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The plant alkaloid lycobetaine has potent topoisomerase-targeting properties and shows anticancer
activity. Based on these findings, several lycobetaine analogs were synthesized mainly differing in their
substituents at 2, 8 and 9 position and their biological activities were evaluated. The topoisomerase-
targeting properties and cytotoxicity of these structural analogs were assessed in the human gastric
carcinoma cell line GXF251L. Performing a plasmid relaxation assay, an increased inhibition of
topoisomerase I was found with N-methylphenanthridinium chlorides bearing a 8,9-methylenedioxy
moiety or a methoxy group in 2-position. Furthermore, quaternized phenanthridinium derivatives bear-
ing either a 2-methoxy or a 8,9-methylenedioxy moiety in conjunction with a 2-hydroxy or 2-methoxy
group display potent topoisomerase II inhibition as shown by decatenation of kinetoplast DNA. In
general, the N-methylphenanthridinium chlorides possess more potency in inhibiting topoisomerase I
than topoisomerase II. All quaternized derivatives also exhibited potent inhibition of tumor cell growth
in the low micromolar concentration range. Hence, N-methylphenanthridinium compounds were found
to represent a promising class of compounds, potently inhibiting both, topoisomerases I and II, and may
be further developed into clinically useful topoisomerase inhibitors.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction DNA topoisomerases are crucial enzymes that regulate and
Many clinically used anticancer drugs are either naturally occur-
ring molecules or their synthetic analogs. The phenanthridine-
based alkaloid lycobetaine 1( = ungeremine, Chart 1), a minor con-
stituent from several species of the Amaryllidaceae family,1–3 has
attracted attention because of its growth inhibitory potential dem-
onstrated in human tumor cell lines.4–6 Furthermore, it exhibits
cytotoxic activity against various carcinomas in mice or rats7 and
is able to reduce tumor development in mice with gastric cancer.8

These anticancer activities might result from its DNA intercalative
properties. Thereby, 1 shows preference for G/C-rich sequences
but also exhibits binding affinity to the minor groove of DNA espe-
cially to A/T rich regions.9 Intercalation into double-stranded DNA
is known to interfere with catalytic activity of topoisomerase
enzymes.10,11
ll rights reserved.
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adjust the topologic states of DNA and therefore are involved in all
DNA processing steps, such as recombination, replication and
transcription.12,13 Two major classes of topoisomerases are known
to be present in human cells, differing in their catalytic mechanisms.
Type I topoisomerases introduce a transient single strand break in
the phosphate backbone of the DNA and enable the 50-hydroxy
end of the cleaved strand to swivel around the intact strand.14

Whereas topoisomerases of type II cleave both strands of DNA, cre-
ating a DNA-linked protein gate through which another intact dou-
ble strand can be passed by using ATP.15,16 Two isoforms of
topoisomerase II have been identified in human cells, IIa and IIb, dif-
fering in their cellular function and expression. Both, type I and type
II enzymes are proficient in relaxing supercoiled DNA. However,
only topoisomerase II is able to decatenate intertwined DNA
molecules.17

Topoisomerases are essential for cell proliferation and their
inhibition causes cell cycle arrest and might lead to cell death.
Since many malignancies exhibit rapidly dividing cell populations,
they are targets for cytotoxic and chemotherapeutic drugs
expected to preferentially hit such rapidly dividing cells. The
antitumor activity of topoisomerase-targeting agents is associated

http://dx.doi.org/10.1016/j.bmc.2012.11.011
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Chart 1. Structure of lycobetaine (1).
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with their ability to inhibit the enzyme in the state when it is cova-
lently linked to DNA.18 Stabilization of the covalent topoisomerase-
DNA intermediate entails the formation of double strand breaks
when the replication or transcription machinery collides with the
covalently bound enzyme–DNA complex. In consequence, an
innocuous enzyme essential for all fundamental DNA processes is
turned into a cellular poison by stabilizing the covalent complex
of DNA and topoisomerase.19,20

Compound 1 has been shown to inhibit human topoisomerase
II, a clinically relevant target for established antitumor drugs. We
reported recently, that 1 acts as selective topoisomerase IIb poison
both, in cell-free test systems and in the human epidermoid carci-
noma cell line A431 as detected by enzyme depletion in Western
Blot analysis.6 Here, we describe for the first time in vivo scaveng-
ing of the stabilized covalent topoisomerase-enzyme-intermediate
by a technique called ICE bioassay which stands for in vivo com-
plex of enzyme to DNA.

In the present study, we utilized the structural template of 1
to investigate the influence of substituent modification on its
biological activity profile. We intended to simplify the synthetic
Table 1
Chemical structurea of synthesized lycobetaine analogs. Inhibition of topoisomerases I/IIb

Phenanthridines (a)

N

R1

R3

R2

R3

R2

R1 R2 R3 E

Topo I

6a –H –O–CH2–O– —
6b –H –O–CH2–O– +++
7a –OCH3 –OCH3 –H —
7b –OCH3 –OCH3 –H +++
8a –OCH3 –H –OCH3 —
8b –OCH3 –H –OCH3 +++
9a –OCH3 –OCH3 –OCH3 —
9b –OCH3 –OCH3 –OCH3 +++
10a –OCH3 –O–CH2–O– —
10b –OCH3 –O–CH2–O– +++
11b –OCH3 –H –H +++
16a –OH –OCH3 –H —
16b –OH –OCH3 –H —
17a –OH –H –OCH3 —
17b –OH –H –OCH3 +++
18a –OH –OCH3 –OCH3 —
18b –OH –OCH3 –OCH3 +
19a –OH –O–CH2–O– —
19b –OH –O–CH2–O– +++
1 Lycobetaine (chart 1) +++

a For better distinction, compounds are listed according to substituents in position 2,
b Effects of synthesized compounds on human recombinant topoisomerases (inhibition

100 lM (—)).
c Growth inhibition of GXF251L cells after incubation for 72 h were determined by pe

compounds in respect to the solvent control DMSO.
approach to lycobetaine analogs while at the same time improving
their biological activity. To keep the characteristic features of the
parent molecule, representing a nearly planar 3-membered hetero-
aromatic ring system with a positively charged nitrogen atom, we
replaced the ethylene bridge between phenanthridine atoms 4 and
5 by a methyl substituent attached to the N-atom at position 5. Our
main interest focused on the molecular permutations of the
2-hydroxy- and the 8,9-methylenedioxy substituents. An efficient
route for the preparation of lycobetaine analogs allowed the syn-
thesis of a series of 2,8,9-substituted phenanthridines as well as
N-methylphenanthridinium chlorides, providing several published
(6a/b, 8a/b, 10a, 11a, 18a, 19a, structures see Table 1)21–24 as well
as novel analogs (7a/b, 9a/b, 10b, 11b, 16a/b, 17a/b, 18b, 19b).
Structure–activity studies were performed with respect to topoiso-
merase targeting and growth inhibitory properties in human gas-
tric carcinoma cells (GXF251L), since previous studies indicated
enhanced sensitivity of gastric carcinomas against the parental
compound 1 in vitro and in vivo.6
2. Material and methods

