'O 0,N__CO,Et R'O
‘ OBn
~-N

R20 R20
3 steps
R30 + ki R30
®
R0 OR® R0

R1-R6 =Bn or Me

R1-R® =H or Me

steps from their corresponding precursors with
the saturated D-rings.

Twenty-two natural and three unnatura
lamellarins were chosen for the cytotoxic
evaluations against a panel of cancer cell lines,
as well as for the toxicity against a normal cell
line. In genera, lamellarins with the
unsaturated D-rings are more cytotoxic than
those with the saturated D-rings. Certain
substituents on the aromatic rings of the
lamellarin  skeleton contribute significantly
toward the cytotoxicity. Interestingly, while
some lamellarins are broadly cytotoxic against
the cancer cell lines under current investigation,
some exhibit selective cytoxicity. In addition,
when evaluated against a norma cell line,
some of these cytotoxic lamellarins showed
only minimal toxicity.

1
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2 Laboratory of Medicinal Chemistry, Chulabhorn Research Institute, VVibhavadee-Rangsit Highway, Bangkok 10210, Thailand
b Chemical Biology Program, Chulabhorn Graduate Institute, and the Center of Excellence on Environmental Health,
Toxicology and Management of Chemicals (ETM), Vibhavadee-Rangsit Highway, Bangkok 10210, Thailand
¢ Programme on Research and Development of Synthetic Drugs, Institute of Science and Technology for
Research and Development, Mahidol University, Salaya Campus, Nakhon Pathom 73170, Thailand

Introduction

Lamellarins are a group of over 35 marine natural products isolated from
mollusks, ascidians, and sponges. These compounds have been shown to exhibit
promising biological activities, especially their cytotoxicity and multidrug-
resistance reversing capability in some cancer cell lines.!

Due to their low natural abundance, total synthesis of the lamellarins is a
pivotal alternative for providing sufficient quantities for further detailed biological
evaluation. Our research group has been involved with designing and executing
efficient convergent synthetic routes that generate the first group of lamellarins
with a saturated D-ring (Figure 1), which can be subsequently converted to their
corresponding analogs with an unsaturated D-ring.

The resulting natural and unnatural lamellarins were then tested for their
cytotoxic activities against various types of cancers commonly occurring in major
tissues and organs to identify potential candidates for further development.

Figure 1: Structures of lamellarins
(excluding lamellarins O-R)

R;-Rg =Hor Me
X,Y,Z=HorOH or OMe

Group 1 Group 2 Substituents

(with a C5-C6) (with a C5=C6) OR! | OR? z or® | or* | ors | oRs X Y
Lamellarin A 2 - OH | OMe H OH | OMe | OMe | OMe | OMe | OH
Lamellarin C Lamellarin B OH | OMe H OH | OMe | OMe | OMe | OMe H
Lamellarin Lamellarin D OH | OMe H OH | OMe | OMe | OH H H
Lamellarin E Lamellarin X OH | OMe H OMe | OH | OMe | OMe | OH H
Lamellarin F Lamellarin & OH | OMe H OMe | OMe | OMe | OMe | OH H
Lamellarin G - OMe | OH H OMe | OH | OMe | OH H H
- Lamellarin H 2 OH OH H OH OH OH OH H H
Lamellarin | Lamellarin ¢ OH | OMe H OMe | OMe | OMe | OMe | OMe H
Lamellarin J Dehydrolam J ® OH | OMe H OMe | OMe | OMe | OH H H
Lamellarin K Lamellarin M OH | OMe H OH | OMe | OMe | OMe | OH H
Lamellarin L Lamellarin N OH | OMe H OMe | OH | OMe | OH H H
Lamellarin S 2 - OH OH H OH OH | OMe | OH H H
Lamellarin T Lamellarin W OH | OMe H OMe | OH | OMe | OMe | OMe H
Lamellarin U Lamellarin o OH | OMe H OMe | OH | OMe | OMe H H
Lamellarin V @ - OH | OMe H OMe | OH | OMe | OMe | OMe | OH
Lamellarin Y Dehydrolam Y © OH | OMe H OMe | OH OH | OMe H H
Lamellarin Z 2 - OMe | OH H OH OH | OMe | OH H H
Lamellarin p 2 - OH OH H OMe | OH OH OH H H
Lamellariny 2 - OH | OMe | OMe OMe | OMe | OMe | OH H
- Lamellarin ¢ @ OH | OMe H OH [ OMe | OH | OMe | OMe H
Dihydrolam n b¢ | Lamellarin n ¢ OH | OMe H OMe | OMe | OMe | OMe H H

an the process of synthesis; ® Unnatural lamellarins; ¢ Not tested due to the insolubility in DMSO

