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ABSTRACT
Numerous naphthoquinone derivatives such as rhinacanthins function as anticancer

drugs, which target hTopoll. The structure of hTopoll contains both an ATPase domain and
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a DNA binding domain. Several drugs bind to either one or both of these domains, thus
modifying the activity of hTopoll. The naphthoquinone esters and amides used in this study
showed that their hTopoll alpha inhibitory activity was inversely proportional to ATP
concentration. In order to better characterize the inhibitory action of these compounds,
sufficient quantities of soluble functional hTopoll ATPase domain were required. Therefore
both the alpha and beta isoforms of the hTopoll ATPase domain were over -expressed in E.
coli. The hTopoll alpha-ATPase activity was reduced in the presence of naphthoquinone
derivatives. Additionally, a molecular docking study revealed that the selected
naphthoquinone ester and amide bind to the ATP-binding domain of hTopoll alpha.
Collectively, the results here provide for the first time a novel insight into the interaction
between naphthoquinone esters and amides, and the ATP binding domain of hTopoll alpha.
The further elucidation of the mechanism of action of the naphthoquinone esters and
amides inhibitory activity is essential.in the solution, the quenching in fluorescence was
observed and the Kd values can be determined. These results will allow the

structure-based designing of novel Rhinacanthins in the foreseeable future.

Key words : Topoisomerase Il , Rhinacanthins , Naphthoguinone amides , Naphthoquinone

esters
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1. DNA replication

DNA in all species ranging from bacteria to humans is globally underwound (i.e. negatively
supercoiled). This underwinding makes it easier to separate complementary DNA strands from one
another and greatly facilitates initiation of replication and the assembly of replication forks. Once
the fork begins to travel along the DNA template, the deleterious effects of topology manifest
themselves (Figure. 1). As can be seen in Figure 1A, DNA, since helicases separate the two strands
of the double helix, but do not unwind them, fork movement results in acute overwinding (i.e.
positive supercoiling) of the DNA ahead of the replication machinery (Figure. 1B). This overwinding
has two major consequences. Firstly, it increases the difficulty of separating duplex DNA into
individual strands. Therefore, the accumulation of positive supercoils presents a formidable block
to fork movement. Secondly, DNA overwinding ahead of the fork leads to a compensatory
underwinding behind the replication machinery. (McClendon K. A. et.al, 2005)

In DNA replication, any rotation of the replication fork that does occur leads to an
intertwining of the daughter chromosome), which then result in catenanes. Once the replication is
completed these catenanes are parental double — helical turns that have not been removes by
relaxation of supercoils ahead of the fork and persist after the replication finishes. Catenanes,
therefore, must be removed before daughter replicon can be segregated. (Bate. D. A. and Maxwell
A., 2007)

Replication Machinery

C Precﬂlenanes f? ?
L\

+ Supercmls

Topo ] Topo | Topo 1?2

Figure 1. Model for topoisomerase function and topological stress associated with DNA replication. The
replication machinery is represented by a rod moving through the double helixDNA ends are anchored to
hypothetical immobile structures existing in the nucleus. (A) upon initiation of DNA replication, the two strands of
duplex DNA are separated, and the replication fork is formed. (B) movement of the replication machinery
through the immobilized DNA template strands induces acute overwinding (ie. positive supercoiling) ahead of
the fork. (C) if the replisome rotates around the helical axis of the DNA, compensatory underwinding (i.e. negative
supercoiling) behind the replication machinery allows some of the torsional stress in the prereplicated DNA to be
translated to the newly replicated daughter molecules in the form of precatenanes. If these precatenanes are

not resolved, they ultimately lead to the formation of catenated duplex daughter chromosomes. Topoisomerase



Il'is proposed to work primarily behind the fork to remove precatenanes. In contrast to replication models, drug
models place topoisomerase Il ahead of DNA tracking systems. (from McClendon K. A. et.al., 2005)

2. DNA Topoisomerase

DNA topoisomerases are ubiquitous enzymes that affect many vital cellular processes by
controlling the level of DNA supercoiling and removing the tangling of DNA strands via the
concerted cleavage and religation of DNA strands. DNA topoisomerases utilize the hydroxyl group
of an active site tyrosine side chain in the nucleophilic attack of the DNA phosphodiester backbone
to form the covalent intermediate with the cleaved DNA. (McClendon K. A. et.al, 2005)

21 Type of topoisomerase

2.1.1 Type | DNA topoisomerase

Type | topoisomerases act by generating a transient single — strand break in double helix,
followed by either a single — stranded DNA passage event or controlled rotation about the break.
As a result, these enzymes are able to releviate torsional stress (i.e remove superhelical twist) in
duplex DNA. Type | DNA topoisomerases entail in all DNA processes that involve tracking systems
and play important role in maintaining genomic integrity (McClendon K. A,, et. al., 2005).

Type | topoisomerases are subdivided into two subclasses: type IA topoisomerases which
share many structural and mechanistic features with the type Il topoisomerases and type IB
topoisomerases which utilize a controlled rotary mechanism. Examples of type IA topoisomerases
include topoisomerase | and topoisomerase lll. Historically, type IB topoisomerases were referred
to as eukaryotic topoisomerase I. The catalytic mechanism of Topoisomearse | involves a reversible
transesterification reaction, as shown in Figure 2. In brief, following DNA binding the Topisomerase |
catalytic cycle is initiated by the nucleophilic attack of the phenolic hydroxyl group of the active
site tyrosine (Tyr723 for human Topoisomerase I) on the scissile phosphate, which generates a
covalent complex between the protein and the 3'—phosphate of the DNA via a phosphotyrosyl
bond. This transient DNA single-strand break (i.e. cleavage complex) subsequently allows
controlled rotation of the cleaved DNA strand around its intact complement, effectively removing
any local helical tension. Once the DNA is relaxed, the covalent intermediate is reversed via a
second transesterification reaction, wherein the free DNA 5'—hydroxyl acts as a nucleophile to

attack the 3'—phosphotyrosyl linkage; thus restoring the continuity of the original DNA duplex.
(Dexheimer S. T. et al., 2008)
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Figure 2 Human Topisomerase | -mediated DNA cleavage and religation mechanisms. Tyr723 is the active site
tyrosine involved in the transesterification reaction. The bases flanking the Topoisomerase | cleavage site are

referred to as -1 and +1 for the bases at the 3" and 5 DNA termini, respectively (from Dexheimer S. T. et al.,
2008))

