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Ratiometric Analysis of Single-Molecule Fluorescence Resonance Energy Transfer Using
Logical Combinations of Threshold Criteria: A Study of 12-mer DNA

Liming Ying, Mark |. Wallace, Shankar Balasubramanian,* and David Klenerman*

The Department of Chemistry, Usirsity of Cambridge, Lensfield Road,
Cambridge, CB2 1EW United Kingdom

Receied: Nawember 5, 1999; In Final Form: March 13, 2000

Single-molecule fluorescence resonance energy transfer (FRET) combined with bulk fluorescence lifetimes,
anisotropy, and spectra have been used to study a dawcoeptor labeled model DNA system (Cy5-5
ACCTGCCGACGC-3TMR). A general ratiometric analysis method using independent donor and acceptor
thresholding has been developed. Use of two logical combinations of thresholding criteria provides more
information than either method alone, revealing heterogeneity within this system. Conditions yielding similar
bulk fluorescence spectra can be readily distinguished by this single-molecule method. Fluorescence lifetimes
and anisotropy measurements also suggest nonnegligible fluoropbbi& interaction.

Introduction triplet state?* (4) spectral diffusior?® (5) rotational dynamics
. _of the dyes®6-27 and (6) distance change between two difes.
Recent advances in single-molecule spectroscopy and mi-rharefore it is essential to choose suitable control sampies and
croscopy allow one to study the molecular properties and gyamine hoth single-molecule and bulk measurements to fully
dynamic processes of t_)lomolecule_s on an |nd_|V|dua| basfs. understand the contributions from nondistance-change processes.
In contrast to conventional experiments, which measure en- — \vali-defined sequences of DNA oligomers can now be

semble averaged behavior, single-molecule measurements arg,, inely synthesized and labeled at specific sites with one or
able to probe the differences between individual molecules. The .o fiorescent molecules Consequently, FRET has been

static heterogeneity and dynamic fluctuations in the conforma- extensively applied in determining the structure and conforma-
tions of DNA, protein, and other biological macromolecules .. +f DNA molecules at an ensemble lev@t35
demonstrate one such property that is difficult, if not impossible
to detect at the bulk level, but can be potentially probed using yhege systems are examined in greater detail, a more complex
single-molecule techniqués. 1t _ ~ picture emerges. For example, Clegg and co-workers have
Fluorescence resonance energy transfer (FRET) is a widelyshown that for carboxytetramethylrhodamine (TMR) linked to
used tool in biochemistry and structural biology#In FRET, DNA, multiple conformations exist with different quantum
energy is nonradiatively transferred from an excited donor to yields 38 In addition, single-molecule lifetime measurements by
an acceptor fluorophore with an efficiency that varies as the Rigler et al. on TMR-labeled double-stranded DNA show
inverse sixth power of the distance between donor and acceptor fyctuation between two distinct conformations, one in which
By attaching donor and acceptor dyes to two sites of a bio- the TMR fluorophore is interacting with a guanine base and
molecule, FRET can be used as a sensitive probe of intra-the other in which it is no¥’ Conformational fluctuations of
molecular distance. single-TMR-labeled DNA molecules have also found to be
Recently, FRET has been introduced into the single-molecule nonergodic4° These results suggest that fluorescent hetero-
regime?1>Weiss and co-workers have established a ratiometric geneity may be an intrinsic property of dye-labeled DNA.
method to study subpopulations of single DNA molecudfe?. Therefore, characterization of the fluorescence properties of dyes
The fluctuations in energy transfer have been also used byattached to DNA is important to ensure accurate interpretation
several groups; for examples, studying the conformational of FRET data.
dynamics of single SNase protein molecules during catalysis,  Motivated by these observations, we set out to assess the
the ligand-induced conformational changes in single RNA three- capabilities and limitations of single-molecule FRET in a study
way junctions] and the folding dynamics of single GCN-4  of DNA. A Cy5—12mer-TMR DNA system was chosen as a
peptides'? simple model. Changes in the FRET of single DNA molecules
Although single-molecule FRET has great potential as a tool diffusing in solution were monitored, and a general method for
for the investigation of biomolecular dynamics, care must be identifying single-molecule FRET events has been developed.
taken in attributing the change of FRET signal to the distance The single-molecule experiments are accompanied by bulk
change between donor and acceptor. In single-molecule mea+RET, lifetime, and anisotropy measurements to justify the
surements, reasons for the fluctuation in energy transfer assumptions needed to perform the single-molecule analysis.
include: (1) reversible transitions to dark staié&22 (2)
irreversible photobleachin}>23(3) intersystem crossing to the  Experimental Section

