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Abstract

Binding interaction between antitumor drug and DNA is of burgeoning interest due to its
upraising demand in medicinal science. In present work, we have tried to examine the mode of
binding of topotecan (TPT) with DNA. TPT, an eminent anti-cancer drug from Camptothecin
family, is found to interact with DNA Topoisomerase-I and inhibits DNA replication process.
Steady state, time resolved fluorescence, circular dichroism and thermal melting studies have
been utilized to explore the mode of binding of TPT with synthetic polynucleotides ((dA-dT);s,
(dG-dC),5) and natural DNA (CT-DNA). The mode of binding of TPT with the DNA double
helix has been substantiated to be principally groove binding. It is found even though the ground
state cationic form (C) of the drug binds to dsDNA irrespective of DNA sequences, the emission
mainly appears from Z', and it is attributed to the intermolecular excited state proton transfer
(ESPT) reaction between drug and surroundings water molecules. However, in case of (dA-
dT);s, emission profile indicates the existence of small population of excited state cationic form
(C") of the drug in the minor groove of DNA. The different photophysical behavior of TPT in
case of (dA-dT),s compared to others is attributed to narrower and deeper minor groove of (dA-
dT);s than the others. The exact molecular picture of binding interaction between drug and

DNA s has been explored from molecular modeling studies.

Keywords: topotecan - DNA - spectroscopic methods - minor groove binding - molecular
docking
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Introduction

Chemotherapeutic agents share the spotlight over the decades due to their uprising demand in
medicinal science. Although the anti-cancer activity of chemotherapeutic drugs is well known,
the exact mode of action in many cases is still under debate. Therefore, chemotherapeutic drugs
are burgeoning interest to the researchers."* Among many others, Topotecan (TPT), a penta-
cyclic water soluble alkaloid member from Camptothecin family is the point of our interest due
to its proven inhibitory activity against animal as well as human tumors. CPT was first isolated
by Wall ez al. in 1966 from a Chinese tree Camptotheca acuminate.” Water solubility is the main
advantage for TPT compared to other drugs of Camptothecin family, and it mainly exists in two
forms in water, namely, lactone form, responsible for TPT’s anticancer activity, and carboxylate
form, which does not show any anti-tumor action.*” Note that, where most of the well known
anti-cancer drugs are found to inhibit DNA Topoisomerase-II, TPT selectively interacts with
Topoisomerase I (Topo-I) and inhibits DNA replication, and leads to necrosis or cell death **°,

This overall process is believed to be governed by a ternary complex formation between DNA-

TPT and Topo-I "', though it was shown that TPT can solely interact with DNA in absence of

Published on 09 October 2013. Downloaded by York University on 10/10/2013 08:40:46.

Topo-I.12
More recently, Nunzio et al. reported elaborative pH dependent studies and solvent effect

on the structural dynamics of TPT, and it was found that TPT exists in different protolytic forms

13,14

depends on the pH as well as solvent. It was observed that under physiological conditions

(pH 7), the drug exists in equilibrium between the enol (E), cationic (C) and zwitterionic (Z)

forms in the ground state (Scheme 1)."*!*

Interestingly, TPT exhibits a single fluorescence peak
(~530 nm) in aqueous solution responsible for the emission from Z*, which is believed to be an

outcome from excited-state proton transfer (ESPT) from TPT to water."” At physiological pH,
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TPT hydrolyses to toxic carboxylate form,'® and this appears to be a strong challenge for the
researchers. Therefore, ongoing efforts have been invested to carry out active lactone form to the
desired location. Results show that stability of lactone moiety could be improved by

718 or in cyclodextrin'®, which might solve the problem

encapsulating the drug either in liposome
of carriage. Next, the mode of interaction with DNA and its mechanism is also a prime point of
interest, which can improve the therapeutic importance of TPT. The mode of interaction for
lactone TPT and DNA devoid of Topo-I was determined by Yang et al. by HPLC followed by
NMR ‘[echniques.20 The results conclude that the lactone form predominantly exists in presence
of dsDNA and binds to DNA through intercalation, though the relative shifts (~0.15-0.2 ppm)
reported from NMR spectra does not impressively match with regular intercalation process.*'
Again the possibility of intercalation of lactone form of TPT is questioned when Streltsov et al.
showed by linear dichroism study that angle of orientation for bound TPT (quinoline part) with
DNA base pairs is found to be less than 54°.> This value is clearly less than classical intercalator
(62°-76%) and close to minor groove binders (< 55°), which suggests TPT act as a minor groove
binder.** Not only the mode of binding, the sequence specificity of TPT for DNA is also under
strong debate. Yang et al. reported that lactone form of TPT is highly selective towards the
poly(dG-dC) compared to poly(dA-dT) for intercalation.”’ Interestingly, Yao ef al. reported that
sequence specificity of TPT is toward dT of dsDNA instead of GC rich region,'> which
contradicts previous report. The ongoing quest about TPT’s mode of binding along with
sequence selectivity attracts our attention, and we have carried out thorough investigations to
exterminate the contradictions engendered about TPT and DNA interaction. Absorption, steady

state emission, circular dichroism (CD), and thermal melting studies have been employed to

delve binding mode, specificity and affinity of TPT with DNA. The dynamics aspects of the

4
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interactions are also highlighted through time-resolved fluorescence as well as rotational
relaxation measurements.