2.1.2 Type |l DNA topisomerase

Type Il topoisomerase are ubiquitous enzymes that catalyze DNA topological changes by
transporting one double-stranded DNA segment through another. They play essential roles in many
aspects of DNA transaction in vivo, including chromosome condensation and segregation, and the
removal of the supercoils generated during replication and transcription. In addition to such
essential function in the cell, topoisomerase Il is an importanttarget of many widely used antibiotic
and anti-tumor drugs. (Hu T. et al., 1998.)

In mammals, there are two isozymes of DNA topoisomerase II: topoisomerase lla and
topoisomerase lIB. Both iozymes differ in their molecular mass (170 kDa versus 180 kDa
respectively) and are encoded by separate genes. Topoisomerase lla and topoisomerase IIf share
about 70% in sequence homology.This is mainly in the N-terminal three-quarters of the protein
sequence where the catalytic center is located. Unlike the N-terminal domain, the C-terminal
quarter of protein containing highly charged residues shows much more sequence diversity.
However, the C-terminal domain has shown to be vital for cell viability and is thought to be linked
to regulation. (Meczes L. M. et al., 2008)

Topoisomerase lla is an essential enzyme that plays important roles in DNA replication and
chromosome segregation (Bender P. R. and Osheroff N., 2007). Several lines of evidence suggest
that topoisomrase lla is the main isoform involved in mitotic processes. First, there is a positive
correlation between the cellular concentration of topoisomerase lla and the rate of cell
proliferation. Second, the expression of topoisomerase lla mRNA is higher in tissues containing
proliferating cells. Third, the level of topoisomerase lla protein peaks at G2/M phase during the cell
cycle and, finally, topoisomerase lla localizes to the centromeres and axes of metaphase
chromosomes (Sakaguchi A. and Kikuchi A., 2003). Thus, topoisomerase lla is believed to be the
isoform that functions in growth — dependent process, such as DNA replication and chromosome
segregation. In contrast, the expression of B- isoform is independent of proliferation status and the

enzyme dissociates form chromosome during mitosis. Topoisomerase IIB cannot compensate for



the loss of topoisomerase lla in mammalian and appears to be dispensable at the cellular level
since it is required for proper neural development in mice (McClendon K. A. and Osheroff N., 2007)

A major regulatory feature found in the C - terminal domain of topoisomerase Il is nuclear
localizations (NLS). Without these signals the enzyme is not able to localize to the nucleus, where
it is essential during DNA replication, and cell viability is thus diminished or lost. Considering both
isoforms of human Topoisomerase II, a strong NLS is found at 1454 — 1497 while another moderate
NLS is also found at 1259 — 1296 of topoisomerase lla. In topoisomerase IIB, nuclear localization
signals are found in the C-terminal domain, with two strong NLSs at 1522-1548 and 1538 — 1573,
and weaker sequence at 1294 - 1332. (Meczes L. M., et al., 2008)

2.2 Topoisomerase Il domain structure

The primary structures of topoisomerase lla and I are very similar and can be divided into
three domains based on sequence homology with the bacterial type Il enzyme, DNA gyrase (Figure
3.). The N-terminal domain (first ~670 amino acids) of topoisomerasell is homologous to the B-
subunit of DNA gyrase (GyrB). This portion of the enzyme contains the site of ATP binding and
hydrolysis. Crystal structures of this domain recently were solved for yeast topoisomerase Il (Figure.
3) and human topoisomerase lla. (McClendon K. A. and Osheroff N., 2007)

The central domain (amino acids ~671-1200) of topoisomerase Il is homologous to the A-
subunit of DNA gyrase (GyrA). This portion of the enzyme contains the active site tyrosine (amino
acid 805 for human topoisomerase lla and 821 for topoisomerase IIB) required for DNA cleavage
and ligation. A crystal structure for this domain in the absence of a DNA substrate was solved for
yeast topoisomerase Il (Figure 3). (McClendon K. A. and Osheroff N., 2007)

The C-terminal domain (@mino acids ~1201-1521 for topoisomerase lla and ~1201-1621 for
topoisomerase lIB) is highly variable among species and between the two human isoforms. While it
is dispensable for catalytic activity in vitro, this domain contains nuclear localization sequences
and sites of phosphorylation. For many years, the C-terminal domain was thought to contribute
little to the enzymatic activity of any type Il topoisomerase. However, several recent studies
suggest that this portion of the protein plays an intriguing and important role in the recognition of
DNA geometry. As such, it may impart unique attributes, such as the ability to supercoil DNA or act
in front of replication forks. Unfortunately, no structural information is available for the C-terminal
domain of any eukaryotic type Il enzyme at the present time. (McClendon K. A. and Osheroff N.,
2007)
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Figure 3. Structure of topoisomerase II. A ribbon diagram representing the crystal structure of a homodimer of
yeast topoisomerase Il is shown at left. The N-terminal domain is on the top (yellow and orange) and the central
domain is on the bottom red and blue. At the present time, there is no structural information available for the
C-terminal domain of any eukaryotic type Il topoisomerase. The domain structure of human topoisomerase Il is
shown at right. The N-terminal domain is homologous to the B-subunit of DNA gyrase (GyrB) and contains the site
of ATP binding and hydrolysis. The central domain is homologous to the A-subunit of DNA gyrase (GyrA) and
contains the active site tyrosine (Y805) required for DNA cleavage and ligation. The C-terminal domain is highly
variable among species and contains nuclear localization sequences (NLS) and sites of phosphorylation (PO").
Although the C-terminal domain was thought to contribute little to the enzymological activity of any type |l
topoisomerase, several recent studies suggest that this portion of the protein plays an important role in the
recognition of DNA geometry. (McClendon K. A. and Osheroff N., 2007)

