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Abstract: We have studied a donor—acceptor fluorophore-labeled DNA switch where the acceptor is Alexa-
647, a carbocyanine dye, in solution at the single molecule level to elucidate the fluorescence switching
mechanism. The acceptor, which is in an initial high fluorescence trans state, undergoes a photoisomerization
reaction resulting in two additional states during its sub-millisecond transit across the probe volume. These
two states are assigned to a nonfluorescent triplet trans state that strongly quenches the donor emission
and a singlet cis state that blocks the fluorescence resonance energy transfer (FRET) pathway and gives
rise to donor-only fluorescence. The formation of these states is faster than the transit time, so that all
three states are approximately equally populated under our experimental conditions. The acceptor dye
can stick to the DNA in all these states, with the rate of unsticking determining the rate of isomerization
into the other states. Measurement of the rate of change of the FRET signal therefore provides information
about the fluorophore—DNA intramolecular dynamics. These results explain the large zero peak in the
proximity ratio, often seen in single molecule FRET experiments, and suggest that photoinduced effects
may be important in single molecule FRET experiments using carbocyanine dyes. They also suggest that
for fast photoinduced switching the interactions of the acceptor dye with the DNA and other surfaces should

be prevented.

Introduction

There is currently a great deal of interest in adapting

Cy5 or Alexa-647. Sauer and co-work&fsund that the DNA
attached Cy5 dye, which has a trans conformation in the

biological molecules for new purposes. DNA has been used for polymethine chain in its ground state, could act as a reversible

a variety of new functions including molecular computation,
as a molecular motdras a scaffold for assembhas a photonic
wire, % and as a single molecule optical swifclf. Some of

single molecule switch. A structurally related dye Alexa-647
as shown in Figure 1 was also found to possess the same
switching behaviof.Measurements on a doneacceptor system

these recent applications are based on the attachment of donoP" immobilized DNA showed that the Cy5 could be converted
and acceptor ﬂuorophores in close proximity on DNA where into several nonfluorescent States, one that did not act as a FRET

the acceptor fluorophore has been a carbocyanine dye, eithecceptor, and the other that appeared to be more strongly in
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resonance with the donor and acted as a better acceptor, which
is probably the cis conformatidhtHowever it was not possible

to determine the exact mechanism of the switching or the role
of possible interactions between the Cy5 and the DNA from
these experiments alone. Zhuang and co-woflkae® reported
very recently a similar DNA-based reversible optical single
molecule switch using a Cy3/Cy5 pair, and a steeper distance
dependence between the two fluorophores than that in conven-
tional FRET was found in experiments performed on surface-
immobilized DNA. Again, the exact mechanism of the switching
could not be determined. Similar fluorescence switching be-
havior in the DNA attached donor/acceptor system was also
discovered by us, using the electric field generated inside the
tip of a glass nanopipet rather than the optical methlodthat
experiment the DNA construct has Rhodamine Green as the
donor and Alexa-647 as the acceptor. Here the switching
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A o followed by ethanol precipitation and then from unlabeled DNA by
o gel electrophoresis. The bands containing labeled oligonucleotide were
_C identified by visual inspection and UV shadowing. They were excised,
and the DNA eluted into 10 mM Tris-HCI using the “crush and soak”
(o} method. The oligonucleotide was purified by extraction with phenol/
chloroform/isoamyl alcohol 25:24:1, ethanol precipitation, and desalting
K 0,8 | WCH, H,Cy CH, ) with an NAP 5 column. An HPLC-purified 32-base, part-complemen-
_c—c=c—c=c~€D/sos tary oligonucleotide 5ATC GCG CCA TAC ATT AGA CGG CTG
N HHHHH CGA CGT GC-3 was 3 labeled with tetramethylrhodamine (TMR)
or Rhodamine Green (RG) via a 6-carbon linker; an unlabeled version
was also synthesized for control fluorescence lifetime experiments
(MWG-Biotech, Ebersberg, Germany (TMR and unlabeled), IBA
S0K GmbH, Germany (RG)). The 10-base “locking” oligonucleotide 5
s ATGGCGCGAT-3 was HPLC-purified and synthesized by MWG-
Biotech, Ebersberg, Germany. All oliognucleotides were prepared in
10 mM Tris-HCI (Amersham, U.K.), 1 mM EDTA (Amersham, U.K.),
.. H.C 100 mM NaCl (Acros Organics, Fairlawn, NJ) pH 7.4 buffer solution.
K 08 CHs Sy /O so- The concentration of the dye-labeled DNA was determined by-UV
—=C—C=C—C=C—Q : vis absorption at 260 nm, and the absorption at 505 nm (RG), 565 nm
NN HoN (TMR), or 650 nm (Alexa) was used as an internal reference. The
) double-stranded overhang sample was prepared by mixing the two
complementary single-stranded oligonucleotides described above, heat-
0 ing to 90°C, and slowly cooling to room temperature. It was found to
,oﬂ have a melting temperature of 8C (in NaCl Tris EDTA buffer) using
a UV—vis absorption spectrometer.
The same end and opposite end duplex DNA samples used for the
Figure 1. Structure of Alexa-647 dy& (A) and cyanine 5 (B). fluorescence lifetime experiments were prepared as previously de-
scribed.” Briefly HPLC-purified 40-base oligonucleotidé 5AG TGT
between donor-only fluorescence and acceptor-only fluorescenceAAC TTA AGC CTA GGA TAA GAG CCA GTA ATC GGT A-3
depends on the polarity of the electric field applied and occurred (MWG-Biotech, Ebersberg, Germany) wasabeled with the fluoro-
in less than 100 m&The electric field driven optical switch, ~ Phore Rhodamine Green (RG); aRG labeled and unlabeled version.
which is distinct from its optical driven counterpart, does not were also purchased. Its 40-base complementary oligonucleotide with

require oxygen removal and the addition of triplet quencher a8 C6 amino modifier (IBA, Getingen, Germany) was desalted (NAP
q Y9 plet g " 5 column, Amersham, U.K.) and labeled with an Alexa Fluor 647

Despite all thesg efforts, thg mechanism Wh'Ch governs the Oligonucleotide Amine Labeling Kit (Molecular Probes, Eugene, OR).
fluorescence switching of single carbocyanine dyes is still Anisotropy Measurement. Steady-state fluorescence measurements

elusive. were taken using an Aminco-Bowman Series 2 fluorimeter equipped
Motivated by these previous studies we have investigated awith a water bath set to 26C, and a DNA concentration of 50 nM