TPT being an important anticancer drug, the detailed mechanism of interaction is helpful
to enhance the therapeutic efficiency of the drug, as stronger binding to DNA backbone along
with increased pose time in bound state enhances the therapeutic efficiency of drugs.”2°
Moreover, specific binding of TPT to DNA makes it possible to use this drug as a fluorescence
marker in histochemical studies to exclusively locate DNA or chromosome in cells.””* TPT’s
sequence specific binding in DNA may further be useful to trace particular short sequence

repeats, which have got great importance in DNA polymorphism.’*'

We hope this new
understanding will pave a way to divulge specific details about the interaction scenario of a
renowned anti-carcinogen TPT with DNA, which may help in a better way in designing,
targeting and tracing several cellular phenomena in vitro as well as in cells.

Experimental Section

(i) Materials, Methods and Instrumentation

Published on 09 October 2013. Downloaded by York University on 10/10/2013 08:40:46.

Topotecan (High purity > 99%), Calf Thymus DNA (CT-DNA) were purchased from Sigma
Aldrich and used without any further purification. (dA-dT);s and (dG-dC);s were procured from
Integrated DNA Technologies (IDT) and purified using SDS-PAGE gel purification technique.
The concentrations of (dA-dT);s and (dG-dC);s were calculated by using cumulative molar
extinction coefficient of all bases generated by SciTools of IDT website (332200 M ¢m™ and
251400 M cm™, respectively). CT-DNA concentration is calculated using molar extinction
coefficient 6600 M~ cm™ per base.’? Phosphate buffer (PB) of pH 5.1 was used for all

measurements and each of the constituents of buffer was also procured from Sigma Aldrich. The
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working concentration of topotecan was calculated using molar extinction coefficient at 380 nm
(€380 = 20000 M cm'l)24 and kept at 20 uM for all the studies.

Measurements of solution pH were done by pH-1500 (Eutech Instruments, USA) and
cross verified by silicon micro sensor pocket sized pH meter (ISFETCOM. Co. Ltd., Japan).
Absorption spectra of free and DNA bound TPT were recorded in Evolution-300 UV-Visible
spectrophotometer (Thermo Fisher Scientific, USA). Steady state fluorescence measurements
were executed in Fluoromax 400 (Horiba Jobin Yvon, USA). Fluorescence lifetime and time
resolved anisotropy measurements were performed using time-correlated single photon counting
(TCSPC) set-up from IBH Horiba Jobin Yvon (USA), detailed description of which is mentioned
elsewhere.™®>® The lifetime and anisotropy data were collected by excitation at 375 nano LED
(FWHM=90 ps) and analyzed using IBH DASG6 software. Quality of lifetime and anisotropy fits
was judged on basis y* values and from the visual inspection of the residuals. The value of y* ~1
was considered as best fit for the plots. Experimental error in our TCSPC measurements was
+5%.

Circular dichroism (CD) spectra were recorded on a J-815 CD (JASCO, USA). Each CD
profile is an average of 3 scans of the same sample collected at a scan speed 100 nm/min, with a
proper baseline correction of the blank buffer. During CD measurement, DNA concentration was
kept fixed and the concentrations of TPT were increased steadily. Melting study was performed
using Varian Cary 300 Bio UV-Vis Spectrophotometer. All the steady state and time-resolved
experiments were performed at 300 K.

(ii) Molecular Docking
The crystal structure of (dA-dT), [d(ATATATATAT)] obtained from RSCB protein Data Bank

(PDB ID 3EY0’7) was used for docking study. We didn’t get a similar crystal structure of (dG-

6
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dC), sequence, and therefore, we have chosen a crystal structure [d(CCGCCGGCGG), PDB ID
1QC1%*] of close resemblance to our sequence. 1DCV¥ [d(CCGCTAGCGG)] has been utilized
for docking study in place of CT-DNA. The energy optimization of TPT conformer has been
done using HF/6-31G level of Gaussian 98 suite and the resultant energy minimized geometry
was saved in Autodock 4.2 compatible format. We have used Lamarckian Generic Algorithm to
find out mode of binding of TPT with DNA in Autodock 4.2 software ****. At the beginning of
the study all water molecules was removed and Gasteiger charges were computed followed by
addition of hydrogen as required by Lamarckian Generic Algorithm“. As the approximate
location of binding was not known, we fixed a 120 x 120 x 120 grid box dimensions along X, y,
and z axes with grid spacing 0.56 A to cover all the atoms DNA, and a blind docking was
performed to locate the possible position of the probe. TPT was docked in DNA with 150 GA
population size and 100 GA runs. The lowest possible energy structure has been searched out
using rank by energy presentation. After selecting the possible locations of TPT, the size of grid

box was decreased to 60 x 60 x 60 in respective directions with a grid spacing 0.375 A to

