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Synthesis and Structure Modification of Isoquinoline Alkaloids
as Targeted Anticancer Prodrugs
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13-Arylalkyleneoxyberberine Derivatives as Anti-Breast Cancer Agents

a dl c; v Qs a d
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a (dw xcl Aa a d =) oo Y @ y
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i d4 = a o T =} 5 a o { o a o
Aiheuzise TavA 23% vosdihouzswiinue uazdmily 14 % vosddedindnIsnuzse
< L, @ o
11710 (Jemal, A. et al., CA: A Cancer Journal for Clinicians, 2011; 61: 69-90.) Tumssneuzsa
o ¥ T ar @ o v é o QJ q’d
Wi ldmssnvuwukaunmnusznie meida Mse1essd wemaitde Fuadithiieadi

2 Ao
]

a a [ 3 g 1 =3
ﬂ3zamquﬁamﬂ%m&'mml INUANUDIZWINVLYADULIIIDEINUALY  (targeted  therapy)
4’ Y =y o o a
weaailymarunvslunsiaesaailng
N W s Py s a F A . .

ASNAANUNTITUIA LUDSIUDIU (Berberine 11390 9,10-dimethoxy-5,6-dihydrobenzo[g]-

1,3-benzodioxolo[5,6-alquinolizinium) L‘ﬂuﬁﬁiumju isoquinoline alkaloids wuun i
v

=t a o 1 o 'd

ayu Iws3u ewsnu uaz Ine 1wy viweSo udy uaziv1ua9d Berberidaceae, Menispermaceae,
1 Jd a ¥ I~{ =Y i
Papaveraceae LL0¥ Rutaceae ERLRITER masmasu“luﬁmmuﬂuwymﬂu (Jantova, S. et al.,
¥

The Journal of Pharmacy and Pharmacology, 2003; 55: 1143-1149.) iaeNu1308ugan15a5 A 1o

'3 <o Y a T 1 :JI a a 4 g wy P
YOUFAANLITI LAy WU Fudimsnsaa Inueswaduzsilon ldoganmzinizos A

1 ¥ k)
ANV NAUNITAUIINTTYVOUYAA 1A 50% (IC,) AL 11.9 uM a1 adudans
a a s & oy & 3 v Yl '
miymﬂmmmaaummﬂa v1599091n waz vzsudunlanm IC,, ¥1AAM 59.5 uM
_ @ /s g A& .
(Tin-Wa, M., US Patent 0298132 Al, 2007.) nazassofuduraduzS Ui UNNADAD anoikis
= i a3 . 3 -

anoikis-resistant cells) Llﬁﬂﬂ'mms?’fmmm doxorubicin (Kim, J.B. et al., Phytomedicine, 2010; 17:

436-440.)

Berberine
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MIFUATIEHANTOYNUTVOUUBIIVOTH NUNY -(CH,),G ununfidumie 13 (U9 2)

L’.UU G ’m‘vm O(CH,)_Ar, CONH(CH,)_Ar, NHCO(CH,) Ar, O(CH,) CHAr,, CONAr,,

CONH(CH,) CHAr, %38 NHCO(CH,) CHAr, L0z Ar 9 ¥3j1050 1oy 18Vune 131850 A1 o Loy

3 ] § S - o . . 5 - 4
m A9 1§ IUIAN Wo n=1-5uag m=0-3 X f® inorganic acid anion, organic acid anion
5 § . 1 dyd Sy o =1 Y a Pl o < d'dy
19y halide wu31aﬁ'@141'4u‘ﬁmmuuqmmuwaamm%wmwu@ FIUDUFAAULLIINA DU
ta g = = A o o 7 a
(WO 2011/009714 A2) LmEN"lmﬂﬂumsﬁﬂymms?fmLmaanmwaamiméwuﬁmaamaimasu

o

ﬁﬁﬁﬂg: arylalkyleneoxy [O(CH,) Ar] LN PNFWAUS 13

<OT\ - ) X@
o P N
A(H:C) ~OCHa

|
G OCH3

T

510 2 TassadauosmsoyRusueuvefiveSu Ay (CH,) G unufingunis 13

@ o s a et 1
msdunsiziarseyiusueuvesiueiu ilwy piperidinopropyl, indolyl,

arylmethyleneoxy LL@¥ heteroarylmethyleneoxy UNUANAMUS 13 (gﬂﬁ 3)

H, OH,C
N CHs oy ON
0. U
’ ' N
k X
CH,0 CH,0

CH,0
N
o Hamo (L |
; ) : =

i

a o o 4 a ada
qﬁfﬂ‘l’] 3 Tﬂﬁaa%’wwmm'sauwumaamaﬁmmu 'Vlll‘ﬁﬂg piperidinopropyl, indolyl,

a

arylmethylencoxy @Y heteroarylmethyleneoxy 4 uNNALmUe 13

9 '
wuheseyius lunguilasoduldedrsdumeduaiduenii lnsead1auuy G-quadruplex
"UENmImﬁEJ’{ (Franceschin, M. et al., Bioorganic and Medicinal Chemistry Letters 2006; 16: 1707-
1711.; Gornall, K. C. et al., Rapid Communications in Mass Spectrometry, 2007; 21, 1759-1766;

Samosorn, S. et al., Bioorganic & Medicinal Chemistry, 2009; 17: 3866-3872.: Gornall, K. C. et al.,
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AN INITOSNENADYTATNVOIADULON ﬂﬁ\‘]a%"NLLUU G-quadruplex 11T BYVYINITNINTY

o

W 0wy P o q s g :
ypaeu Irim lawosa 1a taznszquaszuumsni Iieradugs s91e (Izbicka, E. et al., Cancer
Research, 1999; 59: 639.; Riou, J. F. et al., Proceedings of the National Academy of Sciences of the
' ' a = I
United States of America, 2002; 99: 2672.) me‘1mﬂﬂmwmmwaﬂwsw@aauqmﬁ'mwaﬁmxsa

