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This review covers recent literature on the lanr@ils, a family of marine natural products, and
related analogs, encompassing synthetic stratedms total synthesis, structure-activity
relationships (SAR), and studies on mechanismdalbgical action, namely in the context of anti-
tumor activity. It reviews work published from Jary 2008 to December 2010.

w0 Introduction

Lamellarin D (Lam-D, Fig. 1), which comes from arde
family of marine pyrrole alkaloids, is currently preclinical
development as an anti-cancer drug. Comprehensiwiews
of this compound were published in 2007 and 2b@8.

Lam-D
Fig. 1 Structure of Lam-D

15

Recent advances in the pharmacological developmént
Lam-D include the identification of new cellularrgats of
this compound and new insights into its mechani$raation.

20 The malate—aspartate shuttle was recently idedtifie a new
target for Lam-D by proton NMR-based metabolomicmd
certain protein kinases relevant to cancer haventy been
reported as targets of Lam-D, Lam-N and other |amigls*
Lam-D exerts its anti-tumor activity through complentary

25 pathways: a nuclear route via topoisomerase | (Tdpo
inhibition >®
mitochondrial permeability transition (MPT).

and mitochondrial targeting by induction of
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45 Fig. 2 Synthesis of lamellarins based on constructiath@fyrrole core

Robust synthesis of Lam-D has enabled SAR and

mechanism of action studies. Thus, the vast chdmsjzace of

wthe Lam structure has been explored through mallifie

analogs, including 1-dear§l, 2-dearyl® lactone-free

derivativest® lactam!! and polymeric and peptidic nuclear

location signal conjugatéd. **
Herein, in addition to the recent synthetic stgis
s developed for total synthesis of Lam-D and its ntone
naturally occurring and synthetic analogs, recemrkwon
SAR studies and on using multi-target mechanismsdoce
apoptosis are also discussed.

1. Synthesis of Lamellarins

40 1.a. Construction of the pyrrole core

Numerous synthetic strategies based on the formaifothe
five-membered pyrrole heterocycle have been deeslofor
the pentacyclic core of the Lamellarins (Fig. 2).

A new protocol for the construction of the Lameiha
scaffold 2 (Fig. 2 R-R® = H) relies on Pd-catalyzed
intramolecular hydroamination of  the acetylenic
aminocoumarin derivativel.'* This procedure has not yet
s0 been exploited in natural product synthesis.

The key step in a recent synthesis of Lam-G trimket
ether® is the final step: haloarylation of 3-bromo-4-(3,4
dimethoxybenzoyl)-6,7-dimethoxy-chroman-2-o®evith 6,7-
dimethoxy-1,2,3,4-tetrahydroisoquinoline hydrocider

s5 (Scheme 1).
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Scheme IKey step in the synthesis of Lam-G trimethyl ether
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1-Benzyl-3,4-dihydroisoquinolines have been transied s 4).®
to Lam-G trimethyl ether and Lam-U using short teat

sequences. Grob reaction of dihydroisoquinoléevith the i-PrO oo MeQ ORPr o RO OH
nitrocinnamate5 afforded pyrrolessa and 6b.}® Subsequent =P Q O Q
s O-debenzylation  and  lactonization  provided  the AgoncM O RO o
aforementioned natural product, plus Lam-U (Sch@ne "o N\ —>Ro \
y O
=
OMe . MeO i PFO:©\/ I‘-PFO]@\/
Lam-DR=M
R o O 2,6-di-‘Bu-Pyr;);jioxane, 90°C L iR H
+
| oBn MeO O SN i) Pyr, 90 °C; ii) HCI, EtOH, r.t.
0,N” “CO,Et MeO 41-42% Scheme 4Synthesis of Lam-D and LamiH
5 4