Published on 09 October 2013. Downloaded by York University on 10/10/2013 08:40:46.

generate most stable docked form through finite docking studies. The respective structure has
been used for visualization through python molecular viewer. The final structure for presentation
has been generated using chimera.*
Results and Discussion
1. Absorption Study

All the experiments of TPT are carried out at pH 5.1, as TPT exclusively exists in active
lactone form at this pH (the pK, of the carboxylic group is ~6.5) '*. Although the drug can exist
in different prototropic forms (Scheme 1), it mainly exists in cationic form in aqueous solution of

pH 5.1, as the pK, of dimethyl amino and 10-hydroxyl groups are 9.5 and 6.99, respectively."

7
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Notably, the DNA structure is not perturbed at this pH, as the pK, for deprotonation of adenine,
cytosine nucleobases are 3.5, 4.2.* TPT in phosphate buffer at pH 5.1 exhibits dual absorption
bands at ~368 nm and at ~381 nm (Figure 1), which are attributed to the n-n* type absorption of
the quinoline moiety. The very negligible absorbance at ~410 nm indicates ground state
zwitterion (Z) form does not exist at this pH (Figure 1). With the gradual addition of (dG-dC);s
and (dA-dT),s, a decrease in absorption of both the peaks is observed (Figure 1). However, the
peak at ~368 nm almost vanishes at maximum concentration of DNA (100 uM), whereas ~381
nm retains with a decreased absorption. Such changes in absorption spectral features of TPT
clearly indicate the strong interaction between DNA and TPT. Considering favorable
electrostatic stabilization between the cationic form of drug and negatively charged phosphate
backbone of DNA, we believe preferably cationic form of the drug interacts with DNA
compared to other forms (enol or zwitterionc form) of the drug. Similar kind of observation has
been reported in case of sanguinarine where also the cationic form of the drug strongly interacts
with DNA compared to enol form.* Existence of an isosbestic point at ~387 nm indicates the
presence of equilibrium between free drug and DNA-bound drug. To check the interaction
behavior of the drug with wild DNA, we have also probed interaction behavior between TPT and
CT-DNA, and it shows close resemblance with the synthetic polynucleotide absorption changes
(see Figure Sla in SI). The association constants for TPT-DNA (insets of Figure 1) interaction
have been calculated from half reciprocal plot *® using the changes observed at 381 nm, which
are found to be 1.35 x 10* (x10%) M, 1.23 x 10° (£10%) M and 4.8 x 10° (£10%) M for
(dG-dC);s, (dA-dT);s and CT-DNA, respectively. The association constants along with the free

energy changes (-5.71 kcal/mol, -7.03 kcal/mol and -5.08 kcal/mol for (dG-dC);s, (dA-dT);s and
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CT-DNA, respectively) infers that the ground state binding between drug and DNA is
thermodynamically favorable process.
2. Fluorescence Study

The DNA induced modification to the steady-state emission profile of the drug is
depicted in Figure 2. The emission profile of TPT in aqueous buffer medium at pH 5.1 is
characterized by a single unstructured band at 530 nm upon excitation at 380 nm. It is already
established that the excited state zwitterion (Z*) form of TPT is the main emitting species in
water (pH 6.25), while the fluorescence from C is not detectable in water (pH 6.25)."* Therefore,
the emission peak at 530 nm of TPT in aqueous solution is originating from Z~ form of TPT. It’s
interesting to notice that although the cationic form of TPT (C-TPT) is major ground state
species at this pH, the outcome fluorescence is from Z . This observation is attributed to the
excited state proton transfer (ESPT) reaction from 10-hydroxyl group of C-TPT to water, and
leads to the formation of Z in the excited state."” Similar kind of ESPT process was already

reported in case of 10-hydroxy camptothecin by Solntsev et al.*’ As displayed in Figure 2a, on

Published on 09 October 2013. Downloaded by York University on 10/10/2013 08:40:46.

gradual addition of (dG-dC);s, emission intensity at 530 nm progressively decreases, and it
exhibits almost 50% quenching at maximum concentration of DNA (~100 uM) without any shift
in emission position. On the other hand, addition of (dA-dT);s produces relatively lower intensity
quenching (~35%) with a slight blue shift of emission position (~5 nm). Astonishingly, in case of
(dA-dT);s a peeping peak appeared at ~420 nm, and at maximum DNA concentration (~100 uM)
it appears as a prominent peak (Figure 2b). Decreasing intensity at 530 nm for both the synthetic
dsDNA infers the relative lowering of Z" population of TPT through the interactions with the
above mentioned DNA. The appearance of 420 nm emission peak (Figure 2b) infers that some

population of TPT remains in C" instead of converting to Z in the excited state after binding to

