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ABSTRACT

Excited state lifetime and amplitude measurements were made
on thiazole orange dimer (TOTO), a dimeric DNA-intercalat-
ing fluorophore, at single-molecule concentrations. As ex-
pected from previous study, the excited state lifetime of TOTO
intercalated in DNA is dependent on the sequence of the
double-stranded DNA, having values of 2.2 ns in poly-GC
DNA and 1.8 ns in poly-AT DNA. The distribution of excited
state lifetimes of single molecules of TOTO intercalated into
oligonucleotides having varying proportions of poly-GC
sequences relative to poly-AT sequences were analyzed as
a function of the fraction of poly-GC. By using excited state
lifetime distributions from the purely GC and purely AT
oligonucleotides as a basis set, it was possible to estimate the
GC content of oligonucleotides with intermediate GC compo-
sition to within a few percent error. This serves as a model for
the analysis of equilibrium binding distributions in DNA using
single-molecule methods.

INTRODUCTION

Homodimeric bis-intercalating fluorophores such as the thiazole

orange dimer (TOTO) and the oxazole yellow dimer (YOYO) have

been widely used for the study and identification of DNA (1). As

is the case for other intercalating dyes, the quantum yield of

fluorescence from TOTO increases dramatically (a factor of

roughly 1400) when it is intercalated in double-stranded DNA

(dsDNA) (1,2). In addition, TOTO binds strongly to dsDNA with

a dissociation constant of approximately 1 3 10�9 M (1,3). This

dissociation constant is more than 100 times less than the

dissociation constant for monomeric thiazole orange (TO). Nuclear

magnetic resonance (NMR) structural studies have shown that four

sequential nucleotides are involved in the TOTO–dsDNA in-

teraction. The binding strength is thought to be sequence dependent

(4,5). For example, 59-CTAG-39 has been identified as a preferred

binding site in oligonucleotides containing naturally occurring

DNA bases. Considerably stronger binding has been observed from

certain sequences containing inosine or methyl-cytosine, which can

improve binding strength by up to 68-fold over CTAG under

conditions appropriate for NMR analysis (4). The techniques

developed in this article are applied to study TOTO’s site-specific

binding affinity at the single-molecule level in the accompanying

article under conditions more similar to those common during

histochemical staining procedures (6).

Single-molecule fluorescence measurements of DNA-binding

peptides attached covalently to the intercalating fluorophore TO

have demonstrated that it is possible to detect and analyze

fluorescence from single intercalating fluorophores (7). Previous

measurements by Netzel et al. have shown that the excited state

lifetimes of many intercalating fluorophores are multiexponential

and dependent upon the composition of the DNA in which they are

intercalated (2). Under the conditions used in that study, TOTO

had an average excited state lifetime of 1.02 ns in ATAT regions

of DNA and 2.03 ns in GCGC regions of DNA. A similar DNA

sequence dependence of the excited state lifetime was also found

for YOYO and many of the monomeric intercalating fluorophores.

The sequence-dependent lifetime of intercalating dyes is poten-

tially useful for analysis of GC content in stained samples. In

a recent study by Murata et al. excited state lifetime images of

single YOYO stained 3T3 cells were acquired to determine the AT

and GC content of nuclear DNA during different phases of the cell

cycle (8). Cells during different phases of growth showed excited

state lifetimes ranging from 1.7 to 2.4 ns.

In recent years, considerable effort has been invested in the

development of methods for identifying individual molecules on

the basis of their fluorescence properties (9–11). The techniques

used in this kind of study include pattern matching of the

fluorescence decay and multidimensional correlation of fluores-

cence parameters. These methods rely on the ability to measure

parameters accurately enough from each molecule such that

different members of the population can be distinguished a large

fraction of the time (12–14). This works well for molecules with

strong single-molecule fluorescence signals relative to background

noise. Unfortunately, the single-molecule fluorescence from

intercalating dyes, similar to that from many single molecules of

interest to biology, is much weaker than that from the best single-

molecule fluorophores (6). This is likely because of the variety of

photochemical reactions that the intercalating dye can undergo
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with the surrounding DNA, resulting rapidly in either transient

or permanent dark states of the molecule under the intense

illumination conditions required for single-molecule spectroscopy.

