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The motions of a dye-labeled DNA hairpin loop (Cy5GGGTT-(AkrAACCC-3-TMR) have been
investigated through the fluctuations in proximity ratio from fluorescence resonance energy transfer (FRET).
We examine three solution conditions: (1) MilliQ water, (2) Tris-EDTA buffer, and (3) Tris-EDTA buffer

plus an excess of DNA complementary to the loop sequences. (@drrelations in proximity ratio show
submillisecond dynamics. Static heterogeneity is revealed from the distribution of proximity ratio amplitudes.
The observed stretched exponential kinetics are consistent with a model based on the transition between two
states over a complex energy landscape.

1. Introduction There are two possible sources of information in any

) fluctuation-based experiment: (i) fluctuations in time and (ii)
_ Single-molecule spectroscopy has emerged as a powerful tooky, ¢ ations in amplitude. In fluorescence intensity measure-
in exploring the static and dynamic properties of biomolectii€s.  enis, these two areas give rise to the techniques of fluorescence
In particular, by attaching donor and acceptor fluorophores to ., relation spectroscopy (FC8)and the photon counting
a biological molecule, single-molecule fluorescence resonancepsiogran?®2LFRET was first used to study intrachain dynamics
energy transfer (FRET) provides a method through which 1 11555 et a#2 1t is also possible to examine the relationship
conformational dynamics may be probfetd:'! However, this  payeen these two sources of fluctuation, resulting in hybrid
technique does have I|m|t_at|ons, principal of which is the f|n|t_e techniques such as the measurement of burst-integrated fluo-
number of photons available from each fluorophore. This regcence lifetime Other extensions to the basic method

requires some form of thresholding algorithm to be applied in ;| de higher-order correlatiofsand the cross-correlations
order to separate bright fluorescent states from the backgroundyatween two fluorescent signafs?

noisel12Consequently, a compromise must be made between
the time scale of measurement and the integration over sufficient
time to detect the molecular fluorescence with a high signal-
to-noise rat_lo. ) . 2. FRET Fluctuation Spectroscopy (FRETfs)

The relation between the time scale of the fluctuating process
of interest and the time scale of the measurement determines In FRET, the principal property of interest is not fluorescence
the nature of the observed dynami@sTo date, all single-  intensity but the proximity ratioP
molecule FRET experiments have probed dynamics on a time
scale longer than 1 ms. For many biological processes of interest,
this is enough to resolve only the static heterogeneity; dynamic P= e )
information is more difficult to obtain.

The recent renaissance in fluorescence fluctuation spectros-IA and I are the acceptor and donor fluorescence intensities.

cop)_/l4v1.5~16poir:1ts tc;]another method r?f examinir;g biomolecular s ratig is strongly dependent on the separation between the
motion: Rather than examining the state of a system one v\, qorophores while being independent of diffusional mo-
molecule at a time, dynamics can also be probed by looking at tion.28 If the excitation laser power is kept low, photon-driven

. i 17,18 .

Fhe fluctugtlops fr?m aft_ew mo!ecu_les (tgplcaIIy;L_O). dThe . processes such as photobleaching can also be neglected, and
:(ncreas;a n S|g?a -tlo-n0|sebr|at|o glt\)/er)”_ y exagudnlng _ynam|<t:)s the proximity ratio becomes independent of the laser intensity.
rom a few molecules enables submiliisecond dynamics to be By looking at temporal correlations in proximity ratio and

re.flfl) Iviq.hﬁihcogjptrpt:mt_se IS falsol malde tie'iwe_en the rescé:utlodnthe distribution of proximity ratio amplitudes, we examine the
with which the distribution of molecular states 1S measured an parameters most strongly related to conformational change.

the proportion of molecu!ar states that may.be probed. Explicitly, we construct the autocorrelation function of the
The two extremes of this balance are the single-molecule andproximity ratio
ensemble regimes. By looking at a few molecules, it is possible

Here we examine fluctuations in both time and amplitude,
with particular focus on the former, dynamic case.

