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Abstract. Polymerasesirea family of enzymesesponsible€or copying or replicationof nucleicacids(DNA or RNA)
templatesandhencesustenancef life processedn this paper we presenta methodto exploit a strand-displacingoly-
merase 29 asadriving force for nanoscald@ransportatiordevices. The principleideabehindthe device is strongstrand
displacemenability of 29, which candisplaceary DNA strandfrom its templatewhile extendinga primerhybridizedto
thetemplate.This capabilityof 29is usedto power the movementof a targetnanostructur@n a DNA track. The major
adwantageof usinga polymeraseariven nanotransportatiodevice ascomparedo otherexisting nanoroboticatlevicesis
its speed. 29 polymeraseantravel attherateof 2000nucleotidegper minute[1] at room temperaturewhich translates
to approximately680 nanometerper minuteon a nanostructuréWe alsodemonstratéransportatiorof a DNA caigoona
DNA trackwith thehelpof uorescenceresonancelectrontransfer(FRET)data.

1 Intr oduction

1.1 DNA Nanorobotics

In recent years, there has been tremendousprogressin
DNA basednanodeices[3,11,12,19,20,25,26,29,30,42,
43,53-55]. Recentresearchhas explored DNA as a mate-
rial for self-assemblypf nanoscal®bjects[10,18,21,24,35,
49,51,52], for performing computation[2,6-8,22,23,47,
48,50], andfor the constructionof nanomechanicalevices
[3,11-1319,25,29,36-3942,44,45,53,56,57]. A poten-
tial applicationof autonomou®NA nanoroboticatievicesis
in the designof a controllablemoving device integratedinto
a DNA lattice for ef cient transportatiorof nanoscalenate-
rials.

1.2 Polymeraseasa Machine

We have known polymeraseas an enzymeresponsiblefor
the copying andreplicationof DNA or RNA template Poly-
merasecopiessequencénformationof DNA or RNA by ex-
tendinga primer hybridizedto the templateby addingavail-
ablefree complementaryiucleotidego its 3' end.
Researchersave beeninterestedn understandingheex-
actmechanisnof polymerasdor extensionof primer, andthe
mechanicapropertieselatedto primerextension Gellesetal
[14] reviewedRNA polymerasenovementduringtranscrip-
tion andstudiedmechanism®f RNA polymerasedransloca-
tion alongDNA. Wangetal [46] measuredorceandvelocity
for singlemoleculesof RNA polymeraseMany researchers
preferredto view the polymeraseasa machine andstudied
the mechanismf their movements.Most notably Spirin
[40] consideredhe structureandfunctionsof RNA in terms
of a corveying molecularmachine He studiedthe principal
schemeof forward movementof RNA polymerasealongthe
DNA template.Binding of substratesnd utilization of en-
ergy from chemicalreactions provides successie selection
and xation for subsequentonformationaktatesof enzyme
comple. This in turn providesdirectionalityby meansof a

“Brownian ratchetmechanism”Goel [15] revealedthrough
a seriesof single-moleculexperimentghat mechanicaten-
sionon DNA cancontrolboththe speedanddirectionof the
DNA polymerasamotor. Thomenetal [41] addressetheis-
sueof how theenzymecornvertschemicalenegy into motion.
In theseexperiments,mechanicalpropertiesof various
polymeraseenzymeswere explored. However, in none of
thesestudieswasthe mechanicaknegy of the polymerase
washarnessedr exploitedto transporitherobjects.

1.3 Our Contrib ution

In this paperwe presenthe rst designof a nanotransporta-
tion device poweredby a polymeraseWe use 29, a poly-
meraseknown for its exceptionalstranddisplacemenactiv-
ity, to pusha DNA cago. Researchersave studiedthe struc-
tureof 29polymerasendhave providedusefulinsightsinto
its exceptionaktranddisplacemenandprocessiity, andhave
deducedts translocatiormechanisnj9, 16,17,32].

In Section2.1we describehebasicprinciple of our nan-
otransportatiomlevice,andin Section2.2we describea high-
level designof the device. In Section3, we outline experi-
mentalmaterialsand methods.In Section4, we discussour
experimentakesultsin detail.

2 Our Polymerase 29 based
Nanotransportation Device

2.1 BasicPrinciple

With our polymerasedriven nanotransportatiomlevice we
aim to exploit the mechanicakenepgy of polymerasewhen
it travels towardsthe 3' end of DNA tracks.Another DNA
strand(DNA caigo), whenattachedo the templateblocking
thepathof polymeraseis pushedy themoving polymerase.
Polymerase 29is our choicefor pushingthecamgo. Figurel
(a)illustratesthebasicideaof our 29 polymerasaanotrans-
portationdevice.