2.3 Topoisomerase |l catalytic cycle

Type Il topoisomerase break both strands of DNA helix and pass a second double helix
through the break (gate) in reaction that is dependent on the binding and hydrolysis of ATP. If the
strand-passage reaction on circular DNA is intramolecular, the result is a change in the linking
number of +2 (or, potentially, the introduction or removal of a knot) but if intermolecular , the
result is the formation or resolution of catenanes. (Bates D. A. et al., 2007)

The enzymes bind a DNA segment (the gate or G segment), which is cleaved in both
strands with covalent attachment of the phosphate backbone to a pair of tyrosines on the
enzyme, forming a transient DNA gate. The N-terminal domains of the enzyme complex (of the
GyrB subunits in the case of gyrase) form a protein clamp that dimerizes in the presence of ATP,
trapping another DNA segment (the transported or T segment), which is passed through the DNA
gate. When the two segments (G and T) are part of different DNA molecules, this mechanism
results in catenation/decatenation. When the two segments are part of the same molecule, strand

passage generally results in DNA relaxation. (Wei H., et al., 2005)
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Figure 4. Model for nucleotide-dependent DNA translocation by Topoisomerase Il. Step 1, G-segment DNA (gray)
binds to the topoisomerase Il dimer at the second gate of the cleavage-reunion core. Step 2, an incoming T-
segment of DNA (pink) is captured in the upper cavity between the upper and middle gates by ATP (red star)
binding-promoted dimerization. Step 3, hydrolysis and release of one of the two bound ATP molecules to
ADP(black star) and Pi lead to an asymmetric retraction of the catalytic Lys-378, opening of the enzyme-bridged
middle gate of the protein DNA complex, and movement of the T-segment from the upper cavity formed in the
ATPase domain into the lower cavity formed by the cleavage-reunion core. Step 4, hydrolysis of the remaining
ATP and opening of the bottom gate allow for T-segment egress from the complex and resetting the system.

(from Wei H., et al., 2005)
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Figure 5. The catalytic cycle of DNA topoisomerase Il. The ATPase domains of topoisomerase Il are shown in light
blue, the core domain in dark blue, and the active site tyrosine residue in red. The catalytic cycle is initiated by
enzyme binding to two double-stranded DNA segments called the G segment (in red) and the T segment (in

green) (Step 1). Next, two ATP molecules are bound, which is associated with dimerization of the ATPase

domains (Step 2). The G segment is cleaved (Step 3) and the T segment is transported through the break in the G
segment, which is accompanied by the hydrolysis of one ATP molecule (Step 4). The G segment is then religated
and the remaining ATP molecule is hydrolyzed (Step 5). Upon dissociation of the two ADP molecules, the T
segment is transported through the opening in the C-terminal part of the enzyme (Step 6) followed by closing of

this gate. Finally, the N-terminal ATPase domains reopen, allowing the enzyme to dissociate from DNA (Step 7).

3. Classification of topoisomerase targeting anticancer drugs



Topoisomerase-targeting anticancer drugs can be divided into two broad classes that vary
widely in their mechanisms of action. (Topcu Z., 2001). All topoisomerase ll-directed agents are
able to interfere with at least one step of the catalytic cycle (for details, see Figure 5.)

3.1 Class | topoisomerase inhibitors

These drugs act by stabilizing covalent topoisomerase-DNA complexs that are the
intermediates during the catalytic cycle of the enzyme. Class | drugs are also referred to as
“topoisomerase poisons” because they transform the enzyme into a potent cellular toxin.
(Topcu Z., 2001). Topoisomerase Il poisons increase the levels of enzyme-DNA cleavage
complexes by two mechanisms. The first increases levels of enzyme-DNA cleavage complexes by
interacting with topoisomerase Il at the protein-DNA interface in a non-covalent manner, while the
second acts by covalently modifying the enzyme. Some poisons act by inhibiting the ability of
topoisomerase Il to ligate the cleaved substrate. These agents not only increase the level of
cleavage complexes, but also increase the lifetime of these complexes. Other poisons have little
effect on the rate of enzyme mediated ligation and are believed to act primarily by enhancing the
forward rate of cleavage complex formation. The exact mechanism by which this second group of
drugs increases levels of DNA cleavage is unknown. They may specifically act to enhance the
forward rate of DNA scission. Alternatively, they may have some effects on the DNA
binding/dissociation equilibrium, as the level of topoisomerase ll-mediated DNA cleavage is

proportional to the amount of enzyme bound. (McClendon K. A. and Osheroff N., 2007)
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Figure 6. Structures of selected topoisomerase Il poisons. Agents that act in a non-covalent fashion at the

topoisomerase II-DNA interface are shown at the top. Quinones that act by covalently adducting the type |l

enzyme are shown at the bottom (from McClendon K. A. and Osheroff N., 2007
3.2 Class Il topoisomerase inhibitors



These drugs interfere with the catalytic function of the enzyme without trapping the
covalent complex. The drugs in this class are referred to as “topoisomerase inhibitor” Catalytic
topoisomerase Il inhibitors are a heterogeneous group of compounds (for chemical structures, see
Figure 7) that might interfere with the binding between DNA and topoisomerase Il (aclarubicin and
suramin), stabilize noncovalent DNA topoisomerase Il complexes (merbarone, ICRF-187, and
structurally related bisdioxopiperazine derivatives), or inhibit ATP binding (novobiocin). (Topcu Z.,
2001).