1.b. Cross-coupling reactions

30 Efforts towards Lamellarin synthesis have vastlyndfged

MeO MeQ _OR! i H, PdC from Pd(0) catalyzed cross-coupling chemistry—namehe
R20 O Q E,EOH HOAC O Q Heck, Negishi and Suzuki reactions. Recently regubrt
ii) DBU, methodologies for these compounds using this chieynére
MeO /N\ 08352 PhMe, 80°C MeO /N described below
MeO O 79-85%  M1eo O o s Total syntheses of Lam-O, P, Q, and R have bebieaed
1o by using as key synthetic steps the Pd-catalyzedul8u
6aR’ =Bn R?=H 21 Ez_,\H,,eLamU Miyaura cross-coupling reaction dfi-benzenesulfonyl-3,4-
bR =R =Me Lam-G trimethyl ether dibromopyrrole 8) with an arylboronic acid followed by

directed a-lithiation.® N-Deprotection and substitution gave
40 the natural products (Scheme 5).
Gupton et all” reported formal syntheses of Lam-G

Scheme 2Synthesis of Lam-G trimethyl ether and Lartf-U

wtrimethyl ether and ningalin B via formation of the HPrQ P
- N , Ar-B(OH), O Q
polysubstlt_uted pyrrolg q§rlvat|ve3a and_ 7b., respectively, . Br PdPPhy. 1 LDA, THE, -78°C
from a vinylogous iminium salt derivative. Subseque Z/—\S DME, aqNayCO3 then CICO,Me
transformations of these highly substituted pyrsonabled N - N 2. TBAF
) -969 )
efficient regio-controlled formal syntheses of thargets SO,Ph 91-96% SO,Ph
15 (Scheme 3). 8

In late 2010 Liet al. reported a new, concise synthesis of ;o Oi-pr HO,

Lam-D and Lam-H by condensation of 3-isopropoxy-4- Lam-O
methoxyphenethylamine with two units of the corsging O Q — O Q R = CH,COCgH,-p-OMe
phenethylaldehyde derivative, followed by AgOAc-riadd tﬂ:giiﬁ“

20 Oxidative coupling to construct the pyrrole coreheir N COyMe N COxMe Lam-R R = CgH, p-OH
synthesis featured two additional induced oxidative R
cyclizations to form the lactone and the pyrroleersg C-C
bond. Thus, Lam-D and Lam-H were prepared in sesteps

) . . Scheme SSynthesis of lamellarins O, P, Q, and R
and in overall yields of 17% and 16%, respectivgdgheme
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Scheme 6Synthesis of Lam 13-, 20-sulfate, and 13,20-disulf&#

s Sequential Suzuki-Miyaura coupling of

3,4-
dihydroxypyrrole bistriflate ) as a key reactidft 2! was
harnessed to prepare three Lansulfate derivatives: Lam-
13-sulfate, 20-sulfate, and 13,20-disulfate. Thememn

sequential Suzuki—Miyaura cross-coupling reactitmsnsert

the two polyalcoxyaryl groups at positions 3 andfthe
30 pyrrole derivative 11. The resulting compound was then

subjected to decarboxylative Heck cyclization aindthe case

intermediatel0, in which 13-OH and 20-OH are protected of Lam-S, subseque@-iPr ether deprotection. (Scheme 7).

10 with orthogonal protecting groups, was the sharescyrsor

(Scheme 6).

A general method for the synthesisMfunsubstituted 3,4-

diarylpyrrole-2,5-dicarboxylates also has been tmved??

The principal reactions comprised a Hinsberg-typetlsesis

1.c. Lactone-free Lam-D analogs, and azalamellarins

3s Hu et al. reported their work on developing 1,2-diphenyl-5,6
dihydropyrrolo[2,1a]isoquinolines 13 as hybrids of

15 of dimethyl N-benzyl-3,4-dihydroxypyrrole-2,5-dicarboxylate combretastatin A4 and Lam-D with the aim of retamithe

followed by palladium-catalyzed Suzuki-Miyaura cting of

its bis-triflate derivative. TheN-benzyl protecting group of
the resulting 3,4-diarylpyrrole-2,5-dicarboxylateas cleanly 4o for
removed under hydrogenolysis or solvolysis. Theharg
20 observed that the regioselectivity of the Suzukissrcoupling
influenced by the rieact

of dihalopyrrole esters was

solvent?
iPro 1. Mitsunobu
OiPr 2. Pd(0)
o PrO  oipr iPro]@
B
1. Pd(0
%@5 oH a0 o iPro B(OH),
) °

|
MeO,C~ N
MeO,C™ >\~ ~CO,Me

1"

