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Anthracyclines are one of the most studied anticancer drugs approved for medical treatment. The equili-
brium constant (K) of the reaction between these drugs with DNA in both in vitro and in vivo experiments
lacks consensus. The K values vary from 10* up to 108 M™%, which suggest a 1000-fold error in determin-
ing the effective concentration needed to form the drug—DNA complex. Until 2014, only one study by
Garcia [J. Phys. Chem. B, 2014, 118, 1288-1295] showed that the binding of anthracycline representative
doxorubicin occurs in two reactions. We support this result by brightness analysis at a single molecular
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1. Introduction

Since 1974, doxorubicin (DOX) has become one of the most
commonly used anticancer drugs." The cytotoxic property of
DOX is mainly associated with the formation of a complex
between the drug and DNA, which prevents the replication of
cancer cells. Numerous association/disassociation Kkinetic
studies have been conducted to evaluate DOX affinity toward
DNA. However, there is a general dispute regarding the results
reported in those studies. The first debate relates to the value
of the equilibrium constant (K), which varies by orders of mag-
nitude (see Table 1), even after ionic strength normalization.>
The second issue is the detection limit. DOX possesses fluo-
rescence properties with low quantum yield (QY). Thus, in
spectroscopic methods, the lowest measurable concentration
is usually set at the micromolar scale.> This generates the
possibility to observe signals from aggregated drug molecules
(for instance, dimers, H-, and J-aggregates).” The aggregated
DOX has different physicochemical properties, which contrib-
ute differently in determining the equilibrium constant of
DOX-DNA interaction. With fluorescence correlation spec-
troscopy (FCS), we can lower the working concentration to a
nanomolar scale, although the accuracy of the method is
limited to known reaction mechanisms.®” The last debate con-
cerns the interaction mechanism. It has been widely accepted
that DOX intercalates into the base pairs (bp) of DNA in a one-
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level for the four most common anthracyclines: doxorubicin, daunorubicin, epirubicin, and idarubicin.

step reaction.® However, additional binding of the DOX to the
DOX-DNA complex has been recently reviled.>*° As both the
reactions occur at the same time, the second reaction is mostly
observed when the amount of DOX is in large excess to the
DNA binding sites. The excess of the DOX molecules attach to
the formed DOX-DNA complexes with a weaker binding
strength than DOX molecules attached in the first reaction.

Due to the cardio-toxicity and dose resistance of DOX,
people prefer to use the less harmful DOX derivatives-dauno-
rubicin (DNR), epirubicin (EPR), and idarubicin (IDR) in cancer
treatment.'’ However, compared with DOX, there are fewer
kinetic studies about these anthracycline-DNA interactions. In
addition, the reported K values suggest a similar methodologi-
cal inaccuracy as that in the case of DOX (see Table 2).
Considering the structures of these drugs, they are all tetrace-
nequinone-based chromophore groups and possess the posi-
tive nitrogen on the sugar moiety. It was inferred that the
small structural differences of the hydroxyl groups (Fig. 1)
should not significantly affect the K values of these drugs in
their reaction with DNA. However, there is still a lack of sys-
tematic kinetic studies to compare the kinetics of these four
drugs. Will they share the same reaction mechanism with the
corresponding K values?

Table 1 Equilibrium constant (K) determined in the DOX-DNA inter-
action at different ionic strengths (/)

Method I (mM) K (x10°M™)
Fluorescence spectroscopyZ 100 0.01
Isothermal calorimetry titration'® 100 0.3
Fluorescence correlation spectroscopy® 10 1.0
Fluorescence spectroscopy” 63 13
Fluorescence spectroscopy3 2.5 230
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Table 2 Equilibrium constant (K) determined in the anthracycline—DNA
interaction in references