However, there is evidence to suggest that when many of

*To whom correspondence should be addressed. (E-mail;  Materials. The 12-base oligonucleotides whose sequence is
dk10012@cam.ac.uk and sh10031@cam.ac.uk). 5-ACCTGCCGACGC-3 with either carboxytetramethyl-
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rhodamine (TMR) labeled at its 8nd, or indodicarbocyanine  was collected by the same objective and imaged onto a 100-
(Cy5) labeled at its"5end or both, were purchased from Operon um pinhole (Newport) to reject out of focus fluorescence and
(Alameda, CA). A 13-mer complementary strand T&8GACG- other background. Donor and acceptor fluorescence was then
GCTGCGA-3) was purchased from Oswel DNA Service separated with a second dichroic mirror (630DRLP, Omega).
(Southampton, UK). All oligonucleotides were HPLC purified. Donor fluorescence was filtered by two band-pass filters
DNA duplexes were prepared by mixing 100 nM 12-mer and (595RDF60 and 590DF35, Omega) before being focused onto
10 uM 13-mer in 100 mM PBS buffer (pH= 7.4). Duplex an avalanche photodiode, APD (SPCM AQ-161, EG&G).
samples were annealed by heating t¢@Gor 2 min and slowly Acceptor fluorescence was also filtered by long-pass and band-
cooling to room temperature (2C). Single-stranded samples pass filters (565EFLP and 670DF40, Omega) before focusing
(100 nM) were prepared in both 100 mM PBS buffer and MilliQ onto a second APD (SPCM AQR-141, EG&G). Dark count rates
water. for the two APDs were<50 counts/s. Outputs from the APDs
Steady-State Fluorescence MeasurementSteady-state ~ Were coupled to two PC implemented multichannel scalar cards
fluorescence spectra were measured on an Aminco-Bowman(MCS—Plus, EG&G, Ortec), the synchronous start output of
Series 2 Luminescence Spectrometer (Aminco, Urbana, IL). The ©n€ MCS card being used to trigger the second. The time delay
excitation and emission band-passes were set to 4 nm. NextPetween two MCS cards was measured with a fast oscilloscope
150uL samples of labeled DNA at 100 nM concentration were @nd found to be negligible. The overall detection efficiency of
excited at 515 nm and emission spectra were collected from OU" apparatus is estimated a%. Sample solutions of50
530 to 750 nm. All spectra were corrected for instrument PM were used to achieve single-molecule FRET detection. To
response. Fluorescence anisotropies for donor (TMR) and ensure stability of duplexed DNA at picomolar concentrations,
acceptor (Cy5) were calculated from the polarization of the 100-fold excess of the complementary strand was used to
emission componentsy, Iy, Inv, andlyy (Where the subscripts ~ Prepare a 100 nM sample, which was further diluted with a 10
denote the orientation of the excitation and emission polarizers)#M PBS solution of the complementary strand just before
asr = (lw — Gl)/(lw + 2Glvy), whereG = lyv/lyn. For measurement. Th_|s procedure results in a solution with a f|r_1al
TMR anisotropy, excitation was at 540 nm and emission spectra dUPIex concentration of 50 pM. To ensure that we are observing
were collected at 580 nm; whereas for Cy5 anisotropy, the 9€nuine smgle-mqlecule FRET in the gnncorrglanon of photon
excitation wavelength was set to 630 nm and emission was bursts seen at single-molecule dilutions (Figure 4), control

measured at 670 nm. All measurements were performed at 218XPeriments were performed using single-labeled (TMR or Cy5)
°C. DNA under identical conditions.

Ratiometric Method. The following section describes the
methods used to analyze the distribution of photon counts
recorded by the two APDs.