Even though the distributions of measured parameter values (such

as excited state lifetime) are too inaccurate or too similar for the

reliable identification of individual molecules, analysis of the

distribution of measurements can still allow one to determine how

many molecules with particular fluorescence properties are rep-

resented in the population and to determine whether a population

can be described in terms of mixtures of molecules with known

distributions of fluorescent properties.

There has been a recent, dramatic increase in the use of small-

volume, low-concentration fluorescence measurements in the life

sciences. Low-concentration measurements are sometimes neces-

sary under physiological conditions or when the analyte of interest

is scarce. Small-volume measurements (1 fL) are required for

imaging applications (e.g. scanning microscopy) and under

conditions where the absolute amount of sample is limiting.

Single-molecule fluorescence measurements represent the ultimate

in small-volume and low-concentration measurement. However,

the ability to identify particular states or subpopulations by

measuring single-molecule fluorescence is limited by the number

of photons detected, and many biologically relevant fluorophores

either fluoresce too weakly or are not photostable enough for

reliable identification at the single-molecule level. If instead, one

measures the population distribution of fluorescence parameters

from single-molecule systems, many of these limitations can be

overcome.

In the experiments described in this study, TOTO is used as

a model system for determining the equilibrium distribution of

a ligand binding to different sequences of DNA at the single-

molecule level using population analysis methods. This method-

ology will pave the way for single-molecule equilibrium binding

measurements of biologically relevant peptides and proteins to

DNA, using the excited state lifetime of a conjugated intercalating

dye as a probe of position within the DNA sequence. A number of

such DNA-binding peptides conjugated to intercalating dyes have

been synthesized and characterized in the authors’ laboratory

(7,15–17).

MATERIALS AND METHODS

Instrumentation and measurement. Single-molecule spectroscopy was
performed using a home-built confocal microscope system and a high-
frequency mode-locked laser as the excitation source to facilitate time-
correlated measurements of excited state lifetime. The details of the
instrumental setup have been published previously (18). For this study, the
excitation laser used was a frequency-doubled, Titanium Sapphire laser
(991 nm fundamental, 495.5 nm doubled, 150 fs pulse duration) with
a repetition rate of 80 MHz. The 80 MHz repetition rate gives a small
degree of ‘‘wrap-around’’ fluorescence (fluorescence from excited states
generated by the previous laser pulse in the pulse train), but this does not

significantly change the excited state lifetimes determined in the current
study. The laser light was delivered into an inverted, confocal microscope
and reflected up toward the microscope objective with a dichroic mirror that
reflects 495 nm light and transmits to the red of this wavelength (Chroma,
Brattleboro, VT). The sample, a 50 lL droplet, was placed on a glass cover
slip (223 50 mm No 1.5, VWR, West Chester, PA). The fluorescence was
collected by the same objective (1003 PlanApo 1.4 NA, Olympus, Tokyo,
Japan) that was used to focus the laser onto the sample. The collected
fluorescence passed through the dichroic mirror and was focused onto a 100
lm diameter pinhole (910-PH100, Newport, Irvine, CA). The fluorescence
was then split by a polarizing beam splitter (05FC16PB.3, Newport, Irvine,
CA), and photons polarized parallel to the laser pulse were sent to one
detector (Perkin–Elmer, SPCM-AQR-12, Kirkland, Quebec, Canada),
whereas photons polarized perpendicular to the laser pulse were sent to
a second detector. To reduce Rayleigh and Raman scattering, the
fluorescence was passed through a custom emission filter (Chroma). The
filter specifically blocks any scattered 495 nm excitation light as well as the
water Raman scattering line from 495 nm light. The signals from the
detectors were multiplexed and recorded using a Timeharp time-correlated
single-photon counting (TCSPC) card (Picoquant, Berlin, Germany), as
described previously (18).
Sample preparation and conditions. The samples used in this study

