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Abstract

Anthracyclines are the most effective and important chemical compounds used in can-
cer treatment. Among them, doxorubicin hydrochloride (DOX), daunorubicin hy-
drochloride (DNR), epirubicin hydrochloride (EPR), and idarubicin hydrochloride
(IDR) are the most widely used ones. They induce the apoptosis of cancer cells by
binding with deoxyribonucleic acid (DNA). In novel anticancer drug discoveries or
cancer treatment, scientists are always seeking an anticancer drug with a tight binding
with DNA. The equilibrium constants (K) of anthracycline-DNA interactions are de-
termined to quantify how strong the anthracyclines can bind with DNA. Association
constant (K,) and dissociation constant (K;) are two special cases of K. K, is the in-
verse of K;. The larger the K, value, the smaller the K, value, the stronger the drug
binding, and vice versa. However, currently, there are few issues to determine the K

accurately.

First of all, the K values for reported anthracyclines vary from 10* M- to 108 M1, As
a result, a 4-order of magnitude error occurs in determining the effective anthracycline
concentration to form anthracycline—DNA complexes. The second issue is the detec-
tion limit. Most of the experiments are conducted with an anthracycline concentration
at the micromolar level. However, anthracyclines may aggregate with each other at
such a high concentration. The self-aggregation of anthracyclines can compete with
anthracycline-DNA interactions, leading the equilibrium of anthracycline-DNA inter-

actions to be shifted. Consequently, the K values of anthracycline-DNA interactions
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are altered. Thirdly, the action mechanisms of anthracyclines are still full of debates.
Researchers have widely accepted that anthracyclines react with DNA through inter-
calation. However, my recent reports have shown an additional reaction occurring be-
tween anthracyclines and anthracycline-DNA complexes. The reaction is dominated
when the amount of anthracyclines is in large excess to DNA binding sites. The K
value in such a reaction is 2-order smaller than that in the intercalation. Fourthly,
the macromolecular crowding effect on K values. The previous reported K values are
obtained in aqueous solution. However, the cell nucleus, where anthracycline-DNA
interactions take place, is packed with macromolecules. The macromolecular crowd-
ing can shift the equilibrium of anthracycline-DNA interactions and further change
the K values. Accordingly, the K values determined in aqueous solution may differ
significantly from their values from in vivo experiments. The last issue is that there
are fewer reports concerning the K vaules for DOX analogs: DNR, EPR, and IDR.
Therefore, we addressed these issues by studying the fluorescence property changes of

anthracyclines in interactions.

At the beginning of my research, I cleared the self-aggregation issue of anthracyclines.
By using UV-Visible (Uv-Vis) spectroscopic techniques, I found anthracyclines had no
self-aggregations at the micromolar level (see chapter 2). Next, I determined the K for
anthracycline-DNA interactions at the nanomolar scale with fluorescence correlation
spectroscopy (FCS) and single-molecule brightness (MB) analysis methods. More-
over, with the single-MB analysis method, I confirmed the formation of DOX-(DOX-
DNA) complexes and determined the K for DOX analogs (see chapter 3). Lastly, I
developed a method based on the photobleaching of DOX to determine the K of DOX-
DNA interaction in single cells, and I discussed the possible reasons for the smaller K

determined in cells (see chapter 4). In chapter 5, I concluded for the whole study. In
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chapter 6, I showed the future work to do to have a more accurate K determination in
cells.

Overall, the thesis provides the vision of anthracycline-DNA interactions at the single-

molecular level, and gives a clue in new drug development and cancer treatment.
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CHAPTER 1

Introduction

1.1 Anthracyclines and mechanisms of anthracycline-

DNA interactions

According to the therapeutic targets, anticancer drugs are divided into 5 groups [1].
Those anticancer drugs which directly kill cancer cells or inhibit the growth of cancer
cells are called chemotherapeutic agents. Among them, anthracyclines are the most

effective ones.

1.1.1 Structure of anthracyclines

In clinical, DOX, DNR, EPR and IDR are four of the most important anthracyclines
[2, 3, 4]. Basically, they contain three domains: an aromatic backbone (blue back-
ground), an amino sugar on the side chain (yellow background), and substituents on

the aromatic ring (red background) (see figure 1.1).
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Figure 1.1: Structures of the most important anthracyclines. DOX and DNR contain
a tetracyclic aglycone structure of four cyclohexane chains with a daunosamine sugar
moiety. However, DNR is in absence of a hydroxyl group (red circle). Compared with
DOX, EPR has an opposite chirality of hydroxyl group in daunosamine moiety (blue
circle). IDR is identical to daunorubicin except the lack of 4-methoxy group on the

ring (yellow circle).

1.1.2 Mechanisms of anthracycline-DNA interactions

Because of the three domains, anthracyclines can interact with DNA in different ways

(see figure 1.2).
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Minor Major
DNA grooves

Figure 1.2: The action mechanisms of anthracyclines in the interactions with DNA. 1
and 2 are groove bindings, 3 is electrostatic binding, and 4 is intercalation. The figure

is from Almaqwashi [5].

A. Intercalation

The aromatic ring allows anthracyclines to intercalate into the base pair (bp) of DNA
through m — 7 stacking, preferentially at 5’-pyrimidinepurine- 3’ GC-rich sites. Be-
cause of intercalation, the polynucleotide structure of DNA is distorted, further the
replication and transcription of DNA is inhibited. Intercalation is the most widely

accepted mechanism in anthracycline-DNA interactions [6, 7, 8, 9, 10, 11, 12, 13].
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B. Electrostatic binding

In recent years, researchers also report the formation of external DOX-(DOX-DNA)
aggregates in DOX-DNA interaction. When all of the intercalative sites on DNA are
occupied, the excess DOX molecules overhang from the intercalated core of DOX-
DNA complexes and form external aggregates [14]. In the formation of external ag-
gregates, an electrostatic interaction could be involved, since the amino sugar group
of DOX is positively charged while the DNA is negatively charged [5, 15]. Though
currently, the formation of external aggregates is only reported in DOX-DNA interac-
tion, the interaction mode could also apply to DNR-, EPR- and IDR-DNA interactions,

because these anthracyclines share a similar structure with DOX.

C. Groove binding

Anthracyclines can also stay in the minor groove of DNA through electrostatic inter-
action [5, 12, 14, 16, 17]. It is an intermediate step in the intercalation process, which

helps anthracycline-DNA complexes to be stabilized.

D. Hydrogen bonding

The substituents on the aromatic ring can also form hydrogen bonds with the bp of
DNA, serving as an anchor to stabilize the anthracycline-DNA complexes. This type of
interaction is identified by crystallographic and vibrational spectroscopic in previous

reports [12, 18].
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1.2 Equilibrium constants of anthracycline-DNA inter-

actions

In the synthesis of novel anticancer drugs or cancer treatment, scientists are always
looking for some anticancer drugs which can tightly bind with their targets. The
strength of binding is quantified by two special cases of equilibrium constant (K):
association constant (K,) or dissociation constant (K;). K, is the inverse of K;. The
larger the K, value in interaction, the stronger the drug binding, and the higher the drug
affinity. The opposite occurs when a anticancer has a low drug affinity [19, 20, 21].
The correct determination of K value is very important in pharmacodynamic (PD), be-
cause some important parameters (for instance, fractional occupancy— the fraction of

all receptors that are bound to ligand) are calculated according to K; [19].

1.2.1 Basic definitions and equations

If we consider the interaction between anthracycline and DNA as a simple reversible
binding reaction. According to the simple model of law of mass action, the interaction
between DNA and anthracycline (represented as "ANT" in formulas and equations in

the following content) is [19, 22]:

ky
ANT + DNA = ANT — DNA (1.1)
kq

where k, and k, is the association and dissociation rate constant respectively. At equi-

librium state (eq), the association rate equals to the dissociation rate:
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Cant " Cona ~ka = Car_pya ka (1.2)

eq eq eq : .
where Cynr, Cpyas and Cyyr_pya are the concentration of anthracycline, DNA, and

anthracycline-DNA complexes at equilibrium state respectively. Thus, K, is given by:

K, — 1 _E_ Cfx?VT—DNA (1.3)
a — - - € e .
Ky ka CA?VT ‘CDsz

1.2.2 Approaches to determine the equilibrium constants in

anthracycline-DNA interactions

Currently, we can determine K by several experimental methods. We have listed the
main experimental approaches in table 1.1. As each method has its pros and cons, to
get a more accurate K value, researchers usually determine the K value with several
methods based on different principles [14, 23]. Also, with the development of optic
techniques, more and more rapid, simple and non-destructive techniques are used in K
determination, especially in living cells [24, 25]. With the single-MB analysis method,

the sensitivity of measurement can even reach a sub-picomolar level [26].

Table 1.1: Typical techniques used in equilibrium constants determination.

. . . o Detection
Categories Typical techniques Principles

limits

) ) Isothermal titration calorimetry )
Calorimetric Heat releasing uM

(ITC) [14, 27, 28, 29, 30]

measurements or absorption
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Table 1.1 continued from previous page

Differential scanning calorimetry

uM
(DSC) [14, 27, 31]
Circular dichroism spectroscopy Elipticity M
u
(CD) [23, 32, 33] changes
Surface plasmon resonance Refractive
spectroscopy (SPR) index mM
. [33, 34] changes
Spectroscopic
Resonance light scattering Molecular size
spectroscopy (RLS) or mM
measurements
[35, 36, 37, 38, 39] shape change
UV-Visible (Uv-Vis)
Florescence
spectroscopy uM
absorbance
[14, 23, 40, 41, 42, 43, 44]
Fluorescence spectroscopy Florescence
uM
[45, 46] emission
Diffusion
FCS [47, 48] coefficient nM
change
Fluorescence recovery after
Photon
Fluorescence photobleaching (FRAP) puM
bleaching
[49, 50]
based techniques Single-MB
MB change pM

analysis [26]
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Table 1.1 continued from previous page

Continuous photobleaching Photon M
n
[51, 52] bleaching
Potentiometric Cyclic voltammetry (CV) Electrons M
u
measurements [42, 53, 54, 55] transfer
Nuclear magnetic
Nuclear magnetic resonance Chemical
resonance chemical uM
spectroscopy (NMR) [16, 56] shift

shift measurements

1.2.3 Reported equilibrium constants for anthracycline-DNA in-

teractions in aqueous solution

In table 1.2, we list the previously reported K values of anthracycline-DNA interac-
tions in aqueous solution. However, as the K values vary orders of magnitude from
report to report, there are debates regarding the accurate K values in anthracycline-
DNA interactions. Some researchers consider the difference is caused by the measur-
ing conditions, especially the ionic strength [15]; while other researchers propose the
difference is brought by the novel action mechanism of anthracyclines [14]. More-
over, there are fewer reports concerning the K values for DOX analogs: DNR, EPR,

and IDR.
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Table 1.2: Association constants reported for anthracycline-DNA interactions.

Anthracyclines Methods Ionlznslt;;)n gth (x 1012?”_1)
Fluorescence spectroscopy 100 0.01
[16]

ITC [57] 100 0.3

DOX FCS [47] 10 1.0
Fluorescence spectroscopy [16] 63 13

Fluorescence spectroscopy [14] 2.5 230
RLS [36] 200 0.02

DNR Second harmonic generation [58] not mentioned 0.2
CV[42] 200 1.2
EPR Uv-Vis spectroscopy [41] not mentioned 0.03
Uv-Vis spectroscopy[44] 20 0.4
IDR Uv-Vis spectroscopy [59] not mentioned 0.02
Fluorescence spectroscopy [9] 200 0.6

To make clear which K value is accurate for anthracycline-DNA interactions in ta-
ble 1.2, we need to know the exact action mechanism of anthracyclines. Also, to
exclude the influence of ionic strength, we need to conduct the experiment under phys-

iological conditions.