The FRET efficiencyE is a function of the distand® between
donor and acceptor:

Time-Resolved Fluorescence Measurementsluorescence
lifetime measurements were made with the following apparatus.
A frequency doubled, mode-locked Nd:YAG laser (Coherent
Antares 76, 532 nm, 76 MHz, 70 ps) was used for both TMR
excitation and to pump a dye laser (Coherent 702, DCM dye,

625 nm, 17 ps, 76 MHz) used to excite the Cy5 fluorophore. Roe
Both laser beams were attenuated with a combination of beam- = > (1)
splitters and neutral density filters. A 40/ beam was directed R+ RO6

into a modified inverted optical microscope (Diaphot 200,

Nikon) using a dichroic mirror (540DRLP or 630DRLP, Omega) whereR; is the Foster distance at which 50% energy transfer
to focus 5um into the sample via the microscope objective occurs. The paramet& is a function of orientation facto?
(Fluor 100X, NA 1.30, Nikon). Emission was collected using and overlap intergral.

the same objective, with a combination of dichroic, long-pass,

and band-pass filters to reject scattered laser light. Fluorescence R, = (8.79x 10 ")n~* k*®,00] 2
was detected with a fast photomultiplier (R4457, Hamamatsu).

The pulses were processed using a time-correlated single photorwhere®gq is the quantum yield of donor andlis the index of
counting card (SPC300, Edinburgh Instruments). This apparatusthe medium. In single-molecule dual-channel detectibran
gave a full width at half maximum (fwhm) for the instrument be calculated by

response function of~200 ps. The lifetime of TMR was |

measured at 100 nM concentration and that of Cy5 atL E= a 3)
because of the lower photomultiplier efficiency at longer D7,
wavelengths. A sequence of four lifetime observations were l.+ q)dndld

made with the distance above the coverslip between 5 and 10
um, these measurements were consistent within experimentalynere l. describes the number of photons detected in the
error. In addition, focusing onto the coverslip results in a strong acceptor channel for a particular time bin ang is the
deCrease in Signal, indicating that Contributions from DNA Correspondlng S|gnal |n the donor Chanr@h and (I)a denote
adsorbed on the glass surface can be neglected in our measurgne quantum yields for donor and acceptor, respectively; and
ments. 74 and 7, are collection efficiencies for donor and acceptor
Single-Molecule FRET MeasurementsThe apparatus used channels, respectively.
to achieve single-molecule detection is similar to that described To ensure that changes in FRET efficiency are dominated
previously*! The principal modification is in the dual-channel by distance-changes, it is important tiit and henca?, can
detection of the donor and acceptor fluorescence. A collimated be assumed to be constant. In addition, to directly obtain the
laser beam (514.5 nm Argon ion, series 2000, Spectra Physics)ingle-molecule FRET efficiency, the ratio of quantum yields
was directed through a dichroic mirror and oil immersion in eq 3 must also be assumed constant. Fluorescence lifetime
objective (Fluor 100X, NA 1.30, Nikon) to focus/m into a measurements by Rigler and co-workérshow two discrete
20uL sample solution supported on a cover glass. Fluorescencelifetimes at the single-molecule level, which suggests that a
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distribution of quantum yields is likely to be present. Rather care must be taken in choosing the thresholding algorithm to
than make the assumption that each molecule has an identicabptimize the information extracted from the data. Digital

quantum yield, we chose to examine the proximity r&io communication theoA§ provides a mathematical framework
within which optimal threshold values can be calculated.
I In the simplest approximation to the experimental conditions,
P= I+ 4 both the molecular signah and the backgrounblare randomly

distributed. Given the probability?s that the probe volume
contains a fluorophore, the mean molecular signahnd the

The parameteP differs from the FRET efficienc\e by the mean backgroung, the decision threshold is given by

absence of a term describing the quantum yields of donor and
acceptor and collection efficiencies for both channels. As such, 1-p
any fluctuation in quantum yield will be reflected in the In( f)+#

proximity ratio distribution. P;
Although P cannot be linked directly to interfluorophore m(ﬁ—"'ﬂ
5

distance, it is still a good indicator of fluorophore separafion.
This ratiometric approach was first suggested by Weiss and co-

From estimates gf andP, discrete threshold values for donor
and acceptor channels are estimated to-éefor donor and

workers?® and was described more recently by the same gt®up.
~4 for the acceptor channel.