Drug Method K(x10°M™)
DNR Resonance light scattering’? 0.02

Second harmonic generation'? 0.2

Cyclic voltammetry"* 1.2
EPR UV-vis spectroscopy’® 0.03

UV-vis spectroscopyle' 0.4
IDR Fluorescence spectroscopy’” 0.6

UV-visible spectroscopy"® 0.02

[
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Fig. 1 Structures of the four most important and effective anthra-
cyclines. Doxorubicin and daunorubicin contain a tetracyclic aglycone
structure of four cyclohexane chains with a daunosamine sugar moiety.
However, daunorubicin is seen with the absence of a hydroxylgroup (red
line). Compared with doxorubicin, epirubicin has an opposite chirality of
the hydroxyl group in the daunosamine moiety (blue line). Idarubicin is
identical to daunorubicin except the lack of 4-methoxy group on the
ring (yellow line).

In our previous work, we developed a sensitive and accurate
method to determine the equilibrium constant based on the
molecular brightness (MB) of a single fluorophore. We have
used this approach previously to determine the strength of the
interaction between a pair of complementary oligonucleotides
labeled with only one dye, even at 100 pM concentration of
DNA strands.'"® We define MB as the number of photons
emitted by a number of molecules (e.g. anticancer drug) inside
the confocal volume. After the formation of a drug-DNA
complex, its MB could be enhanced or quenched, and thus the
number of emitted photons changes.”® K was determined
using the ratio of the MB of drug molecules at free and bound
states at a given concentration of the second substrate. With
this approach, even a slight change in the number of emitted
photons can be distinguished.

Here, we report a revised mechanism of DOX-, DNR-,
EPR-, and IDR-DNA interactions consisting of two reactions,
following with the corresponding K in each one. We observed
the MB change of each drug at a single molecular level in the
formation of the drug-DNA complexes. We proposed the struc-
tural model of interaction in the second reaction by analyzing
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drug fluorescence anisotropy properties. The determined
average K in experiments with DOX binding to the different
structures (linear or circular) and lengths of DNA (from 20 bp
to 48 kbp) are equal to (6.9 + 1.4) x 10" M ™" in the first reaction
and (1.5 + 0.6) x 10° M~ in the second one. By monitoring the
MB change of each drug, we proposed the structural binding
insights and determined the transition point between each
reaction (around 0.4 drug molecules per bp). The determined
K values in the first (K;) and the second reaction (K,) show
around a 40-time difference among all four anthracyclines.

2. Experimental section

2.1. Materials

Buffer (Tween 20-EDTA-sodium phosphate, pH = 7.4). The
100 mM stock solution was prepared by diluting 19 mL of 0.2
M NaH,PO,-H,0 and 81 mL of 0.2 M Na,HPO,-7H,0 with
100 mL of Milli-Q water. The working buffer was prepared by
diluting 146.12 mg of EDTA and 50 mL of 100 mM sodium
phosphate into 450 mL of distilled water; 0.002% Tween 20
was used as a surfactant.

Anthracyclines. Solid doxorubicin hydrochloride (DOX) was
purchased from Santa Cruz Biotechnology Inc. The DOX stock
solution was prepared in Milli-Q water to obtain 100 pM, then
it was sonicated and further aliquoted to 10 pM. The aliquots
were stored at 4 °C. Solid daunorubicin hydrochloride (DNR),
epirubicin hydrochloride (EPR), and idarubicin hydrochloride
(IDR) were purchased from Sigma-Aldrich, Inc. DNR, EPR, and
IDR were prepared in the same way as DOX. Before the experi-
ment, the aliquot was diluted to 80 nM as the working
concentration.

DNA. We used different lengths and types of DNA.
Oligonucleotide double-strands of length 20 bp and 69 bp were
synthesized by IBA GmbH, Germany; NoLimits 2500 bp DNA
Fragment, pUC 19 plasmid DNA (2686 bp), and A DNA (48 502
bp) were purchased from Thermo Fisher Scientific, USA; and pur-
ified calf thymus DNA (ct DNA, 13 200 bp) was purchased from
Merck KGaA, Darmstadt, Germany. All types of DNA were stored
in standard Tris-EDTA buffer at —20 °C. In a typical experiment
for K determination, the selected DNA was diluted into a series of
working concentrations from 800 nM to 80 nM of bp (in terms of
bp); there were 16 concentrations in total. No chemicals were
further purified unless specifically stated.