2.1. Chemicals and recombinant enzymes

Compound 1 was obtained as described before2,25–27 and was
characterized by HPLC and 1H NMR spectroscopy. Compounds
were dissolved in dimethyl sulfoxide just before the experiments
to a final solvent concentration of 1% because of solubility prob-
lems. Etoposide (ETO) and the starting materials for the synthesis
were purchased from Sigma–Aldrich Chemie GmbH (Taufkirchen,
Germany) and Roth (Karlsruhe, Germany). Cell culture media and
and human tumor cell growthc

N-Methylphenanthridinium chlorides (b)

N

R1

CH3
Cl

ffects on topoisomerases Cell growth inhibition IC50 (lM)

Topo IIa Topo IIb

12.0 ± 1.6
� � 1.9 ± 0.4
� � 41.2 ± 4.5
+ + 3.5 ± 0.7

23.7 ± 0.5
++ ++ 2.5 ± 0.6

41.1 ± 8.9
⁄ + 7.8 ± 0.8

12.1 ± 1.3
+ ++ 0.9 ± 0.1
⁄ ⁄ 4.0 ± 0.6

40.6 ± 7.1
� � 8.4 ± 1.7

> 50
— — 5.4 ± 0.4

26.0 ± 1.7
— — 18.8 ± 4.6

17.3 ± 6.4
+ ++ 1.6 ± 0.2
+ ++ 3.2 ± 0.7

8 and 9, respectively. N-Methylphenanthridinium chlorides are highlighted in gray.
at: 10 lM (+++), 30 lM (++), 50 lM (+), 100 lM (⁄); no inhibition up to: 50 lM (�),

rforming the sulforhodamine B assay. Quoted are the IC50 values of the respective
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supplements were received from GIBCO Invitrogen™ Life Technol-
ogies (Karlsruhe, Germany), Sigma–Aldrich Chemie GmbH
(Taufkirchen, Germany) and SARSTEDT AG & CO. (Nuembrecht,
Germany). Recombinant topoisomerase I, IIa and IIb were purified
as described earlier48 and were kindly provided by Professor Boege
(Duesseldorf, Germany).

2.2. Cell culture

The human epidermoid carcinoma cell line A431 was obtained
from the German Collection of Microorganisms and Cell Cultures
(DSMZ, Braunschweig, Germany). The human tumor xenograft cell
line GXF251L (gastric carcinoma) was cultivated in RPMI-1640
medium and A431 cells in Minimum Essential Medium (MEM)
supplemented with 1% L-glutamine, all containing 10% (v/v) heat
inactivated fetal calf serum (FCS) and 1% (v/v) penicillin/strepto-
mycin. Cell culture was performed in humidified incubators
(37 �C, 5% CO2) and cells were routinely tested for mycoplasm
contamination.

2.3. In vivo complexes of enzyme to DNA (ICE)-bioassay

The ICE bioassay was performed with slight modifications as
described previously.28 Three million A431 cells were seeded into
Petri dishes (diameter: 14 cm) and allowed to grow for 72 h. Cells
were incubated with the solvent control (1%, v/v), 1 or ETO for 1 h
under serum-free conditions. Afterwards, the medium was re-
moved and cells were abraded at room temperature in 6 mL TE-
buffer (10 mM Tris, pH 8.0, 1 mM EDTA, 1% (w/v) N-laurylsarcosyl
sodium salt). 4 mL cell lysate were layered onto a cesium chloride
gradient in polyallomer tubes (14 mL—SW40, Beckman Coulter
GmbH, Krefeld, Germany). One gradient is composed of four layers
(2 mL/layer) cesium chloride with a decreasing density from the
bottom to the top. The tubes were centrifuged at 100,000�g for
24 h at 20 �C. The gradients were fractionated (300 lL/fraction)
from the bottom of the tubes. The DNA content in the single frac-
tions were determined by measuring the absorbance at 260 nm
using a NanoDrop spectrophotometer, and all fractions were blot-
ted onto a nitrocellulose membrane using a slot blot apparatus
(Minifold II, Whatman�/Schleicher & Schuell, Dassel, Germany).
Topoisomerase was detected using a rabbit polyclonal antibody
against topoisomerase I (100 kDa) at a 1:300 dilution, topoisomer-
ase IIa (170 kDa) and topoisomerase IIb (180 kDa), respectively, at
a 1:500 dilution. An anti-rabbit IgG peroxidase conjugate (1:2000)
was used as secondary antibody. All antibodies were purchased
from Santa Cruz Biotechnology (Heidelberg, Germany). The respec-
tive chemoluminescent signals (LumiGLO, Cell Signaling Technol-
ogy, USA) were analyzed using the LAS 3000 with the AIDA
Image Analyzer 3.52 software for quantification (Raytest, Strau-
benhardt, Germany). Arbitrary Light Units were plotted as test over
control [%].

2.4. Sulforhodamine B assay

To determine cell growth of GXF251L cells, the sulforhodamine
B assay (SRB assay) was performed according to a modified method
of Skehan et al.29 Briefly, GXF251L cells were seeded in 24-well tis-
sue culture plates at a density of 6000 cells per well and allowed to
grow for 24 h. Subsequently, cells were incubated with the respec-
tive test compounds for 72 h in serum containing medium (10% (v/
v) FCS). Incubation was stopped by addition of 100 lL trichloroace-
tic acid (50% (v/v) solution). After 1 h at 4 �C, plates were washed
four times with water and dried over night. The dried plates were
stained with a 0.4% solution of sulforhodamine B. Thereafter the
dye was dissolved with Tris-buffer (10 mM, pH 10.5) and quanti-
fied photometrically at 570 nm. The growth inhibitory properties
of compounds were determined as percent survival by the number
of treated over control cells [%].

2.5. Relaxation assay

Nucleic extract was prepared from MCF-7 cells as described
previously.30

Plasmid DNA (pUC18; 250 ng) was incubated at 37 �C for
30 min in a final volume of 30 lL containing 0.3 lL nucleic extract,
10 mM Tris/HCl, pH 7.9, 50 mM KCl, 10 mM MgCl2, 0.5 mM DTT,
0.5 mM EDTA and 0.03 mg/mL BSA. Incubation was terminated
by adding 1/10 volume of 5% (w/v) SDS. Samples were digested
with 1 mg/mL proteinase K at 37 �C for 30 min. Gel electrophoresis
was performed at 4.5 V/cm in 1% (w/v) agarose gels with Tris/ace-
tate/EDTA (TAE) buffer (40 mM Tris/HCL, 1 mM EDTA, pH 8.5 and
20 mM acetic acid). Following electrophoresis, the gel was stained
with 10 lg/mL ethidium bromide for 15 min and the fluorescence
of ethidium bromide was documented with the LAS-3000 system
(Fujifilm raytest, Germany).