4. Rhinacanhtins

Rhinacanthins are naphthoquinone ester derivative isoloated from the methanolic extract
of the roots of the medicinal plant Rhinacanthus nasutus (Acanthaceae). In Thailand the roots and
leave of this plant are used for the treatment of cancer. It has been reported that the synthesis of
rhinacanthin-M, -N, and —Q showed significant cytotoxiccities against KB, HeLa and HepG, cell line.
Moreover, they showed some inhibitions toward enzyme Topoisomerase Il (Kongkathip, N et.al,
2004). The inhibitory mechanism of these compounds towards Topoll is still unclear. According to
Kongkathip , N et al 2004, these compounds were found at the DNA-binding domain of Topoll.
Moreover, they also inhibited the relaxation activity of yeast Topoll. Therefore, acquiring
knowledge on the mechanism of these compounds toward Topoll is still challenging.

In this report, eight compounds of naphthoquinone derivatives were used. Their structures

are depicted in Figure 7.
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Figure 7. Chemical structures of naphthoquinone compounds used in this study.

5. Objectives

1. To understand the important of each domain of human Topolla and TopollB
towards rhinacanthin such as naphthoquinone esters and amides

2. To identify the important amino acids involved in the specific interaction between

each domain of human Topolla and TopollB and rhinacanthin compounds.
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This chapter describes how to construct and produce recombinant proteins human Topolla

and TopollB ATPase domain as well as investigate and determine the inhibition of rhinacanthins

toward human Topoll and the kinetic parameters of hTopolla-ATPase domain

1. Amplification of DNA fragments by polymerase chain reaction.

The plasmids pCM1 and YEPTOP2 (a gift from Prof. Osheroff, N.) were used as templates for
the amplification of ATPasehTopolla and ATPasehTopollB by PCR, respectively. The PCR was
performed by using TaKaRa Ex Tag DNA polymerase. Reaction mixtures containing 0.25 mM dNTP,
0.2 uM 5' primer, 0.2 uM 3' primer, 100 ng of Template DNA template, 5 pl 10 x buffers, 1 unit of
TaKaRa Ex Tag DNA polymerase and milliQ water to make total volume of 20 pl. Table 1 shows
the PCR condition to generate both ATPasehTopolla and ATPasehTopollB fragments while Table 2
displays primer sequences used for the PCR. The forward primers contain Nhel restriction site and
the reverse primers contain Xhol restriction site. These specific sites were used to clone the
specific fragments into pET28b.

Table 1 PCR condition

Segment Temperature Time Cycle
Pre-denaturation 95 °C 5 min 1
Denaturation 95 °C 1 min

Annealing 55 °C 40 sec 25
Extension 72°C 3.54 min

Final extension 72°C 5 min 1

Table 2 PCR primers used for the amplication of ATPasehtopolld and ATPasehtopollf. The yellow highlight
represents the cutting site Nhel, and the red highlight represents the Xhol cutting site.

Set of primer Sequence PCR
product

F hTopollA 29 5' GAGCAGCTAGCTCTGTTGAAAGAATCTATCAAAAG 3'

= = 1.2 kb
R _hTopollA 428 5' GTCGGC-TFATGAACACTFCTFGTITAACTG 3
F hTopollB 45 5' GAGCAGCTAGCTCTGTTGAGAGAGTGTATCAG 3'

= = 1.2 kb
R hTopollB 444 5' GTCGGC-TFATGAACACTFCTFATFC 3

11



2. Ligation of ATPasehtopolla and ATPasehtopollf into pGEM-T Easy vector

The PCR products were purified by Nucleospin purification kit following the manufacturer
instruction. The PCR fragments of ATPasehtopolla and ATPasehtopollB were ligated to pGEM-T
Easy vector. The ligation reaction containing vector: insert molar ratio of 1:3, 1 U of T4 DNA licase

and added miiliQ water to final volume of 10 pl. The vector amount was approximately 50 ng per

reaction. The ligation reaction was incubated at 4 °c overnight. The ligation reaction was
transformed into E.coli (UM109) in LB plate containing appropriate concentration of ampicilin, IPTG,
X-GAL. After transformation, the several white colonies were picked and confirmed by PCR

(described below) and DNA sequencing.

3. Confirmation of plasmid pGEM-T-Easy-ATPasehTopolla and pGEM-T-Easy-
ATPasehTopollB.

Colony PCR screening was employed to check the presence of the insert. The PCR was
performed by using Tag DNA polymerase (Fermentus). The single colony of pGEM-T Easy-
ATPasehTopolloe and pGEM-T Easy ATPasehTopoll was used as a template. Reaction mixtures
containing 0.2 mM dNTP, 0.2 uM 5' primer, 0.2 puM 3' primer, 0.2 mM MgCl,, 2.5 pl 10x buffer, 0.5
unit of Tag DNA polymerase and milliQ water to make up a total volume of 20 ul. The PCR
condition was shown in Table 1. The PCR screening products were checked by 0.8% agarose gel

electrophoresis.

4. Construction of ATPasehtopolla and ATPasehTopollf into pET28b vector

The plasmids pGEM-T-Easy-ATPasehTopolla and pGEM-T-Easy-ATPasehTopollf digested with
Nhel and Xhol were ligated with corresponding size of pET28b which was previously digested with
Nhel and Xhol. The constructed plasmid was called pET28b-ATPasehTopolla. and pET28b-
ATPasehTopoll. After the ligation, the recombinant plasmids were transformed into E. coli (JM109)
and selected on LB plate containing the appropriate concentration of kanamycin. After
transformation, the plasmids were extracted by GeneJET plasmid miniprep kit and the insertion of

the interested fragment was confirmed by PCR screening.