DNA-based molecular switch using Alexa-647 as an acceptor was used (and the locking strand at 500 nM where used). Fluorescence
in solution at the single molecule level to obtain complementary anisotropies for Rhodamine Green and Alexa 647 were calculated from
information to the surface-based studies. We aimed to explorethe polarization of the emission componeifs v, Inv, andlny (where

the link between fluorescence switching and €A interac- the s_ubscripts denote the orientation of the excitation and emission
tion, to determine the rate at which the molecule could switch Polarizers) as = (v — Glvu)/(lvv + 2Glvi), whereG = lny /.
between donor-exclusive and acceptor-exclusive fluorescenceF0r Rhodamine Green anisotropy, excitation was at 505 nm and

. . . L e emission was monitored at 530 nm. For Alexa 647, excitation was at
since our previous study using an electric field could only 649 nm and emission monitored at 666 nm

provide an upper limit O,f the rate of SW'tCh'ng on thg tlme Scalg Single Molecule Measurement.The apparatus used to achieve

of 100 ms, ar_ld to eIu_CIdate the_ mec.ha_nlsm of SW'tCh'ng' Th's single molecule fluorescence detection has been described in a recent
fundamental information may aid optimization of the switching  pypiication?* Briefly a 514 or 488 nm laser beam from an argon ion
effect for faster interconversion, which is important to the design |aser (model 35LAP321240, Melles Griot) was directed through a

of better single molecule optical switches, and clarify the dichroic mirror and oil immersion objective (Apochromat>6Q NA
potential complications arising from this switching behavior in  1.45, Nikon) to be focused&m into a 1 mLsample solution supported
single molecule experiments, particularly FRET-based measure-in a Lab-TeK chambered coverglass (Scientific Laboratory Suppliers

ments? using carbocyanine dyes. Ltd, U.K).
Measurements were performed at a 50 pM overhang with or without
Methods 500 pM locking strand in 100 mM NaCl, 10 mM Tris-HCI, and 1 mM

DNA Samples.To make the overhang samples, an HPLC-purified EDTA pH 7.4 buffer. All autocorrglation trac‘_es were taken With a bin
22-base oligonucleotidé-ECA CGT CGC AGC CGT CTA ATG U-3 time of 20us, and data_l were 'acquwed for_3 min unless otherwise stated.
was synthesized with a propargylamino-dU modified base at'thac To measure the proximity histogram a time bin of 1 ms was used and
(Transgenomic, U.K). The 22-base oligonucleotide was desalted (NAP the data were acquired for 75 min.

5 column, Amersham, UK) and labeled with an Alexa Fluor 647 The apparatus and experimental methods used to perform experi-
Oligonucleotide Amine Labeling Kit (Molecular Probes) following the ~ Ments in the nanopipet have been described previdushyefly for
manufacturer’s instructions. The labeled oligonucleotide was separated

; (10) Terpetschnig, E. A.; Patsenker, L. D.; Tatarets, A. U.S. Patent Application
from the excess dye using a Sephadex 25 (Amersham, UK) column No. 20040166515, August 26, 2004.
(11) Li, H. T., Ren, X. J., Ying, L. M.; Balasubramanian, S.; Klenerman, D.
(9) Weiss, SSciencel999 283 1676-1683. Proc. Natl. Acad. Sci. U.S.2004 101, 14425-14430.
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the pipet experimesta 1 nM DNAsolution was backfilled to the bent  displays normal two-state Arrhenius kinetics, with one discrete energy
nanopipet by a microfiller (Microfil 34, World Precision Instruments, barrier) and O (where there is a continuum of equal energy barriers
Sarasota, FL). A coverglass bottomed dish (Willco Wells GWST-1000) and the system shows power-law kinetics). The mean relaxation time
containing 2-3 mL of buffer was used as the bath. The pipet tip was [Zlcan be related te andf by

placed 5 to 1Qum above the dish surface. Two Ag/AgCI electrodes,

one in the bath and the other inside the pipet, served as the working oo 0, ([T —1

and ground electrodes, respectively. Theppgtential waveforms applied Bh= ﬁ) exp{—(;) ] dt= (E) G )

to the electrodes were created using a function generator (model DS345,

Stanford Research Systems, Sunnyvale, CA). This function generatorwhereI’(371) is a gamma function.

was also used to provide a trigger for the MCS cards. Fluorescence Lifetime MeasurementsMeasurements of fluores-
The measurements of the proximity ratio histograms in the pipet cence lifetime and anisotropy decays were undertaken using time-

and in solution were performed at room temperature;@0with a 1 correlated single-photon counting (TCSPC) techniques which have been

ms bin time used on both MCS cards. For the pipet experiment, a described in detail elsewhetel*Fluorescence intensity and anisotropy
threshold of 35 counts per millisecond bin for the sum of the donor decays were recorded for 100 nM concentrations of each sample in a
and acceptor fluorescence signals was used to differentiate backgrounds0 uL quartz fluorescence cuvette (Hellma) using & @Qcitation-
and single molecule bursts. A background of between 1 and 2 countsdetection geometry. Excitation laser pulses at 488 nm were generated
per millisecond, obtained from independent measurements of buffer by an optical parametric amplifier (OPA 9000 Coherent) pumped at
solution without labeled DNA, was subtracted from each burst. For 250 kHz by a regeneratively amplified femtosecone $apphire laser
the solution experiment at different laser powers, a threshold1df (Verdi V18, Mira900F, RegA9000, Coherent). The OPA pulses (c.a.
times the background was used, which ranges from 27 ap¥8@o 200 fs) were stretched to c.a. 1 ps by passage through a water cell and
71 at 1400uW. spectrally filtered by a 500 nm short pass interference filter (LS500
Fluorescence Correlation SpectroscopyWe used the reference  Corion) before focusing into the sample via a 10 cm focal length
method and the proximity correlation method to determine intramo- achromatic lens (Melles Griot) to a beam waist of abouufs The
lecular dynamicd! These methods are based on performing autocor- excitation pulse energy and polarization was controlled using neutral

relation analysis of the donor fluorescentg,or the proximity ratio, density wheels, half waveplates, and linear polarizers (Opto-Sigma and
P, where Melles Griot). The powers used ranged from QW to 5u«W to obtain
a comparable peak count rate (c.a. 2.50 kHz). Higher powers between
P=1a(at 1p) @) 5 and 11QuW were used for data taken with the streak camera due to

) ) ) its reduced sensitivity. The fluorescence was collectgdabs cm
andl, is the acceptor fluorescence. The autocorrelation functidn of  gperture, 5 cm focal length lens (Melles Griot) and focused onto the

wherel is eitherlp or P, was calculated using microchannel plate photomultiplier (R3809U Hamamatsu). Scattered
laser light was rejected, and donor fluorescence between 530 nm and
G(r) = WD 2 600 nm was selected using 515 and 530 nm glass filters (Schott) and

Eﬂ(t)ﬁ a 600 nm short pass filter (LS600 Corion).