Pro OlPr HO  oH

lPrO HO,
iPro 1.KOH, thenHc  HO O
2. p-TsOH, toluene N\ O
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4BC o
~  HO
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Scheme 7Synthesis of Lam-%

Lam-S

cytotoxic and anti-mitotic activities of the parecampounds
(Scheme 83° They exploited a previously described strategy
N-ylide-mediate pyrrole formation which involves
dihydroisoquinoline hydrochlorides and phenacyl rbides
(see Scheme 1). Their work complements, and isebtos
related with, the preparation of a library of opsmin
analogs that had been reported a few years edrlier.

R® RS NaHCO;, R? O Q
O MeCN, reflux
R2
19-70%  MeO
MeO O SNH*CE R
R1
R! R®= OMe, OiPr
R? R*=H, OMe
23 analogues< R®=H, F, OH, OMe, OiPr

R® = H, Br, CI, OH, OMe, OiPr
R’ = H, OMe, OiPr, OMs

Scheme 8Synthesis of combretastatin A4 and Lam-D hybidaiy™

45

Thasana et al obtained a library of seventeen
azalamellarins using microwave-assisted'-@ediated C-N
so bond formationt!

1.d. 1- and 2-Dearyl Lam-D analogs

s Banwell et al* recently published the first total synthesis |yag et. al synthesized numerous Lam-D analogs (the 1-dearyl-

of Lam-S and a new synthesis for Lam-G trimethyheef

Lam compoundd4; Scheme $)using a methodology that they

based on the same strategy. Their route included tw had previously developéed.

This journal is © The Royal Society of Chemistry 2011
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In the synthesis of the dendrimeric- and NLS-Lam-D
bioconjugate20 and 21, the amino and guanidino groups of

m A\ 20 the oligomeric building blocks were protected wNhBoc1®
N NCOD The PEG-based dendrim@2 was condensed with protected
S0,Ph Lam-D 23 using EDC-HCI and DMAP as coupling agents.
Br Simultaneous removal of the Boc and TBDPS-protegctin

oiPr groups with HF at low temperature afford2@(Scheme 11).

OMe s Pre-activation of the Boc-protected NLS-peptigé with
o N,N,N’,N’- tetramethylchloroformamidinium hexafluorophos-

Aromatization

Electrophilic substitution
Cross-coupling (for X=Ar) ne0

O-deprotection

phate (TCFH) and NEtfollowed by the addition of a solution
the Boc-protected Lam-25 and DMAP, were required to
Ho form the bioconjugates, which was obtained in 45Bldy
14X =H, Cl. F, Br, CH,;NMe, CHO. Ar, Me 30 Elimination of the nine Boc protecting groups with% TFA
’ in CH,CI, gave compoun@lin 17% yield (Scheme 11).

Scheme Synthesis of 1-dearyl-Lam-D analégs

2. Molecular Structure-Activity Determinants,
Given the results of SAR studies on similar 2-gear and SAR Studies

s analogs, the aforementioned compounds created by the Iwagyaqrg| products remain an underutilized sourcdeafls for

group should prove interesting for biological ewlan. ssthe pharmaceutical industf§. Preparing analogs of these
l.e Polyethylene glycol (PEG), dendrimeric, and nuehr products through medicinal chemistry approachegxplore
location signal (NLS) bioconjugates of Lam-D maximum chemical space is a valuable method forawipg

Mono- and di-PEG bioconjugates of Lam-D5@ & 15b, and and/or modulating the parent biological activityivén their
10 16, respectively) with improved solubility have begrepared d:‘verse alntsl-;\liqmotr :_ctlv!tles, Ian:ellarlns have ibéee subject
from the corresponding partially protecte@-iPr or O-Bn) 4ooHsevterT sg |el_sb|n reccfentyez;lrs. v simplified lage
phenolic derivativesl7a-g alternatively, tri-PEG conjugates ¢ UT a.lpl)re_parﬁFaL torary Ol s rurc] ur.a ysmlwpzl(;g ;06-
(18) have been obtained directly from the parent Lam-D rge amellarin -.am) .ana_t 0gs having a &, |p_yi "
compound (Scheme 16j.A strategy similar to that described d|hydrop¥rrolo[2,1q]|squ|noI|ne core structure. This library
s for the total synthesis of Lam2® was exploited to prepare was partially inspired by the close structural rebiance

19a-c precursors oi5a,band16 (Scheme 10).