2.6. Decatenation assay

The catalytic activity of topoisomerase II was measured with
Crithidia fasciculata kinetoplast DNA (kDNA) (obtained from Topo-
Gen, Ohio, USA). The kDNA (200 ng) was incubated in a final vol-
ume of 30 lL containing 40 ng topoisomerase II, 50 mM Tris/HCl,
pH 7.9, 120 mM KCl, 10 mM MgCl2, 1 mM ATP, 0.5 mM DTT,
0.5 mM EDTA and 0.03 mg/mL BSA at 37 �C for 60 min. The reac-
tion was stopped by the addition of 1/10 volume of 1 mg/mL pro-
teinase K in 10% (w/v) SDS and incubated for 30 min at 37 �C. Gel
electrophoresis and detection were performed according to the
relaxation assay.
2.7. Compounds and chemistry

Solvents and reagents obtained from commercial suppliers
were at least of reagent grade and were distilled or dried accord-
ing to prevailing methods prior to use, if necessary. The synthe-
ses were done under argon atmosphere, when required. Argon
4.8 was purchased from Air Liquide (Duesseldorf, Germany)
and was dried over phosphorus pentoxide. For monitoring the
reactions, Alugram SIL G/UV254 sheets for TLC (Macherey & Na-
gel, Dueren, Germany) were used. Column chromatography was
accomplished using Silica Gel 60 (Macherey & Nagel, 0.063–
0.200 mm), for flash chromatography Silica Gel 60 (Macherey &
Nagel, 0.040–0.063 mm) was used. 1H and 13C NMR spectra were
recorded on a Bruker AMX-400 (1H NMR: 400 MHz, 13C NMR:
100 MHz). Chemical shifts are reported in ppm from tetrameth-
ylsilane with solvent as the internal standard (1H CDCl3: d 7.26;
13C CDCl3: d 77.0; 1H DMSO-d6: d 2.49; 13C DMSO-d6: d 39.5).
Purity of synthesized compounds was determined by elemental
analyses and was found to be >95%. Elemental analyses were
performed on an Element Analyzer Perkin–Elmer EA 240 or
2400 CHN at the University of Kaiserslautern, Department of
Chemistry.

Synthetic procedures of ortho-lithiation, Suzuki cross coupling
reaction, deprotection and quaternization are described represen-
tatively for compounds 5c, 15, 19a, and 19b. Detailed synthetic
and analytical data of all compounds are provided in the Supple-
mentary data.
2.7.1. 2-Pivaloylamino-5-triisopropylsilyloxyphenylboronic
acid (5c)

Under argon atmosphere, N-pivaloyl-4-triisopropylsilyloxyani-
line (11.89 g, 34 mmol) in dry diethyl ether (200 mL) was chilled
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down to �15 �C. Within 15 min, a solution of t-butyllithium in n-
pentane (50 mL, 1.7 M, 85 mmol) was added. After stirring the
mixture for 3 h at �10 to �14 �C, trimethyl borate (11.6 mL,
102 mmol) was added within 10 min. The mixture solidified to be-
come a glassy mass that on shaking by hand was resolubilized,
warmed up to room temperature and stirred overnight. The mix-
ture was quenched with saturated ammonium chloride (90 mL)
and water (60 mL) and extracted with ethyl acetate (3 � 150 mL).
The combined organic layers were dried over sodium sulfate and
purified by flash chromatography on silica gel (EtOAc, MeOH) to af-
ford pure 5c (9.10 g, 23.1 mmol, 68%). 1H NMR (400 MHz; CDCl3):
1.07 (d, 18H, 3J 7.2 Hz, CH(CH3)2), 1.20–1.25 (m, 3H, CH(CH3)2),
1.39 (s, 9H, C(CH3)3), 3.47 (s, 2H B(OH)2), 6.75 (dd, 1H, 3J 8.5 Hz,
4J 2.7 Hz, C4-H), 7.00 (d, 1H, 4J 2.6 Hz, C6-H), 7.13 (d, 1H, 3J
8.4 Hz, C3-H), 9.90 (br, 1H, NH); 13C {1H} NMR (100 MHz; CDCl3):
12.6, 17.9, 27.0, 38.8, 117.7, 119.4, 121.8, 122.4, 131.6, 154.6,
177.4. Anal. Calcd for C20H36BNO4Si: C, 61.06; H, 9.22; N, 3.56.
Found: C, 61.16; H, 9.38; N, 3.62.

2.7.2. 8,9-Methylenedioxy-2-triisopropylsilyloxy-
phenanthridine (15)

To a degassed solution of 2-bromo-4,5-methylenedioxybenzal-
dehyde 3d (2.06 g, 9 mmol) in dry 1,2-dimethoxyethane (25 mL)
was added tetrakis(triphenylphosphine)palladium (0.468 g,
0.41 mmol, 4.5 mol%) and 3.89 g (9.9 mmol) of 5c. The mixture
was stirred at room temperature for 5 min, an aqueous solution
of sodium carbonate decahydrate (7.73 g, 27 mmol, 25 mL) was
added, and the resulting mixture was refluxed for 2 h. Then 4 N
HCl. (15 mL) was added slowly to the chilled solution, and the
resulting mixture was refluxed for 30 min. An aqueous solution
of 10 M NaOH was added to justify pH 10. Water (50 mL) and
CH2Cl2 (250 mL) were added and the mixture was transferred to
a separation funnel, shaken thoroughly and allowed to stand over-
night. The solvent was removed in vacuo, the residue extracted
with diethyl ether (2 � 150 mL), and filtered. The etheric solution
was concentrated and subjected to column chromatography (silica
gel). Eluting with EtOAc/n-hexane 1:1, followed by EtOAc, and
EtOAc/MeOH (1:1) afforded protected phenanthridine 15 (3.00 g,
77%, Rf 0.7, EtOAc, whitish solid) and unprotected phenanthridine
19a (0.29 g, 12%, Rf 0.4, EtOAc, slightly yellow solid, mp >250 �C
decomposition). 1H NMR data of 15 (400 MHz, CDCl3); dH 1.16 (d,
18H, 3J 7.3 Hz, CH(CH3)2), 1.30–1.40 (m, 3H, –CH(CH3)2), 6.14 (s,
2H, OCH2O), 7.27 (dd, 1H, 3J 8.9 Hz, 4J 2.6 Hz, C3-H), 7.29 (s, 1H,
C7-H), 7.74 (d, 1H, 4J 2.1 Hz, C-1H), 7.75 (s, 1H, C10-H), 8.00 (d,
1H, 3J 8.9 Hz, C4-H), 8.94 (s, 1H, C6-H), 13C {1H} NMR (100 MHz;
CDCl3): 12.8, 18.0, 99.9, 101.8, 105.4, 110.2, 122.5, 123.1, 125.4,
129.5, 131.3, 139.6, 148.2, 149.5, 151.0, 154.8. Anal. Calcd for
C23H29NO3Si: C, 69.84; H, 7.39; N, 3.54. Found: C, 69.53; H, 7.48;
N, 3.52.