Fluorescence lifetime measurements were undertaken using an NIM-
where(t)[ds the time average dft) andol(t) is the difference of(t) based TCSPC system (Ortec) with magic angle detection. Data
from [(t)L] the fluctuation inl. [BI(t) ol(t + 7 )Us the time average of  cpjlection times were approximately 35 min. A reference sample (buffer
the product of the fluctuation ihat timet and after a delay of + solution) was used to confirm the absence of any background
and will only be nonzero within the time scale of the dynamics. fluorescence. Fast fluorescence decays were recorded over 1.1 ns using

In the reference method, as described previotislye measured 4 high repetition rate streak camera (Hamamatsu C4334, instrument
the fluctuations of the donor fluorescence in time for the overhang response fwhm 23.4 0.5 ps). For TCSPC anisotropy measurements
sample with both donor and acceptor and in a separate experiment forexcitation-fluorescence detection coincidence times were built up from
a reference sample with donor only, where no FRET could occur. ajternating parallel and perpendicular fluorescence decays (10 s count
Fluctuations in donor fluorescence arise due to diffusion both in and wingow) using a rotating polarizer. The data collection time for each
out of the probe volume and due to intramolecular motion that changes sample was approximately 25 min. TCSPC and streak camera lifetime
the FRET e.fflaency.. To eliminate the diffusional contribution the. analysis (deconvolution and fitting) was performed using FluoFit
autocorrelation function of the donor and acceptor labeled overhang is spftware (Picoguant).
divided by the autocorrelation function of the donor only. This Steady-State Quantum Yield.The steady-state quantum yield of
autocorrelation function was then fitted with an exponential function. the donor fluorophore (Rhodamine Green) for the different DNA

The second method is based on measuring the fluctuations in thesamples was determined using Fluorescein (quantum yield 0.92 in 0.1
proximity ratio in time and forming the autocorrelation function.  \ NaOH) as a reference. Steady-state fluorescence measurements were
Fluctuations in the proximity ratio arise due to intramolecular motion;  taken using an Aminco-Bowman Series 2 fluorimeter, and a DNA (or
however since both donor and acceptor fluorophores are attached toF|ygrescein in 0.1 M NaOH) concentration of 50 nM in 100 mM NaCl,
the same molecule, the contribution of diffusion to the autocorrelation 109 mm Tris-HCI, and 1 mM EDTA pH 7.4 buffer was used (and the
function is largely removed. The proximity correlation is filtered S0 |ocking strand at 500 nM where used). Both the DNA and Fluorescein
that_only proximity ratios in a certain selected range are cgrrelated, t_Jy samples were excited at the same wavelength (470 nm) and recorded
setting any proximity value outside the range to zero. This method is w;th identical equipment parameters. The integrated area of the

similar to filtered two-color ratiometric autocorrelatidnand is fluorescence emission spectig @nd absorbance at 470 nif)(are
performed in the single molecule limit. The autocorrelation functions  then used to calculate the quantum yieil ¢f Rhodamine Green using
were fitted using a stretched exponential the following formula,grs = Ske * ¢ * Ad/S + Ars, Where RG and F
ny. represent Rhodamine Green and Fluorescein, respectively.
Ge() = Gx(0) ex{ (] ©) —— -
T (12) Li, H. T.; Ying, L. M.; Green, J. J.; Balasubramanian, S.; Klenerman, D.

An,_al. Chem2003 75, 1664-1670.
wheret corresponds to the effective relaxation time associated with (13) Bazlln, A. J.; Chandna, P.; Butcher, &.Chem. Phys200Q 112, 10435~

the correlated motion ang@ is a stretch parameter, describing the (14) Marsh, R.; Armoogum, D.; Bain, A. Chem. Phys. Let2002 366, 398
heterogeneity of the systerfi.can vary between 1 (where the system 405.
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DNA Overhang 1200
[ ] 1 A

800
5'-GCA CGT CGC AGC CGTCTAATG U

3'-CGT GCA GCG TCG GCA GAT TAC ATA CCG CGC TA—§@

o 400+
. 02 1
DNA ‘Locking Strand’ % "
g_ 1200
5-AT GGC GCG AT ° | B
Figure 2. DNA overhang sequences used in this study. The donor is o
Rhodamine Green (green circle), and the acceptor is Alexa-647 (red circle). 800 +
For experiments in the pipet, a Tetramethyl Rhodamine donor was used.
750 A 750 B
=
L
é 500 600 00 02 04 06 08 1.0
=8 . - .
S 250 250 Proximity Ratio
Figure 4. Effect of electric field on the single molecule FRET histograms
0 0.0 05 1.0 0 0.0 05 1.0 of the DNA overhang (TMR version) in a nanopipet at 1 nM concentration
) ) ) ) ) ) upon excitation at 515 nm at the tip. (A) Positive potenttall (0 V). (B)
Slightly negative potential-{0.02 V).
750 Cc D ghtly negative p -+ )
S
2 o0 5001 previously?” However the population of the high proximity ratio
1] T . . .
S population decreases at higher power, and additional events are
§_‘ 250 250 observed around 0.5. Following the recent single molecule
analysis of Cy5 acceptor photobleaching by Seidel and co-
L o e workers!® these changes in the histogram at higher laser powers,
' Pro ‘m‘t. Bitic ’ e . i apparent above about 50V, are assigned to photobleaching.
ximir ] imi § . . e
: Proximity Ratlo At the lowest powers used, where photobleaching is minimized,

Figure 3. Variation of the proximity ratio histogram of the overhang sample the relative populations of the low and high FRET peaks were
with laser power. (A), (B), (C), and (D) were recorded with laser powers ; i
of 130, 210, 560, and 1400\, respectively. 0:44 + 0.06 and 0..561 0.05,_ respectively. Vgry S|m!lar
histograms and relative populations were determined using the
Results and Discussion locking strand (data not shown).
DNA Overhang. We choose to study a DNA overhang The observation of two clearly distinguishable states for both
the overhang and locked overhang at low powers means that

sequence with a Rhodamine Green donor and Alexa-647 h : ot Cint ; onificantly sl "
acceptor, as shown in Figure 2. This showed the same switching ese wo states must interconvert on a signilicantly slower time
scale than the mean diffusion time across the probe&50r

behavior as we have reported previously in the electric field in Cint < by a third f tat
the pipet tip] but the fluorescence lifetime of its states turned must interconvert by a third nonfiorescence state.
Electric Field Induced Switching in a Nanopipet. We

out to be more easily resolvable using time-correlated single ) . : .
y g g studied the effect of applied potential on the population of the

photon counting. In addition, the DNA sequence used can be - the DNA h itha T hvl Rhodami
made more rigid by adding a locking strand to bind to the two states in the overhang, with a Tetramethyl Rhodamine