The anthracycline working solution was mixed in equal
volumes with the DNA. The mixture was incubated over
12 hours at 25 °C before measurement. The final concen-
tration of anthracycline in the experiment was set at 40 nM
unless explicitly stated otherwise.

2.2. Microscope setup

Experiments were carried out on an inverted confocal micro-
scope (Nikon C1). The system was upgraded with a PicoQuant
LSM module, including the PicoHarp 300 Time-Correlated
Single-Photon Counting setup (TCSPC). The sub-femtolitre
detection volume was obtained using a 60x (NA = 1.2) water
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0an01108h

Open Access Article. Published on 20 July 2020. Downloaded on 11/28/2025 6:30:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

immersion objective (Nikon Plan Apo). A pulsed blue (485 nm)
diode laser (PicoQuant GmbH, Germany) with a frequency of
40 MHz was used as the light source. To prevent photobleaching
of DOX, we measured the laser power by the power meter (PM
100, Thorlabs) and set it at 50 + 5 pW. The samples were loaded
in a glass-bottom container (Thermo Scientific™ Lab-Tek™
chamber slide), the temperature was controlled at 25 + 0.5 °C
within a climate chamber (OkoLab, Italy). The focal volume was
set at a distance of 10 pm from the edge of the cover glass. The
fluorescence signal was filtered by the 488 long-pass filter and col-
lected by two Single Photon Avalanche Diodes (MPD and
PerkinElmer). Each experiment was preceded by a calibration
using rhodamine 110 (Sigma-Aldrich). Typically, a single
measurement lasted 90 seconds. The control of the system and
prepossessed data analysis was dealt with by the Symphotime 64
software. Further data analysis was performed by self-written
Python scripts.

2.3. Brightness method

We explored drug-DNA complex formation by analyzing the
MB of a single fluorophore. Anthracyclines are known to
possess poor fluorescence properties. We define MB as the
number of photons emitted per second per fluorophore. To
describe the brightness method, we use the equations in
which the substrates are administered in molar concentration.
Hence, in equations, N, is the Avogadro constant. In the
example of a pure drug solution (where “drug” can be DOX,
DNR, etc.), in the given volume (V,), the average number of
photons emitted per second (count rate, I,) is proportional to
drug concentration (cqrug) and its intrinsic MB (a). There is:

VO'NA'Cdrug'a:Ndrug'a:IO (1)

When DNA is added into the drug solution, the drug mole-
cules intercalate into the bp of DNA.

K
drug + DNA = drug — DNA

The fluorescent components in the system are the drug
molecules and drug-DNA complexes. Now, the measured
number of photons is I;. The drug-DNA complexes have an
intrinsic MB y;, which is different from that of drug MB (a).
Therefore, eqn (1) changes to:

(& e
Vo Na-(a- Cd?ug trie Cd?ug—DNA) =5 (2)
The equilibrium constant in this reaction (K;) is given by:

€q

CdrungNA
eq . eq
Cdrug CbNa

Klz

After transformation, I; can be re-written as:

cq
Vo:Na-a- {Cdrug - Cdrug—DNA]

71 eq —
’ [1 + {_l K - (CDNA - Cdrug—DNA)} =h

(3)

Recent works show that besides a simple intercalation of
DOX to DNA, there is a second interaction mechanism.**?°

6602 | Analyst, 2020, 145, 6600-6606

View Article Online

Analyst

The second reaction mechanism is the formation of the
external complexes between the DOX molecules and the
formed DOX-DNA complexes. The impact of this reaction
becomes apparent when all the available binding sites on the
DNA chain are occupied by DOX molecules, although
they occur at the same time.? The second reaction can be illus-
trated as:

Ky
drug + drug — DNA = drug — (drug — DNA)