BP

29 W Stopper sequence
L
o BP m 1 BQ
B A\/A\/ 4 HHHHHH"II\\/\\\HHIIAIA\‘IHJHH
T 15 16 21 10 A ilf: A 10 10

BQ
(a)

(b)

Fig. 1. (a) Basicdesignof the polymeraseairiven nanotransportatiodevice. Polymerasextendsthe primerB P, andpusheghewheelW
onthetrackT. ProtectorstrandB Q preventsthe wheelfrom moving onits own, but is dislodgedby polymerasextensionof BP on left
(d) Thedesignof polymerasdasechanotransportatiodevice in termsof lengthsof DNA sequences

In orderto brake this polymerasenanotransportatiode-
viceatadesireddestinationye useasequencef consecutie
A's (known asstoppingsequenceon thetemplate Thetem-
platedoesnot containary A's beforethe stoppingsequence.
If thereactionsolutionlacksthenucleotideT , thenthe poly-
merasecan still extendthe primertill the beginning of the
stoppingsequencebut can not advancefurther, and hence
thedevice getsbraked.

The major advantageof usinga polymerasedriven mo-
tor over other nanoroboticaldevicesis its speed. 29 poly-
merasecantravel at the rate of 2000 nucleotidegper minute
atroomtemperature[1jwhichis equivalentto approximately
680nanometerperminute.

2.2 Designof 29 PolymeraseNanotransportation
Device

Figure 1 a) illustratesthe basic designof our polymerase
basedhanotransportatiodevice. The polymeraseusheshe
wheelcamgo on the track (template).It shouldbe notedthat
thewheeldoesnotroll onthetrack.lt is intertwinedwith the
track and gets pushedwithout rolling. The wheelhasa 21
basegq2 helical turns)long complementansequencéo the
region of track only nearits initial position. Thereforeit hy-
bridizeswith thetemplaterackonly attheinitial positionand
nowhereafterthat. The hybridizationsiteis neededo ensure
that the wheelis initially attachedto the track at a unique
position.However, oncethe wheelhasbeendisplacedfrom
its initial position,it canjustslip onthetrackarbitrarily even
withoutapushfrom polymeraseln orderto preventthewheel
from slipping away on the trackon its own, a strandB Q, re-
ferredto asprotectorstrand, is hybridizedonthe downstream
region of thetrack. It is shavn in Figure 1 a). Anotherpur-
poseof strandB Q is to impartrigidity to the track, which
otherwisemightfold ontoitself.

Figure 1 b) shonvs more detailsof the system.The track
is chosento be a DNA strandof length approximately100
basesThewheelhybridizeswith trackin a 21 baselong re-
gion, which is 25 basesaway from the 5' end of the track,
asshowvn in Figurel b). The strandBP is a 25 basedong
primerthathybridizesto thetrack T asshown in Figurel b).

A free spaceof 16 basess left sothereis roomfor the poly-
meraseo bind. Thereis a sequenc®f 15 consecutie Asin
thetrackT , thatactasthestoppingsequenceTl hetotallength
of the wheelstrandis 50 basesandthe protectorstrandB Q
is 35basedong.

We would like to point out a few design constraints,
beforewe describethe experimentalmethodsin Section3.
Thereshouldnot be ary A's in the track betweenrthe initial
positionof the polymerasendthe stoppingsequencesothat
the polymerasealoesnot stopbeforethe desiredposition.We
usedthe primer of lengthmorethan6 basedor polymerase

29 asrecommendedby the manuficturer For circulariza-
tion of a single strandDNA (for constructingthe wheel),a
lengthgreaterthan40 basess preferred For the polymerase

29 the recommendedemperaturés 30 C. At 25 C, there
is a 5% lossin efciency. ProtectorstrandB Q shouldhave
di-deoxynucleotiddddNTP)atits 3' endin orderto prevent
extensionby polymerase 29.

3 Overview of Experiments

The very rst challengeis to assemblethe circular wheel
strandon alineartrackstrand.The5' endof thewheelneeds
to be phosphorylatedothatit canbe ligatedwith its 3' end
andform a completecircle. If the wheelis alreadycircular
ized, thetrackmustbe threadedhroughthe wheelto form a
doublehelical region; this canbe extremely challengingex-
perimentally Therefore,we usea techniqueknown as pad-
lock probes[274] to attachcircular wheelto the track. The
trackactsasa linkerfor circularizationof linearwheelstrand
by hybridizing with both endsof the wheel,which canthen
beligatedwith eachotherto form acircle.