2
two succesive regioselective RO MeQ_ OR? R'0 MeQ OR
bromination and Pd cat. cross- Q Q
coupling rections, followed by MeO O MeO
| Oidation OBn  1.H,Pd/C, MeOH A\ P
MeO N CO,Me MeO CO.Me  2.NaH, THF MeO O N 5
iPro PO iPro &
19a-c
17a-c -
R',R2=Pr, Bn R =iPr; R* =
’ ’ R'=H;R?=/Pr
Rl MeQ  OR? Rl MeQ  OR? R'=R?=H
weo L =0 weol =0
EDC-HCI, A\ 0]

o
PEG-COOH, VeO ALCL. CHACl B PEG (1) = CHy(OCH;CH,),0Me
DMAP, CH,Cl O N % s et MeO O N~ Yy  PEG(2)= CH,CH,(OCH;CHz)sNH;
iPro HO Z

86%-quant 20-60%

1o R2=
R'= iPr; R?= COPEG mono-PEG {153 R =H; R®=COPEG
R'= COPEG; R?=iPr _ 15b R = COPEG; R*=H
Rl R?< COPEG di-PEG 16 R'=R?= COPEG
pecoco  MeQ OCOPEG

A MeO & PEG' (1) = CH;0CH,CH,OMe
DMAP, CH,Cl \ O  PEG'(2)=CHyOCH;CHz);0Me
Lam-D ————3%72 |

MeO.
42-46% O N o
PEG'0OCO Z

18
45

Scheme 1@Bynthesis of mono-, di- and tri-PEG-bioconjugatesam-D'

This journal is © The Royal Society of Chemistry 2011 Med. Chem. Commun.
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ZT

22

between Lam-D and combretastatin A4, which contains
s conserved cis-stilbene motif. They evaluated twenty-two Nevertheless, we believe these results reflect digbabut

novel, diversely-substituted analogs, which thegntilscreened 20 promising structural simplification. Selective revad of the
for anti-proliferative activities against five casrccell lines. O-iPr groups would easily afford the correspondingefre
The compounds generally showed poor activity (sub-phenolic groups at positions C8 and C4’, which anecial for

millimolar 1Cs, values); the most active of them are shown in the activity of open-chain methyl ester lamellagnalogs’
The Hu group’s results are in agreement with presio

10 Fig. 3 and listed in Table 1.
2s findings related to the presence of the OH at Cithe aryl at
Table 1 Anti-proliferative activities of the three bestllam analogs pOSIFlon 2 of the .p_yrrolo[2,h]lsoqumollne, which are also
crucial role for activity.

prepared by Het al *°

Compound 1Gg (uM) Meo_ OMe  owme .
A549 | K- | SMM- | SGC- | HCT- MeOOH Combretastatin A-4
562 7721 7901 116 =
LF-Lam 1 > 4 >94.1 >94.1 1.4
941 meo s OMe OH iPro O meo_ PMe OH
: OH OH
LF-Lam 2 6.7 2.7 10.9 114 0.7 MeO O MeO O MeO O
LF-Lam3 | 23.3| 53 15 22.7 13.8 MeO /N\ MeO /N\ MeO /N\
Cell lines: A549, human non-small-cell lung caraimg HCT-116, PO 8 PO O s O
15 human colon carcinoma; K-562, human erythromyelstola LF-Lam 1 LF-Lam 2 LF-Lam 3

leukemia; SGC-7901, human gastric adenocarcinonMM-S721,

human hepatocarcinoma. . .
Fig. 3 Structures of combretastatin A4 and LF-Lam anadfogs