5. Expression of ATPase_hTopolla and ATPase_hTopollp

The plasmids pET28b-ATPase-hTopolla and pET28b-ATPase-hTopollf were transformed into
E.coli BL21 (DE3). Transformant colonies were selected in LB agar containing 50 pg/ml kanamycin.
Then transformant colony was picked and inoculated in 2.5 ml LB medium containing 50 pg/ml
kanamycin as a starter cell. The starter cell culture was diluted into 250 ml LB medium
supplement 50 pg/ml kanamycin. The cell culture was grown in shaking incubator at 37°C until
ODgqo reached 0.4-0.6. The expression of ATPase-hTopolla protein was induced by adding IPTG at a
final concentration of 1 mM. The cell culture was then incubated at 30°C for overnight. For the
time course experiment, an aliquot of the induced culture containing approximately 10° cells (1 ml
of 1 ODgqp) was collected at 0,1,2,3 and 16 hours. The cells were harvested by centrifugation at

3,000 rpm. The expressed protein was analyzed by 12% SDS-PAGE.
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6. Purification of ATPase-hTopollOl

After the expression of ATPase-hTopolld., cells were harvested by centrifugation at 3,000
rom at 4°C. Cell pellets were resuspended in lysis buffer (50 mM Tris-HCl pH 7.5, 0.5 M NaCl, 0.5
mM Imidazole). Lysis buffer 3 ml was used for 100ml of cell culture. The cells were subsequently
sonicated using pulse amplitude (on 10 sec, off 5 sec) for 30 min. After the sonication, the cell
lysate was centrifuged at 15,000 rpm for 30 min at 4°C. The supernatants were applied to 1 ml
HiTrap Chelating Ni”" column which was equilibrated with washing buffer (50 mM Tris-HCl pH 8, 0.5
M NaCl, 0.03 M Imidazole). The column was washed with washing buffer to remove non-
specifically bound protein. The 6xHis ATPase-hTopollat protein was eluted by an increasing
imidazole gradient of elution buffer (50 mM Tris-HCl pH8, 0.5 M NaCl, 0.5 M Imidazole). Protein
fractions were analyzed by 12% SDS-PAGE. Protein fractions containing 6xHis ATPase-hTopollal
protein were pooled and dialyzed in 20 mM Tris-HCl pH 8 and 50 mM NaCl to remove imidazole.

T1. Estimation of protein concentration
Concentration of protein was measured in conjunction with Beer-lambert law, A= €bc
where A, g b and c were absorbance,molar extinction coefficient, path length and molar

concentration respectively. Extinction coefficient of ATPase-hTopolla €,59 was 54,235 M em”.
8. Binding study of ATPase-hTopolla

Fluorescence titration method was performed by making microlitre addition of the ligands
such as 1 mM rhinacanthin derivatives to 400 pl of 2.5 uM ATPase-hTopolla in 20 mM Tris-HCl pH8,
50 mM NaCl. An excitation wavelength of 295 was used and the fluorescence emission spectra
were recorded between 315-400 nm.

The apparent Ky values for the licand binding were obtained by fitting the following

equation:

%AFobs = AF max [I—]o
Kot [Llo

where %AF,, is the change in fluorescence intensity, AF max 1S the maximum attainable change in
fluorescence intensity, [L], is the total molar concentration of the ligand, and K 4 is the dissociation

constant.

9. Topoisomerase assay
Human Topoisomerase lla. activity was determined using Topisomerase Il assay kit (TopGEN

Inc.). The reaction mixture containing 60 ng of kintoplast DNA (kDNA) and 2 units of hTopollat was
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incubated with and without naphthoquinone derivatives at 37 °Cfor1hin complete assay buffer
(50 mM Tris-Cl pH 8.0, 150 mM NaCl, 10 mM MgCl,, 0.5 mM dithiothreitol, and various
concentrations of ATP). Doxorubicin was used as a positive control while decatenated and
linearized kDNA were used as markers. The reaction in a final volume of 20 ul was stopped by
adding stop buffer/gel loading dye (1% Sarkosyl, 0.025% bromophenol blue and 5% glycerol).
Reaction products were run on 1% agarose gel in 0.5x TBE buffer with 0.5 pg/ml ethidium bromide
included in the gel. Electrophoresis was performed at 50 V for 1.30 h. After electrophoresis, the gel
was destained with distilled water for 30 min and photographed over a UV transilluminator using
DNr Bio-Imaging system. One unit of Topoisomerase Il is defined as the amount of enzyme that
decatenates 0.2 pg of kDNA in 30 min at 37°C.

10. ATPase assay

To ascertain the ATPase activity, ATPase measurement was carried out by the PK/LDH
couple assay described previously with some modifications [28]. The reaction mixture of 200 ul
contained 10 mM Tris-Cl pH 7.5, 50 mM NaCl, 50 mM KCl, 5 MgCl, , 0.1 mM NADH, 2 mM
phosphoenolpyruvate, 3 units of pyruvate kinase, 4 units of lactate dehydrogenase and various
concentrations of ATP. Both ATP and the reaction mixture were pre-equilibrated at 30 °C for 5 min
before the measurement. Finally, 0.1 uM of the enzyme was added into the reaction mixture. The
decrease in NADH, which was directly proportional to the rate of ATP hydrolysis, was monitored by
measuring the absorbance at 340 nm in a microplate reader spectrophotometer (Sunrise-basic
TECAN). In order to determine the inhibition of ATPase activity by the naphthoquinone
compounds, 50 uM of the compounds were added to each reaction mixture and pre-equilibrated

at 30 °C for 5 min before the measurement. All assays were performed in triplicate.

11. Molecular docking analysis

To better understand how the ligands bind to the enzyme, molecular docking analysis was
performed. The crystal structure of ATPase domain of human Topolldt was obtained from the
protein data bank (pdb code 1ZXM) [29]. The structures of naphthoquinone compounds were built
using Sybyl 7.3 program. Docking analysis was performed with Autodock 4.0 program. The grid was
chosen to be sufficiently large to include the ATP binding site as a whole with spacing of 0.375 A
and a grid size of 60 x 60 x 60 points along the X, y and z axes. The center of the ligands was
positioned at the grid center. The search parameter used was Lamarckian Genetic Algorithm (LGA)
with 100 runs. The population size was set at 150 and the number of energy evaluations was 2.5
million. Three dimensional structures and molecular surfaces of hTopollo-ATPase-naphthoquinone

compounds with the best-docked conformation were visualized and analyzed by PyMOL.
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1. Amplification of DNA fragments by polymerase chain reaction.