9
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(dA-dT);s. Interesting to note that the population of C” is not present in case of (dG-dC);s
(Figure 2a) and CT-DNA (Figure S1b in SI), as 420 nm peak does not appear in those systems.
Although the exact reason for such selective interaction is difficult to conclude at this point,
however, after confirmation of binding modes of TPT, we hope that we will be able to predict
more precisely, why (dA-dT);s selectively preserves excited state cationic (C') form of TPT.
After exploring the trends in emission, we have tried to elucidate the possible mechanism
of quenching. Usually, there are two distinct possibilities of quenching, namely, photo-induced
electron transfer (PET) or photo-induced energy transfer. The possibility of energy transfer can
easily be ruled out as it needs overlap between emissions of donor (Z° TPT) and absorption of
acceptor (nucleobases), which is not possible in the present case. Therefore, the most plausible
mechanism for fluorescence quenching is PET between TPT and nucleobases, as it is already

4851 Note that,

reported that PET between drug and nucleobases leads to fluorescence quenching.
guanine is a better electron donor among all nucleobases®, and hence, poly(dG-dC) sequence
exhibits more quenching effect compared to poly(dA-dT). When nucleobase(s) of dsDNA
participates in quenching it demands a close proximity to the drug. There are three distinct
possibilities for a drug to interact with a dsDNA in a close proximity, namely intercalation,
groove binding and electrostatic interaction. Although the first two processes can lead to
quenching of fluorescence intensity, electrostatic interaction alone cannot lead to fluorescence
quenching in such an extent. The changes in emission intensity have been utilized to calculate
the Stern-Volmer (S-V) quenching constant. S-V plot shows a straight line fit for (dG-dC);s (Ksy
=9.6x10° M™), whereas a curved plot towards X-axis is obtained for (dA-dT);s sequence (Figure

S2). A straight line S-V plot is strongly indicative towards the fact that TPT molecules are bound

to (dG-dC);s DNA in a single mechanistic manner. Whereas curvature towards x-axis in S-V plot

10
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is suggestive towards the concomitant existence of two different distributions of TPT molecules
in presence of (dA-dT);s. The quenching results are corroborative with our fluorescence spectral
features, where it has been observed that only zwitterion form (Z°) of TPT is the sole emitting
species in case of (dG-dC);s, but in presence of (dA-dT);s both of C* and Z~ are the emitting
species, although the latter species are in majority.

Binding constant is calculated for the quantitative representation of drug-DNA binding
affinity using the following equation®>*,

log[(Fo-F)/F] =1log K + n log[Q] (1)

where, Fy and F are the fluorescence intensities of the drug (at 530 nm) in absence and presence
of polynucleotides, respectively. A graph of log[(Fo-F)/F] versus log[Q] yields K and n (see
insets in Figure 2), which represent binding constant and number of binding sites, respectively. A
linear plot for (dG-dC)s system generates K and n values 3.3x10° (£10%) M and 0.9,

respectively. For (dA-dT);s, we have obtained a curved plot. Hence, binding constant is

calculated using experimental points up to which the plot is linear, and is calculated to be 0.8 x

Published on 09 October 2013. Downloaded by York University on 10/10/2013 08:40:46.

10° (£10%) M™. The binding constant for TPT binding with CT-DNA is found to be 0.54 x 10’
(£10%) M. Corresponding free energy changes are -4.83 kcal/mol, -4.0 kcal/mol and -3.77
kcal/mol for (dG-dC);s, (dA-dT);s and CT-DNA, respectively. The binding affinity of the drug
obtained from fluorescence study is slightly less than that of absorption study presumably
because in emission we have monitored the intensity of zwitterionic form, which probably has
less binding affinity compared to cationic form of the drug in the ground state. We have also
done similar experiments with (dG-dC); and found that the binding constant with TPT is 1.03 X

10% (£10%) M (Figure S3 in SI) which is closely resemble to the association constant of TPT

11
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with (dG-dC);s. These findings clearly demonstrate that the length of flanking bases has
negligible role on binding affinity of TPT with dsDNA.

Up to this point, we are certain that drug is interacting with dSDNA, however, we cannot
precisely predict the mode of binding. To elucidate the proper mechanism of interaction between
drug and dsDNA, we have carried out several studies, like, intercalator displacement assay, KI
titration and salt concentration dependent fluorescence, circular dichroism, time-resolved
experiments and molecular modeling study, which are discussed hereunder.

3. Ethidium bromide (EtBr) displacement assay and KI titration

Among different modes of interactions (namely, intercalation, groove binding, and
electrostatic), we first consider the possibility of intercalation through EtBr displacement assay
experiment (Figure S4). It is already evident from fluorescence experiments that TPT emits at
~530 nm in presence of (dG-dC);s, whereas a dual emission at 530 nm and 421 nm appears in
case of (dA-dT);s. With increasing EtBr concentration (up to 40 uM) in TPT-DNA systems, we
observe a dominant emission peak at ~600 nm, which is the signature peak of EtBr intercalating
in DNA.>® Interestingly, no emission enhancement is observed at 530 nm in presence of EtBr.
If TPT acts as an intercalator, then one would expect an instant replacement of TPT molecule
from DNA by one of the most efficient intercalator EtBr, and as an outcome the emission of TPT
would retract back to its initial intensity as obtained in aqueous medium. As no such changes in
TPT spectra have been observed through EtBr displacement assay, one can definitely conclude
that TPT is not binding to either (dG-dC);s or (dA-dT);s through intercalative binding mode.