1.3 Equilibrium constants in crowded environment

From table 1.2, we know the K values determined in aqueous solution are not accu-
rate. The K value determined in cell nucleus is even unknown. However, in vivo,
anthracycline-DNA interactions take place in cell nucleus. As the background macro-
molecules in cell nucleus may shift the equilibrium of anthracycline-DNA interactions,
and further alter anthracycline affinity, the K values determined in aqueous solution
can differ with that determined in cell nucleus. To get a more accurate anthracycline

affinity in vivo, we should determine the K value of anthracycline-DNA interactions in
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cell nucleus directly.

1.3.1 Macromolecules and macromolecular crowding

The nucleus is packed with macromolecules, including high-molecular chromatin, ri-
bonucleo particles, and associated proteins. The concentrations of the macromolecules
reach as high as 100-200 mg mL"!. Macromolecular crowding refers to an environ-
ments where various macromolecules are present at high total concentrations (see fig-

ure 1.3) [60, 61].
d 400
300

mg/ml
200

NUCLEI (global) CHROMATIN COMPARTMENTS

[1,2) Hela celis (3) Heterochromalin  (8,9) Nucleal
{3) Hepalocytes (6) Centromaric {10} Transcription sites
(4) Glial calls (7) Mataphasa (11) Speckies

Figure 1.3: Concentrations of macromolecules in nucleus (left) and the simulation of

crowded environment in cells (right). The graph is from R. Hancock [60].

1.3.2 Macromolecular crowding and equilibrium constant

In a crowded environment, the background macromolecules can affect the equilibrium
and the rate of a chemical reaction. The constituents of the local environment can re-

act with a particular reactant through 4 ways: nonspecific intermolecular interactions,
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side reactions, partitioning between microenvironments, and surface interactions (see

figure 1.4) [62, 63, 64].

Nonspecific interactions Side reactions
AGj, K,
" - ®F = Ea B +- B - B
AG Ammsler AG lsmms!er T AGA!IBamfer

sl o MK TR TR
Sl ome  op .ow = m
oo, ‘ole = o » @ -

e® % 0 e ® ® .-

Partitioning between

microenvironments Surface interactions

L_JO) [ X ) K' o® @ K ik
@] - (@) AB
ok
o, + e =~ o, HE - B = ma
(1-2) K02 K2

Tl KA Tl B ., .Tl. 'AB T l KAadsorb T l KB(I—Q) Tl K:edsorb

0 . ove surface
°He +3H® " emm3 L

o°® Q0 @ o + —

Figure 1.4: The crowded environment can affect the equilibrium of a reaction through
4 ways: nonspecific intermolecular interactions, side reactions, partitioning between

microenvironments, and surface interactions. The graph is from Rivas [62].

A. Nonspecific intermolecular interactions

For a reaction involving reactant A and B:

A+B=AB (1.4)

the free energies of association in the dilute solution and crowded environment are:
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AGS; = —RTInkYy (1.5)

and

AGAB = —RTlI’lKAB (16)

respectively. Where R denotes the molar gas constant, T is the absolute temperature.

The equilibrium constants in these two environment are linked as:

K
ﬁ) = AGyp — AGY,

AB (1.7)
_ AGZansfer_’_AGgansfer_AGtArgnsfer

—RTIn(

where AGi.m"Sf “"is the standard free energy required to transfer molecule i from bulk
solution to the crowded environment, and i can either represent A, B or AB respec-
tively.

As the reactants can react with the background molecules through attractive force
(electrostatic attraction or hydrogen-binding, and solvent-mediated interactions) or re-
pulsive force (volume exclusion or electrostatic repulsion), the total free energy of

transfer is accordingly partitioned into contributions from various types of interactions

[64]:

t : - j H—bondi ; j
AGimnSfer — AGfxcludedvolume —l—AG?ledmsmnc—l—AGi onding +AG?olventmed1ated

(1.8)

As a result, the free energy required for molecule transferring is altered, and the rate
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and/or the equilibrium of a reaction is changed. The impacts of nonspecific interac-

tions on the kinetics of a reaction are listed in figure 1.5.

Noncovalent interactions between biological molecules

+
A
no complexes
>0 Repulsive  nonspecific excluded \{olume, _
electrostatic repulsion
AG 0 ® transient
intxn complexes
nonspecific electrostatic attraction,
. hydrogen-bonding,
<0 Afttractive solvent-mediated
site-specific (:E; dr;c:;;:_fg)%blc/ -philic) stable
v (multivalent) ! : complexes

Figure 1.5: The types of nonspecific interactions and their impact on the change of

free energy. The graph is from Rivas [62].

With the increase of background macromolecules (namely a larger volume fraction of
background macromolecules), the K value of a reaction increases at first and decreases
finally (see figure 1.6) [65, 66, 67, 68]. Among these nonspecific interactions, the most

basic and dominant contribution is the volume exclusion (AG?"Cl”dEdVOZ“me ) [68, 69].

However, Minton points out that the equilibrium of a reaction is not affected by macro-
molecular crowding if the reaction is not accompanied by a significant change in the
volume excluded to background solutes. In other words, the equilibrium of an inter-
action between a small molecule and a macromolecule (for instance, the interaction
between DOX and genomic DNA) is not affected by macromolecular crowding, be-

cause there is no major conformation or state change of the macromolecules during
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In k

collision |@ 4\ =
& o O
interaction - |

9 [k ] ek
. L 4
sz, - T e

volume fraction @

Figure 1.6: How the equilibrium constant of reaction will be affected by the nonspe-

cific intermolecular interactions. The graph is from Gao [65].

the binding event by the small molecule [70].

B. Side reactions

For a reaction without side reactants, the association equilibrium is specified by the

relation:
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KO
A+BZAB (1.9)

If each of the reactant or product is reacting with a single molecule of the background

species X respectively, the additional side reactions are:

K
A+XZ2Ax (1.10)
Kpy
B+XZ2Bx (1.11)
AB+X 2ABX (1.12)

where Kax, Kpx, and Kspx are the equilibrium constant in A-X, B-X, and AB-X in-
teraction respectively. Combine equation 1.9, 1.10, 1.11, and 1.12 together, we get

the experimentally determined ratio of product to reactant concentrations:

Can 0 1+ Kapx - Cx
K = =Kin- 1.13
ABX = Ca-Cs P (1+Kax -Cx)(1+Kpy - Cx) (1.13)

where Cy4, Cp, Cap, and Cx are the concentrations of A, B, AB, and X at equilibrium
state respectively. Kjp is not a true equilibrium constant, it varies with Cx, unless
the binding of reactants or products to X is negligible (namely K4xCx, KpxCx, and

KapxCx < 1).
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C. Partitioning between microenvironments

If each reactant distributes between two microenvironments 1 and 2 (for instance, mi-
croenvironment 1 is aqueous phase and microenvironment 2 is lipid phase), the parti-

tion coefficients of each reactant is defined as:

(1-2) _ Cz2)

(1.14)

where Cy ;) is the equilibrium concentration of reactant Z in microenvironment i. The
free energy to transfer molecule Z from microenvironment i to microenvironment j is

related to the partition coefficient of species Z:

AGY™) = _RTInk (™7 (1.15)

Combine equation 1.14 and 1.15, we get the experimentally measured ratio of the

concentrations of product and reactants:

_ Cap (1) 1+ f2(Ki2a8— 1)
Kaxpn=—"-—-=K ’ 1.16
A= CaCr A foKion - D+ fKg—1)] 1O

where f; is the fraction of the total system volume occupied by microenvironment
2. Kap is not the true equilibrium constant, it varies with f> and depends on the
distribution of reactants and products between the compartments. Kapg follows from

equation 1.16:

2 1-2
Kin __ K™ (1.17)
K/(‘}g) K/gl_ﬂ)Kél_ﬂ)
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D. Surface interactions

Surface interactions are special cases of partitioning. In the ideal limit, the adsorption
coefficient is defined as the concentrations of a given species X in the bulk and on the

surface:

C
Kgdsorb — Xsurface (1 ) 1 8)
&'

A macromolecule in a membrane surface is at a "surface microenvironment"”, which
is different with the remote molecules far from the surface. In a medium with signifi-
cant surface area, the measured product to reactant concentration ratio can not reflect
the true equilibrium constant, it varies with the amount(s) and type(s) of accessible
surface. In heterogeneous environments, the macromolecular associations are more

rapidly on surfaces than in solution.

1.3.3 Equilibrium constant determined in crowded environment

In table 1.3, we compared the association constants determined in crowded environ-
ment (K,) and in diluted environment (Kg). The association constant of a reaction can

be altered 2 orders of magnitude with the presence of macormolecules.



1. INTRODUCTION 18

Table 1.3: The association constants of a chemical reaction in diluted solution (Kg)

and in crowded environment (K,).

Reactions Crowders KK,
TEM1--lactamase and
B-lactamase inhibitor protein [71] Polyethylene glycol (PEG)  0.04
Barnase and barstar [71] Ethylene glycol (EG) 0.1
Xanthine oxidase and bovine erythrocyte
copper, zinc-superoxide dismutase [72]

Dextran 9.8

Bovine serum

Protein RepA and DNA sequences albuminor 10

73] or ovalbumin
DNA and T7 RNA polymerase
[74] PEG 83.3

However, the K values displayed in table 1.3 are determined for protein-protein inter-
actions (PPIs) or protein-DNA interactions (PDIs). The K values may not change for
anthracycline-DNA interactions in crowded environment, because anthracycline-DNA
interactions are not accompanied by a significant change in the volume excluded to
background solutes. As there are no reports concerning the kinetics of anthracycline-
DNA interactions in crowded environment, we need to determine the K values of
anthracycline-DNA interactions with the presence of macromolecules. Also, in pre-
vious reports, to analyze how the macromolecules can affect the equilibrium of a re-
action, researchers only choose one specific crowder (such as PEG, serum albumin)
to create the crowded environment. In recent years, to mimic the heterogeneity of the
intracellular environment, the mixed crowders are recommended to be used [69, 75].
Instead of creating an artificial crowded environment, we decided to determine K di-

rectly in the cell nucleus.
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1.4 Techniques used to determine the equilibrium con-

stants in this work

Since all of the anthracyclines contain aromatic rings with delocalized m-electrons,
they can absorb and emit photons without any external fluorescent labels. Thus, in our
work, we mainly determined the K of anthracycline-DNA interactions through three
techniques. All of the techniques are based on the fluorescence change of anthracy-

clines in the interaction with DNA.

1.4.1 Fluorescence
A. Jablonski diagram

The Jablonski diagram illustrates the electronic states of a molecule and the transitions
between them (see figure 1.7). When a molecule at the singlet ground state (Sg) ab-
sorbs light with an energy of hvy, it will transfer to one of the singlet excited states (S
or S») within 1013 s. The molecule at the excited state is not at an equilibrium state,
it will return to Sy by dissipating the absorbed energy through nonradiative transitions
(internal conversion or intersystem crossing) or radiative transitions (fluorescence or
phosphorescence). The internal conversion takes place from 10714 to 107! s, while
the timescale of intersystem crossing is 1078 to 10~ s. The photon emission from S;
to Sp is known as fluorescence, occurring at the timescale of 1072 to 1077 s, while the
photon emission from T to Sy is known as phosphorescence, occurring from 10~ to

1071 s.
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Figure 1.7: A typical Jablonski diagram illustrates how a molecule absorbs and emits

photons. The figure is from Jameson [76].