to collect information from a large fraction of the total
population while retaining enough fluctuation information to Gp(7) = [BPMOP(t + 1) )
provide a measure of the dynamic heterogeneity. P13

* Corresponding authors. D.K.: 10012@cam.ac.uk. S.B.. 10013@ and a histogram of proximity ratio amplitudes. This proximity
cam.ac.uk. ratio distribution is formed in a manner identical to that of the
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Figure 1. Schematic of the FRET-labeled hairpin loop, Cy5-5 400
GGGTT-(A)-AACCC-3-TMR. The carboxytetramethylrhodamine 300
(TMR) donor Q) is attached via a modified cytosine six-carbon linker 200
to the 3 terminus of the DNA. The acceptoA] indodicarbocyanine 100
(Cy5) is attached via a three-carbon linker to the®d. When DNA 0 ' i .
complementary to the loop segmengd)Tis added, a duplex is formed, 00 02 04 06 08 10
with the arms of the stem sequence free to fluctuate. Proximity Ratio

Figure 2. Single-molecule proximity ratio distributions for a 50 pM
single-molecule proximity ratio distributiol¥;26however, each solution of dual-labeled DNA hairpin-loop (A) in MiliQ water and (B)

data point now comes from the signal of a few molecules rather in a buffer of 100 mM NaCl, 2.5 mM Tris-HCI, and 250 Um EDTA.
than one molecule. A threshold of 10 counts in either donor or acceptor channels is applied

to discriminate between the background and the single-molecule signal.
. The integration time is 0.5 ms, and the excitation laser power is 0.3
3. Experimental Method mW at 514.5 nm.

A. Materials. Hairpin loops are one of the simplest structures proximity ratio component vanishes (Figure 2b). This may be

In nucleic acids. The inherent fluctuation present in these due to either a change in dynamics at a rate faster than the time
systems, from closed to open structures, provide a model case 9 y

with which to examine biological fluctuation phenomena. On scale of the measurement (0.5 ms) or a change in the observed

the basis of work by Bonnet et &7 we have designed a FRET- static distribution of conformation. As the bulk fluorescence

labeled DNA hairpin (CV5-5GGGTT-(AkAACCC-3-TMR). int.e.nsity of both TMR and Cy5 do n.ot. change significantly frqm
A schematic of 'E)his( s%/ructure is pr(es?seo;lted in Figure 1) The MilliQ to buffer (data not shown), it is likely that a change in

hairpin consists of a 30 base-pair loop segment arb base- dynamics is responsible for the change in the single-molecule

pair stem segment. Indodicarbocyanine (Cy5) is joined via a proximity ratio distri_bution. We can begin _to investigate this
3-carbon linker to the 'Send of the DNA, and carboxytetra- ~ Process by decreasing the measurement time.
methylrhodamine (TMR) is attached via a modified cytosine ~ Measurements at 106 resolution show dynamic information
residue and a 6-carbon linker to theedid of the DNA (Operon in the trajectories of single molecules through the probe volume
Technologies Inc., Alameda, CA). This structure was designed (again, data not shown). At this time resolution, single-molecule
to melt close to room temperature. signal-to-noise levels are low. This means it that is not possible
B. Experiment. Fluorescence is excited at 514.5 nm, and to determine the fluctuation rate by measuring the change in
the signals are detected using a two-channel confocal microscopdhe proximity ratio distribution with binning time. Signal-to-
identical to that used in our previous single-molecule experi- Noise levels can be increased by increasing the incident laser

ments!228 intensity, although this is at the expense of introducing additional
Panels a and b of Figure 2 present the single-molecule fluctuations due to fluorophore photophysics.
proximity ratio distributions for a solution of DNA hairpin in However, if dynamics are our principal interest, we may

MilliQ water and buffer (100 mM NacCl, 2.5 mM Tris-HCI, 250  concede single-molecule resolution in favor of extracting the
uM EDTA), respectively. The data were collected at 0.5 ms dynamic information from the fluctuations of a few molecules
resolution with experimental conditions similar to those of our (while still retaining a measure of the heterogeneity present).