In orderto ensurehatthewheelis alwaysattachedo the
track,we circularizethetrackaswell by ligating its two ends
together The circular wheelis in an intertwined conforma-
tion with the circularizedtrack, and hencedoesnot detach
from it. Thefactthatthetrackandthewheelareinseparable
from eachother makesit easierfor usto detectthe assembly
in adenaturinggel. It alsoensureshatthewheelstaysonthe
trackduringthe experiment.
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Fig. 2. Overview of thecompletesetup assemblyof polymerasdasechanotransportatiodevice

We areableto usea strandBP simultaneouslhasa linker
anda primer. Figure2 summarizeshe entire processTrack
strand T is rst circularized using the linker-cum-primer
strandB P, andthenligatedusingT 4 ligase.In the next step,
thewheelstrandis circularizedusingthetrackstrandT asthe
linker, asshawn in Figure2. This is doneby hybridizationof
thelinearstrandW with circularizedT , followedby its liga-
tion to sealthenick in it. It shouldbe notedthatthe presence
of the phosphategroupsat the 5' endsis requiredfor these
circularizations.

The next stepis the hybridizationof protectorstrandB Q
onto this assemblylt shouldbe notedthatddNTP (dideoxy
NTP) is requiredat the endof strandB Q to preventit from
extendingunderthe in uence of polymeraseAs mentioned
earlier we leave a spaceof 16 baseshetweenthe strandBP
andthewheelonthetrackin which polymerase 29 canbind.
The wheelis chosento be 50 basesso thatit canbe easily
circularized. The track contains15 consecutie A's asthe
stoppingsequencelt is expectedthatin the presenceof all
four nucleotidesn thereactionsolution,the polymerase 29
will continueextendingthe primerandcircling on the circu-
lar track, while displacingarny strandthatcomesin its way.
This resultsin arolling circle ampli cation, asdescribedn
Sectiond.

DNA sequencefor the polymerasanotorweredesigned
andoptimizedwith the SEQUIN software[34].Experimental
protocolsandthe sequencesf all strandusedherearegiven
in Supportingnformation.

4 Resultsand Discussion

Construction of Circular Track Using Link er Strand 3
M T and3 M BP were annealedogetherin 1X TAE
buffer. The solution was heatedto 90 C and then cooled
down to the roomtemperaturever a periodof 4 hrs. It was

then ligated with T4 ligaseto obtain circularizedT. Small

aliquotsweretaken from the resultantsolutionto analyzein

10%denaturinggel (runat50 C at220V for 1.5hours).Fig-

ure 3 a) shavs strandsBP andT againstT:BP (ligated)in

thedenaturinggel.In the T.BP column,thetopmostbandcor-

respondo circulartrack. The strandB P separatefrom the
circulartrackin denaturinggel and canbe seenat the same
heightasB P in Figure3 a).

Attachment of Wheel onto the Circular Track StrandwW
is addedto the circulartrack andis circularizedusing pad-
lock probemethod W is annealedvith T:BP at1:2M for
4 hours(coolingfrom 80 to roomtemperaturejn presence
of 1X TAE buffer. It wasthenligatedwith T4 ligase.Thuswe
have the productT:B P:W (ligated) formedwith two endsof
W ligatedwith eachothet

The productwas analyzedusing 10% denaturinggel as
shavnin Figure3 b). Thewheelandthetrackareintertwined
with eachotherasdesiredIn Figure3 b), thetopmostbands
in wells labeledasT:B P:W arecircularizedwheelandcir-
cularizedtrackintertwinedwith eachother

Action of Polymerase 29 T:BP:W solutionfrom previous
stepwasannealedvith equimolarsolutionof B Q in presence
of 1X TAE.Mg buffer The solutionwasannealedheatedto
75 C andcooleddown to room temperatureover 2 hours).
Multiple samplesveredravn from it for variousexperiments
of polymerase 29 underdifferentconditions.

Firstof all, four sampleof T:BP:W:B Q wereprepared,
and 29polymerasavith polymeraséuffer, BSAanddNTPs
wereaddedto themasfollows: rst samplecontainedall the
dNTPs, secondsamplecontainedall but T, third lacked C
andT, andthefourth samplehadonly nucleotideA in it.
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Fig. 3. StrandT circularizedusinglinker strandB P . Thebottommostbandscorrespondo B P . And it is marked against0 bp ladder(b)
StrandW is hybridizedwith T:B P asshavn in Figure2, andsubsequentljigatedto form circular wheelandcirculartrack intertwined

with eachother Denaturinggelis unableto separatéhem

10% native gelin Figure4 (a) shavs T:B P:W:BQ sam-
ple with four nucleotidesexhibit the phenomenormf rolling
circle ampli cation, dueto the extensionof the strandB P
on the circular track. The presenceof multiple bandsin
caseof T:BP:W:BQ implies the formation of variousin-
termediateproducts put therolling circle productformedon
T:BP:W:BQ in presencef four nucleotidesandpolymerase

29is mostdominant.

