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Abstract

Many anticancer drugs require interaction with DNA or chromatin components of tumor cells to achieve therapeutic activity.

Quantification and exploration of drug targeting dynamics can be highly informative in the rational development of new

therapies and in the drug discovery pipeline. The problems faced include the potential infrequency and transient nature of

critical events, the influence of micropharmacokinetics on the drug–target equilibria, the dependence on preserving cell function

to demonstrate dynamic processes in situ, the need to map events in functional cells and the confounding effects of cell-to-cell

heterogeneity. We demonstrate technological solutions in which we have integrated two-photon laser scanning microscopy

(TPLSM) to track drug delivery in subcellular compartments, with the mapping of sites of critical molecular interactions. We

address key design concepts for the development of modular tools used to uncover the complexity of drug targeting in single

cells. First, we describe the combination of two-photon excitation with fluorescence lifetime imaging microscopy (FLIM) to

map the nuclear docking of the anticancer drug topotecan (TPT) at a subset of DNA sites in nuclear structures of live breast

tumor cells. Secondly, we demonstrate how we incorporate the smart design of a two-photon ddarkT DNA binding probe, such

as DRAQ5, as a well-defined quenching probe to uncover sites of drug interaction. Finally, we discuss the future perspectives

on introducing these modular kinetic assays in the high-content screening arena and the interlinking of the consequences of

drug–target interactions with cellular stress responses.
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1. Introduction

DNA is a significant target for a wide range of

pharmacologically active agents not least many of the

drugs deployed in anticancer therapy. Awide range of

molecular interactions and target modifications is

possible with critical events often involving the minor

groove. Indeed, drugs that bind within the DNA minor

groove are of considerable interest for their antimi-

crobial and antitumor activities, providing an impetus

to studies on the dynamics of interactions at the minor

groove together with the development of tools to

investigate critical events in the native environment of

the living cell. There are three areas in which the

study of minor groove binding (MGB) ligands

(MGBLs) have raised considerable interest:

1.1. Drug and molecular probe design

The original X-ray analysis studies of Kopka et

al. [1] of the complex of netropsin with a B-DNA
dodecamer revealed that the antitumor antibiotic

was capable of binding within the minor groove, by

displacing the water molecules of the spine of

hydration with base specificity achieved not by

hydrogen bonding but by close van der Waals

contacts. Accordingly, polyamide drugs, such as

netropsin, distamycin and their derivatives, can be

inserted into a narrow B-DNA minor groove to

form 1:1 complexes that can distinguish AT base

pairs from GC [2]. Subsequent attempts to develop

synthetic blexitropsinsQ—molecules capable of read-

ing any desired short sequence of DNA base

pairs—have involved a wide range of compounds

including epipodophyllotoxin, bithiazoles, acridines,

anthraquinones, ellipticine, nitrosoureas, benzoyl

mustards and nitrogen mustards [3]. In most of

these cases, each of the individual components of

the lexitropsin conjugate retain their modes of

action as far as interaction with DNA, and therefore

opening up the possibility of the minor groove

interaction being a critical design feature in the
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development of drugs with modified sequence

selectivity.

1.2. Mechanisms of action

Understanding the mechanisms of action of

MGBLs is important given the increasing knowledge

of the role of DNA sequence and conformation

recognition in the assembly of molecular complexes

for replication, transcription, recombination and

repair. Thus, DNA sequence-selective binding agents

bearing conjugated effectors have potential applica-

tions in the diagnosis and treatment of cancers as well

as providing probes for investigating the molecular

biology of the cell [3]. An important step forward is

the realization that a number of MGBLs interfere with

the catalytic activities of the DNA topoisomerases,

and there is evidence that in some cases, this may be a

primary determinant of the cytotoxic action of the

agent [4]. The type I and type II DNA topoisomerases

are nuclear enzymes that regulate topological and

conformational changes in DNA, critical to cellular

processes such as replication, transcription, chromo-

some segregation and the efficient traverse of mitosis.

For example, the identification of the MGB activity of

the type I DNA topoisomerase poison class of

camptothecins provides new insights into the mech-

anisms of enzyme trapping on DNA and the

subsequent cytotoxic events as the ternary complex

of DNA–drug–enzyme interacts with active DNA

replication forks in S-phase of the cell cycle. Thus,

there is considerable interest in topoisomerase I as a

therapeutic target [5], not least due to the cell cycle

specificity of the pharmacodynamic response and the

potential for combination with other agents generating

discrete effects in other cell cycle phases.

