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ABSTRACT

Existing DNA nanodevices operate at equilibrium under changes in solution composition. We propose an alternative DNA switch design that
can be driven and maintained out of equlibrium, under fixed chemical conditions. Moderate cooling rate after heat denaturation drives the
switch to its lowest energy conformation, while rapid cooling (>100 °C/ms) locks the molecule in a unique alternative conformation that is
retained over weeks at room temperature. This reversible process is probed using fluorescent energy transfer. DNA switches operating out
of equilibrium should be more amenable to nanotechnology applications and scalable integration.

The designof nanoscaleswitchabledevicesis one of the
goals of nanotechnology,as the prospectof controlling
nanomechanicaldevicesand molecularswitchesstandsat
the core of many promising applications.1-4 Beyond its
centralrole in biology, DNA haslong beenrecognizedasa
versatile molecule that can self-assembleinto nanoscale
objects5-8 or form well-controlledsupramolecularscaffolds.9-11

More recently,DNA wasalsoshownto provideswitchable
nanomechanicaldeviceswhoseequilibrium statescan be
controlled by changing, for example, the medium ionic
strength12 or by using additional“fuel” and “waste” DNA
molecules.13-18 We presentthesimplealternativedesignof
a genericDNA switchcontrolledby therateof temperature
variation, under fixed chemical conditions.Slow or fast
renaturationcyclesrapidlyandreversiblyinterchangeits two
conformations,while theirspontaneousequilibrationcantake
severalweeksat room temperaturethroughnucleationand
branchmigrationof a Holliday junction.

The two structuresof the DNA nanomechanicalswitch,
correspondingto contractedand elongatedconformations,
areconstructedaroundtherepeatof a 14 nt regionP andits
complementarysequenceP′, Figure 1. The contracted
conformationconsistsof two hairpinmotifswith tetra-loops,
5′‚P‚GTTG‚P′‚3′ and5′‚P‚CTTC‚P′‚3′, connectedby a 20T
linker, while theelongatedconformationis formedby base
pairingthedistantPandP′ regions.Two additionalGCbase
pairs are also neededin the elongatedconformation to
compensatefor the large entropiccost of the 20T hairpin
loop andthe2T × 2T interior loop,ascomparedto thetwo

small tetraloopsof the contractedconformation.The struc-
turalswitchbetweencontractedandelongatedconformations
induces an atomic displacementfrom 20 Å (one helix
diameter)to 110 Å (32 stackingbasepairs) for the most
distant exchanging base pairs, e.g., C2/G33. The two
conformationsare distinguishedand studied combining
fluorescenceresonanceenergy transfer (FRET) measure-
mentsand electrophoresisseparationon native polyacryl-
amidegels.Their relative thermodynamicstability can be
tuned by varying the medium ionic strength, with the
contractedconformationforming (>90%) underlow ionic
strength, while the elongated conformation is favored
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Figure 1. The DNA nanomechanicalswitch: The DNA switch
sequenceis 87 nt long: 5′‚T‚P‚GTTG‚P′‚(T)20‚P‚CTTC‚P′‚T‚3′,
includinga P+P′ repeat,whereP) 5′‚ CGACCTCAGCATCG‚3′
andP′ ) 5′‚CGATGCTGAGGTCG‚3′ arecomplementaryregions,
chosensuchthat no othercomplementaryregionscanpair on the
sequencebeyondtwo consecutivebasepairs.Contracted(left) and
elongated(right) conformationscorrespondto the two possible
pairing combinationsbetweenP and P′. A pair of FRET dyesis
usedto distinguishthe two conformations(Figure2A) andstudy
their spontaneousrelaxationdynamics(Figure3): Cy5 graftedon
C5 (opencircle) andTMR on T35 (opentriangle).
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(>90%)underhigh ionic strength,Figure2A. Both confor-
mationscoexist in equilibrium in a 1x TAE plus 0.25 M
NaCl solution.Hence,the equilibrium conformationof the
DNA switchcanbecontrolledthroughchangesin chemical
environment,assimilarly demonstratedfor otherexamples
of DNA nanomechanicaldevices12-18 or for redox-sensitive
syntheticswitches1,2 or for many natural protein or RNA
switchesboth in vitro19 and in vivo.20 But the stateof the
presentDNA nanomechanicalswitchcanalsobekinetically
controlledunderfixed chemicalconditions,which couldbe
moreamenableto nanotechnologyapplicationsandintegra-
tion.