The drug-(drug-DNA) complexes formed in the second
reaction have an intrinsic MB y,, which is different from a and
y1. In this case, after the addition of the DNA, three fluorescent
components can be present in the reaction system (there is no
formation of transition state), but the count rate I, is still the
same. Thus, eqn (2) can be written as:

eq eq
VO . NA . (d . Cdrug + 71 Cdrug—DNA (4)
eq —
tra: Cdrug—(drug—DNA)) =h
The equilibrium constant in the second reaction (K,) is
given by:

cq

o Cdrugf(drug—DNA)
Ky = eq eq
Cdrug * C(drug—DNA)

Finally, I; can be transformed into:

Vo - Na- a[<cdrug - c?ﬂug—DNA)
14
: (1 + (El) K- <CDNA - CZ?U};—DNA) (5)

72 eq _
+ <;) K - Cdrug—DNA)} =h

In the ESI,T we have described all of the steps to obtain eqn
(3) and (5) in detail. To determine K; and K, in eqn (5), we
measured the MB of each component (a, y;, and y,). More
specifically, (1) a is determined in one FCS experiment (see
Fig. 2, the details can be seen in our previous work®); (2) y, is
evaluated in a titration experiment when cpna > Carug; (3) 72 is
evaluated by a titration experiment when ¢pna << Carug-

3. Results and discussion

3.1. Proof of two equilibrium states in DOX-DNA interaction

To explore the interaction mechanism between the drug and
DNA, we started with the most widely studied anthracycline-
DOX interaction. We monitored the DOX MB change in
the reaction with a 69 bp double-stranded DNA. In the
titration experiment, we kept the DOX concentration constant
and varied the DNA concentration (in terms of bp concen-
tration). In Fig. 3, we present MB as a function of DOX to DNA
ratio (R). By fitting the MB change with a linear curve, we
determined the cross-over point (R = 0.39 + 0.05) of the two
regimes.

The average bp number per binding site is 3.1.>" We
expected to reach the saturation of the available binding sites

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Scheme of molecular brightness determination. In a confocal
volume (Vy), the photon counts in a time (t) are recorded by the detec-
tor. In a single measurement, by dividing the photon counts with (t) for
a given concentration of DOX, the photon count rate (/p) of the DOX
molecules is known. Next, an autocorrelation curve will be derived from
the same photon count curve in FCS measurement, and with proper
fitting, the number of DOX molecules (Npoy) inside the confocal is cal-
culated. With the obtained parameter Io and Npoyx, a is calculated. With
the addition of DNA, Iy will decrease to /;; by dividing /; with Npox at a
specific DNA concentration, y; and y, can be calculated.

DOX MB change during saturation of DNA
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Fig. 3 DOX average MB change in the reaction with 69 bp DNA. With
the increase of R, it is possible to determine the two regimes where
DOX has different trends in MB change. Free DOX molecules have an
MB (a) of 1025 counts per s per molecule in this specific measurement.

when R was 0.32. Thus, we focused on the regime where 0 < R
<1 to determine the MB of the formed complexes. To deter-
mine the MB of each complex, we set the intercept of the
linear fitting as DOX MB in each regime. In the first regime
(R < 0.4), DOX lost 8.36 + 1.92 fold of its initial MB, while in
the second regime (R > 0.4), we observed a 2.28 + 0.01-fold
decrease. Our determined cross-over point (R = 0.39 + 0.05) of
the two regimes was in good relation with the previously
reported number of 0.35.

The DOX MB loss in the first regime (R < 0.4) can be
explained as follows: when there are enough binding sites on
the DNA chain, the aromatic group of DOX molecules will