overhang. This locking strand allows us to explore how much gonor'baréd an Alexla-647 r?ccep'tor, 'by using a nanop!pet as
of any observed effects depend on the local environment of the escribed previously.As shown in Figure 4A, at a positive

fluorophore and how much depend on global DNA structure. POtential 43% of the population was in the low FRET state,
Anisotropy. The bulk anisotropy values for Rhodamine Green and 57%, in the high FRET state. The overhang in free solution

and Alexa-647 in the overhang alone were 0.1#8.002 and gave Fhe same histogram (data not shown). On a}pplication ofa
0.195+ 0.003, respectively, suggesting some interaction of both negative potential there was 77% ,Of the population n the low
dyes with the DNA. The corresponding anisotropy values in FRET state and qnly 23% in the h_'gh FRET state (Flgur_e 4.8)'
the presence of the locking strand were similar, 0.460.002 Thus the populations could be switched using the electric field

and 0.1804+ 0.003 for Rhodamine Green and Alexa-647 in the pipet, although the overhang was not as effective a switch
respe(,:tively . " as the duplex DNA.

Proximity Histograms in Solution. We first studied the Dynamics. We then measured the intramolecular motion of

power dependence of the proximity ratio histogram for the the overhang and the overhang with a locking strand at low

overhang sample. In these experiments it is necessary to increasiSer Power, 3@W in solution. Changes in the FRET histogram
the threshold used at higher powers due to the increasedVere only detectable at powers above 300, so the power

background and to keep the total number of single molecule USed for these dynamics experiments is an order of magnitude
events constant. The resulting threshold is close to 10 times/ower and hence any photobleaching contribution to the observed
the background. These data are shown in Figure 3 dynamics should be minimal. The first experiment was per-

At all powers, two subsets are clearly resolvable. These have 15) E
peaks centered close to zero and 0.9, as we have reporte C.

ggeling, C.; Widengren, J.; Brand, L.; Schaffer, J.; Felekyan, S.; Seidel
A. M. J. Phys. Chem. 2006 110, 2979-2995.

11426 J. AM. CHEM. SOC. = VOL. 128, NO. 35, 2006



Single Molecule DNA Switch in Free Solution ARTICLES

1.0 Table 1. Mean Time for Intramolecular Motion and Beta
| Parameter Obtained Using the Reference Method and Filtered
Proximity Ratio Method for the DNA Overhang and Locked DNA
0.8+ Overhang (See Text for Details)
] OTus) B
. 0.6 -
* ] reference method 234+ 34 1 (fixed)
o (10 nM)
0.4 reference method 311+ 18 1(fixed)
1 locking (10 nM)
0.2 filtered proximity ratio 454+ 36 0.42+£0.03
T T T . T overhang (low P)
0 200 400 600 filtered proximity ratio 277+ 15 0.46+ 0.02
Time (ps) overhang (high P)
filtered proximity ratio 704+ 12 0.44+ 0.02
overhangt locking (low P)
1.0 filtered proximity ratio 3534+ 27 0.45+ 0.03
08 1 overhangt locking (high P)
~ 0.6 . . . .
X ] low proximity state and both rates increase in approximate
O 0.4- proportion on addition of the locking strand. This dependence
0.2 on the locking strand suggests that the measured rates depend
] on the DNA structure and do not solely depend on local motion
0.0 RN of the fluorophore on its linker.
100 1000 10000 Importantly, we have found that the mean times for intramo-
Time (ps) lecular motion are only a factor of-5 longer than the mean

Fi 5. Fluorescence correlation measurements of the DNA overhan diffusion time. This indicates that the low proximity peak cannot
u’s%gge(A') the reference method and (B) filtered proximity ratio correlation.g mterponvert directly with the high proximity peak but must do
In (B) O and O represent low and high proximity ratio correlations, SO Via a third dark state, not detectable by fluorescence.
respectively. Fluorescence Lifetime.We then performed ensemble fluo-
rescence lifetime measurements of the donor fluorophore,
formed at 10 nM, where there are on average 10 molecules indetecting fluorescence between 530 nm and 600 nm, to get direct
the probe volume at any one time so that the rate measured isevidence for the suggested dark state. The different states of
the sum of all the intramolecular motions (Figure 5A) using the acceptor would result in different fluorescence donor
the reference method (see Methods for details). This gave aniifetimes, since each acceptor state would have a different FRET
average time of 23fs and 31Qus for the intramolecular motion  efficiency. We also measured the fluorescence lifetimes of the
of the overhang and the overhang with the locking strand, duplex DNA that we have studied previously with the donor
respectively. and acceptor at the same end or opposite ends for compdrison.
We then applied the filtered proximity correlation in the single The results are summarized in Table 2.
molecule limit by only correlating proximity ratios in the range The fluorescence lifetime of Rhodamine Green in solution
0 < P < 0.5 for the low proximity peak and 0.5 P < 1 for is 4.3 ns. The donor-only overhang is fitted with two lifetimes,
the high peak. The high proximity ratio subpopulation and low one due to free dye (81.5%) and one due to quenching of the
proximity ratio subpopulation gave different time constants for donor (18.5%) by interaction with the DNA. When this overhang
their autocorrelation functions as shown in Figure 5B. For the is locked, then interactions of the donor with the DNA are
overhang the high proximity subpopulation gave a mean time reduced so that the amplitude of this quenched lifetime is also
of 270 and 35Qus for the overhang and the overhang with the reduced to 7%. The opposite end duplex has negligible FRET
locking strand, respectively. The low proximity subpopulation and also shows two lifetimes, one due to free dye and one
gave a mean time of 450 and 706 for the overhang and the  quenched due to the interaction with the DNA of similar time
overhang with the locking strand, respectively. Thealue was constants and amplitudes. For the overhang with both donor
close to 0.4 in all cases. & value of 0.4 suggests that there and acceptor present, FRET between the donor and acceptor
might be several parallel pathways that the fluorophore can leavewas also possible, and it was necessary to fit with three lifetimes
the high or low proximity state. A temperature dependence study as judged by the values of reduced chi-square. Without the
showed no detectable variation in mean time with temperature locking strand there was a population with a lifetime close to 4
suggesting a low barrier to interconversion between conforma- ns, one with a lifetime of 1.3 ns and a third lifetime of 0.33 ns.
tions (data not shown). The results are summarized in Table 1.The lifetime at 3.8 ns is due to the free dye providing additional
Note that the reference method measures the rate of allevidence for the acceptor existing in a state that does not FRET
intramolecular motions. In these experiments, the filtered with the donor. The reduction in lifetime from 3.8 to 0.33 ns is
proximity ratio method (FPRM) just measures the rate the due to FRET with the acceptor giving an estimated FRET
molecule leaves the low or high proximity state. The calculated efficiency of 0.9 in good agreement with the single molecule
overall rate from FPRM is (454 + 277 Y1 us, i.e., 172us, histogram. The lifetime at 1.3 ns corresponds to a quenched
for the overhang and (704 + 353171, i.e., 235us, with the state of the donor, due to interaction with the DNA, which is
locking strand in reasonable agreement, within 30%, with the also present in the donor-only overhang. Addition of the locking
reference method. The FPRM method shows that the rate ofstrand makes the FRET efficiency decrease slightly (due to the
motion is faster from the high proximity state than from the increase in donoeracceptor distance on formation of duplex
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Table 2. Fluorescence Lifetimes and Quantum Yields of Donor Fluorophores on Duplex DNA, Overhang DNA, and Locked Overhang DNA