2.7.3. 2-Hydroxy-8,9-methylenedioxy-phenanthridine (19a)
To 936 mg (2.4 mmol) of 15 in THF (25 mL) a solution of

Bu4NF in THF (1 M, 3 mL) was added. The mixture was stirred
for 2 h, poured into water (140 mL), extracted with EtOAc three
times (200 mL each). The combined organic layers were dried
over Na2SO4, the solvent was removed under reduced pressure
to afford slightly yellow crystals of 19a (483 mg, 84%). 1H NMR
(400 MHz, DMSO-d6); dH 6.24 (s, 2H, OCH2O), 7.22 (dd, 1H, 3J
8.8 Hz, 4J 2.1 Hz, C3-H), 7.57 (s, 1H, C7-H), 7.79 (d, 1H, 4J
2.1 Hz, C-1H), 7.85 (d, 1H, 3J 8.8 Hz, C-4H), 8.02 (s, 1H, C10-H),
8.92 (s, 1H, C6-H), 9.94 (s,1H, OH). 13C {1H} NMR (100 MHz;
DMSO-d6, 363 K): dc 99.7, 101.7, 104.8, 105.2, 118.5, 122.6,
125.0, 128.4, 130.6, 138.1, 147.7, 148.1, 150.6, 155.9. Anal. Calcd
for C14H9NO3: C, 70.29; H, 3.79; N, 5.85. Found: C, 70.04; H,
3.72; N, 5.85.
2.7.4. 2-Hydroxy-5-methyl-8,9-methylenedioxy-
phenanthridinium chloride (19b)

Dimethyl sulfate (4.0 mL, 5.33 g, 42.3 mmol) was added to a
suspension of 15 (2.22 g, 5.6 mmol) in nitrobenzene (40 mL) and
xylene (20 mL). Within 30 min, the mixture was heated to 175 �C
and stirring was continued for another 30 min. The chilled mixture
was poured into Et2O (250 mL), the precipitate was allowed to set-
tle down and filtered off, washed with Et2O (2 � 50 mL) and dried
in vacuo to afford 2-hydroxy-5-methyl-8,9-methylenedioxy-phe-
nanthridinium methyl sulfate (1.87 g, 91%) as a whitish solid. It
was dissolved in boiling water (300 mL), a solution of sodium chlo-
ride (8%, 100 mL) was added, and the mixture was chilled. The pre-
cipitate was filtered off, washed with ice-cold water, and dried in
vacuo to yield pale yellow crystals of 19b (948 mg, 64%, 3.3 mmol).
1H NMR (400 MHz, DMSO-d6); dH 4.51 (s, 3H, NCH3), 6.45 (s, 2H,
OCH2O), 7.62 (dd, 1H, 3J 9.5 Hz, 4J 2.5 Hz, C3-H), 7.81 (s, 1H, C7-
H), 8.16 (d, 1H, 4J 2.5 Hz, C1-H), 8.28 (d, 1H, 3J 9.5 Hz, C4-H), 8.37
(s, 1H, C10-H), 9.66 (s, 1H, C6-H), 11.03 (s 1H, OH). 13C {1H} NMR
(100 MHz, DMSO-d6/D2O 1/1, 350 K) dc 46.0, 101.6, 105.2, 107.9,
108.0, 121.4, 121.9, 123.1, 127.9, 128.8, 134.3, 148.8, 151.2,
157.7, 158.5. Anal. Calcd for C15H12ClNO3: C, 62.19; H, 4.17; N,
4.83. Found: C, 61.82; H, 4.17; N, 4.65.

3. Chemistry

We started the phenanthridine syntheses applying a cyclization
with potassium in liquid ammonia as crucial step, a method re-
ported by Kessar et al.,31,32 since intermediates for this cyclization
could easily be prepared. For example, 2-methoxyphenanthridine
11a was synthesized by cyclization of N-(4-methoxyphenyl)-2-
bromobenzylamine (20) that was prepared via sodium borohy-
dride reduction of the Schiff base formed by reaction of p-anisidine
(4d) and 2-bromobenzaldehyde (3e) (Scheme 1).

However, yields of cyclization products decreased markedly
when additional methoxy substituents were placed in 8- and/or
9-position. These phenanthridines (6a–10a) were found to be more
efficiently synthesized via Suzuki cross-coupling reaction of appro-
priately substituted 2-bromobenzaldehydes and BOC protected
ortho-aminophenylboronic acids25 as depicted in Scheme 2.

2-Hydroxyphenanthridines (16a–19a) were prepared analo-
gously, the phenolic hydroxy group being TIPS protected during
cyclization procedure and deprotected with tetrabutylammonium
fluoride in THF (Scheme 2a). Furthermore, the more stable pivaloyl
(PIV) protection of the aminogroup was found to be more effective
for the syntheses of the 2-hydroxyphenanthridines.

Intermediates for the cross-coupling reactions were readily pre-
pared referring to methods reported in the literature. The ortho-
bromo benzaldehydes 3a,c,d were prepared by direct bromination
of the aldehydes 2a,c,d33–35 or were commercially available (3e).
2-Bromo-4-methoxybenzaldehyde 3b was prepared via ortho-lith-
iation of anisaldehyde dimethylacetal and subsequent bromination
with carbon tetrabromide as reported previously.25 Phenyl car-
bamic acid tert-butylester and 4-methoxyphenyl carbamic acid
tert-butylester 4a,b were prepared by reacting aniline or p-anisi-
dine and di-tert-butyl dicarbonate in THF.36 N-(4-(triisopropylsilyl-
oxy)phenyl)pivalamide 4c was obtained by sequential reactions of
p-aminophenol with triisopropylsilyl chloride and imidazole in
dichloromethane followed by pivaloyl chloride and triethylamine
in THF/Et2O 1/1 with high yield. ortho-Lithiation of the protected
aniline derivatives with tert-butyllithium,37 reaction with tri-
methyl borate38 and cautious hydrolysis afforded the TIPS/PIV- or
BOC-protected boronic acids 5a–c.

Suzuki cross coupling reactions of the bromobenzaldehydes
3a–c with the boronic acids 5a–c were performed in 1,2-dime-
thoxyethane in presence of tetrakis(triphenylphosphine)palladium
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and sodium carbonate. Acid hydrolysis of the reaction mixtures
yielded 2-unsubstituted (6a), 2-methoxy- (7a–10a), or a mixture
of TIPS-protected (12–15) and unprotected (16a–19a) 2-hydroxy-
phenanthridines (Scheme 2), which could easily be separated by
column chromatography. Removing of unnecessary TIPS protecting
groups was readily achieved with tetrabutylammonium fluoride in
THF (Scheme 2a).

5-Methylphenanthridinium chlorides 6b–11b, 16b–19b were
synthesized in analogy to the published procedure by quaterniza-
tion of 2-methoxy- or TIPS-protected 2-hydroxyphenanthridines
with dimethyl sulfate in a mixture of nitrobenzene/toluene and
subsequent aqueous transformation of the methyl sulfate into
the chloride39 (Scheme 3).
4. Biological evaluation

4.1. Lycobetaine stabilizes the covalent topoisomerase II/DNA-
intermediate

We reported previously that 1 acts as topoisomerase II poison
with preference to the IIb isoform.6 As these investigations were
mainly taken using cell free test systems, we focused in the present
study on the topoisomerase-targeting properties of this alkaloid in
carcinoma cells. The ICE-bioassay was performed using the human
epidermoid carcinoma cell line A431. Therefore, lysed cells were
centrifuged in a cesium chloride density gradient following drug
treatment to separate free and DNA-bound enzyme. The DNA con-
tent of the gradient fractions was determined photometrically,
obtaining a maximum (60–80 ng/lL) at fraction 5–7 (Fig. 1A). After
immunoblotting the amount of topoisomerase was determined in
the DNA-peak.