This journal is © The Royal Society of Chemistry 2020
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intercalate into the DNA bp through n-stacking interactions.>?
Due to the stacking, the motion of the DOX aromatic groups is
fully limited, leading to a dramatic fluorescence quenching.*
Meanwhile, two possible mechanisms can explain the smaller
DOX MB loss in the second regime (R > 0.4). The first hypoth-
esis is chemical interaction. In the formation of a second
complex, the DOX molecules bind to the occupied binding
sites with a similar conformation as that in the first reaction,*
although the influence on MB of DNA is lower as the first
molecule compensates most of the initial interactions. In the
second hypothesis, we infer that the chromophore group of
the DOX molecules did not participate in the interaction as
actively as that in the first reaction. Previous reports suggest an
interaction between the positive N3’ nitrogen on the amino
sugar of the DOX molecule and the backbone of the negatively
charged DNA.>™*° Based on the rotation hypothesis, we
assume that in the second mechanism, the aminoglycoside
ring of the DOX molecules will interact electrostatically with
DNA. In such a model (Fig. 4c), the rotational motion of the
chromophore group in the DOX molecules is only partially
limited; thus, the DOX molecules can emit more photons (the
MB loss is less).”?*

To find out which hypothesis in the second interaction
mechanism is more accurate, we performed the brightness

a)

E- electric field M- transition diploe moment

b) First reaction C)
(drug molecule fully imobile)

Second reaction
(bind molecule can rotate)

j§®§
=

Fig. 4 Explanation of DOX MB change in the binding with DNA. (a) The
photon absorption probability of the fluorophores (here refers to DOX
molecules) depends on the angle between the transition dipole moment
of the fluorophore and the electric field vector of the excitation light.
Frequent emission is possible from free DOX molecules because they
have a fast rotation. After binding with DNA, the DOX energy levels are
affected by the DNA and hence DOX MB then changes. (b) Another
factor that affects DOX MB change is the physical origin of the formed
complexes. Once the complexes are formed, the direction of the drug
dipole moment vector depends on the orientation of the attached DNA.
Brownian rotation of DNA dictates the dipole vectors of the bound DOX
molecules. Entangled linear DNA possesses more isotropic distribution
of dipole vectors than the circular plasmid DNA. Circular DNA is less
prone to twisting or bending, resulting in the bound DOX being more
dependent on the rotation of plasmid DNA in space. (c) During the for-
mation of the second complex, the bound DOX MB is less dependent on
the DNA structure because the chromophore group of the DOX mole-
cules has not participated in the reaction and it has more freedom to
rotate in the electric field. As a result, the bound DOX in this complex is
much brighter than that in the first reaction.

Pa— ]
\H““an rotatiop,

Linear DNA Plasmid DNA
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mmm first complex

45
mmm second complex
40 -
35 4
30 4

25 A

20

15 1

10 4

5- i

1Ha Ha B Hs Be Ha |

20bp  69bp 2500 bp 2686 bp 13200 bp 48502 bp
(pPUC19) (ct DNA) (A DNA)

(Free DOX MB / Complex MB)

Fig. 5 DOX MB loss in the reaction with DNA.

analysis with different types of DNA: from the very short 20 bp
DNA to the very long 48k bp DNA and from the linear 2500 bp
DNA to 2686 bp circular plasmid DNA (see Fig. 5). We calcu-
lated the relative DOX MB loss as the ratio of free DOX MB to
the formed complex MB in each interaction. The larger the
value, the more the MB loss. On average, the DOX
molecules lost 16.56 + 10.70 fold of the initial MB during the
formation of the first complex and 2.45 + 0.50 fold in the
second one.

There is a correlation between the length of DNA and MB
(the longer the DNA, the more significant the MB loss) in the
first reaction, except for circular DNA. The MB loss of the
second complex was similar irrespective of the DNA length or
structure. The structure of the DOX molecules does not allow
to transform it into other quenched conformations such as the
case of Cy3 dye (trans- to cis-isomerization). The phenomenon
in the first reaction can be explained as follows: when the
DOX-DNA complexes are formed, the DOX molecules are
trapped in the DNA backbone. With the increase in the
number of the negatively charged bps in the DNA backbone,
the electron polarization increases, which reduces the number
of photons emitted from the chromophore group.>* The excep-
tion is the circular plasmid DNA, in which the DOX molecules
lost more than 37-fold of the initial MB. The excitation of the
DOX molecules depends on the proper orientation of the tran-
sition dipole moment (see Fig. 4(a)). The random orientation
of the twisted linear DNA backbone makes the DOX MB
change independent of fluorescence anisotropy. The DOX
molecules that bind with circular DNA have a higher orien-
tation order. As a result, they are more dependent on the
dipole vector position of the DNA (see Fig. 4(b)). While in the
second reaction, the similar MB loss shows that the rotation of
the DOX molecules is not limited by the DNA chain. We infer
that during the formation of DOX-(DOX-DNA) complexes, the
interaction occurs between the aminoglycoside ring of the
DOX molecules and the formed DOX-DNA complexes. Since
the tetracenequinone chromophore group of the excess DOX