Gene coding for ATPase domain of human Topolla and Topoll was amplified by PCR using
the PCR condition and primers as shown in Table 1 and 2. Figure 8 shows the PCR products of
ATPasehtopolla and ATPasehtopollf fragments. The sized of the products were around 1.2 kb as
expected for ATPasehTopolla and ATPasehTopollB. As can be seen, the PCR products were
relatively cleaned so the PCR products were then cleaned by PCR purification kit prior to ligate to
the pGEM-T-Easy vector.

1.5 kb
ATPasehtopoll X 1.5kb

1 kb ATPasehtopo//B

A

Figure 8 PCR product for ATPasehtopolla and ATPasehtopoll3. (A) PCR product for ATPasehtopolla. M,
GeneRuler Express DNA Ladder (Fermentus); Lane 1, ATpasehtopollc. (B) PCR product for ATPasehtopolif. M,
GeneRuler Express DNA Ladder (Fermentus); Lane 1, ATpasehtopollf.

2. Ligation of ATPasehtopolld and ATPasehtopollf3 fragment into pGEM-T Easy vector
The cleaned PCR products were used to ligate with pGEM-T-Easy as described in the
method section. The transformant from the ligation rection was picked and screened. The PCR
screening products from the selected transformant were checked by 0.8% agarose gel
electrophoresis as shown in Figure 9. The size of the recombinant plasmids containing
ATPasehtopolla and ATPasehtopoll3 was expected to show the band of 1.2 kb (Figure 9). The
result confirmed that the recombinant plasmids contained the insert gene. The plasmid pGEM-T

Easy-ATPasehTopollOL was further confirmed by DNA sequencing and the clone 8 of pGEM-T Easy-

ATPasehTopollOl contained no mutation in the ATPasehTopolla region (data not shown).

However, the sequencing result of pGEM-T-Easy-ATPasehTopollf is being investigated. Therefore,

only the clone 8 of pGEM-T Easy-ATPasehTopollOQl will be used as a template to construct pET-
28b- ATPasehtopolla.
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Figure 9 PCR screening of pGEM-T Easy-ATPasehTopolld and pGEM-T Easy—ATPaseTopolIB. (A) PCR screening of
PGEM-T Easy-ATPasehTopollQl. M, GeneRuler Express DNA Ladder (Fermentus); Lane 1-4 PCR screening of pGEM-T
Easy-ATPasehTopolld clone 5-8 respectively. (B) PCR screening of pGEM-T Easy—ATPasehTopoIlB. M, GeneRuler
Express DNA Ladder (Fermentus); Lane 1-5 PCR screening of pGEM-T Easy—ATPasehTopolIB clone 1-5 respectively.

3. Construction of ATPasehtopolla into pET28b vector

After the sequence of ATPhTopolla in pGEM-T Easy-ATPasehTopolla was confirm, the insert
digested with Nhel and Xhol was later ligated with the pET28b previously digested with the same
restriction enzyme. The transformant from the ligation reaction was screened by PCR. Figure 10
shows the PCR product of ATPasehtopolla in pET28b- ATPasehTopolla clone 1-5. The result here
indicated that all plasmid contained the correct insert. Therefore only clone 1 of pET28b-

ATPasehTopolla will be chosen to use in the protein expression experiment
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Figure 10 PCR screening of pET28b-ATPasehTopolld. M, GeneRuler Express DNA Ladder (Fermentus); Lane 1-5
PCR screening of pET28b-ATPasehTopolld. M, GeneRuler Express DNA Ladder (Fermentus); Lane 1-5 PCR
screening of pET28b-ATPasehTopolld clone 1-5 respectively.

4. Protien expression of ATPase-hTopolla and ATPase-hTopollp

To express ATPase-hTopolla and ATPase-hTopollf , E.coli BL21(DE3) was used as a suitable
host for protein expression. Addition of IPTG in the growing culture induces T7 RNA polymerase
production, which in turn transcribes the target DNA in the plasmid. In order to find a suitable time
for the over expression of ATPase-hTopolla and 3, a time course experiment was carried out and
the results are shown in Figures 11-12. After the single colony of E.coli BL21(DE3) containing
ATPase-hTopollo/p plasmid was picked and grown in LB broth containing 50 pg/ml kanamycin at
37°C unitl optical density at 600 nm reached 0.6,the cell culture was induced with 1 mM IPTG and
grown at 30°C for induced recombinant proteins. The E.coli cell lysate containing recombinant
proteins was collected at 0, 1, 2, 3 and 16 hr after induction. As can be seen in Figure 8 and 9, the
ATPase-hTopollo/p proteins (~45 kDa) could be expressed at 30°C and the maximal expression

could be observed at 16 hr after induction.
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Figure 11 Time course expression analysis of ATPase_htopollOl protein induced with 1 mM IPTG at 30°C. 12%
SDS-PAGE was employed. M, PageRuler prestained protein ladder (Fermentas), Lanel-5, Expression of

ATPase_htopollQt protein for O hr, 1 hr, 2 hr, 3 hr and 16 hr respectively.

kDa

T2

55

43

Figure 12 Time course expression analysis of ATPase htopol{3 protein induced with 1 mM IPTG at 30°C. 12%
SDS-PAGE was employed. M, PageRuler prestained protein ladder (Fermentas), Lanel-5, Expression of

ATPase_htopollf protein for 0 hr, 1 hr, 2 hr, 3 hr and 16 hr respectively.
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5. Protein purification

Since both proteins can be expressed in the small scale, the large scale protein preparation
was carried out. Since the expressed both ATPase-htopoll proteins were fused with 6xHis tag at N-
terminus, so the proteins could be purified using Ni2+ affinity column. However, after the cells were
broken by sonication method, it was found that the ATPase-hTopollf protein was expressed as
insoluble inclusion bodies. Therefore, only the ATPase-hTopolla protein can be further purified.
SDS-PAGE analysis of purified ATPase-hTopolla protein is shown in Figure 13. This result revealed
that ATPase-hTopolla. protein was successfully purified and the molecular weight of the purified
protein was about 45 kDa. The concentration of purified protein was measured using the extinction
coefficient of 54,235 M em” for ATPase-hTopollo.