consisted of 100 nM dsDNA and 700 pM TOTO in a 10 mM tris–HCl, pH
8.0 buffer. Synthesis and gel purification of the DNA was performed by
Genetech Biosciences (Tempe, AZ). The oligonucleotides were annealed by
heating the solution of self-complementary oligonucleotides to 948C using
a heat block, and then cooling it to 308C over the course of 2 h. Annealed
DNA was stored at �808C until use. TOTO was purchased as a 1 mM
solution in dimethyl sulfoxide from Molecular Probes (Eugene, OR). The
solutions used for single-molecule experiments were prepared from a 10
lM solution of TOTO made by dilution into ethanol (spectrophotometric
grade, Sigma–Aldrich, St. Louis, MO). The five sequences of DNA used
in this study are listed in Table 1. The name associated with each DNA
sequence is derived from the percent GC content.

RESULTS

All of the measurements presented in this study were performed

at a concentration of 100 nM DNA and 700 pM TOTO. Diffu-

sion times on the order of 1 ms were observed for all five

oligonucleotides as determined using fluorescence correlation

spectroscopy (data not shown). Laser power before entering the

microscope objective was 120 lW and the wavelength was 495 nm

for all experiments shown. Extraction of single-molecule events

from the background noise was performed according to the

methodology described elsewhere (19). Only events having a total

of three or more photons were retained by the event-selection

routine (Fig. 1). The mean burst size in this data set was 13

photons. For each sample, 6 min of data were acquired. On

average, there was a single-molecule event detected roughly every

20 ms corresponding to 16 000 to 18 000 events detected from each

sample.

To determine the excited state lifetime of TOTO bound to poly-

AT sequences of DNA, nonlinear least squares fitting of bulk

TCSPC data was performed on the GC8 oligonucleotide sample.

Similar measurements were performed on the GC100 oligonucle-

Table 1. Oligonucleotide sequences used

Name Sequence (59 to 39)

GC8 GCATATATATATATATATATATATATATATATATATATATATATATATGC
GC26 CGCGCGCGCGCGCATATATATATATATATATATATATATATATATATATA
GC50 GCGCGCGCGCGCGCGCGCGCGCGCGATATATATATATATATATATATATA
GC76 GCGCGCGCGCGCGCGCGCGCGCGCGCGCGCCGCCGCCGTATATATATATA
GC100 GCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGC
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otide to determine the bulk excited state lifetime of TOTO bound to

poly-GC DNA. The bulk data was generated by merging all the

fluorescence detected from single-molecules of the oligonucleotide

in question. This was fit to a multiexponential fluorescence decay

convolved with the instrumental response function (IRF) for the

system. The fitting function included two exponential decay terms,

a nondecaying component and a temporal shift in the IRF as free

parameters. The shift parameter allows an accurate determination

of the time zero and accounts for small timing shifts between the

IRF and the fluorescence data. The value of the shift parameter is

the difference between the time zero determined by the fit and the

center of the original IRF. Figure 2 shows the IRF, raw data and fits

of fluorescence from both poly-AT sequences (Fig. 2a) and poly-

GC sequences (Fig. 2b) of DNA. Assuming that the nondecaying

term in Fig. 2 is from background photons, nearly 100% of the

initial fluorescence amplitude for the predominantly poly-AT

sequence (GC8; Table 1) decays with a lifetime of 1.9 ns.

Similarly, almost 100%, of the fluorescence for the poly-GC

sequence (GC100; Table 1) decays with a lifetime of 2.2 ns. In

both cases, the remaining signal mostly consists of a small constant

term. The contribution from subnanosecond fluorescence is only

about 1% of the initial amplitude.