6604 | Analyst, 2020, 145, 6600-6606
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can freely rotate, more photons can be emitted, leading to less
and similar DOX MB in all DNA (see Fig. 4(c)).

3.2. Equilibrium constants of DOX-DNA complex formation
We have investigated that the DOX-DNA complex formation

occurs in two reactions. Next, we determined the ratio of h
o

and Y2 as a ratio of the initial DOX MB loss in the first and
a

second complex formations, respectively. Along with either
eqn (3) or (5), we determined the value of K; and K,. We kept a
constant DOX concentration (40 nM) and varied the DNA con-
centration. In each titration point, we measured the count rate
and plotted it as a function of initial DNA concentration c,
(see Fig. 6(a)). Instead of fitting the function to the obtained
data points with all released variables, we divided the series
into previously specified regimes (R; < 0.4 < R,). We deter-
mined K; by fitting eqn (3) only to the points corresponding to
the regime R; < 0.4. After getting K;, we obtained K, by fitting
all data points with eqn (5). We performed the titration experi-
ments on all DNA strands along with the corresponding MB
and the results are shown in Fig. 6b. The average equilibrium
constant is (8.3 = 1.2) x 107 M™" in the first reaction and (2.0 +

QD
~

Two reactions, 2-(DOX)/DNA

Fit:

Ca=32.32 [nM]

K1 =7.8-107 [M71] (set)
K;=1.9-10° [M~1]

n = 3.0 (set)

® Data
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DOX equilibrium constant, different DNA
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Fig. 6 Equilibrium constant determination of DOX—DNA interaction. (a)
Equilibrium constant fit of DOX-DNA (69 bp) interaction including a
two-reaction model. (b) List of the equilibrium constants of interactions
between DOX and DNA with different lengths.
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0.5) x 10° M™" in the second one. The difference in the equili-
brium constant values between those reactions is around 40
times, whereas in Gracia’s report, this difference is 200 times.>
This discrepancy could be caused by the ionic strengths we
used in our measuring conditions. In the previous reports of
DOX-DNA interaction, when the sodium concentration
increases from 2.5 mM to 63 mM, the K value decreases from
10° M~ to 107 M~ ".>* The weaker the ionic strength, the
larger the K value. Since the ionic strength in our measure-
ment was four times stronger than that in Garcia’s report,” it
is reasonable for us to have a five times smaller K than them.

The length or the structure of DNA does not affect the K
values, except for the K, obtained with 20 bp DNA (see statisti-
cal analysis in Fig. 6(b)). Our method is based on collecting
the direct signal from the reaction pool, so that even a single
photon change can be monitored. In comparison, the determi-
nation of K by the FCS method is not based on observing the
MB change in each reaction (even for long DNA). The FCS
experiment is based on an analysis of the fluctuation of the
fluorescence signal. Thus, the signal from the components
with different MB would be averaged by the correlation
function.

To ensure that the brightness analysis is observed only by
the reaction between the DOX molecules and DNA, we tested
the self-aggregation of DOX at our working concentration (40
nM). We checked the possibility of DOX aggregation with UV-
vis spectroscopy. From the results of the absorption and emis-
sion spectra, we did not observe dimers or higher aggregates
of DOX molecules at our working concentration (the details
are shown in ESIY).