B. Fluorescence quantum yield

The fluorescence quantum yield (q) is defined as the ratio of the number of pho-
tons emitted (Nemiteq) to the number of photons absorbed (napsorbeq) bY @ fluorescent

molecule:

Nemitted

q= x 100% (1.19)
Nabsorbed

According to previous reports [77, 78], the quantum yield of DOX (9%) is 10 times
smaller than the reference dye Rhodamine 6G (95%).

C. Fluorescence quenching

Fluorescence quenching refers to any process which can decrease the fluorescence

intensity of a given sample. It is caused by molecular interactions, including excited-
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state reactions, molecular rearrangements, energy transfer, ground-state complex for-
mation, and collisional quenching [76]. Anthracyclines are reported to be quenched in

the interacations with DNA [9, 79, 80, 81].

D. Photobleaching

Photobleaching is the photochemical destruction of a fluorophore. As a result, the flu-
orophore is unable to fluoresce permanently. The mechanisms are involved in photo-
oxidation, organic reaction, and multi-photon events. Photobleaching is a severe prob-
lem for fluorescence fluctuation experiments, because the obtained autocorrelation
curve (ACF) curves are distorted due to the reduced diffusion time or the decreased
fluorophore concentration [82, 83]. In practice, we can avoid photobleaching either
by reducing the laser power or correcting the ACF with analytical function [51, 52].
If both of the solutions can not work, usually, the bleached curves are discarded for

downstream analysis [84, 85].

1.4.2 FCS method

FCS is a technique used to investigate the temporal fluctuations of fluorescence sig-
nals within a small detecting volume [86]. It provides the physical information which
causes the rise of fluctuations, including local concentrations of compounds in the con-
focal volume, diffusion coefficients or characteristic rate constants of inter- or intra-
molecular reactions of fluorescent molecules [25, 87]. As a sensitive method, it allows
the measurements at the nanomolar level. Also, due to its non-invasivity, it is an ideal
tool to analyze the minute quantities inside living cells [25]. The basic theory of FCS

and the setup required for a FCS measurement are illustrated in figure 1.8.
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Figure 1.8: The theory behinds FCS and the setups required for a FCS measurement.

A. Theoretical concepts

For a chemical reaction at equilibrium state, the macroscopic concentrations of
molecules are constant in space and time for infinite time-periods. However, due to
Brownian motion of fluorescent molecules in space and the Poisson process of chemi-
cal reaction, the local concentrations of molecules in the confocal volume fluctuate, so
does the fluorescence intensity (namely the number of photons recorded by the Time-
correlated single photon counting (TCSPC) module) in the confocal volume. The

fluctuations of the fluorescence intensity are defined as:
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OF(t)=F(t)— (F(t)) (1.20)

where F(t) is the instantaneous fluorescence intensity at a given time t, (F (7)) denotes
to the average fluorescence intensity over a period of time t. To quantify how much the
fluorescence intensity is still similar to itself after a given delay, the normalized ACF

is applied [86, 88]:

(1.21)

where F(t+7) is the instantaneous fluorescence intensity at a later time t+7, the brackets

() indicates a time average.

To describe the fluorescence signal F(t) in a more detailed way, some experimental
details are required to be considered. The FCS experiment is conducted in a confocal
microscope. If all of the fluctuations arise only from changes in the local concentration
(6C) within the effective volume (V, rr) of the focal spot, the variation of F(t) is [25,

89]:

SF (1) = K/Vlex(r) S(r)-8(c-q-C(r,1))dV (1.22)

The parameters in equation 1.22 describe the probability to excite a fluorophore within
the focal volume and detect the emitted photon afterwards due to the final detection
efficiency of the setup. More specifically, k is the overall detection efficiency, I (r)
is the spatial distribution of the exciting laser beam with the maximum amplitude Iy,
S(r) is the fluorescence detection probability, 6(o - ¢ - C(r,t)) is the dynamics of flu-

orophore on the single-particle level (o represents the molar extinction coefficient of



1. INTRODUCTION 24

the fluorophore, and q refers to the quantum yield of the fluorophore). Since it is very

hard to determine all of the parameters individually, to simplify equation 1.22, some

L (T)-S(T)

parameters are integrated. The product W (r) = *==

describes the shape of the

confocal detection efficiency profile, and it is approximated by a 3D Gaussian [90]:

2 +y*) 22

W(r)=exp|— ) o2 (1.23)
Xy Z

where @,y and @, are the 1/e? radius of the confocal in lateral and axial direction
respectively. The remaining parameters can be combined with /y to determine the

photon count rate per molecule per second:

No=1ly-x-0-q (1.24)

Finally, equation 1.22 becomes:

SF (1) = /V W(r)-8(n-C(r,1))dV (1.25)

where 8C(r,t) is the fluctuation of the local particle concentration at time t, and V is

the confocal volume. Substituting equation 1.25 into equation 1.21, the ACF becomes:

_ JIWEW ) (8(n0 - C(r,1))8 (10 - C(r',1 + 7)) dV dV'
(JW(r)((no-C(r,1)))dV)?

G(7) (1.26)

If we only consider the fluorescent molecules are diffusing in the confocal volume
with a diffusion coefficient of D, and either the concentration (C) or the parameter 1

is constant for a given system, equation 1.26 is simplified as:
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(1) = (1 ) (1 )
Verr- € ™ @*-Tp (1.27)
s Hyar
N D ®2-Tp

where N is the average number of fluorescent molecules in the confocal, @ denotes

to the structure of the confocal, and 7p represents the diffusion time of fluorescent

molecules in the confocal. In equation 1.27, V, sy can be calculated with:

Vopr =1 0}, - @,

(1.28)
the parameter ® is determined with:
0= (1.29)
Oy
Tp is calculated according to:
T = % (1.30)

In formula 1.30, D is the diffusion coefficient of the fluorescent molecules, it is deter-
mined by:

ky-T
-t _ (1.31)
6-m-1n-Ry
where kj, is the Boltzmann’s constant, T is the absolute temperature, 7 is the viscosity

of the medium the fluorescent molecules diffuse in, and R}, is the hydrodynamic radius

of the fluorescent molecules. At zero lag time, equation 1.27 changes to:
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G(t—0) =~ (132)

N
However, equation 1.27 is based on the assumption that the fluorescence fluctuations
are only caused by the motion of chromophores. In reality, the fluorescent properties
of chromophores can change during the traverse of the laser beam (for instance, intra-
or inter-molecular reactions), namely, 67 is not constant. In this case, we should con-
sider a general form of ACF. If the fluorescence fluctuation caused by the properties

change is much faster than the motion of fluorescent molecules on time-scales, the

ACEF (equation 1.27) changes to:

Gtotal(f) - Gmotion(f) 'innetics(f) (1-33)

The transition of chromophores to the first excited triplet state is the most common
cause of fluorescence properties change (S to 77, see figure 1.7), and the triplet blink-

ing can be described by an exponential decay:

P Tripa (1.34)
—-p

Xtriplet<7:) =1+ 1

where p is the average fraction of fluorescent molecules in triplet state, and 7; is the
lifetime of triplet state (usually between 10~8 and 10~>s). Finally, equation 1.33 be-

comes:

(5 )z (1.35)

_z. 1
-e Tt)._
N D a)Z-TD

G(t)=(1+ —p

If the fluorescence signals are contributed by i types of non-interacting fluorescent
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molecules, equation 1.27 changes to the formula [25]:

Gonuizri(T) = 1 X mi- (G -Mi(7)
multi Veff (Zz ;- <Ci>)2

where M;(7) is the mobility term of i-th component, and it is expressed as:

B. Experimental setups

27

(1.36)

(1.37)

To conduct the FCS experiment, an excitation laser, filters, an objective, pinholes,

photon counting modules such as avalanche photodiodes (APDs), and data analysis

systems are required. To have the maximum detection efficiency, some key parameters

should be considered [88].

* Laser power. If the laser power is too low, no photons can be detected, while

too high laser power induces the photobleaching of a fluorescent molecule. The

maximum number of photons we can detect in our system is 10°. To avoid the

saturation of detectors, the laser power should be set in a proper range.

* The number of numerical aperture (NA). To ensure the maximum collection

efficiency, an objective with a high NA is preferable. Usually, the number of NA

in experiment is 1.2.

* Size of pinholes. To collect the maximum fluorescent signals, the pinhole size

should be set properly. The larger the pinhole size, the more fluorescent signals

are detected, but the more the background noises are also collected.
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* Quantum yield (q). It affects the parameter 1, and further affects the number of

photons collected in APDs.

* Fitting model. To fit the ACF precisely, a proper mathematical model should be
considered. For instance, to interpret the ACF curve with a diffusion dominant
model or a reaction dominant model [49]. The advanced data analysis is usually

dealt with software such as Origin, Python, Matlab, Gnuplot, etc.

C. Equilibrium constant determination

In anthracycline-DNA interactions, it is widely accepted that the anthracycline
molecules intercalate into the bp of DNA chains [91]. To determine the K in for-

.. . eq eq eq .
mula 1.3, it is crucial to know C, 7 pya> Canys and Cpy 4 respectively.

If we only let the fluorescent anthracycline molecules with a known concentration
(Cant) diffuse inside the confocal, the average fluorescence intensity of anthracycline
molecules in a period of time t is recorded as (F(¢))an7. The number (Nayr) and the
diffusing time (T4y7) of anthracycline molecules are determined by fitting the ACF

with the 1-component model:

G(1) = (14 L1+

- —1/2.<1 _r —f/7t> 1.38
NanT TANT O’ TANT ) * ¢ (1.38)

I—p

Also, we can calculate the corresponding diffusion coefficient of anthracycline
molecules (D4n7) according to equation 1.31. When DNA molecules are added to
the pure anthracycline solution, anthracycline molecules bind with these DNA. Now,

the average fluorescence intensity recorded in confocal changes to (F(f))ant—pna- In
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the confocal volume, there are two types of anthracycline molecules: the free diffusing
one with a diffusing coefficient of D4y, and the bound one with a diffusing coefficient
of Dant—pna. With the parameter T4yt fit from equation 1.38, by fitting the ACF with

the 2-component model [92]:

1 1t —1 t ~1/2
G(t) = NAanrpya -0+ ——— ) (T2
(%) Nant wr-DA-( TANT—DNA) ( wz'TANT—DNA)
I -1 ! —1/2] ( p —t/r)
Aanvr - (1 (1 — N P i
ANt - ( +TANT) ( +0)2"CANT) +1_ e (1.39)

we can know the fraction of unbound anthracycline (Aqy7) and bound anthracy-

cline (Apn7_pna) respectively. Once the parameter f% is determined, with the

multiple-site equilibrium binding model [47], we can determine the K:

eq
CANT—DNA __ AANT-DNA ) < MBant >2

Cir  Aanr MBANT-DNA (1.40)

n-K-Cpya- <1+H'K'CDNA+H'K'CANT>
B l+n-K-Cpna

In formula 1.40 n is the number of binding sites on DNA, it depends on the total bp
number of the DNA chain. MBant is the MB of anthracyclines, and MB sANT.DNA

represents the MB of anthracycline-DNA complexes.

The parameter MB characterizes the number of photons emitted by a molecule in a
time of period t. The value of MB is not constant, it depends on the molecular proper-
ties (such as quantum yield), excitation conditions (such as laser power), and measure-
ment instruments (detector efficiency). Under a given experimental environment, it is

proportional to the average fluorescence intensity over a period of t and the number of
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fluorescent molecules (IN):

mp = F) (141)
N
Thus, the parameter (%)2 is expressed as:
(F(1))ant
MBANT )2 — ( Nant )2 — ( <F(t)>ANT )2 (142)
MBANT-DNA W (F(t))ANT-DNA

where (F(1))ant is the fluorescence intensity recorded when there are only anthra-
cycline molecules in the confocal volume, while (F(#))anT—pna is the fluorescence
intensity recorded when all of the anthracycline molecules are reacting with DNA in

the confocal volume.