previous work'2 B. Proximity Ratio Autocorrelation. The graphs in Figure
Figures 3 and 4 present the results from three fluctuation 3 show the proximity ratio autocorrelation for the three samples.
experiments conducted under identical conditions: constant laseData were collected at 2@ resolution with 8 million counting
power (1004W), hairpin concentration (10 nM), confocal events per channel per curve. The first point in each correlation
volume (0.3 fl), focal depth above the cover glasg«(), and  function is discarded to remove any contribution from cross
temperature (18C). Figures 3a and 4a correspond to a solution ta|k or shot noise. The autocorrelation functions are fitted by a

of DNA hairpin in M|"|Q water. An identical concentration of stretched exponentia| (Koh|rauseWi||iams—WattS |aw)
DNA was then prepared in TE buffer (100 mM NacCl, 2.5 mM

Tris-HCI, 250uM EDTA) (Figures 3b and 4b). Finally, a third t\8

sample with a large excess of DNA £ complementary to Gp(7) = Gp(0) ex;{—(;) ] 3)
the loop segment of hairpin was prepared (10 nM hairpin, 100

mM NaCl, 2.5 mM Tris-HCI, 250uM EDTA, 2 uM T3q)

(Figures 3¢ and 4c). Fitting by double exponentials result % values three times

larger than those given by stretched exponential decay. There-
fore, a stretched exponential provides the more accurate

4. Results description of the experimental correlation function. The final
A. Single-Molecule Proximity Ratio Distributions. In parameters used in these fits are shown in Table 1.
MilliQ water, the single-molecule proximity ratio distribution We assume that the hairpin motion may be described as a

shows two distinct components (Figure 2a). In buffer, the high two-state conformational fluctuation (A= B) with static
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Figure 3. Proximity ratio correlation functions for the FRET-labeled hairpin loop (CY¥&6GTT-(A)krAACCC-3-TMR). (a) DNA hairpin in
MilliQ water (20 nM), (b) DNA hairpin in buffer (10 nM hairpin, 100 mM NaCl, 2.5 mM Tris-HCI, and 28@ EDTA), and (c) hairpin in buffer
with an excess (2M) of DNA complementary to the loop segment of hairpind {10 nM hairpin, 100 mM NacCl, 2.5 mM Tris-HCI, and 2201
EDTA). The three correlation functions are described by a stretched exponent@i(fi,= Gp(0) exp[-(t/7)"].
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Figure 4. Proximity ratio distributions for the FRET-labeled hairpin-loop (CyS=B5GTT-(A)-AACCC-3-TMR). (a2) DNA hairpin in MilliQ
water (10 nM), (b) DNA hairpin in buffer (10 nM hairpin, 100 mM NacCl, 2.5 mM Tris-HCI, and 280 EDTA), and (c) hairpin in buffer with
an excess (M) of DNA complementary to the loop segment of hairpindT(10 nM hairpin, 100 mM NaCl, 2.5 mM Tris-HCI, and 250M
EDTA). For each case, the fitted function describes the distribution expected from shot-noise alone.

TABLE 1: Stretched Exponential Fits (eq 3) for the Autocorrelation Function of Proximity Ratio in the Conformational
Fluctuation of DNA Hairpin Loop under Three Different Conditions 2

conditions Gp(0) 7 (ms) s F0Oms) anisotropy TMR Cy5
MilliQ H .0 0.0855+ 0.0006 0.26# 0.004 0.44GQt 0.002 0.70+ 0.02 0.095+ 0.003 0.236t 0.004
25mMTE 0.056+ 0.002 0.19+ 0.02 0.46+ 0.01 0.45+ 0.08 0.088t 0.002 0.21H4- 0.002
100 mM NacCl
25mMTE 0.0218t+ 0.0006 0.32+0.02 0.54+0.01 0.57+ 0.06 0.145+ 0.001 0.234+ 0.002
100 mM NacCl
ZIMM T30

aBulk fluorescence anisotropies are also reported. The uncertainties presented here represent the error in applying a stretched exponential fit
and, as such, are an underestimate of the error in the actual experimental variables.

disorder, that there is a large number of fluctuation pathways The correlation amplitud&(0) can be approximated B3/
between states A and B, and that state interconversion is a simple
first-order procesd?-3! For this casez corresponds to the 1-Q?\?
effective relaxation time associated with the correlated motion, Gp(0) = [N&l 10
andp is a stretch parameter describing the heterogeneity of the
systemf3 can vary between 1 (where the system displays normal
two-state Arrhenius kinetics, with one discrete energy barrier)
and 0 (where there is a continuum of equal energy barriers and
the system shows power-law kinetics).