Treatment of A431 cells for 1 h with 1 leads to enhanced levels
of topoisomerase II in the DNA peak fractions in a concentration
dependent manner (Fig. 1B). Clearly recognizable effects of 1 are
observed at a concentration of 30 lM for topoisomerase IIb and
50 lM for topoisomerase IIa, respectively. In all tested concentra-
tions the amount of topoisomerase IIb covalently linked to DNA
was slightly, but not significantly in excess of topoisomerase IIa.

However, 1 did not stabilize topoisomerase I-DNA complexes in
A431 cells (data not shown), indicating that this alkaloid acts as
topoisomerase II, but not topoisomerase I poison in vitro. There-
fore, 1 analogs were synthesized having various substituents on
the phenanthridine core to identify potential structural features
which may lead to an enhanced topoisomerase-targeting activity
and moreover, an increased growth inhibition of cancer cells.



Figure 1. Detection of covalent topoisomerase II/DNA intermediates in the ICE
assay. A431 cells were treated with 1 (increasing concentrations from 10 to
100 lM) and the topoisomerase II-poison etoposide (50 lM), respectively, in
serum-free medium for 1 h. (A) DNA-content measured as absorbance at 260 nm.
(B) The level of topoisomerase II/DNA intermediates was calculated as test over
control cells (treated with 1% DMSO) with respect to DNA content � 100 (T/C, %).
The data presented are the mean ± SD of three independent experiments. Repre-
sentative, DNA-containing sections (Fractions 6–8) of the according immunoblots
are shown.
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4.2. Compound screening for growth inhibition in vitro

All synthesized analogs (6–19) were tested for growth inhibi-
tion of the human gastric tumor cell line GXF251L by performing
the sulforhodamine B assay. An overview of the results of selected
compounds (1, 10b, 18–19b) is given in Figure 2A, while Figure 2B
illustrates the obtained IC50-values of all tested compounds. The
calculated IC50-values are summarized in Table 1, the lead com-
pound 1 is included for comparison purposes.

Eighteen of the nineteen synthesized compounds exhibited
strong to moderate growth inhibition of the gastric cell line
GXF251L, only 17a, carrying a hydroxy group at position 2 and a
methoxy substituent at position 8 showed no effect on tumor cell
growth up to the maximum tested concentration of 50 lM. The
lead structure 1 inhibits growth of GXF251L cells with a mean
IC50-value of 3.2 ± 0.7 lM.3,6 The inhibitory potential of the tested
compounds having a 8,9-methylenedioxy substituent at the phe-
nanthridine core (6b, 10b and 19b) and of the derivative with
methoxy substituents in position 2 and 9 (8b) exceed that of 1,
while 10b shows the strongest growth inhibitory potency of all
tested derivatives with an IC50 <1 lM.

Quaternized derivatives generally show enhanced growth
inhibitory potential (IC50-values 0.9 to 18 lM) compared to the
respective phenanthridine analogs (IC50-values 12–41 lM). Among
the phenanthridines, the compounds with an 8,9-methylenedioxy-
bridge (6a, 10a and 19a) possess the strongest inhibitory potential,
albeit not as potent as the quaternized derivatives. Overall, quat-
ernization of the phenanthridines results in a 5- to 10-fold increase
of tumor cell growth inhibition.

4.3. Impact of lycobetaine derivatives on the catalytic activity of
human topoisomerase I

To investigate the impact of the synthesized compounds on the
catalytic activity of human topoisomerase I, a cell-free relaxation
assay was performed. Topoisomerase I activity was determined
as relaxation of supercoiled pUC18 plasmid DNA by nucleic extract
from MCF-7 cells. The assay was performed by exclusion of ATP to
rule out topoisomerase II activity.

Compound 1 effectively inhibits the catalytic activity of
topoisomerase I at a concentration of 10 lM (Fig. 3, lane 5). All
N-methylphenanthridinium derivatives are found to inhibit
topoisomerase I activity, whereas no inhibition could be observed
for the non quaternized phenanthridines (Table 1). Almost all
synthesized N-methylphenanthridinium chlorides (6b–11b, 17b
and 19b, Table 1) affect topoisomerase I activity at a concentration
of 10 lM and completely block the enzyme at a concentration of
30 lM (Fig. 3). These derivatives exhibit a 8,9-methylenedioxy
bridge or a methoxy-substituent in position 2. The synthesized
compounds with a hydroxy group in position 2 (18b (Fig. 3, lane
13–15) and 16b (Table 1)) however, show no interaction with
the enzyme up to a concentration of 50 lM. An exception is deriv-
ative 17b bearing a hydroxy group in position 2 in addition to a
methoxy substituent on position 9: this compound inhibits topoi-
somerase I at a concentration of 10 lM (Table 1).

In summary, phenanthridines do not affect topoisomerase I un-
less they are quaternized as N-methylphenanthridinium chlorides
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Figure 2. Effects of 1 and its analogs on cell growth of GXF251L cells after 72 h of
exposure in the sulforhodamine B (SRB) assay. (A) Growth inhibitory potential of
certain lycobetaine analogs in comparison to 1 itself, calculated as survival of
treated cells over control cells � 100 [T/C, %]. The concentrations are plotted on the
abscissa using a log scale. The data presented are the mean ± SD of three
independent experiments. (B) Acquired IC50-values of the tested compounds are
represented.
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and bear a 8,9-methylenedioxy-group or a methoxy substituent in
position 2 of the phenanthridine core.
Figure 3. Impact of 1 and its analogs on the catalytic activity of topoisomerase I (relaxati
the relaxed form. Lane 1: supercoiled pUC18 plasmid DNA (250 ng). Lane 2: pUC18 + nucl
Lanes 4–6: pUC18, nucleic extract + 1 at 1, 10, 30 lM. Lanes 7–9: pUC18, nucleic extrac
Lanes 13–15: pUC18, nucleic extract + 18b at 30, 50, 100 lM. Lanes 16–18: pUC18, nuclei
experiments with similar results.
4.4. Inhibition of topoisomerase II

Decatenation assays were performed with the synthesized com-
pounds to identify pharmacophores responsible for the inhibition
of the catalytic activity of recombinant topoisomerase IIa and IIb.
Catenated DNA is not able to migrate into an agarose gel, in con-
trast to DNA-minicircles, which are released from the catenated
DNA network by catalytically active topoisomerase II.

Compound 1 inhibits the catalytic activity of topoisomerase IIb
at a concentration of 30 lM, weak interference with the IIa isoform
could also be observed at 50 lM (Fig. 4, lane 3–5). Substitution of
the 4,5-ethylene bridge of 1 with a methyl group (19b) and intro-
duction of a methoxy-group at position 2 (10b) do not result in sig-
nificant activity change with respect to the tested topoisomerase
isoforms (Fig. 4). Replacement of the hydroxy or methoxy group
in position 2 with a hydrogen (6b) leads to a considerable loss of
inhibitory activity in the tested concentration range (Table 1).