The distributions of measured excited state lifetimes from single

molecules of TOTO intercalated in poly-AT DNA (GC8) and

poly-GC DNA (GC100) are shown in Fig. 3a,b. Excited state

lifetime distribution analysis occurred in two stages. First, the

excited state lifetime distributions for the samples containing GC8

and GC100 were each fit to a Gaussian distribution resulting in

a mean value, l1, of 1.76 and a standard deviation, r1, of 0.70 for

poly-AT DNA, and a mean value, l2, of 2.0 and a standard

deviation, r2, of 0.92 for poly-GC DNA. The mean and standard

deviation from those distributions were used to describe the

excited state lifetime distributions, F(s), for samples with

intermediate GC content (GC26, GC50 and GC76) according to

the equation F(s)5 a1G(s)þ a2H(s) where G(s)5 exp[� (s�l1)
2/

2r2
1] and H(s) 5 exp[� (s � l2)

22r2
2]. The total integrated area

under the distribution F(s) is set to one; so that the values a1 and
a2 are the relative amounts of AT and GC events in the dataset.

Fitting of the distributions using the method described above was

performed by least squares methods to determine the values of a1
and a2. In Fig. 3f, the actual GC content vs the measured GC

content (a2) was fit to a linear curve, and the average residual error

was 0.0226.

DISCUSSION

Excited state lifetime dependence on DNA sequence

In agreement with the study published by Netzel et al. regarding
the excited state lifetime of TOTO in poly-AT and poly-GC

regions of DNA, kinetic differences were observed for the two

samples (2). However, the kinetics measured under the conditions

described in this report differ from those measured by Netzel et al.
The fluorescence of TOTO intercalated in poly-AT DNA is

described by Netzel et al. using a three-component exponential

decay having preexponential values and excited state lifetimes of

(0.51, 0.17 ns); (0.33, 1.39 ns) and (0.16, 2.98 ns) respectively. The

fluorescence of TOTO intercalated in poly-GC DNA is described

by Netzel et al. using a three-component exponential decay having

preexponential values and excited state lifetimes of (0.41, 0.21 ns);

(0.29, 2.35 ns) and (0.30, 4.2 ns), respectively. In contrast, the

kinetics observed in the current study are predominantly single

exponential with lifetimes near 1.9 and 2.2 ns for poly-AT and

poly-GC DNA sequences, respectively. These data were fit with

two exponential decay terms and a constant term, but nearly 100%

of the integrated fluorescence was accounted for in the primary

decay component (Fig. 2). It is not clear why these results differ

from Netzel et al.’s study. However, there are significant

differences in experimental conditions, particularly regarding

excitation wavelength. In this study, 495 nm laser pulses were

used to excite the sample. This wavelength directly excites the

lowest excited singlet state of the TOTO molecule. In the study

reported by Netzel et al., samples were excited by the third

harmonic of the Nd3þyttrium–aluminum–garnet laser at 355 nm.

Previous study has suggested that there is an excitation wavelength

dependence of the fluorescence decay of YOYO, a related dimeric

intercalating dye, bound to DNA (20).

Detection of single-molecules of TOTO
on single oligonucleotides

Ideal single-molecule fluorescence probes have a large extinction

coefficient, high quantum yield of fluorescence, low yield of dark

state formation and high photostability. There has been little

characterization of intercalating flurophores at the single-molecule

level, but bulk studies of TOTO intercalated in DNA have shown

dynamic behavior such as single-stranded photocleavage and

photobleaching that reduces the fluorescence signal (21,22). Thus

Figure 1. Fluorescence events from TOTO intercalated into the oligonu-
cleotide GC8 (Table 1) are shown here. (a) The unmodified fluorescence
data binned into millisecond time bins. (b) Results of the burst-finding
algorithm for single-molecule events having three or more photons. See text
for details.