For complete rapid randomization of the relative orientations
between donor and acceptor, the orientational factdnras a

There are two logical alternatives by which the thresholding
criteria for the two channels may be combined; these are, to

constant value of 2/ However, it should be noted that fef

to be 2/3, it is not necessary that the condition of dynamically

rapid averagiqg hqld. This value is possible even between two accept only those signals where both doAdID acceptor are

absolutely rigid dipoles®®> A «2 value of 2/3 is a good  aph5e their threshold values, or to accept only those signals
where either donoDR acceptor are greater than their thresholds.

The first schemeAND) will select only those FRET signals

approximation for many cases of only partial orientational

freedont*24445In these experiments, the fluorescence anisotropy
that are distinguishable above the distribution of background
noise inbothchannels. This scheme ensures that the distribution

of the TMR fluorophore is low<0.1 in all the dual-labeled DNA
of proximity ratios formed from this population will be

studied. It is therefore assumed that the orientation factor is
constant in our proximity ratio analysis. Any fluctuation in
fluqrophore orientation will resultin broadening of the proximity 4 in-ia by changes due to FRET. However, this scheme does
ratio distribution. reject those FRET signals for which the molecular signal (in
The signalsla andlg have a number of sources; these are, gjter channel) has become indistinguishable from the back-
photon counts from fluorescent molecules, @ndmy), back- 14,14 For this experiment, t#eND method describes a subset
ground counts i, and by), and cross-talk between the tWO ¢ 5yl the FRET events and will not represent the true proximity
detection channelsx and a.) distribution for low (<0.20) or high ¢0.80) values of.
The second schemeOR) includes data for which the
la=m,+ b, + alg ®) molecular signal in one channel is below the threshold. In this
ly=my+ by + ayl, (6) way, the presence o_f any very low or very high proximity.
components to the distribution can be detected. However, in
this case, the components from which the proximity ratio
distribution is formed (the donor and acceptor photon counts)
now combine both background and FRET distributions. How-
ever, even these signals only come from events where one of
the two components exhibits signal greater than the background-
rejecting threshold:
for low P, the distribution will be dominated by the
background signal in the acceptor channel, for the cases where
high donor counts are observed;
for high P, the distribution will be dominated by the
background signal in the donor channel, for the cases where
rhigh acceptor counts are observed.

However, as the number of bursts due to FRET events are
many times greater than the number of bursts due to impurities
(seen from control experiments described in the single-molecule
results section), the presence of a signal in@#edistribution
indicates that a FRET event has occurred. Assuming that the

I —f.— ol background signal is constant (as confirmed by the same control

pP= a Pa 7ad 7 experiments), changes in the magnitude of general features of
(la=Ba—aldy +(Ig— Lo this distribution indicate changes in FRET. Use of these two
methods in conjunction provides greater insight into the
The only minor factor not incorporated in this treatment is the distribution of interfluorophore separation than by application

effect of direct Cy5 excitation. Inclusion of direct excitation of either method alone.

would lead to a fixed shift in the observed acceptor signal by  The random fluctuations in signal due to photon shot-
~2% of the donor photon counts. noise results in uncertainty in the true value of the proximity

Before the proximity ratio can be calculated, the raw data ratio, which can be estimated using a standard analysis of
must be thresholded to reject signals not due to FRET. Greaterror: Variablesl, and Iy have random fluctuationsA(, =

T= (8)

The primary sources of background signal arise from scattered
light and out of focus fluorescence. These effects can be
estimated by collecting data from samples of the pure solvent
and fitting the donor and acceptor channel counts to Poisson
distributions with mean valueg, and 4. The cross-talk
parametersg, and o,g, may also be estimated by calculating
the mean ratio of acceptor-to-donor intensity for single-labeled
TMR—DNA, and equivalently, the ratio of donor-to-acceptor
intensity for single-labeled Cy5DNA. For this apparatus, a
value of~6.3% fora, was obtained, whereas; is negligibly
small (<0.5%). This value is consistent with a cross-talk
estimate based on the expected transmission of the emissio
spectrum of single-labeled TMRDNA through dichroic and
band-pass filters.