Monitoring the quenching of fluorescence of free TPT and DNA-bound TPT paves also a
way for simple but efficient technique for exploring mode of binding of the drug with DNA. I’

being an excellent quencher can be used to clarify the type of interaction between drug and

12
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DNA. I can quench either electrostatically bound or groove bound drugs as these positions are
fully and partially accessible by the quencher, whereas, for intercalated drugs hardly any

: 52,54
quenching can be observed.™

When KI is employed as an external quencher, we found that its
quenching efficiency toward TPT is reduced in presence of DNA compared to TPT-KI
interaction in absence of DNA (Figure S5). The observation of quenching effect of TPT even in
presence of either (dA-dT);s or (dG-dC);s supports electrostatic or groove binding mode of
binding of TPT into DNA double strands, since electrostatic or groove binding leads to ample
exposure of fluorophore to the bulk aqueous buffer phase. The quenching effect is greater in case
of (dG-dC),5 compared to (dA-dT);s, and it is attributed to wider minor groove of (dG-dC);s than
the (dA-dT);s>"*®. TPT bound to wider groove of (dG-dC);s can relatively be more exposed to KI
compared to (dA-dT);s, where the drug is located in narrow minor groove. In a nutshell, the
fluorescence studies clearly infer that TPT doesn’t involve in intercalative mode of binding to the

dsDNA. This conclusion is further confirmed by thermal melting study of DNA in presence of

TPT (Figure S6 in SI). DNA intercalation being the strongest mode of interaction offers large

22,59

Published on 09 October 2013. Downloaded by York University on 10/10/2013 08:40:46.

change in melting temperature. However, we observed no prominent change in melting
temperature either for (dA-dT);s or (dG-dC);s. Therefore, thermal melting study corroborates
well our conjecture from fluorescence studies, where we have also found that TPT does not
interact with dsDNA through intercalative mode of binding.
4. Salt concentration dependence assay

Salt concentration dependent assays are good tool to verify the role of electrostatic
interactions between drug and DNA. To elucidate the type of interaction between TPT and DNA,

we have carried out the same experiment of TPT-DNA titration in presence of high NaCl

concentration (Figure S7). Interestingly, when the TPT was titrated by DNA in PBS having NaCl

13
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concentration of 100 mM, we have observed that the quenching effect of TPT is less compared
to the changes observed in non NaCl buffer medium (PB). This observation suggests that
electrostatic interaction also plays a role in the TPT-DNA interaction. Here it is pertinent to
mention that NaCl (a source of Na' ion) can effectively screen the negative charge of phosphate
backbone of DNA and weakens the possible electrostatic attraction between positively charged
drug and DNA. Moreover, Na" and other monovalent alkali metals are very well known for their

L - 60-62
groove binding and groove narrowing effects.

Eventually, the minor groove becomes
narrower when Na' binds to outer edge of groove having a direct contact with the phosphates.®”
62 The lower extent of change for (dA-dT);s is likely to be due to narrower groove size (3-4 A) of
poly(dA-dT) compared to poly(dG-dC) groove (5-7 A).** In presence of 100 mM NaCl, the
groove width of poly(dA-dT) becomes narrower. Therefore, it is very likely that molecule cannot
fully access the minor groove in this condition, and as a result quenching effect is less in
presence of NaCl. Peak of cationic (C*) form of TPT at 420 nm, which becomes visible after
addition of (dA-dT);s, could not be observed in phosphate buffer containing 100 mM NaCl
(Figure S7b). This may be attributed to the fact that the drug molecule cannot fully access the
minor groove at high salt concentration (as Na' ion reduces the groove size). Therefore, the drug
is more exposed in water, and as a result cationic form (C) of TPT cannot exist in this exposed
condition, as it subsequently converts to Z* form of drug in aqueous environment. In case of wild
DNA, almost similar effect is observed in presence of 100 mM NaCl.
5. Circular dichroism

Circular dichroism (CD) is very sensitive technique for elucidating the modification of
60,63-65

secondary structure of biopolymers as a result of interaction with small molecules.

Therefore, we have exploited CD technique in order to confirm the probable mode of binding of

14
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TPT with (dA-dT);s, (dG-dC);s, and wild CT-DNA using CD spectroscopy (Figure 3). In this
study polynucleotide concentration is kept constant throughout the measurements and changes of
CD spectra have been monitored with increasing concentrations of drug. CD spectrum of both
the synthetic DNA shows a positive peak at ~275 nm, and a negative peak at 245-250 nm region

63,64

which is signature of the right handed B-form (Figure 3). These bands are originated by

stacking interactions between the bases and the helical structure of the polynucleotide,

: 63-65
respectively.