1.4.3 Single-MB analysis method

Recently, to determine the K for a reaction, Bielec has proposed a method based on
the single-MB change of a fluorescent molecule in reaction [26]. As mentioned in sec-
tion 1.4.2, to determine the K, we need to know CZ’\,T_ DNA> Cf\‘]’w, and CquNA respec-
tively. Within a confocal with a volume V, ¢, if there are only anthracycline molecules
containing a MB of «, the average fluorescence intensity of anthracycline molecules

over time t ((F(¢))anT) is:

Verr-Na-Cant - 0 = Nant - 0 = (F (1)) ANT (1.43)

where N4 is the Avogadro constant, and Ngy7 is the number of anthracycline

molecules.
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When DNA molecules are added in the pure anthracycline solution, anthracycline
molecules bind with these DNA molecules, the average fluorescence intensity recorded
in the confocal changes to (F(7))anT—pna. There are three types of molecules in the
system: unbound anthracycline molecules with a MB of ¢, DNA with a MB of 3, and
anthracycline-DNA complexes with a MB of ;. The average fluorescence intensity

recorded is:

Verr Na-(a- CX?VT +p 'CquNA +h 'Cfx?VT—DNA ) = (F(t))ANT—DNA (1.44)

At chosen experimental conditions, the fluorescence intensity of DNA is negligible
(proportional to background noise). In the reaction, only anthracycline molecules and

anthracycline-DNA complexes are fluorescent, thus, equation 1.44 simplifies as:

Vers Na- (@ Ciyr + 1 Cypr_pya ) = (F(£))ant—DNa (1.45)

As K can be expressed as:

eq eq
K = CANT—DNA _ CANT—DNA (1 46)

eq eq eq eq
CANT 'CDNA (CAN T— CANT—DNA) ’ (CDNA - CANT—DNA)

where Cqy7 1s the initial anthracycline concentration, and Cpyy is the initial DNA

concentration. Now, equation 1.46 can be re-written as:

c 1

ANT-DNA = 5 Cant +cpnat

(1.47)

1 12
- J(—cwr—c ——) —4-Canr - C
K \/( ANT DNA K ANT DNA
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With equation 1.47 and the relation Cpys = CE?VA + CZ{\IT_DN A» €quation 1.45 can be

written as:

e
Verf-Na-a [CANT - CAfv]T-DNA} '

N e (1.48)
[1 T o K- (CDNA - CAZ%T—DNA )] = (F(t))ANT—DNA

We name equation 1.48 as the 1-reaction model.

Recent works have shown that except for intercalation, the excess anthracycline
molecules overhang from the intercalated core of DOX-DNA complexes and form

external aggregates [8, 12, 23]. The mechanism of this reaction is illustrated as:

K
ANT + ANT — DNA=ANT — (ANT — DNA) (1.49)

where K, is the corresponding equilibrium constant.  The intrinsic MB of
anthracycline-(anthracycline-DNA) complexes is 9, which is different from o and
71. With the increase of anthracycline molecules, the third fluorescent complexes are
present in the reaction system (there is no formation of transition state), but the flu-
orescence intensity in measurement remains the same. Now equation 1.45 changes

to:

Verr Na- (0 Ciyr + 11 Canr—pwva + %2 Canr—ant—pnay ) = (F (1)) ant—pna
(1.50)

where C%4

ANT—(ANT-DNA) 1S the concentration of complexes anthracycline-

(anthracycline-DNA) at equilibrium state. K> is given by:
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c
ANT—(ANT-DNA)
KZ —

(1.51)
CE?VT ’ Cf\?VT—DNA

Finally, the average fluorescence intensity is transformed into:

Vers - Na-a { (CANT - Cj]%T—DNA) ‘ [1 + (%) Ky (CDNA - Cf]?,T_DNA>+
(%) K- CEJ?JT-DNA} } = (F(t))ANT-DNA

(1.52)

We name equation 1.52 as the 2-reaction model. For a clear understanding, in the
following content, when we use single-MB analysis method, we represent the K deter-
mined in equation 1.48 as K;. To determine the equilibrium constants with single-MB
analysis method, we need to calculate «, ¥, and 7, with the assistant of FCS method.

The working flow is illustrated in figure 1.9.
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Figure 1.9: The working flow to determine K with single-MB analysis method. With
the help of FCS, the number of anthracycline molecules (N4y7) inside the confocal
is determined. Also, the MB of anthracycline () is calculated. By titrating anthra-
cyclines with a constant concentration into a series of DNA solutions with various
concentrations, the average fluorescence intensity of each titration point is recorded,
and y; and 9, are calculated. The average fluorescence intensity over a period time
of t is plotted against DNA concentrations. By fitting these titration points with equa-

tion 1.48 and 1.52, the equilibrium constants (K| and K3) are determined.

1.4.4 Fluorescence decay fitting for the photobleached anthracy-

clines

Though FCS is an ideal tool to determine the K for bio-samples, it is restricted to

rapidly diffusing particles. For immobilized molecules, it is conceptually blind [93].
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In cell nucleus, the genomic DNA is relatively static over long periods of time [94].
When anthracyclines bind with the genomic DNA, they also become immobile. Within
the confocol volume, due to the immobilization, the bound anthracyclines experience
photobleaching with a very high probability [51]. In contrast, unbound anthracyclines
are replaced with the fresh anthracyclines rapidly, they have a very low probability
to be bleached. In this case, the fluorescence signals are the sum of immobilized
components (Fjno(t)) and freely diffusing components (Fy;77(¢)) [93], and it shows
an exponential decay over time (see figure 1.10, upper panel). Correspondingly, the
ACF curve is distorted (see figure 1.10, lower panel), and the parameters (such as
diffusion coefficients or concentrations of the fluorescent molecules) fit from the ACF

curve are not accurate anymore [84].

To address the photobleaching issue in cells, scientists use fluorescence recovery af-
ter photobleaching (FRAP), fluorescence loss in photobleaching (FLIP) or the variant
of FRAP- continuous fluorescence photobleaching (CP) techniques to deal with the
fluorescent signals [51, 93, 95]. However, FRAP and FLIP are not single molecule
techniques, they do not permit to get the concentration of the various components to
which a fluorophore is attached. In contrast, CP allows us to distinguish the contribu-

tions between diffusing molecules and the binding-related molecules [52, 93, 96, 97].

Based on these facts, for anthracycline-DNA interaction in living cells, we used the
CP technique to bleach the bound anthracyclines, and we recorded the fluorescence
intensity over a period of time. In data analysis, we assume the decay of fluorescence
intensity is the contribution of the bound anthracyclines, while the stable part is the
contribution of the unbound anthracyclines (see figure 1.11). By fitting the fluores-
cence signals with a mono-exponential function, we determine the ratio of bound and

unbound anthracycline molecules. Further, with the ratio of bound and unbound an-
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Figure 1.10: Take DOX as an example, the time trace of DOX fluorescence intensity in
aqueous solution and in cell nucleus (upper panel), and the corresponding ACF (lower
panel). The ACF from the cell can not reach to O at an infinite correlation time, the

parameters fit from the curve are not accurate anymore.

thracycline molecules, we determine the K for an anthracycline-DNA interaction in

cell nucleus.
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Figure 1.11: The idea behinds the fluorescence decay fitting. Take DOX-DNA inter-
action as an example. In confocal, the bound DOX molecules can not be replaced with
the fresh DOX molecules on time, they are bleached, leading the fluorescence decay
over time. In contrast, the free diffusing DOX molecules can be replenished rapidly,
their time trace of fluorescence intensity is still stable. Thus, by fitting the whole flu-
orescence decay curve with a mono-exponential function, the fraction of bound and

unbound DOX molecules is determined.

More specifically, within the confocal volume, the concentration of anthracyclines is

calculated by:

c=_FO) (1.53)
Np - Verr-MB

Denote equation 1.53 into formula 1.3, we get the equilibrium constant:
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(F(t)anT—DNa
o — NVt FOVihrpna  MBanr 1 (1.54)
C(FO)hr  eq (FO))iyr  MBant—pna Cpivy

No-Vosr-MBayr ~“DNA
Thus, by simply fitting the intensity ratio of bound and unbound anthracycline
molecules, we can determine the K of anthracycline-DNA in nucleus. The MB ra-
tio of unbound and bound anthracycline molecules are calculated with the help of FCS

measurement.



CHAPTER 2

Aggregation of anthracyclines

The flat aromatic structure of anthracyclines facilitates the formation of dimers or
higher aggregates. The self-aggregation process of anthracyclines can compete with
anthracycline-DNA interactions, and affect the K values in anthracycline-DNA inter-
actions. To clear the self-aggregation issue at our working concentrations, we analyzed
the fluorescence absorption and emission spectra for all anthracyclines with a series of

concentrations.

2.1 Materials and instruments

2.1.1 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,PO4-H,O and 81 mL of 0.2 M
Na,HPO4-7H,0 with 100 mL Milli-Q water. The working buffer was prepared by
diluting 146.12 mg EDTA and 50 mL of 100 mM sodium phosphate into 450 mL

distilled water, 0.002% Tween 20 was used as the surfactant.

Anthracyclines: solid DOX was purchased from Santa Cruz Biotechnology Inc, solid

39
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DNR, EPR, and IDR were purchased from Sigma-Aldrich, Inc. The 100 uM DOX
stock solution was prepared by dissolving the solid compound into Milli-Q water.
After sonication, it was stored at 4°C. Each time before experiment, the stock solution
was diluted to a desired working concentration. DNR, EPR, and IDR were prepared

the same way as DOX.

2.1.2 Instruments

UV-2700 spectrophotometer (Shimadzu) and Fluorolog-3 spectrofluorometer

(HORIBA Scientific). All of the measurements were conducted at 25°C.

2.2 Results and discussions

Due to instrument detection limit, the lowest measuring concentrations of anthracy-
clines were set at 10000 nM, the absorption and emission spectra of each anthracycline

are illustrated in figure 2.1.

Take DOX as an example, we inferred that no self-aggregates formed at our measuring

concentrations from two aspects.

A. The shape of absorption and emission spectra

The shapes of DOX absorption spectra were totally identical with each other at differ-
ent concentrations, so did the emission spectra. It was a good evidence of no aggrega-
tion. Though at 550 nm of the emission spectra, we can see a decrease of fluorescence
intensity with the increase of DOX concentration, it was the result of inner filter ef-

fects [98, 99]. On one hand, the concentrated sample can let the excitation beam be
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Figure 2.1: Absorption and emission spectra of anthracyclines in PB-EDTA buffer

(pH=7.4). A. DOX, B. DNR, C. EPR, D. IDR.

attenuated in the center of the cuvette, thus, less fluorescence emission was detected.

On the other hand, the light emitted from the centre of the cuvette was reabsorbed by

DOX itself due to the overlapping of excitation and emission spectra.

B. The peak of fluorescence intensity

According to the previous reference [100], if there are only DOX monomers, one

intensity peak should occur at 490 nm in absorption spectra and three distinct peaks

should occur at around 560 nm, 594 nm, and 638 nm in emission spectra. If there is the
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formation of DOX dimers, the monomer spectra will have a 25 nm red shift. From our
results, no peak shift occurred, thus no aggregates were formed in the concentration
range from 10 uM to 100 uM. Also, according to the reported dimerization constant
(104'8 M") of DOX molecules, even there are dimers formed, the number of the dimers

is negligible when working concentration is below 100 nM.