1.3. Drug resistance pathways

This overriding issue is a major problem limiting

the effectiveness of initially active anticancer agents.

Resistance can arise from cellular or subcellular

pharmacokinetic reasons, changes in target sensitivity

or availability and not least in the effector pathways

for drug responses. Active drug efflux transporters of

the ATP binding cassette (ABC)-superfamily of

proteins have a major impact on the pharmacological

behavior of most of the drugs in use today [6]. For
example, the MDR1 (ABCB1) gene product, P-

glycoprotein, is a membrane protein functioning as

an ATP-dependent exporter of xenobiotics from cells.

Its importance was first recognized because of its role

in the development of multidrug resistance (MDR) of

cultured tumor cells against various anticancer agents,

but it also has critical function in normal tissues such

as the brain, kidneys, liver and intestines. Early

studies recognized the potential for MGBLs to act

as substrates for drug efflux mechanisms [7,8].

An MGBL target DNA topoisomerase I relaxes

supercoiled DNA by the formation of a covalent

intermediate in which the active-site tyrosine is

transiently bound to the cleaved DNA strand. The

antineoplastic agent camptothecin and its derivatives

specifically target DNA topoisomerase I, and several

mutations, have been isolated that render the enzyme

camptothecin-resistant [9]. Interestingly, there may be

other discrete mechanisms of drug resistance associ-

ated with MGBL that have yet be fully characterized.

The discovery of an enhanced process for the ejection

of the MGBL, Hoechst 33342, from the DNA [10] of

cells with selective resistance to MGBLs [11,12]

highlights the need to understand the dynamics of

DNA–ligand interaction in live cells.

Advanced microscopy solutions in the study of the

spatial and temporal aspects of the drug–target

interactions in live cells can address issues in each

of the interest areas discussed above. Analysis at the

single-cell level addresses the problems of inherent

heterogeneity observed in many biological systems.

Early studies on MGBL or anticancer drug–DNA

interactions often exploited the convenient fluorescent

signatures and spectral characteristics of the agents

[13–15].
2. Fluorescent bioactive drugs

2.1. Minor groove binders with fluorescent signatures

Many bioactive molecules, particularly those com-

prising linked ring structures, have chromophores

capable of fluorescence excitation and therefore offer

the possibility for tracking target interactions through

methods such as monitoring steady-state fluorescence

intensity, fluorescence quenching and fluorescence

lifetime measurements. The bis-benzimide dyes or
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Hoechst probes, for example, have been extensively

used to determine DNA content and nuclear morphol-

ogy in fixed cell preparations [16]. They also cross the

plasma membrane of living cells and bind to the

minor groove. Absorbance occurs at UV wavelengths

with a broadband emission spectrum ranging from

420 to 600 nm, dependent on dye–base pair ratios.

These agents show impressive fluorescence spectral

properties with two-photon excitation (using femto-

second pulses from a Ti:sapphire laser) between 830

and 885 nm [17]. Recently, high-resolution studies

have applied two-photon standing wave fluorescence

photobleaching to understand the diffusive motion of

DNA-containing chromatin in live cells [18].

2.2. Topotecan, a fluorescent anticancer agent

Several major classes of anticancer agents and

their metabolites have fluorescence signatures

including those agents that target enzyme–DNA

complexes comprising DNA topoisomerases I or II.

Topotecan (TPT) consists of a five-ringed structure

(10-[(dimethylamino) methyl]-4-ethyl-4,9-dihydroxy-

1H -pyrano[3V,4V:6,7]indolizino[1,2-b]quinoline-
3,14-[4H,12H]-dione monohydrochloride); it is a

UV-excitable camptothecin and these autofluores-

cent properties have been exploited to evaluate drug

resistance in differentially derived cell lines using

confocal microscopy [19]. TPT molecule is an ex-

tended molecule and therefore has some of the key

features of a good two-photon absorbing fluorophore

[20], enabling symmetrical charge transfer from one

end of the molecule to the middle, and vice versa. TPT

displays a high two-photon cross-section near 25 GM

for wavelengths within the range of a Ti:Sapphire laser

(700–880 nm) and previous studies have shown that it

is possible to detect the drug at micromolar concen-

trations in plasma [21].