After subtraction of the mean backgrounds and correction
for cross-talk, the calculated proximity ratio becomes:
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Ve Alg = (/&) about their mean value& and & due to
intensity shot-noise. The standard deviation of r&ioan be
calculated by

(AP = (%aa: Ealy= gd)ma)2 +

a

(%m=gu=@mJ

T
= Al Al
Gaté)' © EtrE)
— Sagdz gazgd
EatE&)' (Eaté&y'
Sagd
=_>&d 9
(€.t &Y° ©
Introducing
__ %
re gd + ga (10)
and for a particular fixed threshold
_ [y 1/2
apte, =)= (L) ") a1
d
or
ape, =)= (151" 12

Selecting theAND thresholding criteria, the uncertainty bound-
ary can be estimated by

Ty T,

a

2 2\
AP@a=TJEw=TD=(ya 2, e yﬁ (13)

Likewise, if we select aiOR thresholding criteria,

1/2
:l?-i (=) 0=<y=<05

APE, =T U5 =Ty ={ 112 \1n (14)
(—Z) Yy  05<y<1

T

a
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Figure 1. Estimate of the uncertainty in proximity ratio due to the
thresholding criteria. Solid lines correspond to the two different
criteria: upper curveAND (eq 13); lower curveQOR (eq 14). Dotted
lines represent the two components of MR condition.

TABLE 1: Fluorescence Anisotropy of TMR and Cy5
Bound to DNA

sample solvent Cy5 anisotropy TMR anisotropy

ss-DNA-TMR HO — 0.062+ 0.002
ss-DNA-TMR PBS - 0.108+ 0.002
ds-DNA-TMR PBS — 0.159+ 0.003
Cy5—ss-DNA HO 0.092+ 0.005 -

Cy5—ss-DNA PBS 0.196: 0.003 -

Cy5—ds-DNA PBS 0.254- 0.006 —

Cy5—-ss-DNA-TMR  H;O 0.202+ 0.010  0.047 0.002
Cy5-ss-DNA-TMR  PBS 0.112+ 0.002  0.066+ 0.004
Cy5—ds-DNA-TMR  PBS 0.231+0.010  0.096t 0.002

these distributions can be well described by a beta funéfion.
TheORthresholding has little effect on the simulated proximity
ratio distribution. ApplyingAND thresholding to the simulation
confirms that only a relatively small subset of FRET events is
selected.

This simulation highlights the effect of thresholding on our
data and predicts the general shape of distributions we would
expect if the distribution of fluorescence signal is dominated
by shot-noise. In this way, it provides a reference distribution
to which the experimental distribution can be compared. In the
Resultssection we show that the observed distribution is quite
different from this reference distribution and that this difference
is most likely due to molecular heterogeneity.

Results

Steady-State FluorescenceSteady-state fluorescence and
anisotropy measurements were taken for all the samples

Figure 1 presents the results of this analysis using the thresholdsdescribed in this paper. Figure 3 depicts the fluorescence

applied in the single-molecule experiment (details in next
section).
If the detected signals do not contain information regarding

spectrum of single- and double-stranded €}2mer-TMR
under different conditions. The reference spectra were generated
from the sum of the two single-labeled (TMR or Cy5) samples

the heterogeneity of the DNA sample, but just reflect the shot- under 515 nm excitation, 100 nM concentration, and normalized
noise, their distributions can be described by two independentto the peak of the TMR fluorescence. A 4-nm red shift of TMR
Poisson variables. We can model these distributions to comparefluorescence is observed for all double-labeled DNA relative
the statistically random case with our experimental results, which to the equivalent single-labeled DNA spectra. The significant
helps to illuminate the effects of thresholding on our data. Mean Cy5 emission, above the level due to direct excitation and cross-
values of donor and acceptor intensities were extracted fromtalk, shows strong evidence for FRET, albeit the efficiency is

experimental data usin@R thresholding (donor- 7 counts
per bin or acceptor 7 counts per bin). Integer valuas,(= 4,

low (P ~ 0.18). It is also worth noting that it is difficult to
distinguish between the three different systems from this bulk

uq = 14) were then selected for the simulation based on thesemeasurement.

means. The proximity ratio distribution was simulated for signals
from O to 150 counts (i.e., 99.99% of all experimental signals)