Replacing the 8,9-methylenedioxybridge with two methoxy
groups as well as introducing an additional methoxy group in po-
sition 2 (9b) results in diminished activity (topoisomerase IIb
50 lM, IIa 100 lM). Derivatives bearing a 2-methoxy group exhi-
bit similar topoisomerase inhibitory properties (7b, 8b and 11b;
Table 1). Compound 8b with two methoxy residues at position 2
and 9 affects the activity of topoisomerase II isoforms already at
30 lM, whereas methoxy groups in position 2 and 8 (7b) show
lower inhibitory properties (50 lM). In addition, removal of the
functional groups in position 8 and 9 (11b) weaken the efficacy
towards topoisomerase II even more (100 lM). Replacement of
the methoxy group in favor of a hydroxy group in position 2
(16b–18b) results in the loss of topoisomerase II inhibition.

In general, derivatives with a 8,9-methylenedioxy-group and
2-methoxy-residue, respectively, exhibit the strongest inhibitory
properties on topoisomerase II.

5. Discussion

Topoisomerases are ubiquitous enzymes regulating the topo-
logical state of DNA and play essential roles in a number of funda-
mental DNA processes. As they generate DNA strand breaks during
their catalytic cycle, they also possess the potential to fragment the
genome.20,40,41 Due to the mode of interaction with topoisomeras-
es, two groups of inhibiting drugs can be defined, topoisomerase
poisons and pure catalytic inhibitors. By definition, topoisomerase
poisons stabilize the covalent DNA-topoisomerase intermediate,
preventing the release and resealing of the DNA strand and conse-
quently resulting in DNA damaging properties.42–44 In contrast,
pure catalytic inhibitors abrogate catalytic activity of topoisome-
rases without stimulating DNA cleavage.45,46
on assay). Active topoisomerase I converts the supercoiled pUC18 plasmid DNA into
eic extract from MCF-7-cells. Lane 3: pUC18, nucleic extract + solvent control DMSO.
t + 19b at 1, 10, 30 lM. Lanes 10–12: pUC18, nucleic extract + 10b at 1, 10, 30 lM.
c extract + 9b at 1, 10, 30 lM. Shown is a representative gel out of three independent



Figure 4. Catalytic activity of recombinant human topoisomerase II determined by decatenation of kDNA. Topoisomerase II (40 ng) was incubated for 60 min at 37 �C in the
absence (3.3% DMSO, lane 2) or presence of 1 (lane 3–5) and the corresponding 5-methylphenanthridinium chlorides (lane 6–17), respectively. The reaction was stopped with
10% (w/v) SDS, and after digestion with proteinase K, samples were separated in 1% agarose gels in the absence of ethidium bromide. The ethidium bromide stained gel was
documented under UV-light by digital photography. Fluorescence signals of decatenated kDNA treated with topoisomerase II and the respective compounds were calculated
as test over control (T/C, %) in respect to the solvent control DMSO. The data plotted show the means ± SD of three independent experiments. A representative gel out of the
three identical experiments with similar outcome is represented. Lane 1 shows catenated kDNA not exposed to the enzyme. Active topoisomerase II releases single free DNA
circles from the catenated DNA network when it is treated with the solvent control DMSO (lane 2). Lane 3–17 show incubation of human recombinant topoisomerase II with
synthesized lycobetaine analogs.
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We have demonstrated previously that 1 acts as a topoisomer-
ase II poison.6 It has later been reported that 1 also acts similarly
on type IV topoisomerase from Escherichia coli.47 Furthermore,
we found that the primary target of 1 is the IIb isoform. The selec-
tive inhibition of topoisomerase IIb by 1 was shown in cell-free test
systems as well as in the human epidermoid carcinoma cell line
A431 using the immunoband depletion assay.6

In the ICE assay, we could confirm that 1 acts as topoisomer-
ase II poison (Fig. 1). In contrast to the results of the immunoband
depletion assay,6 the present data shows only a slight preference
of 1 to topoisomerase IIb. This may be due to the fact that in the
previous study different concentrations and incubation periods
were chosen. Concentrations used in the present study were
based on those used in the cleavage assay. The ICE system used
in this study, excludes potential confounding by further mecha-
nisms like enzyme degradation that may have influenced the
immunoband depletion results. In addition we showed that 1
does not act as topoisomerase I poison in A431 cells, while it
inhibits the catalytic activity of topoisomerase I in the cell-free
relaxation assay.
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Our present results allow to conclude that 1 acts as topoisomer-
ase II poison with a slight preference to the IIb isoform, addition-
ally affecting topoisomerase I as a pure catalytic inhibitor.

Based on these findings, we performed studies to identify po-
tential structural features of 1 which are influencing biological
activity.

The phenanthridine core was used as a basis for the modifica-
tions in 2, 8 and 9 position to investigate the influence of different
functional groups in those positions with respect to catalytic activ-
ity of human topoisomerases and growth inhibition of human gas-
tric carcinoma cells. Results are summarized in Table 1. The data
implicate that the quaternized compounds are more potent com-
pared to the non quaternized respective phenanthridines. A similar
effect was shown in previous studies where the reactivity of the
charged iminium moiety has been associated with enhanced cyto-
toxicity of certain structure-related benzo[c]phenanthridines.48,49

Yet, the iminium charge seems not to be crucial for the biological
activity of these compounds, as it could be demonstrated that un-
charged analogs of the benzo[c]phenanthridinium nitidine50 and
certain benzo[i]phenanthridines51 also act as topoisomerase inhib-
itors and exhibit cytotoxic activity. Furthermore, it has been re-
ported that the position of the nitrogen heteroatom is decisive
for the biological activity of benzo[i]phenanthridine derivatives.52

Thus, the iminium moiety of the N-methylphenanthridinium chlo-
rides investigated in this study may play an important role in the
interaction with cellular targets resulting in cytotoxicity and topo-
isomerase inhibition. Similar conclusions have been drawn from a
structure–activity relationship analysis of isolated natural com-
pounds with a lycorine (tetrahydrolycobetaine) structure.53 In
addition to the importance of the quarternized nitrogen, the sub-
stituents in positions 2, 8 and 9 also contribute to the observed bio-
logical activity.

Moreover, the data listed in Table 1 clearly indicate that
appropriately substituted N-methylphenanthridinium chlorides
are able to inhibit both, topoisomerase I and II. Efficient topoiso-
merase I inhibition (at a concentration of 10 lM) is achieved by
derivatives bearing either a 8,9-methylenedioxy moiety or a
methoxy residue at position 2. The more active analogs targeting
topoisomerase II were those possessing a methylenedioxy substi-
tuent at the 8,9-position and concomitantly a hydroxy or
methoxy group at position 2.

Molecular inspection of a related group of compounds, the
benzo[i]phenanthridines reveals the 2,3-methylenedioxy substitu-
ent on the A-ring of benzo[i]phenanthridines to be similarly posi-
tioned as the 8,9-methylenedioxy moiety at the A-ring of the 1
analogs (Chart 1), although the nitrogen is located at a neighboring
position.51,52 Comparing the structure activity studies of the
benzo[i]phenanthridines and our data suggests that the methyl-
enedioxy moiety is a favorable substituent for enhancement of
topoisomerase inhibitory activity.