This alternativeoperatingmoderelies on the difference
in folding ratesbetweenthe two conformationsfollowing
heat denaturation.Figure 2B demonstratesthe reversible
switchingbetweencontractedandelongatedconformations
triggeredby rapidor slowrenaturationin high ionic strength
solution. Rapid cooling rate (R lanes,>100 °C/ms, see
Methods)induces80 ( 3% of moleculesto adoptthe fast
folding, contractedconformation,while moderatecoolingrate
(S lanes,<100°C/s,manualhandling)brings>90%of them
into the lowest free-energy,elongatedstructure.Hence,
folding kineticscontrol in high ionic strengthsolutioncan
beusedto rapidly andreversiblydrive theDNA switchinto
its outof equilibrium,contractedstateor into its equilibrium,
elongatedstate.This result can be understoodin termsof
single-strandedDNA folding kinetics.Theformationof DNA
or RNA hairpinloopsis known21,22 to proceedatanaverage
ratek = 104-105 s-1 via stochasticnucleationsof threeto
five consecutivebasepairsalongthehelix length,followed
by a rapid zipping of the neighborbasepair stacks(∼107

bp‚s-1). Largertransitionloopslower theprobabilityof helix
nucleationandhencethefolding rateof individual hairpins.
Thus,shorthairpinloopsareexpectedto fully hybridizetheir
helix beforethefirst basepairsof muchlargerhairpinloops
haveachanceto nucleate.Whenshortandlargehairpinloops
competefor commonbases,asin the presentcase,confor-
mationswith short hairpin loops are kinetically favored,

irrespectiveof their thermodynamicstability, providedthat
the cooling rate around the melting temperatureis fast
enough.It shouldbe around100 °C/mscorrespondingto a
decreaseof 10 °C within the hairpin nucleationtime (10-4

s).In particular,manualhandlingis tooslowto achieverapid
coolingratesandleadsat bestto 25%of kinetically trapped
DNA switches. Hence, a custom-madeinstrument (see
Methods)is necessaryto trapx ) 80( 3%of themolecules.
Interestingly,cooling rate control has also been used to
kinetically favor self-assemblyof small nanostructures
insteadof largepolymericnetworks,23 althoughthedynamics
of intermolecularassemblyappearedconsiderablyslower
thanthe intramolecularfolding dynamicsof DNA switches
(typical cooling rate23 0.001vs 100 °C/mshere).

The observed80% of kinetically trappedmoleculesis in
good agreementwith stochasticfolding simulationsusing
the algorithm Kinefold24-26 with DNA basepair stacking
free-energies.27 It alsoagreeswith adirecttheoreticalestimate
of the kinetic partitioning betweenthe four P/P′ pairing
combinations,assumingthat no other helix can nucleate
underrapidcooling(seeMethods).Experimentally,prevent-
ing alternativehelices from competing for nucleation is
actually critical: for instancereplacingthe two tetraloops
GTTGandCTTCwith triloopsGTGandCTC,respectively,
yields x = 60%, due to the competingnucleationof three
basepairs betweenCTC and the GAG region from P′;
substituting,asacontrol,thesametetraloopswith GCGand
CCCtriloops,thatcannotnucleatemorethantwo consecutive
basepairs anywhereon the sequence,rescuesas expected
kinetic partitioning x = 80% (data not shown). Hence,
efficient folding kinetics control is only achievedif the
designedDNA switch28,29exhibitsboth a large,slow nucleat-
ing loop and no other alternativehelix (longer than 2 bp)
that couldcompeteeventransientlywith the long designed
helicesunderrapid cooling renaturation.

This peculiar sequencefeature also greatly limits the
numberof possibleintermediatesalongrefoldingpathways,
thereby delaying the relaxation time between the two
structures.Indeed,once folded, contractedand elongated
conformationscan coexist in any proportion for several
weeks at room temperature.The relaxation time of the
kinetically trapped,contractedconformationwas directly
measuredby measuringthe decayover time of the bulk
FRETefficiencyatvarioustemperatures(Figure3). Wethus
estimatedtheactivationenergyof spontaneousrelaxationto
be70kcal/mol.Thisamountsto about30%of thecontracted
conformationenthalpy,which is comparableto anactivation
energyfor the openingof eight basepairs.This is in good
agreementwiththerelaxationprocesspredictedbyKinefold24-26

showinga four-wayjunctionintermediate(Figure4), analo-
gousto theHolliday junctionof geneticrecombination.30 It
is the lowest free energyintermediatecompatiblewith the
unstackingof 8 bp. Driven and spontaneoustransitionsof
the DNA switch under folding kinetics control are sum-
marizedon Figure4.