Figure 2. TCSPC decay curves for (a) GC8 and (b) GC100. Only photons
identified as contributing to single-molecule bursts were used. Photons were
divided into 35 ps time bins. The fitting curve convolved with a shifted IRF
is shown as a solid line. The fitting functions with the coefficients resulting
from the fit are shown. See text for details.
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TOTO and DNA-intercalating dyes in general are far from ideal

single-molecule probes in this respect, primarily because of their

reactivity in the excited state. The single-molecule data presented

here shows a factor of two to five times lower rate of fluorescence

detectable from TOTO than one normally obtains with more robust

dyes (23). The low quantum yield of fluorescence, which results in

a large spacing between the detected photons, is likely because

of a high quantum yield of dark state formation. However,

intercalating dyes have some very interesting and useful properties

as biological probes, particularly at the single-molecule level. First,

they only fluoresce when incorporated into DNA. Second, some of

them (TOTO being an example) tend to associate with DNA using

the same kinds of interactions common for peptide or protein DNA

ligands. In addition, intercalating dyes can be incorporated into

DNA-binding proteins such that they only fluoresce when the

protein binds to DNA, and the authors’ laboratory has generated

several such systems for both DNA-binding domains and for large

complexes such as nucleosomes (7,15–17). Therefore, developing

a single-molecule methodology for working with weakly emitting

fluorophores (i.e. in this case, fluorophores whose fluorescent

output saturates at relatively low laser intensity) or fluorophores

with reactive excited states is of general interest for a number of

biological applications.

Fluorescence data from 700 pM TOTO in solution with 100 nM
dsDNA of sequence GC8 is shown in Fig. 1a,b. These

concentrations ensure that all of the TOTO molecules are bound

to DNA and that there are essentially no DNA molecules bound

to multiple TOTO molecules. The detected photons observed as

a function of time (in the lab time frame rather than relative to

the mode-locked laser pulse) are binned with 1 ms long time

intervals. Although there are some events yielding more than 30

photons/ms, the majority of events had roughly 10 photons/ms

(the actual average burst size for these experiments was 13

photons).

The information available from any particular set of 13 photons

is strongly limited by statistical noise. In this case, the primary

parameter being considered is an excited state lifetime. The

simplest way to generate an overall lifetime for a fluorescent decay

is to average the arrival times (relative to the laser pulse) of all of

the photons in an individual event. In the case of a true single

exponential decay (and the TOTO decays here are predominantly

one exponential), the average arrival time is in fact the excited state

lifetime (even when the IRF has appreciable width assuming that it

is symmetric).

The relationship between the actual excited state lifetime and

the average photon arrival time can be determined as follows.

Assuming a monoexponential fluorescence decay with decay time

s, the average arrival time of the detected photons would be

hti ¼
Z T

0

t�e�t=sdt

�Z T

0

e�t=sdt ð1Þ

where T is the width of the TCSPC measurement window. One can

show that for N photons per burst, the standard deviation (due to

counting statistics) in the average arrival time is given by

r2
t ¼ ht 2i � hti2=N ð2Þ

where

ht2i ¼
Z T

0

t2�e�t=sdt

Z T

0

e�t=sdt:

�
ð3Þ

Figure 4a shows the theoretical relationship between the average

arrival time of detected photons, hti, and the excited state lifetime,

s. The difference between hti and s becomes larger for longer

fluorescence lifetimes because of the noninfinite measurement time

window. This can also be seen in Fig. 4b, which shows the

theoretical dependence of the standard deviation of the average

arrival time on the fluorescent lifetime. Though a simple arrival

time average does not yield an exact lifetime, particularly for

lifetimes that are a substantial fraction of the time window of the

measurement, it is a very rapid method for determining an effective

lifetime of a large number of independent bursts and results in the

lowest possible statistical noise. For the purposes of distinguishing

between populations, minimum statistical noise is more important

than accurate absolute lifetime.