From the two aspects above, we can also draw similar conclusions that DNR, EPR,
and IDR formed no aggregates when their concentrations were in the range between

10 uM to 100 uM [9, 101, 102].

2.3 Summary

No self-aggregates were present in anthracycline solutions, when the concentrations of
anthracyclines were up to 100 uM. In K determinations, if the anthracycline concen-
trations are below 100 uM, the anthracycline-anthracycline interactions do not affect

the equilibrium of anthracycline-DNA interactions.



CHAPTER 3

Equilibrium constants determination

in aqueous solution

To quantify how strong the anthracyclines can bind with DNA, we determined the K
value for the formation of anthracycline-DNA complexes. To exclude the influence of
macromolecules on kinetic study, we conducted our experiments in aqueous solution
at first. To make sure the environment in aqueous solution is as close as that in a cell,
we performed our experiments at a physiological condition. By using FCS method,
we determined the K at the nanomolar level. To confirm the results acquired by FCS
method, we also determined the K with the single-MB analysis method. Since all
anthracyclines share a similar molecular structure, we expect a small difference of
action mechanism among these anthracyclines. Thus, we firstly determined the K for
the most studied anticancer drug DOX in the interactions with different types of DNA.
Once the K was determined for DOX, we applied the same way to determine the K for

DOX analogs.

43
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3.1 Materials, instruments, methods, and working flow

3.1.1 Materials
A. Buffer

Buffer was prepared the same way as that in section 2.1.1.

B. Anthracyclines

The stock solutions were prepared the same way as that in section 2.1.1. To precisely
prepare the working solution at the nanomolar level, before 4°C storing, we aliquoted
the stock solution to a concentration of 10 uM. Each time before experiment, the

aliquot was diluted to a working concentration of 80 nM.

C.DNA

DNA: we used different types of DNA, varying in lengths and structures, the details
are listed in table 3.1. All types of DNA were stored in standard Tris-EDTA buffer
at —20°C. In a typical experiment for K determination, DNA was diluted into a se-
ries of working concentrations. DNA concentrations varied from 800 nM to 80 nM,
16 concentrations in total. To be noticed, in the following content, all of the DNA

concentrations refer to bp concentrations.

D. Reference dye

Solid Rhodamine 110 was purchased from Sigma-Aldrich Inc, USA. The stock solu-

tion was prepared by dissolving the compound into Milli-Q water with a concentration
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Table 3.1: Details of DNA used in our experiment.

Structure DNA Length (bp) Manufacturer
Oligonucleotide double-strands 20 IBA GmbH, Germany
Oligonucleotide double-strands 69 IBA GmbH, Germany

Linear NoLimits Fragment 2500 Thermo Fisher Scientific, US
Purified calf thymus (ct) DNA 13200 Merck KGaA, Darmstadt, Germany

ADNA 48502 Thermo Fisher Scientific, US

Circular pUC 19 plasmid DNA 2686 Thermo Fisher Scientific, US

of 100 uM, and it was stored at 4°C. The working solution was diluted from the stock

solution and its concentration was about 1 nM.

E. Sample preparation

The working solution of anthracycline was mixed in an equal volume with the DNA
solution. The mixture was incubated over 12 hours at 25°C before measurement. The
final anthracycline concentration in experiment was set at 40 nM unless explicitly

stated otherwise.

No chemicals were further purified unless specifically stated.

3.1.2 Instruments

Experiments were carried on an inverted confocal microscope with a upgraded Laser

Scanning Microscopes (LSM) kit, the details of the instruments are listed in table 3.2.

3.1.3 Methods

FCS and single-MB analysis methods.
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Table 3.2: Details of instruments used in our experiment.

Instruments Manufacturer Parameters
Objective (Nikon Plan Apo):
magnification= 60X
NA=1.2
immersion Liquid= water
Wavelength= 485 nm
Frequency= 40 MHz

Confocal microscope (C1 series) Nikon

Excitation sources

LSM upgrade kit Single photon PicoQuantGmbH, Germany Filter:
counting detectors wavelength= 488 nm,
(MPD and PerkinElmer) long path

TCSPC modules /

Software (SymPhoTime 64) /

Power meter (PM100) Thorlabs, Germany /

Temperature controler OkoLab, Italy /

Glass-bottom container Thermo Fisher Scientific, US /

3.1.4 Working flow

Every time before experiment, the laser power was set at 50 £5 uW with the laser
meter, the temperature was set at 25 4 0.5 °C with the temperature controller. Sam-
ples were loaded into the well of the glass-bottom chamber and the confocal was at
a distance of 10 um from the edge of the chamber. The volume of the confocal was
calibrated with the reference dye Rhodamine 110. Typically, a single measurement
lasted 90 s. The control of the system and preliminary data analysis were dealt with
the software SymPhoTime 64. Further data analysis was performed by our self-written

Python scripts. Each measurement was repeated 3 times within run, 2 runs in total.
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3.2 Results and discussions

3.2.1 Equilibrium constants determination with FCS method
A. ACF fitting in DOX-DNA interaction

The ACF curves of DOX-DNA (pUC 19) interactions are displayed in figure 3.1.
By fitting the ACF curve of pure DOX solution with the 1-component model (equa-
tion 1.38), we got the diffusion time of DOX (Tpox = 0.023 ms) and the number of
DOX (Npox= 4.9 £0.2) in confocal. With equation 1.30, we calculated DOX dif-
fusion coefficient (Dpox= (4.0 £0.3)x 1071 m? s71). Compared with DOX diffu-
sion time (Tpox = 0.023 ms), the triplet time of DOX (7= 0.6 us) was two orders
smaller, thus, the contribution of triplet state was negligible. With the addition of
DNA, the ACF shifted to the long lag time region (from black to red curve in fig-
ure 3.1), which meant the occurrence of the second slow component. The more the
DNA, the more contribution of the second component. By fitting the ACF curves with
the 2-component model (equation 1.39), we got the diffusion time of DOX-DNA com-
plexes (Tpox_pna= (0.06+£0.01)x 1071 m? s71), and our result was comparable to

the reported number [47].

B. Equilibrium constant determination for DOX-DNA interaction

Next, to fit K with equation 1.40, firstly, we set n = 2286 = 866.5 for 2686 bp plasmid
DNA (according to previous report [103], each DOX can bind with 3.1 bp). Then, by

titrating 400 nM DNA into 40 nM DOX solution, we got the parameter ~MBpox
MBpox—pna

with
a value of (6.6£0.1) (details can be seen in the reference published by Zhang [47]). In

previous reports, the parameter A% varied from 5.0-10.0 [43, 47, 79, 104, 105],
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Figure 3.1: The autocorrelation curve of a specific DOX-DNA interaction. With the
addition of DNA, the diffusion time of DOX becomes longer, meaning the attachment
of DOX to a slow component. The more the DNA, the more obvious to see the attach-

ment of DOX on a slow diffusion component.

our result was comparable with them. Finally, we got the K with a value of (2.3 +

0.6) x 10° M™! (see figure 3.2).
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Figure 3.2: The K fitting in a specific DOX-DNA interaction.

C. Equilibrium constants determination in the interaction between DOX analogs

and DNA

Further, to check whether the DNA structure can affect the value of K, we determined
the K when DOX was reacting with 2500 bp linear DNA. To check whether the FCS
method can be applied for DOX analogs, we determined the K for DNR- and EPR-
DNA interactions. The K values are displayed in figure 3.3 (other parameters in fitting
are listed in appendix B.1). The K value of DOX-DNA (2500 bp) interaction was
(1.24£0.2) x 105 M!. While they were (1.04£0.4) x 10° M and (3.1£0.1) x 10 M"!
for DNR-DNA interaction and EPR-DNA interaction respectively. On the average, the

K value of anthracycline-DNA interactions was (1.9+1.0) x 105 M, agreed with the
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previous result determined by FCS method (see table 1.2). From the results, we know
that DNA structure does not affect anthracycline affinity. We also know DOX analogs

share a similar affinity with DOX in the interactions with DNA in aqueous solution.

DOX DOX DNR EPR

3.0x106- :

KM

2.0x106-

1.0%106L_ I I |
2686bp 2500bp 2500 bp 2500 bp

Circular Linear DNA
DNA

Figure 3.3: Equilibrium constants of anthracycline-DNA interactions in aqueous solu-

tion, determined by FCS method.

However, in recent years, for DOX-DNA interaction, a 2-reaction model (intercalation
and external aggregates formation) is proposed [12, 14, 23] (see figure 3.4). The in-
tercalation of DOX is a strong reaction, with a K value at the order of 108 M. Ttis
apparent when DNA concentration is much larger than DOX concentration (namely,
Cpna > Cpox). When the available bp on DNA are occupied by DOX molecules, the

excess DOX molecules suspend on the DNA chain and form external aggregates with
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the previously formed DOX-DNA complexes. The formation of external aggregates
is a weak reaction, with a K value at the order of 10°> ML, It is dominant when DOX

concentration is much larger than DNA concentration (namely, Cpy4 << Cpox)-

External B 4

aggregates
Cpona<< Cpox aareg

Figure 3.4: Two types of reactions are involved in DOX-DNA interaction. When
the DNA concentration is larger than DOX concentration, DOX molecules react with
DNA mainly through intercalation. When DOX concentration is larger than DNA
concentration, DOX molecules overhang on DNA and form external aggregates with

the previously formed DOX-DNA complexes.

If there are two types of complexes formed in DOX-DNA interaction, the K value
determined by FCS method is not reliable anymore- since the fitting model (see equa-
tion 1.39) in FCS analysis does not correspond to the formation of external aggregates.
However, we should not neglect that DOX-(DOX-DNA) complexes also contribute to
the fluctuations of fluorescent signals in FCS measurement, because they are fluores-
cent. In this case, the K determined by FCS method reflects DOX average affinity in
the two reactions. Though we can analyze the ACF curve with a new fitting model
(for instance, a 3-component model), we can not differentiate the contribution from

DOX-DNA complexes and DOX-(DOX-DNA) complexes very well, because the two
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complexes have a similar diffusion coefficient, their contribution in fluorescence fluc-
tuations could be similar. In this case, we need to use a more sensitive method to
distinguish the fluorescent signals from complexes DOX-DNA and complexes DOX-

(DOX-DNA).

To solve the issue mentioned above, we applied the single-MB analysis method to
determine the K for DOX-DNA interaction. The single-MB method is based on an-
alyzing the MB change of fluorescent molecules in reaction, it can even monitor one
photon difference from molecule to molecule. As DOX-DNA complexes and DOX-
(DOX-DNA) complexes have different MB, by using the single-MB analysis method,
we can differentiate the fluorescence signals from the two complexes properly. Con-

sequently, we can determine DOX affinity in the two types of reactions separately.

3.2.2 Equilibrium constants determination with single-MB analy-

sis method
A. Proof of two equilibrium states in DOX-DNA interaction

By monitoring the MB change of DOX in reaction, we confirmed that there are 2
types of reactions in DOX-DNA interaction (see figure 3.5). In experiment, we kept a
constant concentration of DOX (40 nM) and we varied DNA concentrations (40-400
nM). We plotted the MB of DOX as a function of DOX to DNA concentration ratio
(R=ggﬁ). By fitting the curve with a linear function, we divided the MB change of
DOX into two regimes. We also determined the cross-over point of the two regimes
(R=0.43£0.03) in DOX-DNA (pUC 19) interaction. To check whether the MB
change of DOX is related to DNA types or not, we determined the R in the inter-

actions between DOX and different types of DNA: from the very short 20 bp to the
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very long 48502 bp DNA. On the average, the R was 0.39 £ 0.05, agreed with the

previous reported number 0.35 [14].
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Figure 3.5: The average MB change of DOX in a specific reaction with pUC 19 DNA.
With the increase of R, it is possible to determine the two regimes where DOX has
different trends in MB change. The MB of unbound DOX molecules (o) was 1159

counts/s/molecule in this specific measurement.