TPT acts specifically by binding to the topoiso-

merase I–DNA complex [22]. The action of the agent

arises from DNA replication forks encountering drug-

stabilized cleavable complexes, generating cytotoxic

double-strand breaks in the DNA that interfere with

cell cycle progression resulting in cell death by

apoptosis [23]. An important implication for the

current study is that Streltsov et al. [24] have also

shown that TPT binds to DNA, probably at the minor

groove.
We have employed TPT as a bcandidateQ drug to

exemplify the concepts of dynamic tracking of drug

interactions with intracellular targets in live breast

tumour cells (MCF-7). In this current article, we show

how the use of two-photon laser scanning microscopy

(TPLSM) [25,26] approaches to trace the uptake and

delivery of drug to cellular compartments, and to map

the drug binding to DNA–target sites with fluores-

cence lifetime imaging microscopy (FLIM).
3. Mapping subcellular localization of bioactive

drugs

Pharmacokinetic maps reflecting inherent cell–cell

heterogeneity for TPT drug delivery within a popula-

tion of human breast tumour MCF-7 cells were

acquired using TPLSM. To confirm previous spectro-

scopy studies that TPT can be detected using two-

photon excitation, a concentration of 10 AM of free

TPT was added to cultures seeded in a coverslip

observation chamber, and single optical sections

collected using TPLSM at 790 nm and fluorescence

emission collected between 460 and 630 nm. Initial

experiments with MCF-7 cells showed that after a 10-

min exposure to TPT that the fluorescent signal in the

extracellular medium is high with good signal-to-

noise. A striking feature of the observations on the

TPT loading of MCF-7 cells was the innate hetero-

geneity within the population. Two-photon excitation

of MCF-7 single cells exposed to TPT showed

significant variation in the intracellular fluorescence

levels even after 10-min exposure (Fig. 1A, B). This

heterogeneity was seen with significant numbers of

cells demonstrating a persistent ability to maintain low

drug levels. However, this level of drug is not

sustained in the cell, and after 2 h, the detectable

amount of drug (fluorescence) has fallen significantly

(Fig. 1C, D). The bioactivity of topotecan reduces over

time as hydrolysis occurs in the medium; this process

is driven by physiological pH conditions of 7.2 [27].

As the active drug fraction in the extracellular space

(medium) diminishes, the cellular levels also decrease

because the hydroxy–acid form cannot cross the

plasma membrane. Regardless of the absolute level

of TPT uptake, the nucleus always appeared brighter

than the cytoplasm and indeed based on a threshold

intensity, it was possible to segment out this nuclear



Fig. 1. Two-photon mapping of topotecan localisation in living cells. Cellular compartmentalisation in MCF-7 breast tumour cells: n, nucleus; c,

cytoplasm; m, medium. (A) Peak uptake is achieved after 10 min and the culture demonstrates cell–cell heterogeneity. (B) Corresponding phase

image. (C) At 60 min, the absolute levels of topotecan in each cell diminishes as the levels of active drug (membrane-penetrating) in the medium

decreases. (D) Corresponding phase image. Bar is 10 Am.
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compartment. Contrary to previous investigations,

there was no obvious compartmentalisation in peri-

nuclear organelles [28].
4. Single-cell time-lapse microscopy

Multicompartmental tracking of TPT uptake and

washout kinetics in single cells provides a route for

screening the dynamic process of drug delivery. The

TPT uptake and delivery to the three cellular

compartments (medium, cytoplasm and nucleus)

was monitored using time-lapse TPLSM. Optical

sections were acquired at an interval rate of 4.5 s

(Fig. 2A). The presence of TPT fluorescence in the

extracellular medium immediately became detectable

post-addition and the cells appeared negatively

stained. Each cell increased in fluorescence intensity

over the emerging time course up to a total period of

500 s. The images (Fig. 2A) represent typical drug

localization and progress of signal increase within

the heterogeneous population. Once the drug levels

reach a maximum in the cells, the process was

reversed with an immediate washout, by exchanging
with fresh medium (Fig. 2B). The time course

showed an initial rapid efflux from the cellular

compartment at approximately eightfold the initial

uptake rate. However, the second phase becomes

much more protracted with trace amounts (b4 AM)

of drug still remaining in the nucleus after 10 min.

Graphical plots enable us to parametize these data to

extract unique fluorescent signatures reflecting the

heterogeneity for the population (Fig. 2B).
5. Two-photon ddarkT DNA binding probes as

quenching tools

Pharmacokinetic characterization of an MGBL

requires assays which incorporate informative

molecular tools and conceptually the strategy for

drug discovery and fluorescent probe discovery are

the same. Therefore, a molecular modeling

approach can be implemented to search for MGBL

quenching agents with defined DNA binding and

spectral properties. Quenching assays provide a

unique means for dissecting subresolution molecular

interactions.