VBIFITAINAD

g & a ol 4 o ¢ o o . . e
AaiumMsszAui lumsdunsizia1soyyiug  13-(ether-substituted)berberine  NTM3

L)

:; r:; o ] o =y 4 i
O(CH,), Ar unuNNA MUY 13 9000510051 110 Ar fiD¥y naphthyl, benzyl UAZ substituted
: 1 3| o <= W ) A Ly
benzyl derivatives tag n iuavduduiinumiiy 12 (gaslassadis 1) Wevagougniau

7 o @ 1
IFARNZITIVBIMTOIUTAINET?

as a d
anymmmzﬂ31mjamnﬂmmm§ﬂizﬂy§

a a’.:iyd' @ L4 J a ada 1 aa o 1 A
MsUseAvFuine NV ToYNUEVOUUBTIIDTUNLNY arylalkyleneoxy WNUNNA WML 13 WD

{y

o Yt = L4 & Aa 1 o a A 4 3 9
W?lﬁmﬂﬂﬁ@?umﬂﬁﬁuiﬁﬁ@ﬂ@ﬂ'J’HfU@SLUE]Eﬂ“D’QL‘IJMﬂTﬁ@QWu

Moetuwglitieu lavde

a Y 4 a
51U 1 Iﬂiﬂﬁﬁm“\l@ﬂlﬂjﬂﬂﬂﬂﬁu

u

P o .o 4 a ey 1 . ia o '
319 2 TassadavesmsoyiusvouvesiueSu Niivy -(CH,) G unuhidums 13

q

&

& Qs 4 ) Aa '
5119 3 Tnseadrsvosmsoywusvesos Uiy My piperidinopropyl, indolyl,

Y q

arylmethyleneoxy U heteroarylmethyleneoxy UNUNNR WML 13

a a Jd Y 1 o i o P | LY
U7 4 msdunsizians 1:8e Ar o 1y aryl uaz X fo halide 1 n Avtav§1uaudy Hauviy

1-2

P Y A o o % a
E‘IJV] 5 Iﬂﬁ\‘iﬁ'ﬁNlmz“lff]ﬂ@\iﬁﬁ@iﬂduﬁmE]'iL‘UEJiu (6)—(11)

a a ¢ <
msitlamemssziuglasauysal

b4
d\,’l

a day Yo o a Y 4 a Y &
Msvszangu ldwaumzliunldsulassadnveunesiuetu 1ilues

a q raa = o a a o A
13-arylalkyleneoxyberberine w1 IniNTgniAvaduziss msoyiusy lanasSunlaou

Tassade launges Insserds (1) Asdl
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(iio Ariiuny aryl wag X o halide f1 n Avlaud iy Ay 12

#79619U04715 13- arylalkyleneoxyberberine ‘ﬁuamqm%ae’{mmaé{mﬁ‘ﬂumaﬂﬁzayiﬁ 16
e 6 11 augas Tassadia 1 il
13—Benzy10:<y-9.1O-dimethoxy-5,6-dihydrobenzo[g]-1,3-benzodioxolo[5.6—a]quinolizini1.1m bromide
(6)

9,10-Dimethoxy-13-(2-naphthylmethyleneoxy)-5,6-dihydrobenzo[g]-1,3-benzodioxolo[5,6-a]
quinolizinium bromide (7)
13-(4-Fluorobenzyloxy)-9,10-dimethoxy-5,6-dihydrobenzo[g]-1,3-benzodioxolo[5,6-a]quinolizinium
bromide (8)
13-(4-Trifluoromethylbenzyloxy)-9,10-dimethoxy-5,6-dihydrobenzo[g]-1,3-benzodioxolo[5,6-a]
quinolizinium bromidc (9)
9,10-Dimethoxy-13-(4-methylbenzyloxy)-5,6-dihydrobenzo[g]-1,3-benzodioxolo[5,6-a]
quinolizinium bromide (10)
9,10-Dimethoxy-13-(4-methylphenethyloxy)-5,6-dihydrobenzo[g]-1,3-benzodioxolo[5,6-a]

quinolizinium bromide (11)

Fswsoumsonius 6 - 11 swandlugf 4 Sudusnnsdunsizd s
acctonyldihydroberberine (3) ijmiﬁwﬂﬁﬁ?miwiw berberine N1l acetone LATHITATAWY
sodium hydroxide mnfﬁﬁmﬂ'ﬁﬂﬂam“ﬁ (Park, K. D. et al., Bioorganic & Medicinal
ChemistryLetters 16 2006; 16: 3913-3916.) 1081444 @15 3 a1150i05ou'l4 laeld SN NaOH
wagnuiguvgiives 1 1. L.Lm"lumiﬂszﬁyﬁﬁyclﬁffmmzmﬂ 30% NaOH oz reflux
gamgd 80 °C 1ilue 30 wi it 3 l1lh113A5e1 oxidation AUAISAZAIY potassium
permanganate MUAY deprotonation WU®IT1T 4 A188150¥818  sodium hydroxide Tl
15392091 phenol betawe 5 LLﬁ%ﬁWﬂﬁﬁ?ﬂWﬁ@ﬁU alkylating agent (RX) (Naruto, S. et al.,
Chemical Pharmaceutical Bulletin, 1975; 23: 1271.; Iwasa, K. et al., Planta Medica, 1998; 64: 748-
751) Wanseanfaainimsunufidaeny arylalkyleneoxy AfLms 13 vouvesiweiuaugns