Synthetic Development

The synthetic strategy primarily relied on the Grob-type reaction between
benzyldihydroisoquinoline and a-nitrocinnamate to furnish the pyrrole core.
Hydrogenolysis followed by NaH-mediated lactonization provided the group 1
lamellarins. Acetylation, DDQ oxidation, followed by KOH-mediated deacetyla-
tion of the group 1 gave group 2 lamellarins with an unsaturated D-ring.2

2 1
RO OR
R% o ) R%
R*0 O o R%0
NaHCO3 1) Hy, PdIC
+ —_— OBn ————
r°0 Sy ( omn MeCN  R50 CO,Et 2) NaH, THF
O CO,Et
r% O,N 2 r%0
X X

X =HorOBnor OMe R'-R?=Bn or OMe
R%-RS = Bn or Me

X =H or OBn or OMe
RY-R® = Bn or Me

R®O

R0 OR!
O
. 0 1) AcCl, DMAP, EtsN
o \_° 2DDQ
O N” Yy  3)KOH,EtOH
X

X =H or OH or OMe
RY-R® = H or Me

X =H or OH or OMe
RL-R®=H or Me
Scheme 1: Synthetic route for group 1 and group 2 lamellarins

Cytotoxicity Studies

The synthesized lamellarins containing either a saturated or an unsaturated D-
ring were tested for their cytotoxicities against 11 cancerous and 1 normal cell
lines using standard techniques. The ICy, values obtained were then utilized to
perform SAR studies by comparing the cytotoxic activities of several pairs of
lamellarin structures that differ only in each structural component being explored.

Our studies indicated that a few lamellarins with an unsaturated D-ring are
potential candidates for anticancer agents, in terms of their cytotoxic potency,
selectivity, and relatively low toxicity towards normal cells (MRC-5).

The results from our SAR studies indicated that there appear to be four
important structural elements that determine the cytotoxic activity of lamellarins
to cancer cells (Figure 2). Interestingly, the less cytotoxic group of lamellarins
with an unsaturated D-ring all contain only a C5-C6 double bond and a C20
hydroxyl group. On the other hand, the more potent compounds also contain
another hydroxyl group at either C7 or C8 towards the other end of the molecule.

Figure 2: Important structural elements in the lamellarin skeleton

Molecular Modeling

Hyperchem 7.5 was employed and showed that C5—C6 double bond is
important for ensuring the planarity of the molecule and aligning substituents
around the periphery of the lamellarin skeleton, especially those on the E-ring.
The group 1 lamellarins are twisted, while those in group 2 are planar. The
planarity was inferred from the dihedral angle 6 about C6a-C10a-C4a-C1.

Lamellarin J; 6 = 164.7° Dehydrolam J; 6 = 179.9°

Lamellarin L; 6 = 164.8° Lamellarin N; 6 = 179.8°

Figure 3: Energy-minimized structures of selected lamellarins with dihedral angle (6)

Conclusion

A general synthetic route for both groupl and group 2 lamellarins has been
successfully developed. In addition, the results from our SAR studies helped
verify the important structural elements in the lamellarin skeleton, and could be
employed for the structure optimization of these compounds.
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Lamellarins are marine natural products with
diverse biological activities. Our group has
previously synthesized a series of natural and
unnatural lamellarins!, and evaluated their
cytotoxic activity against a panel of cancer cell
lines.2 The contribution of various substituents on
the lamellarin skeleton to the overall anticancer
activity was aso determined by structure-activity
relationship (SAR) studies.?

A magjor drawback of lamellarinsistheir poor
aqueous solubility and high lipophilicity.
Therefore, while optimizing the cytotoxicity of
these compounds, we also evaluated the effect of
structural modification on their physico-chemical
properties, by chromatographically determining
their octanol/water partition coefficient (log P),
which is one of the key molecular descriptors in

drug development. The correlation between the
experimental log P data and the values predicted
in silico was also evaluated.