Fluorescence anisotropy measurements (Table 1) show that
TMR—DNA may be regarded as a free rotor, except for the

and results are shown in Figure 2. The corrugations seen oncase of single-labeled ds-DNA in PBS buffer, where the
the leading edge of the un-binned distributions are due to the anisotropy is surprisingly high (0.152 0.003), possibly due
discrete nature of the counting events. Once suitably binned,to interaction with the DNA. These results are in agreement
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Probability

Figure 3. Bulk fluorescence spectra of TMR- and Cy5-labeled DNA.
In all cases, 515 nm excitation and 100 nM concentration were used.
Spectra were corrected for instrument response and normalized to TMR
fluorescence£580 nm). Solid lines correspond to double-labeled DNA,
and dotted lines represent the sum of emission spectra from single-
labeled (TMR and Cy5) 12-mers: (A) ss-12-mer in PBS buffer; (B)
ds-12-mer/13-mer in PBS buffer; and (C) ss-12-mer in MilliQ water.
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Figure 2. Numerical simulation of the distribution of proximity ratio based on an assumption of randomly distributed donor and acceptor photon
bursts, with meansy = 14 andm, = 4: (A) no thresholding criteria; (BAND thresholding; and (CPR thresholding.
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MilliQ water and double-labeled ss-DNA in PBS buffer. The
anisotropy of all fluorophores increases on addition of the
complementary strand to the sample.

Time-Resolved FluorescenceThe isotropic fluorescence
decay curves were analyzed by deconvolution of instrument
response with a multiexponential model. The quality of fit was
judged by reduceg?. This procedure results in all curves being
adequately described by double exponential decay, except for
the case of single-labeled ds-TM®NA, where a third very
short-lifetime component (0.14% 0.012 ns) is required. The
presence of a third short-lifetime component is consistent with
the dark state reported by Clegg and co-workéfhese results
(Tables 2 and 3) show TMR to be90% single-exponential,
whereas Cy5 exhibits significant biexponential decay.

In going from MilliQ to PBS buffer, all lifetimes are
shortened; possible explanations for this result include ionic
interaction between solvent and dye, eif@NA interaction, or
changes in lifetime as a result of altered DNA conformation.
Also of interest are the changes in going from single- to double-
labeled samples in PBS<t> of TMR—DNA increases and
<t> for Cy5—ss-DNA decreases. The final point of note is
the 14% increase ity for TMR—DNA on addition of an excess
of complimentary strand to double-labeled DNA. This increase
is most likely due to the increase in relative distance between
the two fluorophores, which is due to increased stiffness of
double-stranded DNA compared with the single-stranded DNA.
Another possibility is that there is less rotational freedom of
TMR in ds-DNA, therefore less dynamic quenching by DNA
bases.

Single-Molecule FRET.Figure 4A is an example of a 0.5-
ms integration time, two-channel photo burst trajectory for a

Significant Cy5 emission in all three spectra provides evidence for 50 pM DNA solution excited at 514.5 nm. Most bins are

FRET.

with previous experiment. The anisotropy of Cy5 is larger
than TMR, except in the cases of single-labeled ss-DNA in The signal from direct excitation of Cy5 is estimated to2%

occupied by the background signal, but anticorrelated photon
bursts can be clearly seen in the expanded panel (Figure 4B).
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TABLE 2: Fluorescence Lifetimes of TMR Bound to DNA?2

sample solvent 71 (NS) %71, 72 (NS) %1, <t> (ns) Vi
ss-DNA-TMR H,O 2.758+ 0.013 90.1 0.49% 0.008 9.9 2.535 1.254
ss-DNA-TMR PBS 2.637 0.013 88.2 0.506- 0.007 11.8 2.356 1.242
ds-DNA-TMR PBS 2.44@ 0.027 81.5 0.673 0.018 18.5 2.113 1.647
Cy5—ss-DNA-TMR H,O 3.371+ 0.015 97.1 0.45% 0.017 2.9 3.290 1.341
Cy5—ss-DNA-TMR PBS 2.58H4 0.020 96.5 0.444- 0.023 35 2.512 1.136
Cy5—ds-DNA-TMR PBS 3.003t 0.018 91.7 0.422 0.009 8.3 2.789 1.157

2ss-DNA indicates the sequence/ACCTGCCGACGC-3 ds-DNA represents this sequence hybridized t§6GACGGCTGCGA-3 P Fitting
to three exponentials gives = 3.211+ 0.035 (61.3%)7, = 1.1324 0.024 (32.7%)73 = 0.1474 0.012 (5.9%),<7> = 2.347, andy®> = 1.188.