Taseads
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e, b N CH3COCH,/NaOH

U ] OCH;

X

R

2

OCH,

1) KMnQ,, acetone
2) HCI, MeOH

NaOH

a a d y 1 = 2 ' o I~ o [
JUR 4 Msdunazrans 11d0e Ar Ao vy aryl uag X A9 halide A1 n Aoy uamay Ty

1-2

@ 1 @ 4 gy
AIBYINITAIUNTIEY 819 13-arvlalkyleneoxyberberine

freehafl 1. msdanneias 13-Benzyloxy-9,10-dimethoxy-5,6-dihydrobenzo[g]-1,3-
benzodioxolo[5,6-a]lquinolizinium bromide (6)
¥RNUAT berberine hydrochloride (5 g, 14.70 mmol) 134 acetone 200 mL 1A 30% sodium
hydroxide 100 mL reflux ﬁqmmﬁ 80 °C 1huramn 30 wiR szimedvhazaween mansaza
Fanuaaslurhwauiiuds o 1) vewdeimies nsee uazth v lvuds e
8-acetonyldihydroberberine (3) (4.2 g, 72%)
axa18819 3 (0.8 g, 2.02 mmol) 14 acetone 50 mL ﬂ%UﬂﬁJQﬂLﬁQﬁﬂJ@x‘iﬁﬁﬁ&”ﬁWﬁ -20°C

a :’ o a |
WNATAZA18 KMnO, (370 mg 1111 33 mL) agauigaivgil —20 °C 1ilunn 4 4. N304

Q U

I

' ~ " 3
msaza1ef 1d uazui lUsemeauuds annanueLaen 1aaae dichloromethane L8 methanol &

I 2 1 <
YDILITINADI80U NTBL ATANWVDITIA Y methanol (15 mL) AT NIA hydrochloric WNTU 0.75

o = = o & & < = =
mL 1111 reflux Ngaungil 60 °C w12 wu. Asensazaeliiouasigungitesldwing

Lil U

WA MADIURIas 4 (0.3 g, 42%)
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1113 4 (20 me) WUANEITAYAPEITALAY 5% NaOH (10 mlL) nniuadada CH,CL,
(3 x 10 mL) 52091 CH,CI, F138h0nh1 uaziAy anh. Na,SO, nsee thansazanyluszmonuds
annanvead i 14de MeoH 1dvosudsdimAnsvasans s (15 mg, 75%)

L1195 (1 mmol) 11 acetonitrile 3 mL 1A% benzyl chloride (10 mmol) L8 sodium

a

bromide (10 mmol) 1#Anudoungangi 60 ‘c meldussoimaves N, (g) Wunan 4-6 $21lus

U

a o

DNtz azaieen wenensHanfasin 1a1¥uSaniasemaiia column chromatography
(Si0,, 3-5% MeOH/CH,CL) Wans 13-Benzyloxy-9,10-dimethoxy-5,6-dihydrobenzo[g]-1,3-
benzodioxolo[5,6-alquinolizinium bromide 29 % '"H NMR (300 MHz, CDCl,) 0: 10.39 (s, 1H),
7.95 (s, 1H), 7.92 (d,J = 9.3 Hz, 1H), 7.79 (d, J = 9.3 Hz, 1H), 7.34-7.37 (m, 3H), 7.27-7.30 (m,
2H), 6.83 (s, 1H), 6.09 (s, 2H), 5.24 (t, J = 6.0 Hz, 2H), 4.89 (s, 2H), 4.35 (s, 3H), 4.07 (s, 3H), 3.26
(t,J=6.0 Hz, 2H) (Samosomn, S. et al., Bioorganic & Medicinal Chemistry, 2009; 17: 3866-3872.)

é‘ﬁasha?; 2. MITUATIEHANT 9,10-Dimethoxy-13-(2-naphthylmethyleneoxy)-5,6-
dihydrobenzolg]-1,3-benzodioxolo[5,6-alquinoliziniumbromide (7)

1958 Msudeafiudeeieii 1. usld 2-naphthylmethyl bromide (3 mmol) UMW benzyl
chloride Liag sodium bromide IAasHAR T 9,10-Dimethoxy-13-(2-naphthylmethyleneoxy)-5,6-
dihydrobenzo[g]-1,3-benzodioxolo[5,6-a]quinoliziniumbromide 34% '"H NMR (500 MHz,
CDCl,/CD,0D) 8:10.11 (s, 1H), S.QO (d,/=9.5Hz, 1H), 7.92 (s, 1H), 7.80-7.88 (m, 3H), 7.81 (d, J
=9.5 Hz, 1H), 7.72 (s, 1H), 7.48-7.58 (m, 2H), 7.36 (d, J = 8.5 Hz, 1H), 6.72 (s, 1H), 6.02 (s, 2H),
6.00 (s, 2H), 5.08 (t, J = 5.5 Hz, 2H), 4.32 (s, 3H), 4.07 (s, 3H), 3.17 (t, J = 5.5 Hz, 2H) (Samosorn,

S. et al., Bioorganic & Medicinal Chemistry, 2009; 17: 3866-3872.)

Freehafi 3. msdanszrians 13-(4-Fluorobenzyloxy)-9,10-dimethoxy-5,6-
dihydrobenzo[g]-1,3-benzodioxolo[5,6-alquinolizinium bromide (8)