3.3. Determination of complex formation between DNA and
DOX analogs

Once the DOX-DNA interaction has been thoroughly investi-
gated, we analysed daunorubicin (DNR), epirubicin (EPR), and
idarubicin (IDR). Due to the similarity in structure, we expect
that these three anthracyclines also attach to DNA with the
same two reaction mechanisms as DOX. As there are limited
references that state the bp number (n) per binding site for
those anthracyclines, we fit our curve with n equal to 4.25 +
0.35, 2.85 + 0.50, and 3.50 + 0.71 for DNR, EPR, and IDR,
respectively.'*?1>>2¢ These values are in good agreement with
the reported n number 2-4. To exclude the influence from
structural differences, we monitored the MB change of each
anthracycline in the interaction with 69 bp DNA and the
results are shown in Fig. 7.

All three anthracyclines show a similar trend in MB change
as DOX. Firstly, a strong MB loss (on average, 8.74 + 3.10 fold)
in the first reaction and then a slight MB loss (averagely, 2.08 +
0.32 fold) in the second reaction. We determined the cross-
over points of the DNR-, EPR- and IDR-DNA interactions with
values equal to 0.33 + 0.04, 0.43 + 0.04, and 0.30 + 0.00,
respectively. The results prove that the two reaction mecha-
nisms are also present for DOX analogs.

Next, we determined K; and K, for those DOX analogs in
the reaction with 69 bp DNA. Each measurement was repeated

This journal is © The Royal Society of Chemistry 2020
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of anthracyclines during each complex

twice to exclude the random error. No self-aggregation of the
drugs was observed under UV-vis spectroscopy measurements
within the working range (the details can be seen in the ESI}).
The obtained K values for all four drugs are presented in
Fig. 8.

The formation of the first complex of DOX, DNR, EPR, and
IDR with DNA have K; equal to (7.8 = 0.2) x 10" M, (7.7 * 1.1)
x 107 M™%, (7.5 + 0.9) x 107 M ", and (4.8 + 0.2) x 10" M,
respectively. In the second reaction, DOX, DNR, EPR, and IDR
have K, equal to (2.1 = 0.4) x 10° M, (9.8 + 1.0) x 10° M},
(1.6 + 0.0) x 10° M, and (1.5 + 0.1) x 10° M, respectively.

Determination of the reaction mechanism using the bright-
ness analysis method was possible due to the significant
difference in the strength of the interaction and brightness
between the formed complexes of the individual reactions.
The observation of the inflection point during the determi-
nation of the complex MB was a crucial part of the research.
We expect no significant differences in the association/dis-
association kinetics among those drugs in the binding with
DNA based on the collected data during the analysis of the
four most popular anthracyclines.

Anthracycline-DNA interaction
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E 6_ _6 E
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DOX DNR EPR IDR

Fig. 8 Equilibrium constants for complexes of DOX analogs and DNA.
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4. Conclusions

We applied the molecular brightness method to determine the
equilibrium constant of the anthracycline-DNA interaction at
the nanomolar concentration scale. We tested four of the most
used drugs in anticancer therapy: DOX, DNR, EPR, and IDR.
Regardless of the low quantum yield of these anthracyclines,
the method was sensitive enough to confirm the presence of
two reaction mechanisms with DNA. The first reaction (i.e.,
drug-DNA) dominates when there are plenty of binding sites
for the drug molecules to intercalate into. The second complex
(i.e., drug to drug-DNA) is formed as soon as the first drug
intercalates into DNA. The difference in K of these two reac-
tions is around forty times. We proposed the binding mecha-
nism of the drugs in the second complex formation: the drug
molecule anchors with aminoglycoside ring to the first formed
complex. The provided data about the mechanism of the
association/disassociation kinetics of DOX and its analogs can
be used as a reference in the future use of those drugs. We
hope that the simple principle of this method can be applied
as an initial method in biochemical measurements. We also
aim to develop potential methods for the selection of the most
stable novel synthesized drug precursor complexes, the design
of nano-drug delivery system, and the kinetic studies of in vivo
biochemical reactions.
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