M 1 2 3
kDa
T2 = 0
55

'f

j -

T
< Topolla
43 ' &"- - ATPase

Figure 13 purification analysis of ATPase htopolla.. M, PageRuler prestained protein ladder (Fermentas); Lane 1,
insoluble; Lane 2, flow though sample from FPLC; Lane 3, purified ATPase_htopolla.

6. Fluorescence binding study of ATPase-hTopolla

Tryptophan fluorescence study was chosen to identify the binding affinity of novel
naphthoquinone amides to ATPase-hTopolla protein. The excitation wavelength at 295 nm was
used to excite Trp residues and the emission spectrum between 315 - 400 nm was observed. The
Kg value can be calculated using equation as described in methodology section (2.8). When
naphthoquione aromatic amides were added into the solution, a quenching in fluorescence
intensity was observed as shown in Figure 14. The maximal emission for Trp was at 344 nm for
ATPase-hTopollo. protein alone and all ligands were not fluorescent under the experimental
condition. The addition of the compounds did not change the maximal emission peak of Trp. The
Kq values could be determined by plotting the change of percent fluorescence intensity and
concentration of rhinacanthins using equation in methodology section (2.8). Table 3 shows the Ky

values of each naphthoquinone derivatives. According to the Ky values, it seems that these novel
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rhinacanthins with the amide linkage moderately bind to ATPase-htopolla protein which relates to

their cytotoxicity and the naphthoquinone esters seem to bind slightly stronger than the amides.
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Figure 14 Fluorescence spectra of ATPase-hTopollQL upon the addition of Rhi-N and compound 43.

Table 3. Dissociation constants (Kys). The K, values were obtained from the fluorescence binding studies in the

presence of 5 mM ATP.

Naphthoquinone Ky Naphthoquinone Kg
esters (UMm) amides (M)
Rhi-N 23+ 2 Compound 43 30+ 3
Rhi-Q 22+ 1 Compound 45 26 +4
Rhi-M 37 +4 Compound 21 50+ 7

NKPSL4 23+ 2 Compound 23 a5+ 4

7.  Naphthoquinone affecting DNA relaxation in ATP concentration dependence.

Naphthoquinone ester derivatives have been reported to be able to inhibit the DNA
relaxation activity of Topoll. Despite rhinacanthins being suggested to be able to interact with the
DNA binding domain, it cannot be ruled out that they also interact with the ATPase domain.
Expoxide ring-opened xanthone derivatives, for instance, have shown ATPase inhibitory activity
inversely proportionally to ATP concentration (Jun KY et al 2011). Therefore, it would be of interest
to determine if the inhibitory action of naphthoquinone compounds on DNA relaxation is also
proportional to ATP concentration. In Topoisomerase Il assay, compound 43 (a napthoquione
amide analog to Rhi-N) was chosen. Recently, naphthoquinone aromatic amides also attract our
interests due to their stability towards the hydrolysis. Therefore, a series of naphthoquinone

aromatic amide were synthesized and their cytotoxicities against cancer cell lines and Vero cells

20



were tested [25]. The decatenation assay was used to determine the inhibitory activity of
compound 43 and hTopollo. The enzyme catalyzes the ATP-dependent decatenation of long-
chained, catenated DNA molecules into free relaxed and supercoiled forms. As seen in Figure 15,
compound 43 exhibited strong hTopolla inhibitory activity in the presence of 2 mM ATP. However,
when ATP concentrations increased, hTopollo. inhibitory activity of compound 43 reduced. It is
likely that the tested compound compete with ATP. This result is in agreement with the

fluorescent binding assay.

2mMATP 3mMATP 4 mMATP

K D T 43 T 43 T 43 L

Catenated kDNA

Nicked decatenated kDNA

Linear kDNA
Circular, decatenated kDNA

Figure 15 Topoisomerase IO inhibitory activity of naphthoquinone aliphatic amide 43. The compound was
examined in final concentration of 50 UM. Lanes K: kDNA only, Lane D: decatenated kDNA only, Lane T: kDNA +

hTopoll®t, Lanes 43: kDNA + hTopollOl + compounds 43. The concentrations of ATP used in each reaction are

indicated above each lane. Catenated kDNA does not migrate out of the loading wells.

8. Effect of naphthoquinones on hTopolla-ATPase

Etoposide has been proposed to bind both to the N-terminal domain and the core domain
of Topoll but does not eliminate ATP binding. STD-NMR experiment has also revealed that the
binding of etoposide to human Topolla is driven by the interactions with the A-ring and the B-ring
and by stacking interactions with the E-ring of the etoposide. Etoposide can inhibit the rate of
either the first ADP release or the hydrolysis of the second ATP. Unlike etoposide,
bisdioxopiperazines such as ICRF-187 have been found to bridge and stabilize a transient dimer
interface between two ATPase domains but does not compete with the ATP-binding. The multiple
mutations both in the N-terminal domain and the core domain can cause the resistance to

bisdioxopiperazines. Bisdioxopiperazine derivative such as ICRF-193 has not significantly inhibited
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ATPase hydrolysis of the 52 kDa of human Topoll. Based on our fluorescence binding study, the
inhibition activity of naphthoquinone compounds towards ATPase protein was next examined by
ATPase assay in the absence of DNA. Figure 16 shows the ATPase activity of hTopolla-ATPase
protein in the absence and presence of naphthoquinone compounds. All naphthoquinone
compounds can more or less interfere with ATPase activity of ATPase domain of hTopolla.
Additionally, the naphthoquinone aromatic esters seemed to inhibit ATPase activity slightly higher
than the naphthoquinone aromatic amides. According to the result, the rate of enzyme-catalyzed
ATP hydrolysis in the presence of the naphthoquinone compounds was slightly inhibited but not

vastly different compared with that in the absence of the compounds.
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Figure 16 ATPase activity of hTopolld-ATPase in the presence of naphthoquinone compounds. The ATPase
activity was measured at 2 mM ATP and 50 M naphthoquinone compounds in the absence of DNA. The data

shown are means=S.D. for three independent experiments.
9. Molecular docking of naphthoquinone derivatives and hTopolla-ATPase