“l«i?%%mmiu@mﬁuﬁaaehaﬁ L. uAld 4-fluorobenzyl bromide (3 mmol) UNU benzyl
chloride 148% sodium bromide M@e1INAAA N 13-(4-Fluorobenzyloxy)-9,10-dimethoxy-5,6-
dihydrobenzo[g]-1,3-benzodioxolo[5,6-alquinolizinium bromide 60% '"H NMR (500 MHz, CDCL,)

0:10.16 (s, 1H), 7.90 (d, J=9 Hz, 1H), 7.89 (s, 1H), 7.80 (d, J= 9 Hz, 1H), 7.25-7.32 (m, 2H), 7.01-

7.06, m, 2H), 6.85 (s, 1H), 6.10 (s, 2H), 5.12 (t, /= 6 Hz, 2H), 4.89 (s, 2H), 4.33 (s, 3H), 4.08 (s,

3H), 3.28 (t,J = 6 Hz, 2H)

fMeeai 4. MIFUATIZ NS 13-(4-Trifluoromethylbenzyloxy)-9,10-dimethoxy-5,6-

dihydrobenzo[g]-1,3-benzodioxolo[5,6-a]quinolizinium bromide (9)
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158 mamuRefudee1ei 1. uald 4-trifluoromethylbenzyl bromide 4N
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1,3-benzodioxolo[5,6-a]quinolizinium bromide (11)
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Abstract

G-quadruplex structures have gained increasing attention in recent years, owing to their
proposed in vivo existence at telomeres. Telomeres are the protective ends of our chromosomes
and are maintained by telomerase in 85% of cancer cells, giving cancer cells an eternal life span.
Telomerase is thought to be inhibited by G-quadruplex structures. G-quadruplex stabilizing
ligands are therefore considered as a possible approach in cancer therapy. Two novel Q-
quadruplex lidands, SST31 and N-methyl-pSS14, and their relative binding affinities to G-
quadruplex DNA were analysed and compared with two established G-quadruplex binding
ligands, BT80 and pSS14. BT80 and SST31 showed substantial binding to G-quadruplex
forming sequences, whereas pSS14 and N-methyl-pSS14 only bound weakly. All ligands tested
showed selectivity to G-quadruplex DNA over double-stranded DNA. A telomerase assay was
carried out and showed that linear 7mer was the preferred substrate of telomerase over the G-
quadruplex 7mer. Addition of BT80 inhibited telomerase activity. The results suggest that
BT80 and SST31 can serve as lead compounds in anticancer drug design.

Keywords: Berberine, G-quadruplex, G-quadruplex ligands, Telomerase inhibitors, Telomeres
1. Introduction

In 85% of cancer cells telomeres are maintained by telomerase [1]. Normal somatic cells,
on the other hand, express no or negligible amounts of telomerase. Hence, killing or inhibiting
its enzymatic activity would induce apoptosis in cancer cells due to shortened telomeres, while
other cells would stay unaffected. Telomerase might be particularly promising target in regard to
long term cure, as telomerase is also expressed in cancer stem cells, which are often associated
with tumor growth relapse [2]. For these reasons, telomerase has been extensively studied as an
objective in cancer therapy and different strategies have evolved to target telomerase, such as
immunotherapy, direct telomerase inhibition and G-quadruplex stabilizing ligands. In this study,
the focus is on the latter. Most G-quadruplex ligands are chemically characterized by a large,
flat aromatic surface, which interacts via m — =« interactions with the G-tetrad, and cationic side
chains, which interact electrostatically with the loops and grooves of the G-quadruplex [3].
Generally, G-quadruplex stabilizing ligands are expected to bind in an end-stacking mode, but
other binding modes such as intercalation and interactions with grooves and loops have been
found [4]. Some bind specifically to one G-quadruplex structure, whereas others do not show
selectivity and bind to several subclasses of G-quadruplexes. Owing to the polymorphorism of
G-quadruplex structures, the rational design of ligands is complicated and interactions between
the G-quadruplex and ligand need to be further investigated. A wide range of compounds have
been identified as G-quadruplex interacting molecule and include porphyrins [5], perylenes [6],
pentacyclic or trisubstituted acridines [7, 8], ethidium derivatives [9], and berberine derivatives
[10]. So far, no G-quadruplex ligands has progressed into clinical studies. The aims of this

1



Manuscript for European Journal of Medicinal Chemistry

study are to investigate the stoichiometries and stabilities of different G-quadruplex-ligand
complexes, and to test whether the ligands could serve as fluorescence markers for G-quadruplex
structures in cells.

2. Result and Discussion

Six different G-quadruplex forming oligonucleotides, 7mer, 12mer, 18mer, 22mer, Q1 and
Q2 were investigated using ESI-MS. Four 13-substituted berberine derivatives, BT80, SST31,
pSS14 and N-methyl-pSS14 and their relative binding affinities to these sequences were
examined.

N-methyl-pSS14

2.1 ESI mass spectra of 7mer titrated with BT80, SST31, pSS14 and N-methyl-pSS14

At the first glance, no ligand binding is observed in the spectra for different DNA-ligand
solutions, but on closer inspection ions of very low abundances can be identified as ions, which
are accordance with the calculated values for various ligand adducts to the tetrameric complex.
However, as there is only very little binding and binding did not increase at higher ligand
concentrations, a comparison between binding affinities of the different ligands is not possible.