Thanksto its simple designprinciple, this DNA switch
can be easily adaptedto meet particular specifications.
Sequenceandlengthof helix P/P′ canbemodifiedto adjust

Figure 2. A DNA switch two operatingmodes.(A) Thermody-
namicscontrol: The DNA switch is equilibratedin a low ionic
strengthsolution(1x TAE plus0.1M NaCl, left) or in a high ionic
strengthsolution(1x TAE plus 1 M NaCl, right): the two bands
correspondto the contractedconformation(high FRET, left) and
theelongatedconformation(low FRET,right). (B) Foldingkinetics
control: Electrophoresisseparation(12%19:1acrylamide-bisacryl-
amidenativegel)demonstratesthreesuccessiveswitchingsbetween
contracted(upperband)andelongated(lowerband)conformations
underheating/coolingcyclesin constanthigh ionic strengthsolution
(1x TAE plus 1 M NaCl). Rapidcooling (R lanes,>100 °C/ms,
see Methods) leads to 80 ( 3% of fast folding, contracted
confirmations(ethidiumbromidelabeling),while moderatecooling
rate(S lanes,<100°C/s)leadsto about90%of lowestfree-energy,
elongatgedconformations.
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meltingtemperature,andtherelativethermodynamicstability
of contractedandelongatedconformationscanbefine-tuned
by varying the solutionionic strength.While the dynamics
of singlemoleculesremainsintrinsically stochastic,folding
kineticscontrolcanbeimproved,if needed,by usinglonger
polynucleotidelinkers (e.g.,a 30T linker yields x = 85%,

datanot shown).We havecheckedthe generalityof this
simpleDNA switchdesignwith averydifferent,100nt long
sequencefollowing thesamedesignprinciple: 5′‚P‚GCGC‚
P′‚(C)40‚P‚GCCC‚P′‚3′, whereP) 5′‚TGATATTCTAAAT ‚

3′ and P′ ) 5′‚ATTTAGAATATCA ‚3′. While displaying
similar folding kineticpartitioning(=80%,datanotshown),
this DNA switch operatesundermuch lower denaturation
temperature(=70 °C) dueto thelow G+C contentof P and
P′.

Folding kinetics control could be further improved, if
needed,by constructinga seriesof noninteractingswitches,
(PiGTTGP′i T20PiCTTCP′i)n (e.g., averagefolding kinetics
control is expectedto increasefrom x ) 80% to x ) 98%
with a seriesof nine independentDNA switches).Larger
assembliesof individual switchescouldalsogeneratelarger
cumulativedisplacementsthatcanbedirectly probedusing
micromanipulationtechniques.

A prospectiveuseof suchDNA switchesunderfolding
kinetic controlcanbeto providerejuVenatable “DNA-fuel”
for DNA-driven nanodevices,13-18 themselvesrelatively
insensitive to fast cooling renaturation(due to multiple
transientlycompetinghelicesand/orto theabsenceof large,
slow nucleatingloops in their sequence).Thus, regularly
rejuvenated“DNA fuel” underfolding kineticscontrolshould
enablea continuous driving of DNA-fueled nanodevices
without the need for a chemical turnover of “fuel” and
“waste” DNA strandsin solution.

An attractivepossibilityto performfolding kineticscontrol
on individual DNA switchesis to uselocal heatsources.31

In particular,thereis no intrinsic limitation to achievefast
cooling rateslocally at nanometerscales,as DNA folding
kineticsis about10000 timesslowerthanheatdiffusion at
thesescales.Hence,DNA switchesunderfolding kinetics
control shouldfunction in an integratedenvironmentwith
local heatsourcesinducing heating/coolingcyclesof 10-
20 °C around melting temperature.Alternatively, light-
sensitiveDNA-azobenzenehybrids32 or voltageaddressable
DNA switches33 couldalsoprovideout-of-equilibriumdriv-
ing mechanismsfor DNA switchesunderconstanttemper-
ature.

In summary,we havedesignedandexperimentlystudied
DNA nanomechanicalswitchesthatcanbedrivenbackand
forth betweenout of equilibrium andequilibrium statesunder
fixed chemicalconditions,by submittingthem to fast and
slow cooling rates, respectively.As prospectsin nano-
biotechnology34 attractincreasinginterests,DNA switches
operating under out of equilibrium conditions provide
flexible, scalable alternatives to simultaneouschemical
control of different DNA switchesat equilibrium.