Fig. 2. Two-photon time-lapse microscopy to map cellular micropharmacokinetics. (A) A pulse of 10 uM topotecan was added to the medium

(m) and the cells monitored for drug levels over 500 s. (B) Topotecan was removed instantaneously and drug efflux tracked for 500 s. (C and D)

Graphical representation of drug uptake from low and high loading cells (as marked). (E and F) Corresponding washout kinetics for the same

fields. The image time course is indicated on the graphs. Grey, medium; solid, nucleus; dotted, cytoplasm. Bar is 10 Am.
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5.1. Rationale behind the design of quenching agents

The loss of fluorescent signal due to the

occurrence of a second molecular event, which acts

to reduce the photons emitted or indeed detected

from a fluorescent probe or drug, can be termed as

quenching; there are a variety of mechanisms which

drive this process as a result of adding a quenching

agent. Quenching usually results from collisions or

complexes with solute molecules, reducing both the

observed fluorescence lifetime and intensity via an

increase in the nonradioactive decay from the excited

state. Aromatic chromophores have radioactive life-

times in the range of 1–100 ns, and therefore, the

quenching rate must be rapid in order to be effective.

Three main types of energy quenching occur in

solution. The first, and most common, is collisional

or dynamic quenching which occurs when a donor

molecule in an excited singlet state collides with an

acceptor resulting in energy transfer to this molecule

rather than emission as a photon; this process is
clearly dependent upon the concentration of

quencher. A second type of quenching occurs if

the fluorophore and quencher form a ground (or

excited) state complex that is weakly or nonfluor-

escent; this can be termed as destructive quenching.

The third type of quenching occurs when two

molecules have a close proximity to one another

(less than 10 nm) and when the donor is excited,

then static quenching can occur by a direct non-

radioactive dipole–dipole transfer of energy to an

acceptor which absorbs at the donor emission

wavelength; fluorescent resonance energy transfer

(FRET) exploits this latter type of quenching [29].

In the case of DNA tethering agents, another

method of apparent quenching can be derived from

molecular interactions, which do not involve energy

transfer. The addition of a quenching agent which has

similar binding properties to the fluorescent probe or

drug could act to dislodge the fluorophore from the

DNA, Hoechst 33258 and ethidium bromide are

commonly used in fluorescent displacement assays
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to study and determine the competitive docking of

nonfluorescent DNA binding agents [30,31]. Finally,

another approach is to add a DNA intercalating agent

with a minimum potential for disassociation. In this

manner, the agent could lock onto the DNA and

perturb local chromatin structure, and hence acting as

a bdislodgingQ probe for other DNA-associating

molecules such as TPT.

Our design concept was to generate a multifaceted

agent that established critical DNA binding properties

as well as incorporating properties of a vital fluo-

rescent probe. It was clear that it was important that

the quenching agent should penetrate into living cells,

and demonstrated spectral properties that ensured it

was both detectable using fluorescence methods, but

did not overlap with the TPT UV-fluorescent proper-

ties. The anthraquinones are a group of synthetic

DNA affinity agents, structurally related to the DNA

intercalating anthracycline antibiotics, and formed the

basis of our search for useful TPT fluorescence

quenching agents.

5.2. DRAQ5 properties and localization

We screened a range of substituted anthraquinones

and selected the agent DRAQ5, a 1,5-bis {[2-

(methylamino)ethyl]amino}-4,8-dihydroxy anthra-

cene-9,10-dione. DRAQ5 showed an ability to bind

to DNA in solution, penetrate the plasma membrane

and to lock onto DNA in intact cells with high

efficiency [32]. One-photon excitation at 647-nm

wavelength, close to the Exkmax, produced a fluo-

rescence spectrum extending from 665 nm out to

beyond 780 nm wavelengths. DRAQ5 appeared to

achieve nuclear discrimination by its high affinity for

DNA and did not show fluorescence enhancement

with DNA in free solution. To obtain two-photon

excitation of DRAQ5 on cellular DNA requires an IR

wavelength in the region of 1047 nm, beyond that

used to optimally excite TPT in these studies [33].

5.3. DRAQ5 molecular modeling reveals both AT

intercalation and docking at the minor groove

Molecular modeling suggests that DRAQ5 is

capable of binding to DNA through intercalation.