2.2 ESI mass spectra of 12mer titrated with BT80, SST31, pSS14 and N-methyl-pSS14

Upon addition of BT80 at a ratio of 1:1, three new ions appeared at m/z 1606.7, 1705.1 and
1709.1 in agreement with the calculated values for [2x12mer + 2NH," + xBT80 — 7H]5' where x
=1, 2 or 3 (Figure 1). At aratio of 1:3 the most abundant ion of the spectrum was at m/z 1705.0
for the dimeric G-quadruplex structure with two BT80 molecules bound. At a ratio of 1:6 and
1:9 the most abundant ion was at m/z 1803.3, which complies with the calculated value for the
jon [2x12mer + 2NH;™ + 3BT80 — 7], Some G-quadruplex binding ligands are proposed to
bind in an end-stacking mode, with two ligand molecules bound per molecule.

In this case, predominantly complexes with three BT80 molecules are present, indicating
that addition binding sites apart from the G-tetrad may exist. Ion at m/z 568.2 and 1161.5
originate from BT80 and were also observed at high concentrations of BT80 in other spectra.
The intensity of peaks for single-strands 12mer in 3" and 4~ charge states decreased substantially
upon BT8O0 addition. These results imply that BT80 has a substantial capability to stabilize the
dimeric 12mer G-quadruplex structure. In the spectra of the 12mer itself, hardly and G-
quadruplex ions were present at 97%. This was calculated by summing up the intensities of all
ions in the structure. In the 12mer spectrum no ammonium ions were bound to the G-
quadruxplex, whereas the predominant ions of BT80 adducts contained two ammonium ions in
agreement with the #-1 rule.

In the 1:1 oligonucleotide:ligand mixture, one additional ion, [2x12mer + 2NH4" + 1SST31
— TH]” at 1599.3, was detected compared to the spectrum of the 12mer. In the 1:1 DNA-ligand
mixture, only 4% of all ions were G-quadruplex-ligand complexes. When the concentration of
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SST31 was increased up to a ratio of 1:9 the predominant 1on in the spectrum was [2x12mer +
ONH," + 28ST31 — 7H]5' with a relative abundance of 42%.
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Figure 1. ESI mass spectra of A: 1:9 B: 1:6 C: 1:3 and D: 1:1 12mer:BT80 mixtures in 150
mM NH;OAc. Single-stranded 12mer 1s marked by a circle, G-quadruplex 12mer by a square,
fragment 1on by a triangle, DNA-ligand complexes by a diamond and ions arising from BT80 by
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Upon titration of the 12mer with N-methyl-pSS14 no new ions were detected suggesting
that N-methyl-pSS14 does not bind to the 12mer. pSS14 bound to the 12mer, but only weakly:
mn all DNA:ligand mixtures only one ion of low abundance was present at m/z 1625.6
corresponding to the 12mer in the 5° charge state with one bound pSS14 molecule. Even in the
1:9 DNA:ligand mixture only 4% of all DNA was present as a DNA-pSS14 complex,
highlighting the low binding affinity of pSS14 to the 12mer.

2.3 ESI mass spectra of 18mer titrated with BT80, SST31, pSS14 and N-methyl-pSS1 4
An unusual phenomenon was observed upon addition of BT80. The spectrum of the 1:1
DNA: ligand mixture looks quite normal and an 1on at m/z 2000.6 for one bound BT80 molecule
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Figure 2. ESI mass spectra of A: 1:9 and B: 1:1 mixtures of 18mer and BT80 in 150 mM
NH4OAc. Ions for single-stranded 18mer are marked by a circle, 1ons for G-quadruplex 18mer
by a square, fragment 1ons by a triangle, ions of DNA-ligand complexes by a diamond and ions
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arising from BT80 by an “x”.
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was observed, but at a ratio of 1:3 the quality of the spectrum was poor, with a low signal-to-
noise ratio. At higher DNA:ligand ratios no DNA signal was detected in the mass range from
500 to 3000 Da (Figure 2.). It is possible that BT80 could induce the formation of higher mass
structures that were not detected under these conditions.

A similar behaviour was observed for SST31: at low concentrations of SST31, an 1on of low
abundance corresponding to the G-quadruplex 18mer with one bound molecule SST31 was
observed, but in 1:9 mixture no DNA was detected in the mass range from 500to 3000 Da.
Therefore, SST31 might mnduce a structure change of 18mer G-quadruplex structure, as proposed
for BT80. The spectra of 18mer:pSS14 mixtures did not show this behaviour and an 1on of low
abundance at m/z 2013.0 for one bound pSS14 molecule was present in all spectra. For N-
methyl-pSS14 the signal-to-noise ratio was also very poor at high ligand concentrations and
generally 1ons of 18mer:N-methyl-pSS14 compleves were of low abundance.

2.4 ESI mass spectra of 22mer titrated with BT80, SST31, pSS14 and N-methyl-pSS14

BT80 was the best ligand; in 1:9 DNA:ligand mixture, an 1on corresponding to the 22mer
with three BT80 molecules bound was present at a relative abundance of 48%. This suggests
that in addition to an end-stacking bibding mode, other binding sites are present. SST31 also
substantially bound to the 22mer. The most abundant 10n in the 1:9 DNA:ligand mixture was the
22mer with 2 molecules of SST31 bound indicating that SST31 had a lower binding affinmity than
BT80. N-methyl-pSS14 and pSS14 were poor ligands. The most abundant 1on in the 1:9
mixture 22mer:pSS14 was the 22mer with one bound of pSS14 at a relative abundance of 13%.
For N-methyl-pSS14, the ion with one bound ligand to 22mer was present at a relative
abundance of 27.2%, indicating the N-methyl-pSS14 bound better to the 22mer than pSS14.