quantum
DNA T; (ns) A (%) T, (ns) A, (%) T3 (ns) As (%) Ve yield
overhang (D) 3.7% 0.02 81.5+0.1 1.4+ 0.1 18.5+ 0.4 1.53 0.31
locked overhang (D) 4.7% 0.02 92.9+0.2 1.2+ 0.3 7.1+ 0.5 1.65 0.75
overhang (D+ A) 3.80+0.03 35.8+£0.1 1.3+ 0.1 32.1+0.2 0.33+ 0.06 321+ 1.0 1.39 0.18
locked overhang (B- A) 4.58+ 0.06 34.0+£0.1 1.5+ 0.2 38.2£ 0.2 0.50+ 0.10 27.8+£0.7 1.56 0.41
opposite end duplex (B- A) 4.474+0.03 84.4+ 0.2 1.5+0.1 15.6+ 0.4 1.38 0.64
same end duplex (B- A) 3.944+0.03 40.2+ 0.1 1.5+ 0.1 14.6+ 0.1 0.124+0.01 452+ 1.6 1.22 0.20
~> 1000 S
3 ]
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Figure 6. Streak camera measurements of the fluorescence decays of the same end and opposite end duplex DNA with donor and acceptor taken with a
pulse energy of 440 pJ. The solid lines show the fits to the decays.

DNA) so that the lifetime of the shortest FRET state increases with donor and acceptor dyes, where there is no evidence of
to 0.5 ns. When both fluorophores are at the same end of theadditional dark donor states. FRET and consequential excitation
duplex DNA, FRET should now be highly efficient, and we of the acceptor only occurs when donor and acceptor are at the
see a decrease in the lifetime of the state due to FRET to 0.12same end of the duplex. These experiments were performed with
ns corresponding to an FRET efficiency of 0.97. a streak camera with an instrument response function of 23 ps.
The quantum yields were also measured in a steady-stateAs shown in Figure 6, this experiment at a 440 pJ pulse energy
experiment. The locked overhang quantum yield is more than resolved the fast component for the same end duplex previously
double that of the overhang which indicates that there are alsomeasured to be 120 ps into two lifetimes: one of £.0.3 ps
other donor dark states for the overhang whose lifetimes areand one of 89.9t 0.7 ps with amplitudes of 7& 5% and 7.5
too short to be detected in our time-resolved experiments (the = 0.5%, respectively. In contrast, as shown in Figure 6, the
instrument response function is c.a. 67 ps) probably due to opposite end duplex did not show these fast decays. The
increased interactions of the dye with the flexible DNA in the amplitude and lifetime of the fast component of the same end
overhang. Addition of an acceptor to the overhang gives the duplex were found dependent on the laser pulse power, possibly
expected reduction in donor quantum yields due to FRET. When due to direct excitation of the acceptor, so a power dependence
the overhang is locked, the environment of the donor changesstudy was performed from a pulse energy of 80 pJ down to 20
so that quenching interactions are reduced and the quantum yield?J, the lowest power with which it was possible to take data
increases. On addition of an acceptor to the locked overhang,with adequate signal-to-noise. The result of a global fit of these
there is still a clear reduction in quantum yield of the donor in data is shown in Table 3. The lifetime of the fast component is
the presence of the acceptor due to FRET. The opposite endl8 ps and its amplitude is'50%, while the other component
duplex has a high quantum yield, similar to the locked overhang, has a lifetime of~110 ps with an amplitude of10%. These
while the same end duplex quantum yield is reduced by a factor results show that, as well as efficient FRET between the donor
of 4 due to efficient FRET. and acceptor giving rise to the state with a lifetime of 110 ps,
These experiments in combination show clear evidence for there is a significant population of an additional heavily
FRET between the donor and acceptor in the DNA constructs quenching state of the acceptor present, reducing the donor
and an additional donor state that does not FRET with the lifetime to 18 ps.
acceptor. They provide no evidence for an additional dark  Fluorescence Anisotropy.The results of the fluorescence
guenching state of the acceptor which can efficiently FRET with anisotropy measurements are summarized in Table 4, and the
the donor. We therefore performed an experiment with a higher decays are shown in Figure 7. The data for constructs with
time resolution on the same end and opposite end duplex DNA donor-only and the opposite end duplex, which has no FRET,
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Table 3. Global Fit to Streak Camera Data for the Same End Duplex Taken with 20—80 pJ Pulse Energy

DNA 71 (ns) Ay (%) T2 (ns) Ao (%) Ts (ns) As (%) T2 (ps) A (%) x
same end duplex 3.94 18.6+ 1.00 1.48 11.3+1.2 0.11+ 0.02 8.7+ 4.7 18.1+ 2.3 61.3+17.1 1.095
(D+A)80pJ (fixed) (fixed)
same end duplex  3.94 23.0+0.9 1.481 11.0+1 0.11+ 0.02 9.4+ 4.1 18.1+ 2.3 56.6+ 14.3 1.074
(D+A)40pd (fixed) (fixed)
same end duplex  3.94 23.7+£ 05 1.48 12.0+ 0.5 0.11+ 0.02 10.8+ 2.2 18.1+ 2.3 53.5+ 7.6 0.976
(D+A)20pJ (fixed) (fixed)