Our results indicate that the structural
complexity of lamellarins makes it rather difficult
to reliably predict their log P values using most
currently available calculators, and thus,
necessitate experimental assessments of the
lipophilicity characteristic of these compounds.
Additionally, structural modifi-cation of the
substituents around the pentacyclic core hasalarger
effect onthelog P values, when compared the same
modification on the orthogonal ring. The log P
increments determined for each modification can
be used along with the experimental log P values
of the parent compounds to design lamellarin
analogs with more drug-like properties.
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Introduction

Lamellarins are marine natural products with diverse biological activities. Our
group has previously synthesized a series of natural and unnatural lamellarins (Figure 1
& Table 1),' and evaluated their cytotoxic activity against a panel of cancer cell lines.?
The contribution of various substituents on the lamellarin skeleton to the overall
anticancer activity was also determined by structure-activity relationship studies.?

Major drawbacks of lamellarins are their poor agueous solubility and high
lipophilicity. Therefore, while optimizing the cytotoxicity of these compounds, it is also
important to assess their drug-like properties. We particularly focused on their
octanol/water partition coefficient (logP) as it is one of the key molecular descriptors in
drug development. Chromatographic logP values of lamellarins were determined and
correlated with the values predicted in silico. Additionally, the effects of structural
modifications on their logP values were also evaluated.

Figure 1: Structures of lamellarins
(excluding lamellarins O-R)

R;-Rg =H or Me

X,Y, Z=H or OH or OMe

Table 1: Substituents around the lamellarin core

Group 1 Group 2 Substituents
(with a C5-C6) (with a C5=C6) OR! OR? 74 OR® OR‘ ORS ORS X Y
Lamellarin A2 = OH | OMe H OH OMe OMe OMe OMe OH
Lamellarin C Lamellarin B OH | OMe H OH OMe OMe OMe OMe H
Lamellarin y Lamellarin D OH | OMe H OH OMe OMe OH H H
Lamellarin E Lamellarin X OH | OMe H OMe OH OMe OMe OH H
Lamellarin F Lamellarin & OH | OMe H OMe OMe OMe OMe OH H
Lamellarin G - OMe OH H OMe OH OMe OH H H
- Lamellarin H 2 OH OH H OH OH OH OH H H
Lamellarin | Lamellarin ¢ OH | OMe H OMe  OMe OMe OMe OMe H
Lamellarin J Dehydrolam J ® OH | OMe H OMe OMe OMe OH H H
Lamellarin K Lamellarin M OH | OMe H OH OMe OMe OMe OH H
Lamellarin L Lamellarin N OH | OMe H OMe OH OMe OH H H
Lamellarin S 2 - OH OH H OH OH OMe OH H H
Lamellarin T Lamellarin W OH | OMe H OMe OH OMe OMe OMe H
Lamellarin U Lamellarin o OH ' OMe H OMe OH OMe OMe H H
Lamellarin v 2 - OH | OMe H OMe OH OMe OMe OMe OH
Lamellarin Y Dehydrolam Y © OH | OMe H OMe = OH OH  OMe H H
Lamellarin Z 2 = OMe OH H OH OH OMe OH H H
Lamellarin f 2 - OH OH H OMe = OH OH OH H H
Lamellariny @ - OH OMe OMe - OMe OMe OMe OH H
- Lamellarin ¢ 2 OH | OMe H OH OMe OH OMe  OMe H
Dihydrolam n ® Lamellarin n OH  OMe H OMe OMe OMe OMe H H

2 Synthesis in progress; ® Unnatural lamellarins

Determination of Molecular Properties

A range of commonly used molecular descriptors were first computed. These
molecular properties govern the key bulk property characteristics of molecules, and
thus, are known to be important in defining drug-like property space. The results
indicated that lamellarins do not have particularly extreme molecular properties so
these compounds still represent a good starting point for further optimization towards
a more optimal area of physicochemical parameter space.

Table 2: Selected molecular properties of lamellarins and other product classes

Assessment of Drug-likeness

Principal components analysis (PCA) was also used in conjunction with the
computed physicochemical parameters to evaluate the relationship between lamellarin
natural products with the other four product classes. As illustrated in Figure 2,
lamellarins as a class occupy a position towards the edge of drug-like chemical space,
as defined by the two most important components.
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Figure 2: PCA scores plot (top) and loadings plot (bottom)

Determination of logP Values

The logP value is one of the molecular properties that are most difficult to predict
in silico, especially for compounds with complicated structure. Therefore, we
experimentally determined the logP values of 25 lamellarins using an industry standard
HPLC method, and subsequently evaluated their correlation with the values predicted by
7 different logP calculators. The results are listed in Table 3. In addition, the effects of
structural modifications on the logP values were also evaluated, as shown in Table 4.