The widths of the fluorescent lifetime distributions of Fig. 3

agree approximately with those predicted by Eq. 2 (Fig. 4b). As

can be seen in Fig. 3, the width of each lifetime distribution is

roughly 30% of the average lifetime value. Because of this wide

Figure 3. Distributions of excited state lifetimes and the associated
Gaussian fits are shown for data collected from single molecules of TOTO
intercalated into each of the oligonucleotides in Table 1: (a) GC8, (b)
GC100, (c) GC26, (d) GC50 and (e) GC76. (f) The actual GC content vs the
GC content determined from the lifetime distribution for each sample
(panels a–e).

Figure 4. (a) The mean value of the photon arrival times as a function of
the excited state lifetime according to Eq. 1. Note that for the range of
lifetimes significant in this study (near 2 ns), the actual lifetime and the
average arrival time are in good agreement. (b) The standard deviation
(because of statistical error) for various numbers of photons, N, collected
per burst according to Eq. 2.
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distribution, it would be impossible to reliably differentiate

between individual TOTO molecules bound to a poly-AT region

or a poly-GC region in a diffusing system such as this one, given

only a 0.3 ns difference between them (the widths of the single-

molecule lifetime distributions are about 0.6–0.7 ns; Fig. 3).

However, even though single-molecule diffusion events cannot be

identified individually, the distribution of excited state lifetimes

from a large number of single-molecule measurements contains

more information than does the ensemble lifetime of a bulk sample.

An analysis of such distributions can be used to determine the

equilibrium binding distribution of TOTO between different DNA

sequences.

Population analysis of single-molecule fluorescence data

Even though the average lifetime difference between the two

populations is small, the lifetime distributions are uniform, of

known width, and are composed of only the two populations for

the systems used here. Because the shapes of the distributions are

critical in this analysis, large datasets are required. Each dataset

contained approximately 16 750 events having a mean burst size of

13 photons.

The comparison of the predicted and actual GC content is

plotted in Fig. 3f. There are two points worth discussing. First, the

average residual error in the GC content determined from the

distribution analysis is small, roughly 2% overall. Thus, even

though the two populations have very similar lifetimes (1.8 vs 2.2
ns), and the error in measuring the lifetime of individual molecules

is large (roughly 6 0.7 ns) it is possible to determine the relative

fraction of each population in the distribution to a high degree

of accuracy. Second, the fact that there is a absolute linear

correspondence between the relative amount of the signal from GC

vs AT sequences and the actual amount of GC vs AT sequence

in the oligonucleotide implies that the binding constant of TOTO

to GC and AT must be essentially identical (to within about 2%

error).

An inherent limitation of this technique for determination of GC

content in dsDNA fragments is that the fluorescence lifetime of

TOTO presumably depends upon the four-base sequence surround-

ing the bis-intercalation site. In this study, dsDNA fragments

containing continuous regions of poly-AT and poly-GC sequences

were used. Whereas, in practice, an ideal technique for GC-content

determination in dsDNA fragments would not require continuous

regions of repetitive sequences similar to those used in this study.

Results from this study demonstrate the applicability of

a method using single-molecule distributions of excited state

lifetimes as a tool for analyzing two-state systems. In particular,

this technique was used to measure the relative amounts of two

subpopulations having only slightly different excited state life-

times. TOTO–DNA interactions were used as a model system

characteristic of situations in which the fluorophore under study

has desirable biological properties but poor photophysical

properties. This is possible because the population analysis

method used is largely insensitive to the statistically limited width

of the lifetime distribution of each subpopulation. Even though

bursts with as few as three photons were included in the analysis,

an accurate determination of the relative amounts of the two

subpopulations was possible. Consequently, many systems that do

not involve ideal fluorophores can be characterized quantitatively

using single-molecule fluorescence methods that use distribution

analysis.
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