The intercalation is stabilized by electrostatic inter-

actions between the protonated tertiary amino group
of the side chain and the phosphate backbone of the

DNA. Binding appears to involve a preference for AT-

containing sequences [34] and that is confirmed by

molecular modelling studies. Ab initio optimized

geometries of DRAQ5 were docked into the DNA

structures extracted from the PDB (protein data bank)

files of the DNA complex with Hoechst 33342 (PDB

access codes 127D, 129D, 303D). The docking was

performed using global range molecular matching

(GRAMM) software [35,36] and high-resolution rigid

body searching for favorable binding configurations

between a small ligand and a DNA without any

constraints or limitations. Further modelling studies

have shown that the aromatic moiety of DRAQ5

preferentially binds to the AATT part of the DNA

sequence where Hoechst 33342 binds in the minor

groove (Fig. 3A). Molecular dynamics simulation of

the DNA–DRAQ5 complex without any constraints

leads to DRAQ5 protrusion into the interface of two

A–T pairs (Fig. 3B), by displacing the aromatic rings

of two base pairs out of the DNA backbone and

DRAQ5 stacking between those aromatic rings. In the

second, slower stage, the DNA unwinds locally to

create an intercalation site [37], which allows DRAQ5

to become fully inserted between aromatic rings of

base pairs (Fig. 3C). The molecular modeling predicts

that the macromolecular effects of adding DRAQ5

simultaneously with the drug TPT could effectively

quench the fluorescent signal at the minor groove and

AT-rich regions in nuclei.

To determine the efficiency with which DRAQ5

could act as an intranuclear fluorescence quenching

agent on cellular DNA, we initially screened the

ability of DRAQ5 to efficiently quench the fluores-

cence of the AT base pair-specific DNA minor-groove

binding dye, Hoechst 33342. Dual beam flow

cytometry showed that the levels of DRAQ5 signal

were found to correspond closely with the disappear-

ance of Hoechst 33342 signal. The removal of

Hoechst 33342 from the medium prior to DRAQ5

addition did not affect the quench or anthraquinone

uptake patterns observed, suggesting that DRAQ5

equilibrium across the plasma membrane was not

affected by the presence of free Hoechst 33342

molecules. The findings are consistent with the ability

of DRAQ5 to demonstrate AT base pair preferences

when binding to DNA in living cells. Sequential

imaging of dual-labelled samples generated staining



Fig. 3. Minor groove binding characteristics and implementation of the TPT quench probe, DRAQ5. (A) The docking of Hoechst into the minor

groove of the DNA (CPK colour scheme). The position of the Hoechst was determined by X-ray crystallography (PDB access number 127D).

(B) The energy minimized DNA-DRAQ5 complex after 100 ps of molecular dynamics simulation at 100 K. (CPK colour scheme). The position

of DRAQ5 was found by rigid-body docking. (C) Model of structural orientation of DRAQ5 within intercalation site of the AT rich DNA

sequence (hydrogen bond between protonated tertiary amino group and the phosphate backbone is depicted in cyan broken line). (D) High-

resolution localisation map of TPT in MCF-7 cells using TPLSM. (E) DRAQ5 distribution 10 min post-addition. Image obtained using single-

photon confocal LSM with excitation at 647 nm and detection using a 680/35-nm band pass emission filter. (F) Altered TPT localisation map.

The quenched regions (no TPT signal) colocalise with the DRAQ5 positive signal. Bar is 10 Am.
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patterns derived from each probe in the same nucleus.

The results showed that the fluorescence signals were

colocalised immediately (within a few minutes),

indicating extensive overlap of binding sites, before

the Hoechst 33342 signal was titrated away as the

concentration of DRAQ5 increased in the nucleus

[34].

5.4. Monitoring drug quenching using DRAQ5

DRAQ5-induced TPT quenching was determined

by the sequential imaging of two-photon excited TPT

molecules at 790 nm wavelength (Fig. 3D) and single-

photon activation of DRAQ5 (Fig. 3E) at 647 nm after

10 min. The results in Fig. 3 showed that the

intracellular location of interphase nuclear DNA,

given by the DRAQ5 fluorescence signal, corresponds

to the intracellular location at which the TPT-signal is

extinguished (Fig. 3F), without diminution of the
extracellular or cytoplasmic TPT signal (indicating

that the effect is not due to the formation of an excited

or ground state homodimer (at this concentration)).