2.5 ESI mass spectra of Q2 titrated with BT80, SST31, pSS14 and N-methyl-pSS14
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Figure 3. ESI mass spectra of 1:9 mixtures of Q2 with A: BT80, B: SST31, C: pSS14, D: N-
methy-pSS14. Proposed 1ons for G-quadruplex Q2 are marked by a square, 1ons of DNA-ligand
complexes by diamonds and 1ons arising from the ligands by an “x”.

BT80 was titrated in different ratios to Q2. A well-defmed maximum for two bound
molecules of BT80 can be observed. This suggest that an end-stacking mode for BT80 binding
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to Q2. SST31 showed a substantial binding affinity for Q2. A maximum can be observed for
two bound molecules of BT in the 1:6 and 1:9 mixtures. In the 1:3 mixture, no clear maximum
is present. This 1s due to similar abundance of Q2 with one and two SST31 molecules bound.
This suggest a lower binding affimity of SST31 for Q2 compared with BT80, but a similar
binding mode. Compared to BT80 and SST31, the binding affinity of pSS14 and N-methyl-
pSS14 was low, as can be seen from Figure 3. The capillary became blocked at high
concentration of N-methyl-pSS14, indicating solubility problems of N-methyl-pSS14

2.6 ESI mass spectra of Q1 titrated with BT80, SST31, pSS14 and N-methyl-pSS14

Upon addition of BT8O0, several additional 1ons were observed in the spectra of QI.
These were in 5 charge state: an 1on at m/z 1428.1 for [Q1+1BT80-5H] at 1529.80 for
[Q1+2BT80-1NH, -6H]” and at 1628.17 for [Q1+3BTRO+INH, -6H]”. The titration curves
display a maximum at Q1+2BT80. This 1s in agreement with an end-stacking binding mode,
which has been proposed to be typical for G-quadruplex ligands [11]. At the 1:1 DNA:SST31
mixture no binding was observed and 98% of Q1 was present with no bound SST31 molecules.
Upon mcreasing the DNA:ligand ratio, the predominant ions m the ratios 1:6 and 1:9
DNA:Ligand mixtures were Q1 with one SST31 molecule bound. The ligands pSS14 and N-
methyl-pSS14 showed negligible binding, as can be seen from the spectra (Figure 4). For
pSS14, the total relative abundance Q1+xpSS14 1s below 10%, even in the 1:9 DNA:ligand
mixture. This is m agreement with results from Gornall et al. 108 N-methyl-pSS14 exhibited a
slightly higher binding affinity to Q1, but Q1 with no N-methyl-pSS14 bound was still present at
more than 80% in the 1:9 DNA:ligand mixtures.

100 | A i
% . Il +
0 L — _.i_n._.;__‘_i L -!__',._f\.. — et = == S
’
1001 B - ¢
% |
bl 4 <
0 DO TR TN 1B l..;_ . .¢: - f_ — L — —
|
100 I
% [
| , -
3 ST U S e
100 |p
|
Ya I
. L
0 ey ey i R —m . l ~oy : A e —
500 1000 1500 2000 2500
(m/z)

Figure 4. ESI mass spectra of 1:9 mixtures of Q1 with A: BT80, B: SST31, C: pSS14, D: N-
methy-pSS14. Proposed ions for G-quadruplex Q1 are marked by a square and ions of DNA-
ligand complexes by different diamonds for different charge states.

3. Pharmacology
3.1 Telomerase activity assay

Drirect telomerase assay was performed using the following substrates: linear 7mer, G-
quadruplex 7mer titrated with BT80. A characteristic banding pattern with periodicity

5
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corresponding to the telomeric repeat 1s displayed on the sequenching gel (Figure 5). The
distribution of dark bands equals the distribution of molecular weights of extension products,
that were presented when the reaction was terminated. Generally, three dark bands can be
observed, where one of them 1s darker than the other. This banding pattern most likely arises
from pausingduring the telomerase reaction cycle before translocation [12]. Hence, when
terminating the reaction, the chance of capturing certain molecular weight products 1s higher
than capturing others. Low molecular weight products migrate the faster on the gel and are
therefore found towards the bottom, whereas high molecular weight products are located in the

upper region of the gel.

linear 7mer G-gquadruplex 7mer G-guadruplex 7me|
high - ] o000 O ]
molecular - - .-
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Figure 5. Telomerase sequencing gel: Triangles indicate the concentration gradient of 1.00 pM
to 0.01 uM of linear 7mer and G-quadruplex 7mer, respectively. The third triangle ndicated
increasing concentration of BT80 ranging from 0.5 to 300 uM. The lane with a rectangle was
loaded with an ethanol control to test whether ethanol itself has an effect on telomerase activity.
Lanes with circles are proposed to be affected by ribonuclease contammation.

Unfortunately some lanes of the gel are blank. This 1s most likely due to ribonuclease
contamination, which 18 a commone problem i biological laboratories. Ribonucleases are
ubiquitous enzymes which catalyse the degradation of RNA [13]. As telomerase 1s dependent on
its RNA component, the degradation of the latter 1s disastrous for the assay. Nevertheless, from
mtact samples it can be clearly seen, as judged by the dark bands, that the linear 7mer was
extended the most. The bands on the three intact quadruplex lanes are much fainter;
demonstrating that G-quadruplex 7mer had been extended to a lesser extent and that linear 7mer
1s a better substrate than G-quadruplex 7mer. For samples titrated with BT80 a lower abundance
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of extension products were present at G-quadruplex titrated with higher concentrations of BT80
compared to G-quadruplex Tmer titrated with low concentrations of BTS0.