Table 4. Fluorescence Anisotropy Measurements of Donor Fluorophores of Donor Fluorophores on Overhang DNA, Locked Overhang
DNA, and Duplex DNA

cone angle

DNA T. (ns) A (%) Tz(ns) A (%) T3(ns) As (%) (deg) b
overhang 0.67+ 0.02 63.6+ 0.9 9.3+ 0.3 36.4+ 0.7 46.4+ 0.4 1.39
()]
locked overhang 0.96+ 0.04 44.9+ 0.9 12.7+0.3 55.1+ 0.8 39.4+ 0.3 1.23
(D)
overhang 0.30+0.01 56+ 2 21+0.3 35+ 2 27+ 15 8+2 1.07
(D+A)
locked overhang 0.38+ 0.04 28+ 2 3.1+ 05 41+ 5 16+5 21+ 6 0.99
(D+A)
opposite end duplex 0.55+ 0.02 56.5+ 0.7 10.4+ 0.2 43.5+ 0.5 43.2+0.2 1.49
(D+A)
same end duplex 0.18+0.01 76+ 2 1.4+ 0.2 12+ 1 29+ 5 12+ 1 1.09
(D+A)

the fluorescence anisotropy of noninteracting molecular probes

0.4+ o : . e
(A) Overhang within macromolecules. Restricted rotational diffusion is mod-
- :  Donor eled as diffusion or “wobbling” confined to a cone defined by
024 § = Donor & Aceptor the angular limits 0< 6 < Omax Wherefmax is the maximum

angle of the cone. The anisotropy decay is then approximately
biexponential with a slow overall isotropic diffusionTs]
moderating a faster restricted rotational local diffusiog).(The

§ change in anisotropy with timéx(t), is given by
‘g | (B) Locked Overhang R(t) = R(O) eXp(_ t/TS)[AS + A2 eXp(_t/Tz)] (5)
E 0.2 | gg:g:& Aceptor From ref 16 the cone angle is given by
3 .
1
§ 0.0 \/KC% = E[COS emaxl + Cosemax)] (6)
7]
§ 0.4 t') 5 110 T 115 T 2-0 N Using this approach, the fluorescence anisotropy decays of the
E 7 (C) Duplex donor in the absence of FRET could be modeled as restricted
) _ P ) local rotational motionT, c.a. 0.5-1.0 ns) within a conefmax
0.2+ ) gpposﬂe End Duplex c.a. 39—46°) mediated by the slower diffusion of DNAT{
ame End Duplex
] c.a. 9-13 ns). In the presence of FRET, the fluorescence
anisotropy Reret(t)) is modified by an additional fast (c.a. 180
0.0 380 ps) depolarization componer):
o 5 10 15 20 Rerer(t) = R(O)[A; exp(-t/T;) + A, exp(— t/T,) + A; exp
Time (ns) (—UT] (7)

Figure 7. Fluorescence anisotropy decays for (A) the overhang, (B) the fixed i . d larizati f the d
locked overhang, and (C) duplex DNA constructs. The black squares indicate I_n Ixed Interacting Sy_StemS ] epolarization of the ) onor
the anisotropy decays for the donor in the absence of the acceptor or foranisotropy due to FRET is forbiddéhHowever, theoretical

(C) where no FRET is possible due to the distance between donor and models of Tanak& indicate that the donor anisotropy can itself
igggg:g:'atgzrgi‘lnct";'ﬁfa";‘;eclfg;e”;ocfgnﬁtfgjrcgsﬁiggﬁ:ng(ét?. donor and e gepolarized as a result of FRET if the relative orientations
of the two species are time-dependent as, for example, a result
of local rotational diffusion of either species within the DNA
host. Indeed, for all three constructs where FRET is expected
the depolarization of the donor is faster and more marked; this
can be seen in Figure 7 where the donor fluorescence anisotro-

were fitted with two exponential decays and an initial anisotropy,
R(0). For constructs where donor and acceptor were in close
proximity, a third exponential was required to fit the data. The
cone model of Kinosita et &f.has been widely used to interpret

(17) Tanaka, F.; Mataga, Nbhotochem. Photobioll979 29, 1091-1097.
(16) Kinosita, K.; Kawato, S.; Ikagami, AMiophys. J.1977, 20, 289-305. (18) Tanaka, FJ. Chem. Phys1998 109, 1084-1092.
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pies for equivalent constructs are compared. These observationgation reaction to produce a eisis state. Work by Batyuto et
are most striking in the case of the same end duplex constructal??> demonstrates that dibcarbocyanine dyes show stepwise
where the amplitude of the fast (c.a. 180 ps) depolarization photoisomerization to form a cis angd di-cis product. The
component of the anisotropy is significantly larger tham, shift in the absorption spectrum is in the opposite direction for
for the opposite end construct due to efficient FRET in good the two isomers and depends on the electron-donor ability of
agreement with the lifetime measurements. terminal groups. Similar evidence has been found for the
Discussion photoisomerization of DTDCI cyanine dye by Vaveliuk e#al.

Alexa-647 exists in three statesThe FRET histograms we where two photoisomers where observed. The first isomer had
observed would be expected to show a single peak, since it is2 strongly overlapped absorption spectrum with the normal
expected that the DNA exists in a single conformation or a range species, and the second isomer, a red-shifted spectrum. Based
of conformations with the same average FRET efficiency. on these studies we could assign the dark state to-acids
However we have observed two clear peaks in the proximity state that had better overlap with the donor fluorescence
ratio histogram, one at high proximity ratio corresponding to spectrum and hence would act as an effective quencher
efficient energy transfer and one at low proximity ratio producing a dark state. However, a more recent transient
corresponding to very inefficient energy transfer. If there was absorption study of Cy%! has provided more convincing
direct conversion between these two states on the time scale okyidence for this dark state being a trans triplet state. A peak

the diffusion time across the probe volume, then this would \yas found at 625 nm on top of the ground-state absorption of
result in one broad peak. However we have also measured rat€$o trans forn?! Based on the increased absorption in the

for the ‘?"SaPpea_rance from these two states that are Comlo"i'rablf)resence of a triplet promoter, this state is assigned to the trans
to the diffusion time for the molecule across the probe volume.

This is only possible if the Alexa-647 does not convert directly

between the high and low proximity states but goes via a third tate. due t d lap bet d S d th
state which is nonfluorescent and also results in no donor Stat€, dU€ 10 good Overlap between donor emission an €

fluorescence; i.e., it is totally dark. This would need to be a absorption spectrum of the trans triplet state, and returns to the
state where there is efficient energy transfer but the acceptor is9round state by a variety of nonfluorescent pathways, producing
nonfluorescent and, hence, acts as a quencher. We have als8 dark state. The only state via which it is not possible to return
found independent evidence for three acceptor states from theiS the trans $state since this will result in fluorescence, but
ensemble fluorescence lifetime measurements of the donor takerihe cis T and § and trans T are all possibilities. Thus the
with the streak camera. In the single molecule experiments thesedark state is one isomer of dye that has efficient FRET with
three states of the Alexa-647 are formed rapidly during the the donor but is nonfluorescent, and based on the most recent
molecule’s transit across the probe volume, since the dye existswork,2-24this would be assigned to the transsfate of Alexa-
only in the trans form in its ground state. 647. The key states assumed to be involved are shown in Figure
These three states are likely to be isomers with different g
photophysical properties formed by photoreactions when the
acceptor is in its excited state. It is known that cyanine dyes
exist only in the trans state in their ground st&®&chwille

triplet state of Cy5. As suggested in this recent sttfdhis
state would be effectively excited by FRET to a higher triplet