30
Med. Chem. Commun.
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Ruchirawat et al. extensively assessed the cytotoxic M MeQO  OH MeQ  OH
A 4 i ; 4 3 eO HO
activities of 25 lamellarins against multiple cancell lines O O O Q
derived from six different cancer types (oral, lurtyeast, NH MeO (o MeO (o
liver, cervix, and blood cell§’” The compounds comprised 22 o MeO /N 5 MeO /N 5
s naturally occurring lamellarins and three synthetérivatives HO O = MeO O =
OH

containing either a saturated or an unsaturatedC@&ond,

and bearing different OMe, OH and H substitutioftems on Aza-Lam-D Dehydro-Lam-J Lam-M

the aryl rings. Their SAR studies were the firstréveal the

importance of having an OH group at C10 for biotadi meo, MO _OH yeo MQ_OH o MeQ OH
wactivity and also confirmed prior findinh4that the C8=C9 Ho O Q Ho O O 1eo O Q

double bond increases cytotoxicity; that the OHug® at C3 4 o) 4 [o) —\ o

and C11 are crucial to activity; and that methyatiof the MeO O N o MeO O N o MeO O N o

OH groups at C12, C3’ and C4’ induces only subtiarges HO Z MeO 7 MeO z

in the Gk, values?’ OH OH

Lam-N Lam-X Lam-e

15 Lamellarins-D, -X, g, -M, -N, and dehydro-Lam-J were the

most potent anti-tumor compounds of the family (Fiy they

had IG, values ranging from sub-nanomolar (0.08 nM) tes Fig. 4 Structures of aza-Lam-D; dehydro-Lam-J; and LameX,

micromolar (3.2uM).2” Furthermore, they showed selectivity -M and -N°"

against cancer cells: these lamellarins were roughlto

20 1,000,000 times more toxic to cancer cells fromeédiven cell
lines tested than to the control (normal) cells, GAR human
embryonic lung fibroblasts (Table 2).n related work, Lam-
D and its bioconjugates were similarly selective &ancer
cells over BJ skin fibroblastg: 13

2s Hannongbuaet al. have studied lamellarins using receptor-
independent (RI) 4D quantitative SAR (QSAR) mod&<?
They obtained valuable 3D pharmacophore informafrom
a set of 25 structurally complex lamellarins scekim silico
against human hormone dependent T47D breast camtisr

30 Overall, they identified formation of an intermoigar
hydrogen bond, and the hydrophobic interactions
substituents at C10, C11 and C12, as the most itapor
features for cytotoxicity against the cancer cells.

They also suggested that hydrophobic substitutainS3’ and
C4’ could enhance cytotoxicity.
Ruchirawatet al. prepared Lam-D analogs containing a
40 lactam rather than a lactone. Their work was th& fieport of
a SAR studies done for a change at this positfofihe
resulting azalamellarins were screened againstdauacer cell
lines (HUCCA-1, A-549, HepG2, and MOLT-3). Aza-Ldm-
showed good activity (I6 values in the micromolar range),
4s comparable to that of its parent, Lam-D (Table e amide
N-H confers the aza-analogs with greater solubility
biological media compared to that of the parent gound.
Interestingly, N-alkylated aza-analogs were not as potent as
the parent compound.
so For pharmacological enhancement through optimized of
chemical space, the Ruchirawat group suggestedduating