3.2 Fluorescence staining of ligands

In order to prove the existence of G-quadruplex structures in vivo, a method to visualize
these structures needs to be established. The fluorescence properties of BT80, SST31, pSS14,
and N-methyl-pSS14 and their capability to enter cells were examined. All ligands used were
fluorescent, but only BT80 exhibited fluorescence within the range of excitation and emission
wavelengths available on Zeiss Axio Imager M1 microscope. 5 pL Ligand solution was added
and ALT+ IIICF/c cells were fixed after 24 hours and visualized using the Zeiss Axio Imager
M1 microscope (Figure 6). The obtained pictures show that BT80 was able to enter the cells, but
was not found in the nucleus.

B C

Figure 6. ALT ' IIICF/c cells stained with BTS0 and propedium iodide. A: propedium iodide B:
BTS80 C: merged pictures from BTS80 and propedium iodide. BT80 has entered cells, but not the
nucleus.

4. Conclusions

The binding affinities of the four ligands, BT80, SST31, pSS14, and N-methyl-pSS14, to
the 7mer and to 18mer could not determined. The stability of the 7Tmer i the mass spectrometer
was very low, and only negligible amount of G-quadruplex DNA was detected. For 18mer,
ligands seemed to induce a structural change or aggregation to higher mass complexes since no
DNA was detected in the mass range for the dimeric 18mer upon ligand addition at high
concentrations. The relative binding affmities of the ligands to the 12mer, 22mer, Q1, Q2, and
D2 are summarised in Figure 7.

Generally, BT80 had the highest binding affinity to all sequences. SST31 showed also
substantial binding to G-quadruplex DNA. Comparing different G-quadruplex structures, SST31
and BT80 seemed to bind preferentially to the dimeric Q2. The binding of pSS14 was only
weak, but it exhibited a slight preference to the monomeric complexes, 22mer and Q1, over the
dimeric complexes, 12mer and Q2. The binding affinities of N-methyl-pSS14 to the G-
quadruplex structures were low and comparable with those of pSS14 except that N-methyl-
pSS14 did not bind to the 12mer. Surprisingly, while pSS814 showed a slightly higher affinity to
Q1 over the 22mer, N-methyl-pSS14 exhibited a slightly higher binding affinity to the 22mer.
The spectra of SST31 and N-methyl-pSS14 in mixtures with the double-stranded DNA, D2, were
obtained to compare binding affinities between G-quadruplex DNA and double-stranded DNA.
N-methy1l-pSS14 did not bind to D2, S8T31 bound to D2, but it bound only weakly compared
with its bindinf affmmity th G-quadruplex DNA. Gornall et al. have previously shown that BT80
and pSS14 exhibit negligible binding to duplex DNA. Thus, all ligands can be termed G-
quadruplex selective. Owing to their high binding affinities to G-quadruplex DNA, BT80 and
S8T31 could serve as lead compounds in anticancer drug design.
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Figure 7. Relative abundances of the total amount of different G-quadruplex-ligand complexes
with ligands A: BT80, B: SST31, C: pSS14, D: N-methy-pSS14.

A telomerase assay was carried out and showed that linear 7mer was the preferred substrate
of telomerase over G-quadruplex 7mer. Addition of BT80 inhibited telomerase activity.

The four ligands might serve as fluorescent probes for G-quadruplex DNA 1n cells, since
they are all fluorescent. A prelimmary experiment was carried out to determine whether the

ligand BT80 could enter cells, after 24 hours with ALT+ ITICF/c cells, BT80 was found mside
cells, but outside the nucleus.

5. Experimental
5.1 Materials

Acetronitrile, ammonium acetate, magnesium chloride, methanol and potassium chloride
were purchased from Ajax Finechem (Seven Hills, Australia). Acrylamide,
ethylenediaminetetraacetic acid, sodium dodecyl sulfate, Tris(hydroxymethyl)aminomethane,
and urea were obtamned from Amresco (Soho, Ohio, USA). GlycoBlue was purchased from
Ambion (Austin, USA). Phenol/chloroform solution (pH 8.0) was purchased from Calbiochem
(Darmstadt, Germany). Ammonium persulfate, dATP, dGTP, dTTP, dithiothreitol,
tetramethylethylenediamine and Berberine chloride were obtained from Sigma-Aldrich (St
Louis, MO, USA). o P-dGTP was purchased from Perkin-Elmer (Melbourne, Australia). All

reagents and solvents were of the highest grade commercially available. MiliQTM water
(Millipore, Bedford, USA) was used in all experiments.

5.2 Ligands

Compounds BT80, SST31, pSS14 and N-methyl-pSS14 were prepared as described
elsewhere [10, 14, 15].
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5.3 Oligonucleotides

Synthetic deoxyribooligonucleotides were purchased from GeneWorks (South Australia) as
‘trityl-oft” derivatives insequencing/PCR grade. The oligonucleotides base sequences (5'-3") are
listed: (TTAGGGT, 7mer, Mr 2151.5 Da;, TTAGGGGT, 7-4mer, Mr 2489.7 Da;
TAGGGTTAGGGT, 12mer, Mr 3756.5 Da; TAGGGGTTAGGGGT, 12-4mer, Mr 4414.9 Da;
TGGGGG(TTAGGG),, 18mer, Mr 5706.8 Da; AGGG(TTAGGG)s, 22mer, Mr 6966.6 Da;
GGG(TTAGGG);, Ql1, Mr 6653.4 Da; GGGGTTTTGGGG, Q2, Mr 37885 Da;
GCTGCCAAATACCTCC, D2a, Mr 4786.2 Da; GGAGGTATTTGGCAGC, D2b, Mr 4977.3
Da). The 7mer and 7-4mer are expected to form a four-stranded quadruplex DNA; the 12mer,
12=4mer, 18mer, and Q2 are expected to form quadruplex DNA from two strands and the 22mer
and Q1 form intramolecular quadruplex DNA. D2a and D2b are complementary single strand
that form the double-stranded DNA, D2.