The transient absorption experiments on Cy5 were performed
in deoxygenated ethanol so the triplet state will be significantly
and co-workers found that Cy5 dye could photoisomerize fast Ion.ger' lived than in our experiments where oxygen is present.
to the cis form in 46-200 ns and also photoisomerize back to This difference and the different solvents mean that we cannot
the trans form in its excited sta® The cis state will have a  Use the rates from the transient absorption experiment to estimate

different absorption spectrum, and this has recently beenrates for the photoreactions in our experiments. However,
measured for Cy5. The results of recent transient absorptiongualitatively the fast photoisomerization and back-reaction in
experiment& showed that the cis state is red shifted to a peak the § state would result in an equilibrium between trans S
at 690 nm, compared to the trans state at 650 nm. This has twoand cis $ being rapidly reached. The ratio of fraction of
consequences: first the cis state has a much poorer overlap wittmolecules in the ground state trang &d cis $ states will
the donor emission spectrum and hence the FRET efficiency reflect this equilibrium. A second equilibrium would also be
will be less; second, the interconversion from the ground state rapidly set up with the transiTstate, due to fast intersystem
cis to trans, via excited-state photoisomerization, is slow on the crossing taking about &s2° Both the isomerization pathway
time scale of our experiment due to poor excitation of the cis from the trans § state to the cis T state and the back-
excited state. Hence we observe two distinct peaks in the jsomerization from the cis {Tstate to the trans;Sstate shown
proximity ratio histograms. This assumes Alexa-647 shows the ;| Figure 8 have been observ@e It was also suggested that
same red-shift in ItS.C'.S st.qte as Cy5 which seems I|I.<elyl b".Jlsmjthe potential energy surfaces of cigs dnd trans gare almost

on the structural similarities of the dyes and their similar . .

. - . degeneraté! Taking these factors into account, we would expect
absorption and emission spectra. We therefore assign the low . . .
proximity ratio peak tocis-Alexa-647. that all four states would be involved in the photophysics of

The dark state must also be formed by a photoreaction sincethe chromophore and significantly populated. It should also be

it is formed rapidly. One possibility is a second photoisomer-

(22) Batyuto, Y. V.; Razumova, T. K.; Tarnovskii, A. lDpt. Spectrosc2002

(19) Baraldi, I.; Carnevali, A.; Momicchioli, F.; Ponterini, Spectrochim. Acta 93, 399-407.
A 1993 49, 471—-495. (23) Vaveliuk, P.; Scaffardi, L. B.; Duchowicz, R. Phys. Chem1996 100,
(20) Widengren, J.; Schwille, B. Phys. Chem. 2000 104, 6416-6428. 11630-11635.
(21) Huang, Z. X.; Ji, D. M.; Wang, S. F.; Xia, A. D.; Koberling, F.; Patting, (24) Huang, Z. X.; Ji, D. M.; Wang, S. F.; Xia, A. D.; Koberling, F.; Patting,
M.; Erdmann, RJ. Phys. Chem. 2006 110, 45-50. M.; Erdmann, RJ. Am. Chem. So005 127, 8064-8066.
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T

cm?, 26 which would give a slightly faster isomerization rate of
~3 x 10° s~ 1 with a 14 kW/cn# excitation intensity. The mean
relaxation times we have measured using the reference method
and proximity ratio filtered autocorrelation are significantly
S slower, by a factor of 20 compared to the dye on a DNA
1 construct in ref 24 and 100 compared to the free dye. The rate
T1 of crossing to the triplet state for Cy5 is also much faster (time
constant~1 1s)2° While there may be some differences in
| < photophysics between Alexa-647 and Cy5, based on their
| similarity in structure this is unlikely. We therefore cannot be
i measuring crossing to the triplet state or photoisomerization in
! So our experiment since they would lead to a single broad peak in
! the proximity histogram. It is more likely that the reason that
S - measured rates are so much slower with the dye attached to
0 t . DNA is due to the isomers sticking to the DNA as suggested
:]'ans . evels of g’s ved by Sauef Once stuck to the DNA the photoisomerization rate
Figure 8. Schematic of energy levels of trans and cis states involved in i« «iynifi ;
the FRET mediated photoisomerization and back-isomerizatiis; ST1, IS S|gn|f_|cantly reduced, or no.t poss@le,_so that the dye needs
and T, represent the ground singlet, excited singlet, first triplet, and excited 'O UF‘St'Ck before f_aSt pho_t0|somer|zat|9n can occur. Some
triplet states of Alexa-647 dye, respectively. Abbreviations fl, ph, isc, risc, fraction of the dye is effectively trapped in each photoisomer
and ic denote fluorescence, phosphorescence, intersystem crossing, reversgtate by sticking to the DNA, since the time taken to unstick is
intersystem crossing, and internal conversion, respectively. The scheme e
shows major processes only. !onger than the average transit time across the probe vqu_me_. It
is the unsticking rates that we measure. The rates for unsticking

noted that the cis Tistate also absorbs around 690 nm: therefore for the trans and cis states are within a factor of 2 of each other,
this state may contribute to the low or “zero” FRET peak as @S would be expected for isomers of the same molecule. This
well sticking would not involve strong bond formation, but rather

. . . weak noncovalent interactions where the loss of entropy on
Dynta mlcs._'[ht(_are Eassbegnl a d((jatalled Sijdy of I_:REﬂT-med|ated binding to DNA is compensated by a gain in enthalpy, and hence
acce;l) ?.r excita '?n y ﬁ? Teh.an tcg-wor: ers lt'ﬁ 'T% u?jreslcencethere would be no measurable activation barrier as we have
corretation spectroscopy. 1his Study Snows that for GUpIeX ¢, nq in our temperature-dependent studies (data not shown).
DNA with a Cy5 acceptor at one end the measured isomerization Locking of the overhang produces no large change in the
rate (the sum of the forward and backvyard |somer|.zat|on rates) population of the three states as measured by the fluorescence
depends linearly on laser power and increases with the FRET

fici Thi dv d ined th ¢ . lifetime, in agreement with the FRET histograms. We note that
etmeiency. This stg y determined t grate constant for Ctoss'ng interaction or sticking of fluorophores to DNA has also been
from the trans excited-statq ® the triplet to be 0.5¢ 1(f s

o i observed in other single molecule experiments on a comparable
and the rate constant for deactivation of the triplet state to be time scal&s:27