Table 2 Cytotoxicity of Lam-D; aza-Lam-D; dehydro-Lam-dhcaLam-X, €, -M and -N"*

Comp. IC50 (uM)
Oral Lung Breast Liver Crvi | Blood cell | Leuke| Fibroblast
X mia
KB | A549 | H69 | T47D | MDA | HUuCC | HepG | S10 | HeLa | P38| HL- | MOL MRC-5
AR -MB- A-1 2 2 8 60 T-3
231
Lam-D | 0.04| 0.06 0.4| 0.00008 0.4 0.0¢9 0.02 3.2 0.¢ D.104 (. 0.049 9.2
Aza- NR 0.74 NR NR NR 0.12 0.13 NR NR NR  NR 0.08 NR
Lam-D
Dehydro | 0.08 | 0.04 0.3 0.0001 0.4 0.00p 0.01 2.1 0.08 Q.08040 NR >97.4
-Lam-J
Lam-M 0.2 0.04 0.3 0.009 0.1 0.06 0.02 119 0.8 0.0.06 NR 13.4
Lam-N | 0.06| 0.04| 0.06§ 0.000¢ 0.6 0.008 0.02 2.3 0.09.08 | 0.04 NR > 100.1
Lam-X | 0.08 0.3 0.3 0.006 0.04 0.04 0.2 116 0.09 .2 NR 10.1
Lam-¢ 0.3 0.3 2.3 0.006 0.3 0.07, 0.1 211 0.3 03 0.1 NR 5.82

NR: not reported; Cell lines: A549, human non-sreall lung carcinoma; H69AR, human multi-drug-résig small-cell lung carcinoma; HelLa, human
cervical adenocarcinoma; HepG2, human hepatocettal@inoma; HL-60, human promyelocytic leukemiaG€CA-1, human cholangiocarcinoma; KB,

s5 human oral epidermoid carcinoma; MDA-MB-231, huntamrmone-independent breast cancer 231; MOLT-3,niplyoblast (acute lymphoblastic
leukemia); MRC-5, human fetal/embryonic lung fiblat; P388, mouse lymphoid neoplasm; S102, humaatbeellular carcinoma; T47D, human
hormone-dependent breast cancer.

This journal is © The Royal Society of Chemistry 2011 Med. Chem. Commun.



additional polar functionalities e(g. alternative H-bond models for lamellarins and related analogs disalissgove

donors, acceptors, and ionizable groups) into fhmmily of 2 have demonstrated the efficacy of targeted medicina

compounds?® chemistry. The findings from this work may contributo
Biopolymeric mono-, di- and tri-ester conjugatéd.am-D future drug development of synthetic analogs andthe

(at its phenolic sites) are more soluble than therept selection of synthetic scaffolds.

compound and can be readily hydrolyzed in physiaog

conditions*? For example, the monoPE®@5a is up to 80- 3. Activities and Mechanism of Action of Lam-D

times more soluble in water than Lam-D. Moreoverekease

of up to 97% of Lam-D has been achieved by incurmatf

1w 15afor 6 h at 37 °C in Dubelcco’s modified Eagle’s aiem Inhibition of the nuclear DNA relaxation enzyme
(DMEM) supplemented with 10% fetal bovine serum §§B  Topoisomerase | (Topo 1) by Lam-D has recently been
and 100 units/mL penicillin and streptomyct. The characterized in a model system of highly nickeditde-
cytotoxicity of the bioconjugates5, 16, 18 20 and 21 was stranded DNA (dsDNA) by using optical tweezers #&rc
assessed against three human tumor cell lines (WBA231 ss stretching experiments (Fig. 5a). In these expenisienormal

15 breast, A-549 lung and HT-29 colon). Several conmusu  Topo | activity—which ultimately leads to total r@p of the
exhibited greater cellular internalization than diam-D, and DNA nicks—is shown by a higher force plateau in DNA
more than 85% of the bioconjugates showed a lowes tBan stretching-relaxation plots and complete disappeagaof the
did Lam-D?*3 Cellular internalization was analyzed, and a overstretching hysteresis (Figs. 5b and 5c, greerves).
nuclear distribution pattern was observed for bigugate21, o When Lam-D is added to the system, it preventsréhigation

20 which contains an NL$ The mechanisms of action for Lam- step and blocks enzyme turnover, as seen by thenabsof a
D and these derivatives have been indentified dksocyele higher force plateau and by a large, non-vanishipsteresis
arrest at G2 phase and apoptotic cell-death pathifay between the stretching and relaxing paths of threefaycle

In summary, the various SAR studies and virtuaésning (Figure 5d, green curvé).