TABLE 3. Fluorescence Lifetimes of Cy5
sample solvent 71 (nS) %1, 72 (NS) %1, <t> (ns) ¥

Cy5—ss-DNA HO 1.736+ 0.022 79.4 0.844- 0.038 20.6 1.552 1.072
Cy5—ss-DNA PBS 1.751% 0.026 75.6 0.872 0.037 24.4 1.537 1.067
Cy5—ds-DNA PBS 1.376t 0.006 83.5 0.62% 0.027 16.5 1.252 1.014
Cy5—ss-DNA-TMR H0 1.733+ 0.036 75.6 0.81& 0.050 24.4 1.510 1.004
Cy5—ss-DNA-TMR PBS 1.605+ 0.030 75.9 0.75% 0.047 241 1.401 1.009
Cy5—ds-DNA-TMR PBS 1.552+ 0.032 72.4 0.842 0.046 27.6 1.356 1.048

ass-DNA indicates the sequence ACCTGCCGACGC-3 ds-DNA represents this sequence hybridized td GGACGGCTGCGA-3

Acceptor Bin Number A tall§ from donqr to acceptor was calculated from the photon burst
o 2000 4000 6000 5000 trajectory o_f s_mgle-_labeled TMRss-DNA and was subtracted
0 in the proximity ratio. Mean values of the donor and acceptor
background levels were measured using PBS and MilliQ
solutions without the addition of fluorescently labeled DNA,
giving values of 0.6 and 0.9 counts, respectively. Thresholding
criteria were determined by examination of the background
signal distribution. A threshold of 7 counts for either donor or
acceptor channels ensures that 99.9% of the selected burst events
will be from the fluorophore of interest. As expected, this value
is slightly larger than the theoretical minimg & 6 andl, >
4) estimated with eq 6.
Figure 5 depicts the distribution of proximity ratio as defined
1 ’ in eq 5 for single-molecule double-labeled DNAND thresh-
0 2000 4000 6000 8000 olding corresponds to the left-hand set of histograms @Rd
Donor Bin Number thresholding is shown on the right). Note that the number of
AND events is much lower than the number®@R events as
Acceptor Bin Number would be expected for our relatively low FRET system. The
2400 2500 2600 2700 2800 2900 3000 B proximity ratio distributions are quite different from the
T TN W Fr © simulation in Figure 2, suggesting that a distribution of
molecular states must be present. Use ofAN® selection rule,
which selects the subset of FRET events that can be truly
separated from the background, enables the ds-DNA to be
resolved from the single-stranded samples. Tieselection
rule, which selects most of the FRET events, permits ss-DNA
in MilliQ to be distinguished from the samples in PBS buffer
by the presence of a high proximity ratio component (Figure 5,
bottom right histogram).
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Discussion

440 During the last 5 years, conformational heterogeneity has been
3000 reported for both bulk and single-molecule TMRNA. 3637
Donor Bin Number In these experiments, heterogeneity is attributed to the changing
Figure 4. (A) Two-channel photon burst trajectory for a 50-pM local environment of the TMR fluorophore. In particular, a
solution of double-labeled S.S-DNA diﬁusing in MI”IQ water. Each.bin quenching mechanism due to electron transfer to guanine
(rf\;&ejfggisstﬁ n"f:” ('ggeAg:]agg”;'nrgg doixi%VSV r:fS.aES)(;((;:Ittiaotl!logfplgiWS:els42.2 residues in the DNA chain is suggested. Our results for FMR
Anticorrelated photon burstspfrom donor and acceptor chgnnels are DNA S.hOW a Secqnd weak .“fetlme component that may also
clearly visible as indicated by. be attributed to this quenching mechanism.
Anisotropy results show that the TMR fluorophore is more
mobile than Cy5 and on introduction of Cy5, TMR anisotropy
of the TMR signal based on bulk absorption and fluorescence decreases. This result suggests that the Cy5 fluorophore could
spectra measurements of Cy5-labeled DNA. Control experimentsaffect the conformation of DNA, which may partially account
on single-labeled ss-DNA with a single TMR or Cy5 label show for the increase of donor lifetime observed in our model system.
no anticorrelation of signal. The only mechanism capable of These experimental observations indicate that great care must
producing strongly anticorrelated photon burst is FRET. Cross- be taken in interpreting any DNA FRET measurement based
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Figure 5. Single-molecule proximity ratio distribution determined usikigD andORthresholding criteria. Background and cross-talk were subtracted.