As each DOX can bind with 3.1 bp on DNA chain, we expected to reach the saturation
of available binding sites when R was 0.32. Thus, we focused on the regime where
0<R<1 to determine the MB of DOX in each type of reaction. We set the intercept of
the linear fitting in regime 1 as the MB of DOX-DNA complexes (7;). Also, we set the
intercept in regime 2 as the MB of DOX-(DOX-DNA) complexes (). By dividing
o with 7 or 9, we calculated how much DOX changed their initial MB in reaction.

On the average, DOX changed 16.56 + 10.70 folds of their initial MB in forming
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DOX-DNA complexes. To form DOX-(DOX-DNA) complexes, DOX changed 2.45 +
0.50 folds of their initial MB. The alteration of DOX MB in each type of reaction is

presented in figure 3.6.

40

E Complexes DOX-DNA  mComplexes DOX-(DOX-DNA)
35

30
25
20
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Free DOX MB/ complex MB

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

Figure 3.6: The MB change of DOX in forming different types of complexes. The

DNA used in reaction varied in length and structure.

In intercalation, there is a correlation between DNA length and DOX MB change,
the longer the DNA, the more significant the MB change. An exception is circular
plasmid DNA. In the reaction with plasmid DNA, DOX changed 37-fold of its initial
MB. In the formation of DOX-(DOX-DNA) complexes, DOX MB change was similar
irrespective of DNA lengths or structures. To explain the MB change of DOX in

reactions, we proposed the possible mechanisms as follows (see figure 3.7).
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a. The probability of light absorption by DOX molecules

The number of photons detected in confocal volume is related to the light absorbed
by DOX molecules. While the probability of light absorption is decided by the angle
between the transition dipole moment of DOX molecules and the electric field vec-
tor of the excitation light. When the electric field of the excitation light is parallel to
the absorption dipole moment of a DOX molecule, the DOX molecule has the great-
est chance to absorb a photon. In contrast, when the absorption dipole moment is
perpendicular to the electric field of excitation light, the DOX molecule can not be
excited. An unbound DOX molecule can rotate fast to have a proper dipole moment

for a maximum absorption (see figure 3.7, panel a).

b. Physical origin of the formed complexes

Another factor that affects DOX MB change is the physical origin of the formed com-
plexes. The structure of DOX molecules does not allow them to transform into other
quenched conformations such as the case of Cy3 dye (trans- to cis-isomerization).
Once the complexes are formed, the direction of DOX dipole moment vector depends
on the orientation of the attached DNA. Brownian rotation of DNA dictates the dipole

vectors of the bound DOX molecules.

When the DOX-DNA complexes are formed, the DOX molecule intercalates into the
bp of DNA through 7m-stacking [106]. Due to the stacking, the motion of DOX aro-
matic group is fully limited. The quenched DOX molecule can not adjust its dipole
moment for a maximum absorption, leading the significant MB change of the DOX
molecule. An exception is the circular plasmid DNA. Compared with entangled linear

DNA, circular DNA is less prone to twisting or bending, it has less isotropic distribu-
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tion of dipole vectors. As a result, less photons are emitted from the DOX molecule on
circular DNA. Also, compared with long DNA, a short DNA can adjust its orientation
in electric field more easily, it has more isotropic distribution of dipole vectors. Thus,
the DOX molecule changes less of its initial MB in the interaction with short DNA

(see figure 3.7, panel b).

¢. The rotation of DOX chromophore group

In the formation of a DOX-(DOX-DNA) complex, the interaction takes place between
the aminoglycoside ring of the excess DOX molecule and the formed DOX-DNA
complex. Since the tetracenequinone chromophore group of the excess DOX has not
paticipated in interaction, it can rotate freely to have a parallel orientation with the
electric field. Thus, more photons are emitted from the freely rotating DOX molecules.
As a result, DOX only slightly change their initial MB in electrostatic binding (see

figure 3.7, panel c).

B. Equilibrium constants determination for the interactions between DOX and

different types of DNA

With equation 1.48 and 1.52, we determined K; and K; in DOX-DNA interactions
respectively. We display the K fitting for a specific reaction in figure 3.8, panel a. We
also display the equilibrium constants for the interactions between DOX and differ-
ent types of DNA in figure 3.8, panel b. On the average, K| was (8.3 = 1.2) x 10’
M in the formation of DOX-DNA complexes, while K was (2.0 +£0.5) x 106 M"!
in the formation of DOX-(DOX-DNA) complexes (parameters in detail are listed in
appendix B.2). K; was around 40 times larger than K,, whereas in Gracia’s report,

the difference is 200 times [14]. This discrepancy could result from the ionic strength
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in our measuring conditions. In previous reports about DOX-DNA interactions, when
the sodium concentration increases from 2.5 mM to 63 mM, the K value decreases
from 103 M ! to 107 M! [14, 16]. The weaker the ionic strength, the larger the K
value. Since the ionic strength in our measurement was four times stronger than that

in Garcia’s report [14], 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 in the reaction with 20 bp DNA (see figure 3.8, panel b). It can be resulted
by the sensitivity of the used approaches. The single-MB analysis method is based
on collecting the direct signal from the reaction pool, thus, we can monitor the single
photon change in reaction. In comparison, FCS method is not based on observing the
single-MB change in each reaction (even for long DNA), it is based on the analysis of
the fluctuations of fluorescence signals. Thus, the signals from the components with

different MB are averaged by the correlation function.

C. Equilibrium constants of interactions between DNA and DOX analogs with

single-MB analysis

Next, we monitored the MB change of each anthracycline in the interactions with
DNA. The results prove that the 2-reaction mechanism is also present for DOX analogs
(see figure 3.9). All DOX analogs showed a similar trend in MB change as DOX: a
significant MB change (averagely, 8.7 3.1 folds) in forming DOX-DNA complexes,
while a slight MB change (averagely, 2.1 £ 0.3 folds) in forming DOX-(DOX-DNA)

complexes.

Also, we determined the R for DNR-, EPR- and IDR-DNA interactions with a value
of 0.3, 0.4, and 0.3 respectively. Next, we determined K; and K, for DOX analogs.

We have presented the results in figure 3.10. In the formation of anthracycline-DNA
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complexes, K| were (7.8 £0.2) x 10’ M}, (7.7£1.1) x 10’ M}, (7.5+£0.9) x 10’
M, and (4.840.2) x 10’ M"! in DOX-, DNR-, EPR-, and IDR-DNA interaction re-
spectively. While in the formation of anthracycline-(anthracycline-DNA) complexes,
K, were (2.1 +£0.4) x 10° M!, (9.8 4+ 1.0) x 10° M!, (1.6 +£0.0) x 10 M!, and
(1.540.1) x 10° M! for DOX, DNR, EPR, and IDR respectively. Parameters in de-

tail are listed in appendix B.2.

To be noticed, as there are limited references stating the bp number each anthracycline
requires to form one anthracycline-DNA complex, in curve fitting, we set the number
of binding sites for DNR, EPR, and IDR with 4.34+-0.4, 2.9+0.5, and 3.540.7 re-
spectively. These values were in good agreement with the reported 2-4 bp per binding

site for anthracyclines [42, 103, 107, 108].
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Figure 3.7: Possible mechanisms of DOX MB change in DOX-DNA interaction. a.
The probability of light absorption. The photon absorption probability of a DOX
molecule depends on the angle between the transition dipole moment of the DOX
molecule and the electric field vector of the excitation light. Frequent emission is pos-
sible from an unbound DOX molecule because it has a fast rotation. After binding
with DNA, the energy levels of a DOX molecule are affected by the DNA, hence, the
MB of a DOX molecule changes. b. The physical origin of the formed complexes.
In intercalation, compared with entangled linear DNA, circular DNA is less prone to
twisting or bending, it has less isotropic distribution of dipole vectors. As a result,
less photons are emitted from the DOX bound on plasmid DNA. c. In the formation
of DOX-(DOX-DNA) complexes, the MB change of a bound DOX molecule is less
dependent on DNA structure, because the chromophore group of the DOX molecule is
not in reaction. Thus, the chromophore group of the DOX has more freedom to rotate
for a maximum absorption in electric field. As a result, more photons are detected in

the formation of DOX-(DOX-DNA) complexes.
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Figure 3.8: Equilibrium constants determination for DOX-DNA interaction. a. Equi-
librium constants determined in a specific DOX-DNA (pUC 19) interaction with the
2-reaction model. b. Equilibrium constants determination for interactions between

DOX and different types of DNA with the 2-reaction model.
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Figure 3.10: Equilibrium constants in the interactions between anthracyclines and

DNA.
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3.3 Summary

1. By using FCS method, we can determine the K values for anthracycline-DNA
interactions. However, if two types of interactions are present in anthracycline-DNA
interaction, the K value determined by FCS method is not accurate, because it is the
averaged value of the two types of reactions. With the single-MB analysis method, the
K values of the two types of interactions can be determined separately, because it is

based on detecting the single photon change of anthracycline molecules in reactions.

2. With FCS method, we determined the association constants of anthracycline-DNA
interactions at nanomolar level. The K value in DOX-DNA interaction was indepen-
dent of DNA types. DOX (DNR and EPR showed a similar affinity as DOX in the
interaction DNA, the K value for these anthracyclines was at the order of 10 M in

aqueous solution.

3. We applied the single-MB analysis method to determine the K in anthracycline-
DNA interactions. We confirmed that there were two types of reactions (intercalation
and electrostatic binding) in anthracycline-DNA interactions, and we explained the
possible mechanisms of the two reactions in terms of anthracycline MB change in
reactions. The anthracycline affinity in intercalation was 50 times stronger than that in
electrostatic binding. The K of intercalation was at the order of 107 M1, while it was
at the order of 10° M! in electrostatic binding. Besides, the K were independent of
DNA lengths or structures. Moreover, we confirmed that all of the four anthracyclines
showed the 2-reaction mechanism in the interaction with DNA, and all of them shared

a similar affinity in the binding with DNA.

4. The two reactions occurred at the same time in anthracycline-DNA interactions.

The dominant reaction depended on anthracycline to DNA concentration ratio. To
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monitor the electrostatic binding, a sensitive method was required, because the MB

change of anthracyclines was not as obvious as that in intercalation.



CHAPTER 4

Equilibrium constants determination

in single living cells

From the previous chapter, we know all of the four anthracyclines have a similar affin-
ity in the interaction with DNA in aqueous solution. In this chapter, we chose DOX as
the representative and we directly determined the K of DOX-DNA interaction in the
nucleus of single living cells (because 99% of DNA is located in nucleus [109]). More
specifically (see figure 4.1): 1 h before experiment, we let DOX diffuse [110] into
cells. With the confocal microscopy, we located the nucleus part of the single-cell.
Next, we selected a region of interest (ROI) in cell nucleus, set the confocal at the
ROI, and collected the fluorescence intensity within the confocal volume over a period
of time t under FCS mode. Finally, by fitting the fluorescence decay with the mono-
exponential function, we got the fraction of bound and unbound DOX molecules, and

we determined the K value for DOX-DNA interaction.