5.4 Annealing procedures
5.4.1 Preparation of double strand DNA

Appropriate volumes of D2a and D2b solutions were mixed together and dried using a
Savant SpeedVac. The sample was then redissolved in NH4OAc solution (0.1 M) to give a
DNA concentration of 1 mM. The solution was heated to 70 °C for 15 min using a Techne DB-
2A heating block set. The inner heating block was taken out and the sample was allowed to
slowly equilibrate to room temperature overnight.
5.4.2 Preparation of quadruplex DNA

An appropriate volume of the oligonucleotide stock solution was dried and redissolved
in NH4OAc solution (0.15M) to give a solution with a DNA concentration of 1 mM. The samole
was heated to 90 °C for 5 minutes and then allowed to equilibrate to room temperature. The
samples remained at room temperature for three days before using in experiments.

5.5 Preparation of ligand stock solutions
Stock solutions (1 mM) of BT80, SST31, pSS14, and N-methyl-pSS14 were prepared by
dissolving the compounds in 40:60 NH;OAc solution (0.15 M): MeOH and stored at -20 °C.

5.6 Preparation of DNA-ligand solutions

An appropriate volume of annealed DNA solution was titrated with stock solution of BT8O0,
SST31, pSS14, and N-methyl-pSS14 to give solutions with DNA:ligand ratios of 1:1, 1:3, 1:6
and 1:9. The solutions were diluted with NH4OAc solution (0.15 M) to give final DNA
concentrations of 20 pM and ligand concentrations of 20, 60, 120, and 180 pM, respectively.
The samples were allowed to equilibrate for 15 min before they were used in experiment.

5.7 Electrospray ionization mass spectrometry

All spectra were obtained using either a Water Q-TOF Ultima™ or a HDMS™ SynaptTM ESI
mass spectrometer (Manchester, UK) in negative ion mode. The instrument was calibrated using
cesium iodide solution (Img/mL) over the same mass range used toacquire spectra. Samples
were injected at a flow rate of 20 ul./min with a Harvard Model 22 syringe pump (Natick, USA).
Different conditions were required to give optimal spectra for each type of DNA. The
parameters used for the DNA were also used in titration experiments. Spectra for the 7mer,
12mer, 18mer, Q1, Q2 and Q4 were recorded using the Q-TOF Ultima™ and the RF lens (50V),
collision energy (2.0 V). source temperature (50 °C), desolvation temperature (150 °C),
desolvation gas flow )300L/h) and TOF voltage (9.1 kV) remained the same. Tweenty
acquisitions were combined and the resulting spectrum was baseline subtracted and smoothed
using a Savitzky Golay algorithm.
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5.8 Telomerase activity assay

Telomerase reaction mix (10% 10 x hTel buffer, glycerol, 0.5 mM aTTP, 0.5 mM dATP,
dGTP and o’ 'P-dGTP) (5uM, 198 Ci/mmol) and telomerase (5 uL, 12 fM) was added to all
samples. The reaction mixture was incubated at 30 °C for 60 min and terminated by adding TES
buffer (0.05 M Tris-HCI, pH 8.3, 0.02 M EDTA, 2% SDS). A 2P labeled 100mer was added as
a recovery and loading control. The DNA was extracted with phenol/chloroform solution and
ethanol precipitated by adding GlycoBlue, NH;OAc and EtOH. The samples were stored at -20
°C. The supernatant was removed and the blue DNA pellet was washed with EtOH (50 ulL,
70%), air-dried and redissolved in TE buffer (5 pl., 0.01 M Tris-HCI, pH 8.0, 1 M EDTA) and
formamide loading dye buffer (5uL, 90% deionized formamide, 0.1% bromophenol blue, 0.1%
xylene cyanol, TBE-buffer (89 mM Tris-borate, 2 mM EDTA). Next, samples were denatured
by heating to 70 °C. The reaction mixture was electrophpresed on a denaturing 12%
polyacrylamide/8M urea sequencing type gel at 80 W for 1.5 h. The gel was transferred to a
Whatman Paper and dried for 1 h at 80 °C and exposed to a phoshporimaging screenfor 1 h and
analyzed using ImageQuant TL software.

5.9 Fluorescence experiments

Fluorescence experiments were carried out using a Hitachi F-4500 fluorimeter in a 1 em
quartz cell with a 0.2 pM solution in MilliQ™ water:methanol (2%) of BT80, SST31, pSS14,
and N-methyl-pSS14, respectively.  Excitation wavelengths were chosen according to
wavelength with highest absorbance in UV/vis spectra.

5.10 Fluorescence staining of cells

ALT" IICF/c cells in growth medium were seeded on 22 mm sterile glass coverslips and
cultured for 24 h. Then different amounts of BT80, SST31, pSS14, and N-methyl-pSS14 (2 mM
in EtOH) were added to the cells. The cells were cultured for at least 24 h, and then washed
twice with 1 x PBS and fixed with 1 x PBS with 4% formaldehvde. Cells were stained with
propidium iodide and image using a Zeiss Axio Imager M1 microscrope with a Plan-
Apochromat x 63 oil objective (numerical aperature 1.4), appropriate filter sets and an AxioCam
Mrm digital camera (Carl Zeiss). Images were processed with the AxioVision software.
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