Of note, some N-methylphenanthridinium chlorides (9b, 10b
and 19b) show a preference to the IIb isoform. Furthermore, the
4,5-ethylene bridge within the lycobetaine molecule is found to
play an important role for the inhibition of topoisomerase II activ-
ity, whereas no effect on topoisomerase I inhibition is observed.
Altogether, the synthesized lycobetaine analogs possess more po-
tency in inhibiting topoisomerase I than in topoisomerase II. This
is in line with findings reported for 1, showing stronger inhibition
of plasmid (pBR322) relaxation by topoisomerase I compared to
topoisomerase IIa.47

These results are in accordance with several studies on the
structurally related group of benzophenanthridines concerning
topoisomerase-targeting properties. Benzo[c]phenanthridines, like
fagaronine and nitidine, have been shown to possess cytotoxic
properties and moreover, to inhibit topoisomerase I at low concen-
trations (enzyme inhibition starting at concentrations of 6–18 lM)
and topoisomerase II at higher concentrations (approximately 80%
inhibition of DNA unknotting in the presence of 40 lM nitidine or
fagaronine).54,55 Substituted benzo[i]phenanthridines have been
described to exert similar biological activity as benzo[c]phenan-
thridines except for inhibition of topoisomerase II.12,51,52,56,57 Pre-
viously work has also shown even slight modifications in either
substituents or substituent pattern to significantly influence spec-
ificity for either topoisomerase I or II.58,59

The poor cytotoxic activities of the phenanthridines 6a–19a in
comparison to the quaternized compounds may be explained in
part by the lack of topoisomerase inhibition. Since phenanthridine
derivatives were also able to inhibit growth in GXF251L cells with
IC50-values in the low micromolar range, their cytotoxic effects ap-
pear not solely to depend on topoisomerase inhibition.

We identified three lycobetaine analogs (8b, 10b, 19b) possess-
ing stronger biological activity compared to the parent compound
1. All of these three compounds show enhanced inhibition of cell
growth while exhibiting the same topoisomerase-targeting
properties as 1 (10b, 19b) or even exceeding the inhibitory prop-
erties of 1 (8b), however not showing a preference to a type II
isoenzyme.

In summary, we identified potential pharmacophores of phe-
nanthridinium alkaloids derived from the topoisomerase II poison
1 which play an important role for the interaction with topoisome-
rases. Preferred inhibition of topoisomerase I appears to require a
8,9-methylenedioxy-moiety or a methoxy group in position 2. In
contrast, improved topoisomerase II inhibition requires a methoxy
or 8,9-methylenedioxy or hydroxy group in position 2. A hydroxy
moiety instead of a methoxy residue at position 2 results in a
general decrease of biological activity, particularly regarding
topoisomerase II, while compounds bearing a 8,9-methylenedi-
oxy-bridge still exhibit topoisomerase-targeting properties
independently of hydroxylation at position 2. The data present a
promising platform for further development of novel phenanthri-
dine analogs with preference to topoisomerase isoenzymes.
Acknowledgment

The study was supported by the Grant 0310938 of the Bundes-
ministerium fuer Bildung, Wissenschaft, Forschung und Technolo-
gie, Germany.

Supplementary data

Supplementary data (synthesis details, NMR data of intermedi-
ates and further products, as well as elemental analysis data) asso-
ciated with this article can be found, in the online version, at
http://dx.doi.org/10.1016/j.bmc.2012.11.011.
References and notes

1. Owen, T. Y.; Wang, S. Y.; Chang, S. Y.; Lu, F. L.; Yang, C. L.; Hsu, B. Kexue Tongbao
1976, 21, 285.

2. Ghosal, S.; Kumar, Y.; Singh, S. K.; Kumar, A. J. Chem. Res. Synop. 1986, 112.
3. Lee, K. H.; Sun, L.; Wang, K. H. J. Chin. Chem. Soc. 1994, 41, 371.
4. Wang, X. W.; Yu, W. J.; Shen, Z. M.; Yang, J. L.; Xu, B. Acta Pharmacol. Sin. 1987, 8,

86.
5. Ghosal, S.; Singh, S. K.; Kumar, Y.; Unnikrishnan, S.; Chattopadhyay, S. Planta

Med. 1988, 54, 114.
6. Barthelmes, H. U.; Niederberger, E.; Roth, T.; Schulte, K.; Tang, W. C.; Boege, F.;

Fiebig, H. H.; Eisenbrand, G.; Marko, D. Br. J. Cancer 2001, 85, 1585.
7. Zhang, S. Y.; Lu, F. L.; Yang, J. L.; Wang, L. J.; Xu, B. Acta Pharmacol. Sin. 1981, 2,

41.
8. Wu, Y.; Wu, Y. X.; Yu, C. S.; Zhang, S. Y.; Su, Z. C.; Jiang, S. J. Shanghai Med. J.

1988, 11, 683.
9. Liu, J.; Yang, S. L.; Xu, B. Acta Pharmacol. Sin. 1989, 10, 437.

10. Chen, A. Y.; Yu, C.; Gatto, B.; Liu, L. F. Proc. Natl. Acad. Sci. U.S.A. 1993, 90, 8131.
11. Bell, A.; Kittler, L.; Lober, G.; Zimmer, C. J. Mol. Recognit. 1997, 10, 245.
12. Wang, J. C. Annu. Rev. Biochem. 1996, 65, 635.

http://dx.doi.org/10.1016/j.bmc.2012.11.011


S. A. Baechler et al. / Bioorg. Med. Chem. 21 (2013) 814–823 823
13. Champoux, J. J. Annu. Rev. Biochem. 2001, 70, 369.
14. Gupta, M.; Fujimori, A.; Pommier, Y. Biochim. Biophys. Acta 1995, 1262, 1.
15. Osheroff, N.; Zechiedrich, E. L.; Gale, K. C. BioEssays 1991, 13, 269.
16. Corbett, A. H.; Zechiedrich, E. L.; Osheroff, N. J. Biol. Chem. 1992, 267, 683.
17. Osheroff, N. Biochim. Biophys. Acta 1998, 1400, 1.
18. Pommier, Y.; Leo, E.; Zhang, H.; Marchand, C. Chem. Biol. 2010, 17, 421.
19. Fortune, J. M.; Osheroff, N. Prog. Nucleic Acid Res. Mol. Biol. 2000, 64, 221.
20. Wilstermann, A. M.; Osheroff, N. Curr. Top. Med. Chem. 2003, 3, 321.
21. Suau, R.; Gómez, A. I.; Rico, R. Phytochemistry 1990, 29, 1710.
22. Moreno, I.; Tellitu, I.; Etayo, J.; San Martı́n, R.; Domı´ nguez, E. Tetrahedron 2001,

57, 5403.
23. Rosa, A. M.; Lobo, A. M.; Branco, P. S.; Prabhakar, S.; Pereira, A. M. D. L.