3

30 Topo | is a nuclear target of Lam-D

45

“insert Figure 5 here”

Fig. 5 Optical tweezers (OT) force assay of Topoisomerg$epo 1) activity. (a) Schematic of the experime in which each 3’ biotinylated end of the
dsDNA is attached to one streptavidin-coated béladl) OT Force-DNA extension measurements. b) Fenatching experiment starting from a
ds\DNA molecule with a few nicks, as indicated by tmeall hysteresis area (black curve). Stretchingxieh cycles are indicated by half-bold half-thin
plots. The cleavage activity of Topo | after 9 miireaction generated an ssDNA-like domain, a hegawtked dsDNA which exhibited the mechanical
properties of ssSDNA (red curve). After a furtherrbih the ligating activity of Topo | removed theDd$A-like domain (green curve). ¢) Force-stretching
experiment starting with highly-nicked dsDNA, aglitated by the large hysteresis area (black cu/epo | activity is reflected by a higher-level
plateau, which indicates total religation of théi@ DNA nicks, and by complete disappearancehef overstretching hysteresis (green curve, 18 min
reaction time). The arrow indicates a drop in tinetshing curve resulting from Topo | cleavage dgrihe cycle. d) Force assay of Topo | activityhia
s5 presence of Lam-D. StartifddNA exhibited a small hysteresis area (black cun@yesponding to a dsDNA molecule with only a feieks. The
cleavage activity of Topo | induced a large incesshysteresis in the presence of Lam-D afteffitsetwo minutes of reaction (red curve). Stalatian
by Lam-D of this intermediate complex resultedrihibition of the religating activity of Topo | (gee curve, acquired at 21 min reactiériy.
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Inhibition of Topo | by Lam-D has also been demoatstd by induction of mitochondrial permeability transitioMPT),
atomic force microscopy (AFM) imaging of plectonenDNA which leads to swelling and cytochronmerelease, as the
molecules with Topo | enzyme attachments that viezated s mechanism behind the pro-apoptotic function of LAM-

with a combination of Lam-D and a reaction buffesed to These results indicate that functional mitochondidae
relax supercoiled DNA (see Fig. ). required for Lam D-induced apoptosis. Furthermore,
inhibition of mitochondrial respiration is respobk for
MPT-dependent apoptosis of cancer cells inducetamy-D.

circular DNA treated by Topo | in the presence afrl-D. Horizontal = The aforement.loned findings open the path to. nancer
scale is 0.75 pum, vertical scale is 2 nm for aliges. b) Interpretive therapy strategies that target mitochondria, thereb

illustration. The green dots represent Topo moksuf! reinforcing the potential value of mitochondriopbitirugs for

_ _ ) this indication. Given the problems posed by dregistant

Nuclear —penetration remains a challenge in thecancer cells, targeting mitochondria may prove &ecéive

pharmacological development of Lam-D and relateg approach, as long as Lam-D or a related drug iicserfitly

compounds. Albeit the aforementioned work elegantly sejective in affecting exclusively the mitochondd cancer
demonstrates how Lam-D blocks the nuclear enzymgoTo cells5 732

if the drug cannot reach the nucleus, then thisvigtis

useless. Confocal microscopy experiments on inteai#on

of Lam-D and its PEG conjugatekb, 16 and 18 in three A new target, the malate—aspartate shuttle
different cell lines show that these compounds fthiend up
in the cytoplasif, although Lam-D and the PEG-MH
compoundl5a were able to weakly reach the nucleus in one
of the tested cell cultures. Chemical bioconjugatid Lam-D

“insert Figure 6 here”
Fig. 6 AFM imaging of Topo I-treated plasmid DNA. a) Supzled

75 The ability to isolate and study mitochondria hasalded
several interesting metabolic studies. Nevertheless
conclusions based only on these kinds of studiesilshbe

to a nuclear localization signal (NLS) peptide tivegthe evaluated with prudence. Furthermore, state-ofdtie-