(A) ss-DNA in PBS buffer, (B) ds-DNA in PBS buffer; and (C) ss-DNA in MilliQ water. All three samples show a low proximity ratio. Also of
note is the high FRET component appearing in sample (C). Only through the use of both thresholding criteria can the different conformations of
DNA present in the three systems be distinguished.

solely on donor fluorescence quenching or the increase in ments of the persistence length of DNA have been made
acceptor fluorescence. recently*’~50 Atomic force microscopy experiments reported a

It can be seen from the differences between the observedpersistence length of 53 nm for ds-DNAIn contrast, ss-DNA
proximity ratio distributions and our simulation (in that we shows much shorter persistence lengths. For instance, Smith et
cannot accurately describe the experimental distributions with al. used laser tweezers to obtain a value of 0.75 nm for mixed-
the beta function present in the simulation), that shot-noise sequence (bacteriophage lamda) ss-D'R¥hereas Mills et al.
cannot be the only component present. All the double-labeled performed transient electric birefringence measurements to
DNA samples show a small TMR anisotropy and medium Cy5 derive a value of 23 nm>° Our observation of a high proximity
anisotropy, suggesting that changes in the distance between theatio component of ss-DNA in water is also consistent with the
fluorophores rather than the orientation factor is the main short persistence length of ss-DNA. The wormlike chain model
contribution to the fluctuations in the proximity ratio. Assuming (WLC) has also been shown to provide an appropriate descrip-
that the distribution of fluorescence quantum yields is not tion of the elastic behavior of DNA? The WLC model relates
dominant (as indicated by the small changes in bulk fluorescencemean-square end-to-end distanci2>, persistence lengtR,
lifetimes), our results suggest DNA conformational heterogene- and contour lengtih as follows,
ity exists in this system.

Single-molecule measurements of double-labeled ss-DNA in
water show a conformational component (10%) with very low
donor and higher acceptor fluorescence that is only discovered
using theOR criteria. This component cannot be detected in With these statistical results in mind, it is not difficult to
our measurements of bulk fluorescence or using\iIR® criteria rationalize the small apparent difference between the bulk
alone, which shows the advantage of doing single-molecule fluorescence spectra of single- and double-stranded DNA.
analysis using bottAND and OR criteria. The higher FRET  Assuming a helix pitch of 0.34 nm for the DNA duplex, the
component may correspond to a structure with the donor andexpected end-to-end distance for a 12-base pair ds-DNA is 4.1
acceptor in close proximity. Possible explanations for this nm. For ss-DNA, assuming an internucleotide distance of 0.6
component include the effects of fluorophore linkers or the nm, we arrive at a contour length ef7.2 nm. Estimating the
presence of a bent DNA structure bringing the two fluorophores persistence length of our sample at 2 nm, the root mean square
close together. This result highlights the usefulness of a single- (rms) end-to-end length is4.6 nm based on the WLC model.
molecule ratiometric method in understanding DNA conforma- These results suggest that, neglecting any change in fluorophore,
tion. ensemble-averaged fluorescence spectra for ss- and ds-DNA

Given that our single-molecule FRET results appear to be should be very similar, a conclusion supported by our bulk
dominated by the distance separation between the two fluoro-fluorescence spectra. Based on the transmission curves of the
phores, comparisons can be made with other experiments thafilters used, we estimate bulk fluorescence to yield mean
describe the conformation of DNA in solution. Direct measure- proximity ratios of 0.17 for ss-DNA and 0.19 for ds-DNA.

RO= 2PL(1 - %(1 - eL’P)) (15)
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