To visualize how the ligands position in hTopollo-ATPase and to examine the binding mode
of the naphthoquinone compounds, molecular docking studies were carried out for Rhi-N and
compound 43 with ATP-binding domain of hTopolla using the Autodock 4.0 program. The docking
analysis showed that the compounds fit into the ATP-binding site. The position of the
naphthoquinone ring in both compounds aligns with the phosphate backbone of ATP but only the
naphthalene moiety of rhinacanthin-N overlaps well with the purine ring of ATP (Figure 17A and
17B).
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(B)

Rhi-N

Figure 17. Overlay structure of AMP-PNP and Rhi-N (A) and compound 43 (B) in ATPase domain of hTopolla.. The
molecules are shown in stick and colored by elements (carbon: light pink for Rhi-N, violet for compound 43 and

yellow for AMP-PNP; oxygen: red; hydrogen: white, nitrogen: blue and phosphate: orange). (C) and (D) are view of

Rhi-N and compound 43 in ATPase domain of hTopollQl, respectively. The amino acids involved in the
interaction of rhinacanthins are depicted in stick representation and colored by elements (carbon: blue slate;
oxygen: red; hydrogen: white and nitrogen: blue). The dotted red lines represent the hydrogen bonding
interaction.

Figure 17C and 17D represents the arrangement of the naphthoquinone compounds in the
binding pocket. Both Rhi-N and compound 43 are surrounded by hydrophobic amino acid residues
such as 1125, F142 and L140 for naphthalene moiety, and small polar uncharged amino acid
residues such as S148, S149 and N150 for naphthoquinone ring. In Rhi-N-ATPase complex, the NH
side chain of N150 forms a bifurcated-hydrogen bond with the Cl-carbonyl of the naphthoquinone
ring, whereas in the Compound 43-ATPase complex, two types of hydrogen bonds are observed: a
typical hydrogen bond between the NH side chain of N150 and Cd-carbonyl of the
naphthoquinone ring and a bifurcated hydrogen bond between C3-OH of the naphthoquinone ring
and OH side chain S149 and main chain O of S148. It is important to note that compound 43
shows the existence of close contact with shorter hydrogen bonds to the naphthoquinone moiety
than Rhi-N. These observed hydrogen bond networks have been seen in the interaction between
xanthone analog and ATP-binding domain of hTopolla [32]. Interestingly, the arrangement of Rhi-N
in the ATP binding site is similar to that of xanthone analog. The hydrogen bond interaction with

S149 is also observed in the purine scaffold derivative. According to the structure of hTopolla-
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ATPase —AMPPNP complex, the adenine ring is held through hydrogen bonding to a side chain
carbonyl of N120 and S148 donates a hydrogen bond to the B-phosphate. However, the key
catalytic general base, D87, is not observed as a part of the interaction between naphthoquinone
compounds and the protein. Since the ATP hydrolysis assay showed neither naphthoquinone
compounds dramatically inhibit the ATPase activity, other mechanisms in addition to binding to
the ATPase domain may exist. The molecular docking here can provide an insight for a new design
of the novel naphthoquinone compounds in order to improve the binding affinity of the
compounds and to compete effectively with ATP.
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This report presents the effect of naphthoquinone derivatives as potential Topoisomerase |I
inhibitors. Naphtoquinone aromatic esters and amides have been tested against cancer cell lines
showing potent cytotoxicities. In this report, a selected compound 43 exhibited hTopolla inhibition
when 2 mM ATP was present. The ATP competition assay revealed that the inhibition of hTopolla
by compound 43 was inversely proportional to the ATP concentration. This has led to the further
study on hTopoll-ATPase domain. Attempts were made for protein expression of both hTopollo-
ATPase and hTopollB-ATPase but only hTopolla-ATPase domain was obtained in sufficient amount.
The inhibition of ATPase activity of hTopollo-ATPase by naphthoquinone compounds was
evaluated. The naphthoquinone aromatic esters exhibited slightly higher ATPase activity inhibition
than the naphthoquinone aromatic amides. Since the rate of enzyme-catalyzed ATP hydrolysis in
the presence of the naphthoquinone compounds was slightly inhibited compared with that in the
absence of the compounds, other mechanisms in addition to binding to the ATPase domain may
exist for the inhibition of hTopolla activity. In order to identify where naphthoquinone compounds
bind to the ATPase domain, molecular docking analysis of ATPase domain of hTopolla was
employed. The docking indicated that the compounds position in the same manner of AMP-PMP
but only a few hydrogen bond interactions were detected. In addition to the positions of the
naphthoquione compound, the docking experiment revealed different spatial arrangement
between naphthoquinone esters and amides as well as some important amino acid residues
involved in the binding of the naphthoquinone compounds.

In summary, our results provide the first information about the interaction of the ATPase
domain with naphthoquinone compounds. We have shown that the compounds can interfere with
Topoll activity in the ATP dependent manner. Biological experiments confirmed that the
compounds bind to hTopollo-ATPase in the presence of ATP. Additionally, naphthoquinone esters
can slightly reduce the ATPase activity further than naphthoquinone amides. Given the importance
of hTopoll inhibitors as potential anti-cancer drugs, the further elucidation of the mechanism of
action of the naphthoquinone esters and amides inhibitory activity described here and the
development of further novel naphthoquinone derivatives which act as hTopolla inhibitors is

essential
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