The mean relaxation tim&Cican be related ta and 3 by

(%)

whereK is the effective equilibrium constanfiNCJthe mean
number of fluctuating molecules in the probe volume, &d
the ratio of the proximity ratios for the two states.
C. Proximity Ratio Histogram. For completeness, Figure
4 shows the proximity ratio histograms calculated for the same
- t\8 t _ fluctuation experiment. The histograms focus on the region
&= f; exp{—(;) ] dt = (ﬁ)r(ﬁ 1) (4) where a significant population is present fOP <0.5). The
distributions are calculated at a resolution of 3@0 This level
whereI'(371) is a gamma function. For a two-state process, of binning ensures that the fluctuations are small in comparison
each pathway is characterised by a single relaxation time, whichwith the magnitude of the signal (fluctuations up to three
is the inverse of the sum of forward and backward rate constants.standard deviations from the mean will still give rise to a
[#0is the mean of all possible relaxation times. detectable signal). The background noise is negligible.



D J. Phys. Chem. B Wallace et al.

In contrast to the single-molecule proximity ratio distributions that predicted by the shot noise alone). Correlated motion is
(Figure 2), the mean proximity ratio from these histograms are observed; however, it is difficult to attribute this to any specific,
in good agreement with the ratio distributions of the bulk. This nonrandom DNA structuréi is also small, describing a broad
is due to the need for thresholding in the single-molecule case.range of energy barriers.

However, the distributions from a few molecules (Figure 4a)  |n buffer solution (Tris-HCI, EDTA, or NaCl), the mean

no longer directly show the two distinct subpopulations observed correlation time is reduced, suggesting that the hairpin is now

in the single-molecule distributions for MilliQ water (Figure a stable structure and that binding in the stem sequence is the

2a). most likely fluctuation phenomenon (i.e., the hairpin open to
The contribution from shot noise to the distributions in Figure closed transition). For this casérepresents the average

4 must be considered. The curves displayed in Figure 4 are arelaxation time for the open-to-closed transition.

simulation based on Poissonally distributed donor and acceptor \yhen the loop segment is locked by the addition of

signals (the details of this simulation are again given in a complementary DNA, the major contribution to the fluctuation
previous papéf). The distributions of proximity ratio seen in  js now confined to the motion of the stem arms and not to the

Figure 3a,b cannot be accounted for by shot noise alone, gpen-to-closed transition of the hairpin. This is confirmed by
indicating that another source of fluctuation must be present. yne higher value of stretch paramefer

For the case of 3c, where the hairpin-loop is hybridized to the
Ts0 complementary strand, one would expect the DNA to be b
much more rigid and undergo less fluctuation and, hence, the
proximity ratio distribution to more closely reflect the shot-
noise limited case. At this time resolution, we can view the
addition fluctuation as static conformational heterogeneity.

D. Controls. To relate changes in proximity ratio to changes
in molecular conformation, a number of assumptions must be
madel2:33|n essence, the fluctuations in fluorescence must be
dominated by the conformational change of DNA.