0.2 x 10° s71, in agreement with previous measurements on
DNA.20 Both studie¥’?showed that the isomerization rate of
Cy5 was reduced by a factor of 5 compared to the free dye.
This reduction indicates a change in local viscosity when the
dye is attached to the DNA. The question then arises what are
the time constants that we are measuring in our experiment?
Do they report back about photoisomerization rates of the
gcceptor or about intramolecular motion of the acceptor which that, despite the photoinduced isomerization of Alexa-647
is attached to the DNA? occurring at low laser power, we probe the dynamics of the
The easiest way to address this question is to estimate thejntramolecular motion of the fluorophore.
overall isomerization rate, the sum of the forward and backward Single Molecule Switching.We will now consider if this

isomerization rates, at our excitation intensity, 14 KW€m el is in agreement with previous data on single molecule
(excitation power 3Q:W focused to a beam waist of 260 Nm  gyitching. Qualitatively our model is consistent with that
measured by fluorescence correlation of Rhodamine 6G in proposed by Sauer and co-workgirs that switching involves
solution). For the highest FRET DNA sample with a four base formation of a cis state and also sticking of the fluorophore to
pair separation between donor and acceptor studied previusly, the DNA. However quantitatively there is a difference in
the linear plot with power has a gradient of 8.2HEW cm~2, measured rates between solution phase and surface immobiliza-
This study showed that the isomerization rate is reduced by atjon studies. Slower rates, on the order of a few milliseconds,
factor of 5 compared to the free dye. So at our laser intensity \ere observed in surface studies. This may reflect differences
the estimated overall isomerization rate would be £.20° in experimental conditions since the surface experiments were

s71, giving a lifetime of~9 us. A more recent measurement of performed under conditions of oxygen removal and addition of
Cy5 photoisomerization on a hairpin DNA gave a rate constant
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The unstuck dye can photoisomerize fast and set up the
photoequilibrium as described above, giving rise to approxi-
mately equal populations of the low FRET, high FRET, and
dark state. Some fraction of these different isomers is then
trapped by sticking to the DNA, and the unsticking rate, which
is the intramolecular motion of the fluorophore on the DNA, is
measured in our experiment. Therefore, our experiments indicate

of (1—2) x 10* st at an excitation intensity of (0-51) kW/ (26) Cosa, G.; Harbron, E. J.; Zeng, Y. N.; Liu, H. W.; O'Connor, D. B.; Eta-
Hosokawa, C.; Musier-Forsyth, K.; Barbara, P.Btophys. J2004 87,
2759-2767.
(25) Widengren, J.; Schweinberger, E.; Berger, S.; Seidel, C. AJ.MPhys. (27) Edman, L.; Mets, U.; Rigler, RProc. Natl. Acad. Sci. U.S.A996 93,
Chem. A2001, 105 6851-6866. 6710-6715.
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a triplet quencher. They may also simply be due to structural switching process, since it showed that the switching must go
differences between the two fluorophores or differences in the through a third dark state. Photoisomerization gives rise to a
local microenvironment of the fluorophores due to differences form of the Alexa-647 dye that has poor energy transfer with
in the local DNA structure. However, surface constraints and the donor fluorophore, assigned to a cis stated this gives
steric hindrance may also affect the photophysics of the dye, rise to a significant donor peak in the proximity histogram as
just as we have observed that sticking of the dye to the DNA has been observed previously for single molecule FRET studies
reduces the photoiomerization rate. There is also evidence thatusing Cy53! The dependence of histograms on power means
surface attachment can alter the dynamics and accessiblehat the real distance between donor and acceptor could not be
conformations of DNA&29 although this will depend on the  determined, unless the measurement is carried out at such a
surface chemistry used. This may mean that the dye spends dow power that any photophysical effect is negligible. These
longer time stuck to the DNA or surface before it unsticks and results are important for single molecule FRET studies. While
can photoisomerize. In addition, it is also possible that steric histograms are affected, the dynamics measured here is still the
constraints affect which double bond undergoes photoisomer-motion of the fluorophore and not the rate of photoisomerization.
ization and the rate of photoisomerizat®Therefore the rates  This is probably the case in other studies using Cy5. It may be
of many of the competing processes shown in Figure 8 seemdesirable to prevent dyeDNA interaction for single molecule
likely to depend on the local microenvironment of the fluoro- experiments to make interpretation of data simpler, or alterna-
phore and hence depend on the DNA sequence, local oxygertively it may be better to use the dye locked in the trans form.
concentration, presence of triplet quencher or intersystem Qur results show that the single molecule DNA photoswitch
crossing enhancer, and steric hindrance due to the fluorophoreexists in three states, that switching can take place in less than
sticking to the DNA or surface making quantitative comparisons a millsecond, and that one needs to prevent sticking to the DNA
more difficult. for faster switching. This may be possible by optimization of
In the presence of a strong electric fiettle potential energy  the linker between the nucleotide and the fluorophore or use of
surface for photoisomerization may be altered making one of different DNA constructs where the fluorophore interacts less
the excited state trans or cis forms more stable. Depending onstrongly with the DNA. Higher laser powers would also increase
the polarity and magnitude of the field, fluorophores may be the rate of switching. Conversely if one wants to trap the switch
pushed into either the high FRET trans states or the low FRET in one state it is necessary to hinder the isomerization or the
cis states. Our study shows that switching rates of less than 1switched state needs to have a significant change in its
ms are possible in the absence of an electric field and that if absorption spectrum, so that once switched it is no longer
sticking to the DNA is prevented switching rates less thas 1 effectively excited. If these conditions can be met then fast
may be possible. controlled molecular photoswitching should then become fea-
sible with possible applications in areas such as bioimaging and

_ _ o ~ information storagé?—34
We have studied a single molecule switch in free solution

eliminating any possible surface effects. Molecule-by-molecule  Acknowledgment. We thank the BBSRC and EPSRC for
analysis has allowed us to identify the different fluorescence funding. We also thank Angel Orte for proofreading the
states of the acceptor and their dynamics. To do this we havemanuscript.

used the filtered proximity ratio autocorrelation to determine JA0614870

the rate for intramolecular motion from one substate of the
molecule, and this is key to elucidating the mechanism of the

Conclusions

(31) Deniz, A. A.; Dahan, M.; Grunwell, J. R.; Ha, T. J.; Faulhaber, A. E,;
Chemla, D. S.; Weiss, S.; Schultz, P.F3oc. Natl. Acad. Sci. U.S.A999

(28) Grunwell, J. R.; Glass, J. L.; Lacoste, T. D.; Deniz, A. A.; Chemla, D. S; 96, 3670-3675.
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(29) Osborne, M. A.; Barnes, C. L.; Balasubramanian, S.; Klenermad, D. Rev. Lett. 2005 94, art. no. 068305.
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