Lam-D NLS bioconjugate21 was explored as a strategy to technlques. such as proton NMR-based m.etabc?lomles ar
enable active transport of the drug through the lemrc so demonstrating that whole cells can be studied tiyedor

membrane. Experiments on the co-localization aelular ;X;:t?g?c;ml\'/(l:c;r\izn:ct:r:;i ?l?geef?epcagegf E;c;tqog ;\lnl\gR-basred
distribution of Lam-D NLS bioconjugate in three gre drugs (alsoI natural marine products) in whole hurve@F7
fluorescent protein-Topo | (GFP-Topo [) transfectedll 9 P

cultures (HT-29, A-549, and MDA-MD-231 cell lines) breast cancer cells. They observed that Lam-D pkedoa
indicated that it I]ocalized’ 1o the nucleus in HT-28d A-549 'ss severe decrease in DNA content in the MCF7 celisraét4 h
cells, while GFP-Topo | was located in the nucldas all treatment, followed b_y apoptosis. .Metabqlite priag of the.
three cell types. Thus, the NLS peptidic sequernscatileast fe”St re:/ea_ltehd L majlcj).r b|oc:1em|cal dI|S?.I’deI’Sf follogvin
partly responsible for nuclear import 21 in those cell lines. rle?ar:qzrt]e V:nd Ia?:g-te. nﬁcmheg’ azzl:?ti:tligr; :ttsl th’e
The authors concluded that greater cytotoxicity related glu ’ » W uag 9

with greater nuclear localizatior. « malate-aspartate shutle.

Induction of mitochondrial apoptosis independent ofnuclear
signaling Inhibition of protein kinases

In early 2008 Marchettet al made a huge breakthrough in Maijer et al. have also identified a new molecular target of
understanding the cytotoxicity of Lam-D while stimly non- lamellarins? They reported that lamellarins inhibit several
small cell lung carcinoma (NSCLC) cells, which aypically o protein kinases relevant to cancer, including eycéependent
resistant to apoptosis induced by standard chemmplye kinases, dual specificity tyrosine phosphorylatiactivated
They observed that Lam-D did not trigger signs oftlear kinase 1A, casein kinase 1, glycogen synthase &i3aand
apoptosis coupled to the nuclear translocation pdpéosis- PIM-1. They found a good correlation between intidsi of
inducing factor (AIF) in the cells, yet it inducedtivation of protein kinases by lamellarins and cell death. T¢uggests
Bax, mitochondrial release of cytochrome c and A#Ad iothat specific kinases may contribute to these drugs
activation of caspase. cytotoxicity, and could be harnessed together i drugs’

In 2009 Bailly, Marchettiet al. reported further and more other bioactivities to achieve anti-tumor effectSurther
extensive studies using various tumor cell linegluding studies in this area are needed.
several leukemia and carcinoma lifeSheir results suggest
that for all cell types tested, Lam-D exerts itsatgxicity Conclusions and Future Trends
primarily by inducing mitochondrial apoptosisdependently
of nuclear signaling. This work not only contributes to
deciphering the apoptotic pathways activated by iarbut
also provides evidence that Lam-D is still activer if the
classical apoptotic pathways are blocked in camedls (.e.
when p53 is null/mutated, Topo | is mutated, andBol-2 is
overexpressed).

In 2010 the same research group ultimately ideditlirect

105 The unique structures and biological activities tfe
lamellarins and related pyrrole-derived alkaloidsavé
attracted significant synthetic efforts in recergays. Thus,
elegant synthetic routes to these compounds orr tkey
intermediates have been developed. Since 2008, Gam-

uo trimethyl ether has been synthesized using four ehov
strategies, in total yields ranging from 5% to 489 24

This journal is © The Royal Society of Chemistry 2011 Med. Chem. Commun.



These highly modular approaches can provide actessy
member of the family; one need only choose the @pately
substituted and protected building blocks. Additiby, these
chemistries have proven valuable for preparation
s structurally simplified lamellarin analogs, affondj sufficient
guantities for SAR and other biological studies.
The initial SAR studies on lamellarins have praddthe
first evidence that an OH group at C10 positionnigportant
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1 importance of the C8=C9 double bond, and confirntlee
importance of the OH groups at C3 and C11. To daae)-D,

X, &, M and N, and dehydro-Lam-J are the most potetit an

tumor compounds of this family.
Further SAR studies of the 1-dearyl

Lam-D analogs 3.
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