Tetrahedron 1997, 53, 269.
24. Razafimbelo, J.; Andriantsiferana, M.; Baudouin, G.; Tillequin, F. Phytochemistry

1996, 41, 323.
25. Merz, K. H.; Muller, T.; Vanderheiden, S.; Eisenbrand, G.; Marko, D.; Brase, S.

Synlett 2006, 3461.
26. Evidente, A.; Iasiello, I.; Randazzo, G. Chem. Ind. (London) 1984, 348.
27. He, H. M.; Weng, Z. Y. Yao Xue Xue Bao 1989, 24, 302.
28. Subramanian, D.; Furbee, C. S.; Muller, M. T. Methods Mol. Biol. 2001, 95, 137.
29. Skehan, P.; Storeng, R.; Scudiero, D.; Monks, A.; McMahon, J.; Vistica, D.;

Warren, J. T.; Bokesch, H.; Kenney, S.; Boyd, M. R. J. Natl. Cancer Inst. 1990, 82,
1107.

30. Habermeyer, M.; Fritz, J.; Barthelmes, H. U.; Christensen, M. O.; Larsen, M. K.;
Boege, F.; Marko, D. Chem. Res. Toxicol. 2005, 18, 1395.

31. Kessar, S. V.; Gopal, R.; Singh, M. Tetrahedron 1973, 29, 167.
32. Kessar, S. V. Acc. Chem. Res. 1978, 11, 283.
33. Astles, P. C.; Brown, T. J.; Halley, F.; Handscombe, C. M.; Harris, N. V.; McCarthy,

C.; McLay, I. M.; Lockey, P.; Majid, T.; Porter, B.; Roach, A. G.; Smith, C.; Walsh,
R. J. Med. Chem. 1998, 41, 2745.

34. Coltart, D. M.; Charlton, J. L. Can. J. Chem. 1996, 74, 88.
35. Meyers, A. I.; Flisak, J. R.; Aitken, R. A. J. Am. Chem. Soc. 1987, 109, 5446.
36. Kondo, Y.; Kojima, S.; Sakamoto, T. J. Org. Chem. 1997, 62, 6507.
37. Stanetty, P.; Koller, H.; Mihovilovic, M. J. Org. Chem. 1992, 57, 6833.
38. Myers, A. G.; Tom, N. J.; Fraley, M. E.; Cohen, S. B.; Madar, D. J. J. Am. Chem. Soc.
1997, 119, 6072.

39. Zeecheng, K. Y.; Cheng, C. C. J. Heterocycl. Chem. 1973, 10, 85.
40. McClendon, A. K.; Osheroff, N. Mutat. Res. 2007, 623, 83.
41. Pommier, Y. Nat. Rev. Cancer 2006, 6, 789.
42. Hsiang, Y. H.; Lihou, M. G.; Liu, L. F. Cancer Res. 1989, 49, 5077.
43. Ryan, A. J.; Squires, S.; Strutt, H. L.; Johnson, R. T. Nucleic Acids Res. 1991, 19,

3295.
44. Wu, J. X.; Liu, L. F. Nucleic Acids Res. 1997, 25, 4181.
45. Andoh, T.; Ishida, R. Biochim. Biophys. Acta Gene Struct. Expr. 1998, 1400, 155.
46. Fortune, J. M.; Osheroff, N. J. Biol. Chem. 1998, 273, 17643.
47. Casu, L.; Cottiglia, F.; Leonti, M.; De Logu, A.; Agus, E.; Tse-Dinh, Y. C.;

Lombardo, V.; Sissi, C. Bioorg. Med. Chem. Lett. 2011, 21, 7041.
48. Pezzuto, J. M.; Antosiak, S. K.; Messmer, W. M.; Slaytor, M. B.; Honig, G. R. Chem.

Biol. Interact. 1983, 43, 323.
49. Wall, M. E.; Wani, M. C.; Meyer, B. N.; Taylor, H. J. Nat. Prod. 1987, 50, 1152.
50. Janin, Y. L.; Croisy, A.; Riou, J. F.; Bisagni, E. J. Med. Chem. 1993, 36, 3686.
51. Makhey, D.; Li, D.; Zhao, B.; Sim, S. P.; Li, T. K.; Liu, A.; Liu, L. F.; LaVoie, E. J.

Bioorg. Med. Chem. 1809, 2003, 11.
52. Li, D.; Zhao, B.; Sim, S. P.; Li, T. K.; Liu, A.; Liu, L. F.; LaVoie, E. J. Bioorg. Med.

Chem. 2003, 11, 3795.
53. Lamoral-Theys, D.; Decaestecker, C.; Mathieu, V.; Dubois, J.; Kornienko, A.; Kiss,

R.; Evidente, A.; Pottier, L. Mini-Rev. Med. Chem. 2010, 10, 41.
54. Wang, L. K.; Johnson, R. K.; Hecht, S. M. Chem. Res. Toxicol. 1993, 6, 813.
55. Holden, J. A.; Wall, M. E.; Wani, M. C.; Manikumar, G. Arch. Biochem. Biophys.

1999, 370, 66.
56. Singh, S. K.; Ruchelman, A. L.; Li, T. K.; Liu, A.; Liu, L. F.; LaVoie, E. J. J. Med. Chem.

2003, 46, 2254.
57. Yu, Y.; Singh, S. K.; Liu, A.; Li, T. K.; Liu, L. F.; LaVoie, E. J. Bioorg. Med. Chem.

2003, 11, 1475.
58. Makhey, D.; Gatto, B.; Yu, C.; Liu, A.; Liu, L. F.; LaVoie, E. J. Bioorg. Med. Chem.

1996, 4, 781.
59. Gatto, B.; Sanders, M. M.; Yu, C.; Wu, H. Y.; Makhey, D.; LaVoie, E. J.; Liu, L. F.

Cancer Res. 1996, 56, 2795.


	Synthesis, topoisomerase-targeting activity and growth inhibition  of lycobetaine analogs
	1 Introduction
	2 Material and methods
	2.1 Chemicals and recombinant enzymes
	2.2 Cell culture
	2.3 In vivo complexes of enzyme to DNA (ICE)-bioassay
	2.4 Sulforhodamine B assay
	2.5 Relaxation assay
	2.6 Decatenation assay
	2.7 Compounds and chemistry
	2.7.1 2-Pivaloylamino-5-triisopropylsilyloxyphenylboronic acid (5c)
	2.7.2 8,9-Methylenedioxy-2-triisopropylsilyloxy-phenanthridine (15)
	2.7.3 2-Hydroxy-8,9-methylenedioxy-phenanthridine (19a)
	2.7.4 2-Hydroxy-5-methyl-8,9-methylenedioxy-phenanthridinium chloride (19b)


	3 Chemistry
	4 Biological evaluation
	4.1 Lycobetaine stabilizes the covalent topoisomerase II/DNA-intermediate
	4.2 Compound screening for growth inhibition in vitro
	4.3 Impact of lycobetaine derivatives on the catalytic activity of human topoisomerase I
	4.4 Inhibition of topoisomerase II

	5 Discussion
	Acknowledgment
	Supplementary data
	References and notes