With the progressive addition of TPT, intensity of positive peak of both the
DNA is found to be almost unperturbed and no induced CD is observed in the visible region. The
unaffected bases stacking interaction and the absence of induced CD indicates that the
intercalation is not the binding mode of TPT into the DNA helix, as intercalation leads to disrupt
base stacking interaction significantly.®® On the other hand, the reduced helicity of both the DNA
(reflected by the decrease of ellipticity at around ~245-250 nm region, Figure 3) dictates that

TPT interacts with dsDNA through groove binding mode, as it is known that groove bind can

lead to the perturbation of ellipticity of DNA helix.”' The similar observations are also found for

Published on 09 October 2013. Downloaded by York University on 10/10/2013 08:40:46.

wild CT-DNA (Figure S8 in SI). Therefore, CD results are well supportive with fluorescence and
thermal melting results, where we have also observed that TPT interacts with DNA mainly
through groove binding mode, although previous section we have found that electrostatic
interaction also has slight role in the interaction process between TPT and DNA.
6. Time Resolved Study
6a. Lifetime Measurements

To get clear insight about the drug-DNA interaction, the time-resolved decays of TPT
have been recorded in absence and in presence of various concentration of DNA exciting at 375

nm. The decays are shown in Figure S9 and results are summarized in Table 1. It is clear from
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the fitting results that the drug exhibits bi-exponential decay feature at pH 5.1. The long and
major component (5.79 ns, 93%) reflects the lifetime of Z" form of TPT. However, the origin of
the fast component of 0.79 ns, which has almost 7% contribution to the decay profile, is not clear
to us. Notably, we have already mentioned that although we are selectively exciting the C form
of drug, Z* becomes major emitting species (hem = 530 nm) due to ESPT process. We believe
that a small population of C’ is also contributing to the decay profile collected at 530 nm, due to
the existence of protolytic equilibrium between C* and Z". The data compiled in Table 1 reveals
that the drug lifetime is almost unperturbed in case of (dG-dC);s, even at highest DNA
concentration. However, we have observed quenching effect of almost 60% in steady state
emission profiles for (dG-dC);s sequence. Therefore, it is logical to conclude that TPT forms a
ground state dark complex, when it binds to the minor groove of DNA, and this dark complex
does not emit in the excited state. This conclusion remains same even for CT-DNA, as we did
not notice any change in lifetime for CT-DNA and TPT interaction.

In case of (dA-dT);s, the lifetime of short component progressively increases with the
gradual addition of polynucleotide concentration (Table 1, Figure S9b in SI). At highest DNA
concentration, the lifetime of short component is hiked to 2.3 ns together with increased relative
contribution of 26%. As short component is already assigned to the cationic form of TPT, the
increased lifetime along with the hiked relative contribution of short component infers that
cationic form of TPT is getting stabilized in presence of DNA due to electrostatic interaction
between the negatively charged phosphate backbone and the positive charge of the drug. The
increased lifetime of long component, which is assigned to the lifetime of Z" form of TPT, is
attributed to stability gained by Z" form of TPT when it binds to the minor groove of DNA. The

decreased relative contribution of Z* form of TPT is due to the slightly shifting of equilibrium
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between Z" and C~ towards the latter side. In case of (dA-dT);s, we have also collected lifetime
of cationic form (C") of TPT at 420 nm (Table 1b), as this peak appears in the emission profile of
above mentioned synthetic DNA. It is clear from the analysis that the average lifetime of C* form
of TPT increases from 300 ps to 450 ps, inferring stability gained by the C* form of TPT in
presence of (dA-dT);s. This corroborates well with the steady state observation where we have
observed prominent enhancement of 420 nm emission peak in presence of (dA-dT);s. In a
nutshell the lifetime results infer that (dA-dT);s offers a distributed binding of different forms of
TPT, whereas (dG-dC);s binds specifically one form of the drug. The molecular picture of the
interaction between different forms of drug and dsDNA will be clear from molecular modeling
study discussed in the later part of the manuscript.
6b. Anisotropy Measurements

Time resolved anisotropy offers a vivid glance about the system induced restrictions over
the tumbling motion of emitting species at excited state.’” The anisotropy decays of TPT in

buffer and in presence of DNA are shown in (Figure 4). The rotational relaxation of TPT in

Published on 09 October 2013. Downloaded by York University on 10/10/2013 08:40:46.

buffer solution collected at 530 nm exhibits single exponential decay with a rotational diffusion
time of 220 ps. Upon addition of (dA-dT);s, the rotational motion of TPT is retarded manifold.
At maximum (dA-dT);s concentration, TPT shows a dominant 4.3 ns component, which may be
attributed to DNA bound TPT (Figure 4). This significant alteration in rotational time of the drug
is only possible when the drug resides in a highly restricted milieu. These results are in
accordance with steady state and time resolved lifetime results, where we have inferred that z
form of TPT undergoes groove binding interaction with (dA-dT);s. Other protolytic form of
TPT, namely C" form, which is generated in presence of (dA-dT);s, also exhibits restriction in

rotational motion (Table 2), as it also binds in the minor groove region of (dA-dT);s. No such
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changes have been observed in case of (dG-dC);s, as it is already evident from steady state and
time resolved studies that TPT forms dark complex when it binds to (dG-dC);s. For CT-DNA,
TPT also does not exhibit any change of rotational motion likewise (dG-dC);s. The anisotropy
results for (dG-dC);s and CT-DNA substantiate well with the steady state and time resolved
lifetime results. Therefore, it is logical to conclude from above observation that in wild variety of
DNA, TPT prefers to bind GC rich region rather than AT rich region.