The culture continued to display intercellular hetero-

geneity, with overall fluorescence signal in the

nucleus decreasing by 35%. Importantly, side-by-side

imaging further showed that some of the topotecan

fluorescence signal is not removed by this quenching

agent, perhaps indicating that not all the binding sites

of these two agents overlap. We would propose that

both DRAQ5 and TPT could locate in close proximity

(1–5 nm) to one another in the minor groove, enabling

energy transfer and hence quenching, Although the

complexity of the mechanism of quenching requires

further clarification using spectroscopic studies and

molecular modelling, this approach demonstrates that

fluorescence–quenching using defined agents allows

for the development of assays to reveal the molecular

nature of DNA–drug interactions.
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6. Fluorescence lifetime imaging microscopy

(FLIM)

FLIM is a direct approach to monitoring all

processes involving energy transfer between the

fluorophore and the local environment [38], such

as that which occurs when a fluorescent drug tethers

to its DNA target [38,39]. Any energy transfer

between the excited molecule and its environment

changes the fluorescence lifetime in a predictable

way.

6.1. Recording fluorescence intensity as a function of

time

A recent implementation for recording fluores-

cence lifetime using a laser scanning microscope is by

reverse start–stop time-correlated single-photon

counting (TCSPC) [40,41]. Fluorescent molecules

are excited using a pulsed laser source and the

emission sampled by collection of single emitted

photons. By measurement of the time between the

detected fluorescence photon and the next laser pulse

for many photon events, a probability distribution for

the emission of a single photon, and thus the

fluorescence decay curve, is estimated. Clearly, the

assumption has to be made that much less than one

photon is emitted per excitation event to recover the

real probability distribution. We have used TPLSM

multiplexed with time-correlated single-photon count-

ing (TCSPC) to obtain combined intensity-lifetime

images for determining TPT-DNA interactions in

living cells. The system has been described elsewhere

[42,43]; in brief, it comprises an ultrafast laser system

coupled to an MRC1024 LSM modified with non-

descanned single-photon counting photomultiplier

detectors with good temporal performance. Photon

pulses are routed to Becker and Hickl SPC700

TCSPC electronics with the reference signal derived

from the laser via a fast photodiode. Pixel, line and

frame clocks from the scanhead are used to record the

three-dimensional photon density over the time and

image coordinates. Cells were imaged with a 40� oil

(1.3 NA Nikon Plan Fluor) for 300 s to acquire

sufficient photon statistics for analysis. The SPC700

TCSPC system can accommodate count rates up to 1–

2 MHz and are, therefore, able to record decay

functions within a few milliseconds per pixel. This
method has a high-detection efficiency, a time-

resolution limited only by transit time of the detector

(i.e., pulse–pulse jitter and peak height variation), and

directly delivers the decay function in the time

domain. Previous spectroscopy studies have shown

that binding of topotecan to DNA decamers d(AT)10

considerably shortens the lifetime of TPT to 300 ps

compared to 5.8 ns in an aqueous solution alone [44].

On this basis, we sought to map DNA–topotecan

interactions in single cells.

6.2. Lifetime maps for topotecan

Least-square fitting of mono- and double-exponen-

tial decay analyses revealed the lifetime component(s)

averaged for each pixel (128�128; Fig. 4A, B). In

aqueous buffer (Hanks buffer at pH 7.2), the decays

for 10 AM TPT 10 min after mixing were found to be

monoexponential with a lifetime (s) near 4.5F0.68

ns. This remained unchanged during the course of 2 h,

showing that FLIM measurements were not able to

distinguish between active or inactive forms of the

drug. Once inside the cell, TPT fluorescence decay

still remained monoexponential but altered according

to its compartmentalisation. The cytoplasmic lifetime

(s) was 4.0F0.13 ns; however, in an additional

perinuclear compartment (probably endoplasmic retic-

ulum or mitochondria), the lifetimes were shortened to

3.5F0.78 ns. The nucleus steady-state fluorescence

intensity profile showed a complex distribution, with

nuclear structures being highlighted. However, mean

lifetime values in the nucleus of 4.2F0.13 ns suggest

that at equilibrium, the TPT is in an aqueous

environment similar to that of the buffer. The lifetime

distribution was similar in all regions of the nucleus

independent of intensity values. Therefore, the inten-

sity distribution we visualise in the nucleus, and

indeed use to segment DNA structures, does not have

a detectable short lifetime component under these

conditions.