64
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Figure 4.1: Working flow of equilibrium constant determination in single living cells.
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4.1 Materials, instruments, methods, and working flow

4.1.1 Materials
A. DOX

The preparation of DOX solution was the same way as that in section 2.1.1.
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B. Cells

HelLa cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10%
fetal bovine serum (FBS), 100 mg mL! penicillin, 100 mg mL™! streptomycin and 2
mM L-glutamine. Cells were maintained at 37°C in a 5% CO, humidified atmosphere.
One day before experiment, we sub-cultured cells on the 8-well glass-bottom plate for
24 h. The total volume of culture media in the well was 300 uL, the confluence of
the cells was around 70%. 1 h before experiment, we replaced the culture media with
270 uL phosphate buffered saline (PBS) buffer containing magnesium and calcium
ions and 30 uL. DOX solution with a concentration of 300 nM. Fibroblast cells were
cultured, maintained and treated with DOX the same way as HeLa cells. HeLa cells
were obtained from American Type Culture Collection (ATCC), Manassas, USA;
human skin fibroblasts were obtained from Coriell Institute for Medical Research,
USA; DMEM, penicillin, streptomycin, L-glutamine and PBS buffer were purchased
from Sigma-Aldrich Inc, USA; FBS was purchased from Gibco™, USA.

C. Reference dye

The stock solution of Rhodamine 110 was prepared the same way as that was in section
3.1.1. To avoid the refractive index mismatch [111], each time before measurement,
the 1 nM working solution was acquired by diluting the stock solution into 2.5%.

glucose. Glucose was purchased from Sigma-Aldrich Inc, USA.

D. DNA

pUC 19 DNA was prepared the same way as that in section 3.1.1.
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4.1.2 Instruments

The instrument settings were the same as that were in section 3.1.2. The temperature

was set at 36 & 0.5 °C in experiment.

4.1.3 Methods

Fluorescence decay fitting for the photobleached anthracyclines and single-MB anal-

ysis method.

4.1.4 Working flow

Each experiment was preceded by a calibration of Rhodamine 110 in 2.5% glucose.
Before recording the fluorescent signals from cells, we checked cell state according to
its morphology under confocal mode. Then, under FCS mode, we selected a random
point in the nucleus of single-cell as ROI, and we recorded the fluorescence intensity
of each ROI for 90-120 s. The background signals were acquired from cells without
being treated with DOX for 45 s. The fluorescent signals of 50 cells were recorded
in total, those cells with a fluctuating intensity curve were discarded. The control of
the system and preliminary data analysis were dealt with the software Symphotime 64.
Further data analysis was dealt with Gnuplot (version 4.5). To compare the results in
cells and in aqueous solution, we also determined the K when DOX was reacting with

DNA by single-MB analysis method at 36°C.



4. EQUILIBRIUM CONSTANTS DETERMINATION IN SINGLE LIVING CELLS 68

4.2 Results and discussions

4.2.1 Cell selection

The apoptosis of a cell can lead the degradation of nuclear DNA [112], further altering
the topological state of genomic DNA [113]. As a result, the equilibrium of DOX-
DNA interaction is affected and the binding affinity of DOX to DNA can be changed
[63]. To accurately determine the K value in cells, we only collected the fluorescent
signals from those living cells. We evaluated the survival of a cell according to its
morphology (see figure 4.2). Compared with a cell free of DOX (panel a), an alive
cell absorbed DOX (panel b) emitted more fluorescence. While a dead cell with DOX
(panel c) was smaller in size and round or oval in shape than an alive cell [114]. In
experiment, we measured the background signals from a random ROI (white cross)
in cell nucleus as it was in panel a. Then, we calculated the fraction of bound and
unbound DOX by measuring the fluorescence intensity from a random ROI (white

cross) in cell nucleus as it was in panel b.

4.2.2 Equilibrium constants determination in single living cells

In figure 4.3, we illustrate the fluorescence decay fitting in a specific measurement in
the nucleus of a HeLa cell. The initial fluorescence intensity was 1.24 kcnts, it decayed
to 1/e of its initial intensity at 23.76 s, and kept stable at 0.89 kents. By excluding the

background signal (0.48 kcnts), we got the ratio of bound DOX and unbound DOX

(<F ()>pox—pna

. 0.35 _
“Fi)>T ) with a number of ;5=54< = 0.86.

On the average, the ratio of bound and unbound DOX molecules in HeLa cells was

1.0£0.6, while it was 1.0£0.7 in fibroblast cells (see table 4.1). As figure 3.6 shows,
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100 pm_ .,

DOX free cell: alive DOX treated cell: alive ~ DOX treated cell: dead

Figure 4.2: The morphology of HeLa cells at different conditions. a. A living cell
without DOX. b. Two adjacent living cells with DOX. c. A dead cell with DOX.
Compared with the cell without DOX (panel a), a cell with DOX emitted more fluo-
rescence (panel b and ¢). Compared with living cells (panel b), the cell under apoptosis
(panel c) was smaller in size and round or oval in shape. In experiment, we measured
the background signal from a cell as in panel a, and we determined the equilibrium

constant from a cell as in panel b.

DOX only has 1/16.6-fold of its initial MB when it is intercalating into the bp of DNA,

MBpox

thus, we fixed the parameter MBoox o

with a number of 16.6. Also, in nucleus, only
1% of the genomic DNA can bind with drug specifically [115, 116], thus, the available
DNA concentration (Cefov 1) 1n interaction was 2-order smaller than that we calculated
in appendix B.3. Finally, with equation 1.54, we determined the K with a value of

(1.5£0.9) x 10° M"! in HeLa cells, while it was (1.7 £1.1) x 10°> M"! in fibroblast

cells.



4. EQUILIBRIUM CONSTANTS DETERMINATION IN SINGLE LIVING CELLS 70

=
‘»
)
Eg
m -
8 A
g
o'y
o‘-—f
= C
[TH L
04 F <F(t)>=0.35 exp (-t/23.76)+0.89
0.2 g
: Experimental data oFitting data
0|||||||||||||||||||||||||||||
0 20 40 60 80 100 120

Time (t, s)

Figure 4.3: The fluorescence decay fitting in a specific measurement in a HeLa cell.

Table 4.1: Critical parameters fitting in equilibrium constants determination in single

cells.
Cell lines Number of cells <F0)>pox_pws MBpox CZ%VA K
<F)>fby  MBpox-—pna (x10° M) (x10° M)
HeLa 25 1.0+0.6 16.6 8.0 1.54+0.9
Fibroblast 29 1.04+0.7 16.6 10.0 1.74+1.1

4.2.3 Possible mechanisms for the smaller equilibrium constants
determined in cells
Compared with the equilibrium constants determined in aqueous solution at 36°C by

single-MB analysis method, the K determined in single-cells were 1-2 orders smaller

(see figure 4.4).
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Figure 4.4: Equilibrium constants determined in single-cells and in aqueous solution

at 36°C.

However, we have expected that DOX has a similar affinity to DNA in both nucleus
and aqueous solution. In other words, the K determined in nucleus should be in the
order of 10°-107 M-!. On one hand, according to Bubak’s report [117], a probe with a
diameter between 2.6-150 nm migrates freely in the 150 nm-wide interchromosomal
channel. As a DOX molecule has a diameter of 2.6 nm [118], it can diffuse freely
in nucleus. Thus, the fluorescence properties of a DOX molecule in nucleus should
be the same as it is in water (no photobleaching for unbound-DOX in nucleus). On
the other hand, as the hydrodynamic radius of genomic DNA (rgenomic DNA= 243 nm
[119]) is much larger than DOX (rpox= 1.3 nm [118]), according to Minton’s point
of view [63], the binding event of DOX to DNA in nucleus should be same as it is in
water. Because the excluded volume of DNA to background molecules remains the

same. Based on these facts, we proposed three possible mechanisms to explain the
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smaller K determined in nucleus.

A. Hindrance of histones

Compared with the naked DNA in aqueous solution, DNA in nucleus is wrapped with
histones and called as nucleosomal DNA. In previous reports, researchers have found
that the affinity of anthracyclines to nucleosomes is lower than naked DNA, because
the tails of the core histones can impede drug binding. As a result, both the free energy

and the K of anthracycline-DNA interaction decrease [120, 121].

B. Perturbation of side reactions

On one hand, to maintain the supercoiling state in eukaryotic cells, nucleosomal
DNA will react with topoisomerase around through covalent or non-covalent forces
[122, 123, 124, 125]. On the other hand, nucleosomal DNA can react with enzymes to
repair the damage induced by drugs (chemical stress). For instance, p53 protein-DNA
interaction [126], DNase II-DNA interaction [127] and poly (ADPribose) polymerase
1-DNA interaction [128] in DNA repair. If the side reactions are not negligible (see
figure 1.4, side reactions), then, the association constant of anthracycline-DNA inter-
action is not only decided by the kinetics of anthracycline-DNA interaction, but also
by the side reactions (see equation 1.13). Thus, it is reasonable for us to have a smaller

K in cells.

C. Ionic strength of nucleus

According to previous reports [129, 130], the nucleus of a living cell contains 0.1

M K*, 12 mM Na't, 0.5-1 mM Mg2+, and Ca%* on UM level. In contrast, for the



4. EQUILIBRIUM CONSTANTS DETERMINATION IN SINGLE LIVING CELLS 73

measurement in aqueous solution, we maintained the physiological environment with
10 mM Na®. Since the ionic strength in nucleus is 10 times higher than that in aqueous
solution, and the higher the ionic strength, the lower the K [14, 16], it is reasonable for

us to get a 1-order smaller K from cellular measurement.

In table 4.1, we also noticed that the K determined in cells varied 50%. We have

proposed two mechanisms to explain such a large deviation.

A. Partitioning between microenvironments

In nucleus, the genomic DNA is separated into several domains by the background
macromolecules, such as the nucleous, specklesm cajal bodies and promyelocytic
leukemia protein (PML) bodies (see figure 4.5) [131, 132]. Since the microenviron-
ment of each domain is different, the energy required to transfer DNA to a transition
state differs. As a result, the K in each domain is decided by the fraction of the total
system volume occupied by each microenvironment (see equation 1.15), it is reason-

able for us to get a diverse K at different locations in cell nucleus.

B. Heterogeneous distribution of genomic DNA

As we illustrate in figure 4.5, genomic DNA distributes heterogeneously in the nucleus,
leading more accessible DNA on membrane than that at remote distance from the
surface [62]. As a result, a rapid association of anthracycline to DNA occurs on the
membrane part, it is reasonable for us to have a K with a deviation of 50% from cell

measurements.
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Figure 4.5: The organization of genomic DNA in nucleus. It is heterogeneously dis-
tributed, accompanied by different types and numbers of background macromolecules
(such as nucleous, specklesm cajal bodies and PML bodies). The graph is from Zi-

dovska [131].

4.2.4 Spatial equilibrium constants determination within an indi-

vidual cell

Though the intratumor heterogeneity of cancer cells can lead the heterogeneous dis-
tribution of anthracyclines within an individual cell [133], scientists are still unclear
whether the anthracycline affinity is affected by the heterogeneity of cancer cells or
not. Thus, we determined the equilibrium constants of DOX-DNA interaction at the
nanomolar level at 10 different locations within one cell, 4 cells in total (see figure 4.6).

On the average, the K was (1.7 £0.8) x 10°> M! from ROI to ROI, similar as the K
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determined from a random ROI in single cells. It means the affinity of DOX to DNA

is not affected by the heterogeneity of cancer cells.
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Figure 4.6: Equilibrium constants mapping in single cells.

4.3 Summary

1. We developed a method based on the photon bleaching of slow diffusion compounds

to determine the K for DOX-DNA interaction in single living cells.