Table 3: Summary of the experimental and calculated logP values of 25 lamellarins

ID Mean Min Max SD RMSE 12 (slope/intercept/SE)
Experimental logP 3.66 2.59 5.19 0.71 - -
Mi-xlogP 4.16 3.57 4.94 0.40 0.62 0.83 (1.61/-3.02/0.30)
OE-xlogP 3.75 2.87 4.99 0.65 0.44 0.62 (0.86/0.44/0.44)
FAF-xlogP 4.23 3.61 4.84 0.42 0.85 0.19 (0.73/0.57/0.65)
ACD LogP 4.99 4.08 6.32 0.59 157 0.02 (0.16/2.85/0.71)
ClogP 4.65 3.96 5.59 0.41 il 0.29 (0.93/-0.68/0.61)
CSlogP 3.91 3.65 4.32 0.20 0.66 0.27 (1.89/-3.74/0.61)
AlogP 511 471 5.62 0.27 1.64 0.00 (-0.13/4.30/0.72)

Table 4: Effects of key structural modifications on the logP values of lamellarins

Properties Lamellarins Oral Drugs Natug:fgr:ducl Desglljogs;wnem ,i\‘natDu:/Iell)or:iuecr:ts

MWT 521.68 + 27.02 | 333.10 + 121.09 | 568.20 + 318.98 | 502.53 + 485.41 | 711.87 + 454.03
OE-xlogP 3.40 + 0.91 248 +2.20 1730583151 2.40 +3.78 3.50 + 3.07

PSA 124.67 + 12.56 70.55 + 45.22 176.07 & 128.62 | 131.49 + 209.37 | 178.88 + 152.85
CHARGE 0.00 + 0.00 0.26 + 0.85 -0.30 + 1.05 0.17 + 1.26 0.34 + 1.04
NEG 0.00 + 0.00 0.21 + 041 0.48 + 0.51 0.28 + 0.45 0.22 + 0.42
POS 0.00 + 0.00 0.48 & 0.50 0.28 & 0.46 0.46 + 0.50 0.53 + 0.51
HBA 1.06 + 0.24 LI 2z 27K 8.17 £+ 5.00 4.90 + 7.49 7.22 + 5.96
HBD 267 £ 114 1.90 + 1.68 457 519 3.87 £ 851 5.09 + 6.15
Chiral Centers 0.06 + 0.24 17612873 7.39 +£5.30 2.85 + 5.65 7.44 + 6.55

ROT 4.88 + 141 5.48 + 3.82 9.96 + 7.28 11.03 + 20.35 10.88 + 12.18
RINGS 2.00 + 0.00 1.84 +0.94 2N 4 244 +1.32 247 +1.29
N 33 1791 46 2125 32

#of AlogP (log unit)
Modification Cpds | Experimental | MI- OE- FAF- | ACD

(pairs) logP xLogP | xlogP | xlogP LogP Cloo2H BCSIbos MEiodk
C5-C6 — C5=C6 12 +0.70 + 0.11 | +0.58 +0.56 +0.78 -0.71 +0.41 +0.02 -0.44
5-H — 5-OH 2 N/A -0.66 -0.55 -0.47 -1.30 -1.23 -0.25 -0.60
7-H—7-OH 4 -0.20 £ 0.04 | -0.09 -0.66 -0.41 -0.83 -0.77 -0.39 -0.24
7-H — 7-OMe 4 +0.77 £ 0.10 | +0.19 +0.08 -0.22 -0.30 -0.38 -0.13 -0.01
7-OH — 7-OMe 6 +0.98 + 0.14 | +0.28 +0.74 +0.19 +0.53 +0.39 +0.26 +0.23
8-OH — 8-OMe 4 +0.60 + 0.03 | +0.31 +0.74 +0.05 +0.77 +0.41 +0.27 +0.23
9-OH — 9-OMe 2 +0.75 + 0.04 | +0.30 +0.74 +0.05 +0.77 +0.42 +0.27 +0.22
13-OH — 13-OMe 8 +0.34 + 0.01 | +0.31 +0.74 +0.05 +0.62 +0.47 +0.26 +0.23
14-OH — 14-OMe 6 +0.29 + 0.04 | +0.30 +0.74 +0.05 +0.70 +0.47 +0.26 +0.22
20-OH — 20-OMe b N/A +0.31 +0.74 -0.11 +0.51 +0.15 +0.26 +0.22
Conclusion

In this study, we assessed drug-likeness, with particular focus on lipophilicity, of
lamellarins. The results can be used as a guide for structural optimization of these
compounds, aiming for more potent, developable, and drug-like molecules.
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