Previous studies have shown that when bound to

DNA, the emission spectra of TPT is similar to that

found in water [44]. This suggests that TPT exists in

a highly polar environment when in the chromatin

phase. We assume that the nuclear location com-

prises DNA-bound drug (i.e., to minor groove and

topoisomerase I) and a larger pool of TPT in a

chromatin aqueous phase. We suggest that the



Fig. 4. Fluorescent lifetime maps to characterise TPT-target interactions. (A) Steady-state fluorescence intensity distribution 10 min after the

addition of 2.5 uM TPT: n, nucleus; c, cytoplasm; m, medium. (B) Mean lifetime (sm) decay map (colour) fitted as a monoexponential combined

with the intensity distribution (brightness). (C) Steady-state fluorescence intensity distribution 10 min after the addition of 2.5 uM TPT and with

20 uM DRAQ5 to quench the nuclear signal. (D) Mean lifetime map best fitted as a biexponential decay matrix. (E) Distribution map of the

short-lifetime component (s1) representing TPT bound to target. (F) Zoomed nuclei of the same data as panel E with an altered look-up-table

(LUT) to show the s1 (200–500 ps) values only. Bar is 10 Am and contrast wedge gives appropriate s LUT (ns).
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bound phase remains undetectable in this aqueous

pool.

6.3. Combined quenching with lifetime mapping to

reveal bound drug in the nucleus

DRAQ5 binds to DNA in the presence of TPT

leading to apparent quenching of the fluorescent

signal (Fig. 4C). We sought to determine the lifetime

characteristics of the remaining signal in the nucleus.
The remaining, unmasked, signal is derived from a

TPT-tethered component. In the medium, the fluo-

rescence lifetime remains unchanged. The cellular

compartments show much warmer colours indicating

a drop in the mean lifetime, particularly in the nuclear

compartment (Fig. 4D). In fact, in these cellular

compartments, the best lifetime fit is derived from a

biexponential model (by Chi square parameter and

comparison of residuals). In order to reduce the

uncertainty in determining the short lifetime compo-



Fig. 5. Time-lapse FLIM to map the dynamic accumulation of bound TPT. Cells were pretreated for 5 min with DRAQ5 to quench DNA sites. A

total of 2.5 uM TPT was added and 30-s FLIM snap-shots acquired over 5 min. (A–E) Total accumulation of drug over time is represented as

brightness, while colour represents the increase in the short-lifetime component (s1). Bar is 10 Am and time is indicated on sequence.
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nent, we determined the long lifetime component and

assuming invariance of this component across the

nucleus, the map of the bound short component (s1)
becomes apparent and ranges from 310 to 510 ps,

with an average amplitude of 75%, allowing to

conclude that it is the predominant species in these

nuclei. The punctuate pattern of a short lifetime

component in the cytoplasmic compartment probably

represents TPT compartmentalized in mitochondria.

Having verified that a readout signal was attainable

representing bound drug, we tested the concept of

acquiring time-lapse lifetime sequences to monitor the

kinetic accumulation of bound drug within the

nucleus. This was accomplished by prequenching

the cells with DRAQ5, the acquisition time was

reduced 10-fold to 30 s (Fig. 5). TPT entered in the

cells as indicated by the pixel intensity and clusters of

bound drug with a short lifetime component (s1)
averaging at 390 ps, and accumulated in the nucleus.

Because the two lifetime components can be deter-

mined ab initio, we can fix tau (s) 1 and 2 to

determine the time-dependent ratio of bound/unbound

species and thereby elucidate the kinetics of binding

to the unmasked target. Therefore, we have the

capacity to monitor at a relatively high-temporal

resolution the interaction of drug at target sites.
7. Microscopy solutions to interface

pharmacokinetic activity and

pharmacodynamic response

7.1. Linking multiscale responses

A significant challenge for the advancement of

drug screening and evaluation is to link the biochem-

ical and behavioural responses of genetically profiled
cells with the initial events of drug-–target interaction.

The efficiency and consequences of drug–target

interaction can clearly be affected by pharmacokinetic

factors but are also driven by parallel cellular events

that are required to elicit the sought pharmacodynamic

responses in a single cell. In understanding the

pathways that determine the extent and nature of

drug–target interaction, an important feedback loop

for drug design concerns the linked cellular stress

responses of a candidate agent. Significant advances

in our understanding of the molecular mechanisms

that follow the target-engagement of DNA damaging

or cell cycle perturbing agents opens up an oppor-

tunity for developing interface assays which connect

drug action and cell reaction.