2. The K value determined in single living cells is 1-2 orders smaller than that is in
aqueous solution. We proposed three mechanisms (hindrance of histones, side re-
actions and ionic strength) to explain the smaller K determined in cells. We also

explained the 50% error in K determination could be resulted by the heterogeneous
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distribution of DNA in nucleus.

3. To check whether the intratumor heterogeneity can affect the affinity of anthracy-
clines or not, we determined the K at different locations within one cell. We found the

affinity of anthracycline is affected by the intratumor heterogeneity of cancer cells.

4. DOX has a similar affinity in healthy and in cancer cells, it is a non-specific anti-

cancer drug for all cells in terms of its kinetics.



CHAPTER 5

Conclusions

In this work, we mainly used three different methods based on fluorescence proper-
ties of anthracyclines to determine the equilibrium constants in anthracycline-DNA

interactions.

In chapter 2, by Uv-Vis spectroscopies, we showed anthracyclines had no self-
aggregation at micromolar level. When the working concentrations of anthrac-
clines are below 100 uM, the dimerization of anthracyclines does not compete with
anthracycline-DNA interactions, the K values of anthracycline-DNA interactions are

not altered by the self-aggregation process of anthracyclines.

In chapter 3, we determined the association constants in aqueous solution. With FCS
method, we determined the K for anthracycline-DNA interactions at nanomolar level.
It was at order of 106 M-!. The K values were independent of DNA structures. We also
found DOX analogs shared a similar affinity with DOX in the interactions with DNA.
However, if two types of reactions are present in DOX-DNA interactions, the K deter-
mined by FCS method is not reliable. Because the K determined by FCS method re-
flects DOX average affinity in the two reactions. With the single-MB analysis method,
we confirmed that there were two types of reactions in DOX-DNA interactions. We

proposed the two action mechanisms of DOX (intercalation and electrostatic binding)

7
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based on DOX MB change in reactions. We also determined the affinity of anthracy-
clines to DNA in intercalation and in electrostatic binding on single molecule level.
The association constant of intercalation was at the order of 107 M™!, while it was
10° M™! in electrostatic binding. The affinity of intercalation and electrostatic binding
differed 40 times. Moreover, we confirmed that the affinity of anthracyclines to DNA
was independent of DNA lengths and structures. Besides, we found all of the four

anthracyclines shared a similar affinity to DNA.

In chapter 4, we developed a method based on the bleaching of immobilized fluores-
cent molecules to determine the equilibrium constant in the nucleus of single living
cells. The association constant of DOX-DNA interaction was at the order of 10° M™!
in cell nucleus. For the smaller K in cell measurement, we proposed three possi-
ble meachanisms (hindrance of histones, side reactions, and ionic strength). We also
found the affinity of DOX differed 50% from cell to cell, it could be resulted by the
intratumor heterogeneity of cancer cells. In addition, by determining the equilibrium
constants within single cell at different locations, we found the the affinity of DOX dif-
fered about 50% from location to location. In addition, we confirmed that DOX was
a non-specific anticancer drug to cells in terms of its affinity. We suggested to notice
the vitality of healthy cells in cancer treatment, because DOX killed cancer cells and

healthy cells equivalently in terms of its kinetics.



CHAPTER 6

Outlook

In the future, we still have several work to do to study the kinetics of anthracycline-

DNA interactions.

1. To verify the K determined in cells. Currently, we still need to verify whether
the K determined in cells was correct or not. The obstacle is that we do not know
how much the genomic DNA had participated in reaction. To precisely control the
DNA concentration in cells, we have mimicked the crowded nucleus environment by
using crowders. However, currently, we can only limit the diffusion of DNA in gel
cavity, the rotation of DNA in gel cavity is still a problem. With the development of
microfluidic techniques, in the future, we can perform anthracycline-DNA interations

in the crowded synthetic cells by a well-controlled manner [74].

2. How the background macromolecules will alter the equilibrium and kinetics of
anthracycline-DNA interactions in cells? Though we have proposed some possibilities
which may decrease the K in cells, we have not verified them yet, especially in a
quantitatively way. For instance, what is the critical topoisomerase concentration to
alter the equilibrium of anthracycline-DNA interaction? To analyze the impact of side
reactions, we can introduce some fluorescent proteins to anthracycline-DNA solutions

and determine the equilibrium constants of anthracycline-DNA interactions.

79
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3. How does the DNA structure affect the equilibrium and association constant of
anthracycline-DNA interaction in cells? Although Minton has pointed out the small
molecules (drugs) binding by macromolecules (DNA) will not be affected in crowded
environment due to the unchanged excluded volume of background molecules, it is
based on the fact that the state DNA remains the same during reaction. In reality,
once genomic DNA feels chemical stress (for instance, anthracyclines), it changes its
structure from supercoiling to unwind mode or even to be small pieces. In this case,
both the excluded volume to background molecules and the entropy of the system
change, the free energy of anthracycline-DNA interaction will change consequently.
To qualify or quantify the impact the DNA structure change on anthracycline-DNA
interactions, we can use X-ray crystallography [134] or cryogenic electron microscopy

to analyze DNA structure in reactions.

4. Enhance the signal to noise ratio for natural anthracyclines. The low quantum yield
of anthracyclines has limited the application of fluorescent methods to determine the
K, especially in sub-nanomolar range. We have tried to magnify the fluorescent signal
of anthracyclines by attaching a fluorescent dye on them. However, the purity of the

new compound is still a problem in practice.

5. Determine the affinity of anthracyclines encapsulated in nano-delivery systems.
Currently, multiple drug resistance and cardiotoxicity of anthracyclines have become
sever problems to patients. To overcome these issues, researchers have developed
anthracycline nano-delivery systems [135]. However, whether the affinity of anthracy-
clines is affected in these delivery systems or not is still unknown, especially in iv vivo
studies [136]. To have an efficient use of these delivery systems, we need to determine

the K in advance.

6. How do the cells choose their fate under chemical stress? When cells feel the
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chemical stress from anthracyclines, they start either repair machinery or programmed
death. Will the cell directly choose to be dead if the anthracycline-DNA interaction is
too strong (for instance, 10’ M™1)? Or will they struggle for a while by interacting with
repair enzymes? To quantify the impact the chemical stress brings on cell fate, we can
induce the chemical stress to cells by using a series of anthracyclines with different

affinities.
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APPENDIX A

List of abbreviations

ACF

ANT

APDs

ATCC

bp

CD

Cp

ct

Cv

DMEM

DNA

DNR

autocorrelation curve

anthracycline

avalanche photodiodes

American Type Culture Collection

base pair

circular dichroism spectroscopy

continuous fluorescence photobleaching

calf thymus

cyclic voltammetry

diffusion coefficient

Dulbecco’s modified Eagle’s medium

deoxyribonucleic acid

daunorubicin hydrochloride

A-1



LIST OF ABBREVIATIONS

DOX

DSC

EG

EPR

eq

FBS

FCS

FLIP

FRAP

GFP

IDR

ITC

LSM

MB

NA

NMR

PBS

doxorubicin hydrochloride

differential scanning calorimetry

ethylene glycol

epirubicin hydrochloride

equilibrium state

fetal bovine serum

fluorescence correlation spectroscopy

fluorescence loss in photobleaching

fluorescence recovery after photobleaching

green fluorescent protein

idarubicin hydrochloride

1sothermal titration calorimetry

equilibrium constant

Laser Scanning Microscopes

molecule brightness

numerical aperture

nuclear magnetic resonance spectroscopy

phosphate buffered saline



LIST OF ABBREVIATIONS

PDIs

PEG

PML

PPIs

RLS

ROI

SPR

TCSPC

Uv-Vis

protein-DNA interactions

polyethylene glycol

promyelocytic leukemia protein
protein-protein interactions

resonance light scattering spectroscopy
region of interest

surface plasmon resonancespectroscopy
Time-correlated single photon counting

UV-Visible

A-3



APPENDIX B

Parameters in a typical measurement

B.1 Equilibrium constants determination with FCS

method

In this section, we illustrate the critical parameters used in a typical measurement with

FCS method. All of the anthracyclines were measured under the similar experimental

conditions (i.e. emission filters, excitation laser power), thus the parameters were

comparable.

Table B.1: Critical parameters used in a typical measurement for different anthracy-

clines.
. Vest Dant D ANtDNA  MB ANt MB sANTDNA
Anthracyclines @) " Nant (10719 2.5y (x10-10 2.1y (cnts) (cnts)
DOX-DNA (plasmid DNA) 0.24 866.5 4.9 403 5.8 1158.6 175.0
DOX-DNA (2500 bp) 0.29 806.5 6.2 422 3.8 1001.6 171.6
DNR-DNA (2500 bp) 0.24 806.5 5.7 384 4.9 753.8 115.8
EPR-DNA (2500 bp) 0.23 806.5 5.7 418 3.7 741.0 78.9

B-1



PARAMETERS IN A TYPICAL MEASUREMENT B-2

B.2 Equilibrium constants determination with single-

MB analysis method

In this section, we illustrated the critical parameters acquired in a typical measure-
ment with MB analysis method. All of the anthracyclines were measured under the
same experimental conditions (i.e. emission filters, excitation laser power), thus the
obtained MB parameters for each component are comparable. Take DOX-DNA inter-
action as an example: first of all, we calibrated the size of the confocal volume (V,rs)
by using the standard calibration dye-rhodamine 110 with FCS method. Then, we let
DOX molecules diffuse in and out of the confocal volume, and we recorded the pho-
ton count rate of DOX molecules ((F(t))pox) over time t. By fitting the ACF of DOX
molecules, we knew the number of DOX molecules (Npox). The MB of DOX (o) was
caleulated by dividing (F(r))pox with Npoy (o = L3/20%) - Similarly, we recorded
the photon count rate for DOX-DNA complexes ((F(¢))pox—pna) and DOX-(DOX-
DNA) complexes ((F(t)) pox—(pox—pna)) respectively. By dividing (F(¢))pox-pna
and (F(t)) pox—(pox—pna) With Npox separately, we got the MB of DOX-DNA com-
plexes (1) and DOX-(DOX-DNA) complexes (7») respectively. We acquired these

parameters for DNR, EPR, and IDR the same way as DOX.

Table B.2: Critical parameters used in a typical single MB analysis method.

: Vet a 1 2
Anthracyclines (fL) NaANT (cnts) (czll ts) (czll ts)
DOX 028 5.5 10204 933 4475
DNR 028 7.7 586.0 854 328.8
EPR 0.30 8.1 679.2 448 336.3

IDR 024 45 9939 1372 4344
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B.3 DNA concentration calculation in the single cells

We calculated the available DNA (actually bp) concentration in nucleus of single cells

according to the formula [116]:

Nip

L) J— (B.1)
Vnucleus . NA

Cpna =

where N, is the number of bp in nucleus, V,;;¢jeus 18 the volume of nucleus, and Ny is
the Avogadro number. Human genome contains 3.1 x 10° bp/haploid genome. A HeLa
cell is hypertriploid [137], one cell should contain 9.3 x 10° bp, while a fibroblast cell
is diploid, one cell should contain 6.2 x 10° bp. Since each 3.1 bp form a binding site,
the available bp number in a HeLa cell should be 3.1 x 10° bp while a fibroblast cell
contains 2.0 x 10° bp. The final DNA concentration of each type of cell is listed in
table B.3.

Table B.3: Base pair concentration calculation in single cells.

Available bp  Vjucleus Cpna
number (10°) (1071 L) (107> M)
Hela 3.1 6.9 8.0

Fibroblast 2.0 5.0 10.0

Cell lines
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