TMR anisotropy measurements (Table 1) show that the dye
can be approximated as a free rotor under all three experimental
conditions, and hence, the fluctuations in proximity ratio are
not likely to be due to orientational changes of the fluorophores.
These measurements present the static, time-averaged aniso

ropy. This does not completely rule out the possibility of changes to correct for the diffusion of the fluorescent sample. This

in the rotational freedom of the dye durlng hairpin fluctuation. diffusional correlation is absent when examining the fluctuations
However, even if such changes contribute to the observed.

fluctuations in proximity ratio, it is likely that these fluctuations in proximity ratio. The reaction rates measured by Bonnet et

would also be correlated with the hairpin open to closed al. are similar to the mean relaxation times presented here
transition P P (approximately 20Q«s, cf 450us). Their subsequent work on

. . . o the base-pair opening of double-stranded DNA confirms stretched
Variations in sample concentration or excitation laser power

: o ; e . exponential kineticg?
show no change in proximity ratio correlation time, ruling out B i . fd d f h
the possibility of experimental artifacts or correlations due to . y speciiic incorporation of donor and acceptor fluorophores
. into the different domains of biomolecules, this technique has
photon-driven processes. th tential of ining the d . f : tant
The possibility that motion of the fluorophores tethered to b'el PO eT lal o examT|rrl]|_ng t‘; dy.”am'cs O" mamll. '”E)‘I)Oi a?h
their linkers rather than DNA motion gives rise to the observed lological processes. This method Is genérally applicable o the

fluctuations is dismissed using another control. A FRET-labeled SE:de.Of t?]ny F’Toceﬁs |n\./|c|).lvmg c(cj)rtr.elated motloanetween I}NO
DNA 12-mer, hybridized to its complementary strand [12] and IS:IReES'I'Irf]I te T'Cro 0 T' Isecon FR:E% reglme%_ dor e)(lam? €
under identical buffer conditions, results in almost no detectable . uctuation spectroscopy ( s) may find application

correlation in proximity ratio (data not shown). This evidence 'fnldsitrl:d}(l'r;g l'é’;gdnb'irr'ld'n%’trentzgmrﬁ I:lnetlrcf,l?n(: grtotﬁqln -
suggests that there is no significant contribution from the olding- a on, in contrast 1o more complicated tempe

motions of fluorescent labels to the observed fluctuations. ature-jump methods, which _rer on re!axatlon frp_m a nhonequi-
The large changes in proximity ratio from hairpin to duplex librium st_ate, FRETfs.examlnes kinetics at equilibrium.

support the conclusion that fluctuations in fluorescence, and "€ Simple experiment reported here demonstrates the

hence the observed complex dynamics, are dominated bypotentlal of fluorescence resonance energy transfer flyctuatlon

conformational changes of the DNA, not other possible fluctua- SPectroscopy (FRETTS) to understand the conformational dy-

tion phenomena (e.g., DNAdye interaction). This assumption namics of nucleic acids.

is also supported by the much slower correlation§l€ 3.4

ms) observed for a 55% (by weight) glycerol/water mixture. ~ Acknowledgment. This work was supported by the Lever-

Bulk fluorescence also shows a large decrease in the proximity hulme Trust (Grant F650E).

ratio upon the addition of the complementary strand.

As discussed previously, the heterogeneity of the system may
e described by the parameferFor case 2b described in this
experimentf is 0.46; this intermediate value is consistent with
a model describing a distribution of barriers, with many potential
pathways over a complex energy landscape. The mean lifetimes
associated with these three conditions are comparable, but faster
than, the ensemble rates of base-pair opening measured by NMR
imino proton exchange<(1 to 60 ms)3°36

Stretched exponential kinetics have been observed in protein
folding dynamic&’ and in the binding of TMR linked to DNA8
DNA hairpin loops have been examined using a quenching
method by Bonnet et &f. However, limitations in the signal-
to-noise ratio in these experiments may affect the fit to the
F_tretched exponential decay. Fluorescence quenching correlation
experiments require the use of suitable control samples in order

Supporting Information Available: Figure showing prox-
5. Discussion imity ratio correlation functions for two controls.

On the basis of these results, a simple model of hairpin-loop
motion is suggested.

In water, there is a lack of counterions to stabilize the hairpin (1) Xie, X. S.: Trautman, J. KAnnu. Re. Phys. ChemL998 49, 441.
formation34 In this state, many conformations are possible, and (2) Nie, S. M.; Zare, R. NAnnu. Re. Biophys. Biomol. Struct.997,
a broad distribution of proximity ratios is seen (greater than 26, 567.
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