The change in rotational diffusion time determined for free and trapped TPT has been
exploited to evaluate hydrodynamic radius of the free and DNA bound drug using the following
Stokes-Einstein relationship,®

I _nv
6D, kT (2)

T =

where, D;, 1, V and T are the rotational diffusion coefficient, viscosity of the medium,
hydrodynamic molecular volume of the complex and the temperature, respectively. The
hydrodynamic diameter calculated form anisotropy data are found to be ~12 A for free drug and
~33.5 A for TPT bound to (dA-dT);s (100 uM). Almost ~20 A increase in hydrodynamic
diameter of the drug-DNA complex is conclusive about groove binding interactions of TPT. As
TPT form dark complexes with (dG-dC),s and CT-DNA, we are not able to calculate the change
in hydrodynamic radius when TPT binds to either of the above mentioned DNA.

7. Molecular modeling

Though crystal structure of the drug-DNA complex can provide the detail insight of the
interaction, binding location and orientation of drug molecule can be qualitatively predicted
through the docking studies. For docking studies, we have used cationic (C) form of topotecan,

which is speculated to be interacting with dsDNA from our experimental results. Zwitterion form
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(Z) of TPT is considered for docking study, as it is formed in excited state. The crystal structure
of both poly(dA-dT) and poly(dG-dC) clearly indicates that minor groove size of the former is
narrower and deeper than the latter, which is consistent with the literature repor‘[s.57’58 According
to docking studies, C-TPT binds in DNA minor groove of both the synthetic polynucleotides
with variable orientation due to cumulative effect of hydrogen bonding, electrostatic attraction
and Vander Waals force. Most stable structures on the basis of binding energy are depicted in
Figure 5. In case of GC-duplex, C-TPT binds with binding energy -8.09 kcal/mol (Figure 5a).
For C-TPT almost 100 docking structures with very small energy difference have been found.
However, most of the cases TPT orientation in GC-minor groove is in such a way that its 10-
hydroxy and 9-dimethyl amino methylene groups are projecting outward from groove, and
therefore, it can access water environment, which is essential for the excited state conversion to
zwitterionic form (Z°) due to ESPT process. Interestingly, in case of poly(dA-dT) two types of
orientations of DNA bound C-TPT are observed in the docking cluster with small difference in

binding energy. Among the two different orientations, the -OH group of TPT projected inside the

Published on 09 October 2013. Downloaded by York University on 10/10/2013 08:40:46.

groove (Figure 5b) in one orientation (-11.67 kcal/mol); whereas in other orientation (-11.42
kcal/mol), the -OH group is away from groove (Figure 5c). In first case -OH group of TPT
cannot access the water, and as a result water assisted ESPT process, which leads to C to Z"
conversion, does not take place. On the other hand, in the second orientation, -OH group away
from the groove can access water, hence, C to 7" conversion takes place. Therefore, in case of
poly(dA-dT) emission peak appeared at 420 nm along with 530 nm, although the intensity in
former case significantly lower than that of latter. This may be one of the reason for observing
emission from both the C" and Z forms of TPT in case of poly(dA-dT), whereas for poly(dG-dC)

sole emission from Z  is observed. Another plausible reason for not detecting C* emission for
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poly(dG-dC) is the larger minor groove width of poly(dG-dC) compared to poly(dA-dT). Due to
larger minor groove width, water accessibility to the minor groove of poly(dG-dC) is quite
higher than the minor groove of poly(dA-dT). Natural DNA (1DCV*") bound TPT (Figure S10)
also exhibits similar binding orientations likewise poly(dG-dC), and therefore, exhibits emission
only at 530 nm as that of poly(dG-dC).
Conclusion