7.2. Multiplexing assays to link stress induction with

drug uptake at the single-cell level

The cellular response to TPT is driven by multiple

factors, not least cellular pharmacokinetics and the

corresponding population heterogeneity. A key ques-

tion that arises from the previous sections is bto what

extent does pharmacokinetic heterogeneity impose a

mirrored pharmacodynamic response?Q Here we

exemplify an approach to address this issue by

conducting the drug uptake assays using cultures

grown on gridded coverslips or relocation substrates,

and by monitoring drug uptake using TPLSM each

cell is given a pharmacokinetic index as well as a

coverslip coordinate. The coverslips are then pro-

cessed to determine the expression of typical stress

proteins such as the activation of p53 serine phos-

phorylation or increased p21waf1 levels [45–47]. The

suggested action of TPT is to generate DNA damage

through replicon collision with trapped topoisomerase

I-DNA complexes that sequester single strand breaks
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[48,49] and hence the anticancer agent is considered

to be S-phase-specific. This implies that cancer cells

that are not actively replicating DNA could resist the

effects of the drug [46]. To correct the pharmacody-

namic responses in S-phase and non-S-phase cells for

the prevailing pharmacokinetic characteristics of an

individual cell, we have tracked the consequences of

TPT exposure in cells characterised for their nuclear

concentration of TPT. Furthermore, to enhance the

analysis, cells were also exposed to the S-phase-

labelling agent BrdU [50] during the drug exposure,
Fig. 6. Linking drug delivery with subsequent cellular stress

responses. (A) Cells were grown on relocation coverslips (GRID).

TPT was added together with BrdU (to mark replicating cells); drug

levels were recorded for each cell (TPT). The slips were processed

for immunofluorescence and the BrdU and p21waf1 levels assayed

and coassigned a TPT level. (B) Cells were segmented as BrdU

positive (5) or negative (x).
thereby allowing cells that were actively engaged in

DNA replication at the time to be identified. Probing

for p21waf1 induction 6 h posttreatment at the single-

cell level enabled us to demonstrate the phase-

independent increase of expression and showed a

distinct induction in both S-phase (BrdU positive) and

non-S-phase cells (BrdU negative; Fig. 6A). Surpris-

ingly, delivery of high levels of TPT to the nuclear

compartment and active replication were not prereq-

uisites for maximal stress induction in these breast

tumour cells (Fig. 6B). Cell-based assays that attempt

to report cell cycle-related events and targeting can be

frustrated by the asynchronous nature of the cultures,

cell-to-cell heterogeneity and the delayed kinetics

with which a pharmacodynamic response may

develop. We show that these problems can be

addressed by the spatial and temporal connecting of

events in single cells, even within heterogeneous

cultures.
8. High-throughput screening for enhancing the

drug discovery process

In order to meet the challenge of a rapidly

increasing library of compounds within a drug

discovery setting, and our growing understanding

of emerging new cellular targets, the advanced

assays described in this review need to be both

sensitive and fast to work on high-throughput

screening (HTS) imaging platforms. HTS calls for

rigorous demands with respect to assay robustness

and statistical accuracy. The current cellular imaging

platforms commercially available are appropriate for

both fluorescent kinetic and end-point read assays.

The application of a confocal configuration confers

axial spatial resolution bringing high-content screen-

ing to these platforms [51]. Previous investigations

have applied multiphoton microscopy in a multiwell

format and measured time-dependent intensity

decays for a fluorescent MGBL 4V-6-diamidino-2-

phenylindole (DAPI) [52]. Future perspectives on

drug screening at the single-cell level leads to the

requirement of miniaturised cell array biochip

devices where the generation of candidate drugs is

directly integrated or linked with the ability to

perform on-line cell-based assays for drug–target

interactions.
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9. Conclusion

Drug design, discovery and deployment para-

digms must progress from a situation where the cell

system is an ill-defined and often homogenous

bblack-boxQ to an approach where the critical targets

and molecular events within the cells become well-

defined and provide spatially and temporally rich

information. This ensures that drugs are not being

rejected from a study because the signal-to-noise of a

heterogeneous population is low, while in fact, the

specificity or targeting of a drug is actually high (i.e.,

effective), but rare within that population. These are

critical issues when concepts for therapy design of

single- and multiple-agent anticancer drugs are being

considered.

Advanced microscopy techniques now offer novel

analytical tools and concepts. In terms of drug design,

the evaluation of new agents and analogues in live

cells fulfils the increasing demands of high-content

screens aimed at improving the likelihood of identify-

ing molecules with advantageous properties early on

in the discovery cycle. Increasing our understanding

of the mechanisms of action of important anticancer

agents, focused around the molecular biology of the

DNA topoisomerases, can now make use of the

availability of tagged proteins and novel reporters to

dissect the responses to target-trapping events. Fur-

thermore, in the area of drug resistance, the develop-

ment of tools for quantifying the contribution single or

multiple pathways to a micropharmacokinetic profile

offers both diagnostic tools for pathway expression

and new means of evaluating resistance–reversing

strategies.
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