Materials and Methods. The Molecule. DNA sequences
(seeFigure 1 caption)were synthesizedby IBA Germany
and EurogentecN.A. and PAGE purified. A Cy5 dye is
coupledduringsynthesisto C5,andTMR succinimidylester
is postcoupledto aprimaryaminegrouponT35.Uncoupled
dyesareremovedby columnpurification, four consecutive
ethanolprecipitations,and a final PAGE purification. The
couplingefficiency is measuredby absorptionspectraand

Figure 3. Spontaneousrelaxationof theDNA switch.Spontaneous
relaxationof the kinetically trapped,contractedconformationat
constanttemperatureis studiedusing FRET measurements(with
anexcitationwavelenghtof 501nm),by first thermallyequilibrating
theDNA switchin this conformation(high FRET)in 1x TAE plus
0.1M NaClsolutionbeforesuddenlyraisingthesaltconcentration,
while keeping the temperatureconstant.The DNA switch then
relaxestowardits newequilibratedstateunderhigh ionic strength,
whichcorrespondsto theelongatedconformation(low FRET).The
equilibration dynamics is followed over time under constant
temperaturefor 73, 70, 65,and60 °C, which leadsto relaxation
timesof minutesto hours.ThemainfiguredisplaystheDNA switch
relaxation at 70 °C (square) which eventually converges,as
expected,towardtheFRETlevel obtainedby slowly coolingfrom
95 to 70 °C in 1x TAE plus 1 M NaCl solution(circle). A single
exponential decay fits well the relaxation dynamics with a
characteristictime τ. Figure insetshowsthat ln(τ) varieslinearly
with 1/T, whereT is thetemperature.Thecorrespondingactivation
energyis 70 kcal/mol,while thecontractedconformationenthalpy
is estimatedaround250 kcal/mol.27

Figure 4. Driven andspontaneoustransitionsof theDNA switch.
Heatingand slow cooling (solid arrows)versusheatingand fast
cooling (dashedarrows)cyclesdrive the DNA switch back and
forth betweenequilibrium, elongatedconformationand out-of-
equilibrium, contractedconformationthrough a denaturedinter-
mediatestatein high ionic strengthsolution.Spontaneousrelaxation
operateson much longer time scales(beyond weeks at room
temperature).The transition involves a nucleation step with
simultaneousbreakingof four basepairsin eachhairpinhelix and
their rearrangementinto an asymmetricHolliday junction, which
is eventuallyresolvedby spontaneousbranchmigration to form
the lowest free-energy,elongatedstructure.
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correspondsto anaverageof 1 TMR and0.6Cy5 perDNA
strand.

FRET Measurements. Bulk FRET measurementsare
performedonaFluo-Time100(PicoQuant)instrument.The
apparentFRETefficiencyis calculatedasE ) Iacc/Itot, where
Iacc and Itot are the acceptorintensity and total intensity,
respectively.Although the measuredFRET efficiency is
biasedby moleculeslacking Cy5 dyes,this doesnot affect
the measurementsof the relaxationdynamics(Figure3).

Rapid Cooling Procedure. Rapidcoolingis achievedby
a custom-madeinstrumentconsistingof a 100 µm × 100
µm capillaryconnectedat one endto a high-pressurepump
activatedvia a valve andat the otherendto a reservoirof
liquid propaneat-180°C. Thecentralpartof thecapillary
is immersedin a thermalbath regulatedat a temperature
rangingfrom 70and95 °C. Theopeningof thevalveresults
in a rapid ejection(>100 m/s) of the DNA switch solution
stored in the heatedregion of the capillary, into liquid
propanereservoir, resulting in a cooling rate of >100
°C/ms.

Theoretical Estimate of Folding Kinetics Control.
Kinetic partitioningbetweencontractedandelongatedstruc-
turescanbeestimatedfrom thefolding ratesof thedifferent
P/P′ pairingcombinations,assumingthatnoalternativehelix
can nucleateunder rapid cooling. Larger transition loops
lower theprobabilityof hairpinnucleationandtherebytheir
contributionto folding rateask ∝ (2n + 1)-3ν, where2n +

1 is the nucleationloop sizeandν ) 0.5-0.6 is the Flory
exponentfor nonfoldedpolymerstrands.Hence,thepropor-
tion of kinetically trapped,contractedconformationscanbe
estimatedas x = 2Σ2

10(2n + 1)-3ν/(2Σ2
10(2n + 1)-3ν +

Σ10
40(2n + 1)-3ν) ) 80-90% with ν ) 0.5-0.6.
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