The present work deals with the age old quest of TPT’s mode of binding and sequence
specificity to DNA. TPT in pH 5.1 has been studied with various synthetic dsDNA ((dG-dC);s,
(dA-dT);s) as well as natural DNA (Calf thymus DNA) to find the exact mode and mechanism of
binding. From EtBr displacement assay and thermal melting experiments, the possibility of
intercalation of TPT lactone in dsDNA has been ruled out. However, KI titration and circular
dichroism experiments confirm that TPT interacts with dsDNA through minor groove binding
mode, although salt concentration experiment indicates that electrostatic interaction also takes
part some role in this binding process. Interestingly, it has been found that irrespective of DNA
sequence, TPT emission is getting quenched when it binds to DNA, and it has been attributed to
photo-induced electron transfer between nucleobases and drug. Moreover, TPT emission mainly
comes from the Z form of the drug irrespective of DNA sequences, and it has been ascribed to
excited state ESPT process by which excited cation (C") converts to Z~ form. Astonishingly,
slight population of excited state cationic form (C*) of TPT is observed in case of (dA-dT);s and
exhibits an emission peak at around ~420 nm, although the emission from Z* dominates over the
C” emission. The observed different photophysical behavior of the drug in different DNA
sequence is attributed to the narrower and deeper minor groove width of (dA-dT);s compared to

(dG-dC);5 and CT-DNA. The groove width of (dA-dT);s offers the tighter binding of the drug,
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and this is supported by time-resolved anisotropy measurement, where we found the drug
tumbling motion drastically retarded when it binds to the (dA-dT);s irrespective of the form(s) of
the drug binds to DNA. Finally, molecular modeling study has been performed to get insight into
the molecular picture of the interaction between drug and dsDNA. In case of (dG-dC);s, it has
been observed that the orientation of C-TPT form in the minor groove is in such a way that 10-
OH and 9-dimethyl amino methylene groups are projecting outward from the groove, and
therefore, it can access water environment, which is essential for the excited state conversion to
Z" form by ESPT process. In case of natural DNA, orientation of C-TPT is found to be similar as
that of (dG-dC),s. However, it is found that in case of (dA-dT);s bound C-TPT conformer, there
are some conformer where -OH group is projecting inside the minor groove, and it cannot access
water. As a result, ESPT process, which leads to the conversion of C to 7" in the excited state,
does not take place. Hence, we have observed a slight emission from C~ along with Z in case of
(dA-dT);s.
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Table 1a. Time-resolved fluorescence decay parameters of TPT in absence and presence of

dsDNAs collected at 530 nm.

Sample T T ap a  Tay X
TPT in PB pH 5.1 0.79 579 0.07 093 543 1.01
(dG-dC)y5 10 uM 0.69 5.80 0.07 093 542 1.07
(dG-dC)y5 100 pM 1.26 5.80 0.05 095 559 1.11
(dA-dT);s 10 uM 1.61 6.01 0.12 0.88 5.46 1.04
(dA-dT);5 100 uM 228 6.60 026 0.74 549 1.14
CT-DNA 10 uyM 1.7 5.80 0.05 095 56 1.21
CT-DNA 100 uM 1.09 5.80 0.07 093 545 0.97

)y = (T121+ Tra)

Table 1b. Time-resolved fluorescence decay parameters of TPT in absence and presence of

dsDNAs collected at 420 nm.

[b]

Sample T T T3 ap a a Tay X
(dA-dT);s 10 uM  0.06 042 1.7 061 032 0.07 030 1.3
(dA-dT);s40 uM 0.08 050 2.1 05 042 0.08 042 1.2
(dA-dT);s 100 uM  0.08 047 19 045 044 0.10 045 13

b _
) e = (T181F Thayt T3a3)
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Table 2. Anisotropy decay parameters of TPT in absence and presence of dsDNAs (Aex = 375

nm).

Sample Tir Tor air Ay X
TPT in PBpH 5.1, (hem = 530 nm) 024 - 1 - 1.02
(dG-dC);5 100 uM, (Aem = 530 nm) 0.23 - 1 - 1.02
(dA-dT);5 100 uM, (Aer, =530 nm) 428 032 046  0.54 1.07
CT-DNA 100 uM, (Aem = 530 nm) 0.24 - 1 - 1.04
(dA-dT)5 100 uM, (Aem = 420 nm) 1.70  0.08 0.60 0.40 1.2
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Scheme 1. Different prototropic forms of TPT in aqueous solution.
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Figure 1. Absorption spectra of TPT (20 uM) in presence of (a) (dG-dC);s and (b) (dA-dT);s.
1—10 represents DNA concentrations 0, 1, 2, 5, 10, 15, 20, 40, 80, and 100 uM, respectively.
Inset shows the half reciprocal plot used to calculate binding constants.
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Figure 2. Fluorescence emission spectra of TPT (20 uM) in presence of (a) (dG-dC);s and (b)
(dA-dT);s. 1—10 represents DNA concentrations 0, 1, 2, 5, 10, 15, 20, 40, 80 and 100 uM,
respectively. Inset shows double logarithmic plot for the determination of binding constant.
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Figure 3. CD spectral profiles of (a) (dG-dC);s and (b) (dA-dT);s in presence of varying
concentrations of TPT.
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Figure 4. Time-resolved fluorescence anisotropy decay profile of TPT in buffer (pH 5.1) and in
presence of (dA-dT);s. Aex= 375 nm, Acoliection = 530 nm.
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Figure 5. Docking structures of C-TPT when bind with (a) poly(dG-dC) and (b), (c) poly(dA-
dT).
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