The wheel as well as track are alreadyligatedto form
a circle, the only primerin our setuparethe strandBP and
BQ. Therolling circleampli cation indicategheextensionof
only thesetwo strandsWe have alreadyshawvn in Section4
thatwheelandtrackformedtwo circlesintertwinedwith each
other(inseparablén a denaturinggel). Thereforethecircu-
lar motion of the polymeraseon the circulartrackduringthe
rolling circle ampli cation shouldimply thatthe wheelgets
pushedon the track by polymerasedueto the strongstrand
displacemenpropertieof the 29 polymerase.

Brak eson PolymeraseDri ven Nanotransportation Device
The stoppingmechanismis basedon a sequencef 15 con-
secutve As on the track andthe lack of thedNTP T in the
reactionmixture. It causeghe polymerasdo getstuckat the
stoppingsequencandin effectstopsor brakesthenanotrans-
portationdevice.We performeda serieof experimentgo test
theef ciency of thisbrakingmechanisnandto determinghe
conditionsfavorablefor it.

T andBP wereannealedrom 90 C to roomtempera-
tureover aperiodof 2 hoursto form T:B P. Four samplesf
T:BP weredravn from it, and 29 polymerasewith poly-
merasebuffer, BSA and dNTPswere addedto themasfol-
lows: rst samplecontainedall the dNTPs,secondsample
containedill but T, third lackedC andT , andthefourthsam-

ple hadonly nucleotideA in it. The sampleswvereincubated
at30 C for 30 minutesandthenpolymerasevasdeactvated
by heatingto 65 C for 10 minutes.

It wasobsenedthat 29 did notwork well with our brak-
ing mechanismwhentakenin excessof 30 units/ml. Theex-
onucleasgartof thepolymerasehatis responsibléor proof-
readingdoesnotwork sowell if 29is in excessNo differ-
encewasyvisible in the productformedin presenceof all 4
dNTPsvs 3 dNTPs.It completenefull circle whetherall 4
nucleotidesare presentor only 3 nucleotidesare presentin
suchconditionswhenever 29doesnot nd thecorrectbase,
it addsincorrectbasego extendthe primerandproceeddgur-
ther Theinability of 29to stopatstoppingsequencef con-
secutve As in the absenceof T in presenceof excess 29
is poorly understoodandexploring it is beyondthe scopeof
thiswork.

However, lower concentratiorof 29 is favorablefor our
braking mechanismA similar experimentwith quantity of

29 decreasedo 23 units/mlin its sampleswas performed.
Thesamplesasanalyzedn 10%native gel areshavn in Fig-
uredb). It canbeseerthatin 29 samplesin presencef 2,
3, or 4 dNTPs,differentproductsare formed,shovn by the
existenceof differentbandsFigure4 b). With 4 nucleotides,
it completeonefull circle, while with 3 nucleotidesit stops
atthestoppingsequenceandwith 2 nucleotidest stopseven
earlier Thusatthis concentratiorof 29 brakingmechanism
workswell.

As anaside we obsenedthat 29 polymerasés notable
to extendthe primer beyond a nick, andthereforeno rolling
circleampli cation is obsened.Figure4 b) shavsthatin case
of T:BP, thelongestproductformedon extensionby poly-
merase 29is approximatel\200basesn weight.
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Fig. 4. (a) Polymerase 29 actson T:B P:W:B Q in presencef 1, 2, 3, and4 dNTPs(b) Effect of reducingthe quantityof 29 on braking.

Polymerase 29 actson T:B P in presencef 2, 3, and4 dNTPs

Fig.5. (a) Fluorescencexperimentthat shavs thatthe cago is not dislodgedfrom the wheelW (b) Fluorescencexperimentthatshavs
thatthewheelandthe caigo move from theirinitial positions(c) Fluorescencexperimentthatshavs thatthewheelandthe caigo reaches

to the®nal desiredposition

FRET Experimentson our PolymeraseBasedNanotrans- thetrackor wheel. The sequencéevel detail of the construc-
portation Device The PAGE analysispresentedn previous tion for FRET experimentds givenin Figure 10 of Support-

sectiongpresentsanindirect methodto verify the activity of ing Information.
polymerasébasednanotransportatiodevice. In this section, i i
1. Demonstration that the Cargo was not Dislodged

we presentFRET (Fluorescencdresonancdenegy Trans- R ’
fer) basedmethodsfor veri cation of our nanotransporta- ~ [10M the Wheel This is demonstratecby having a
tion device. For FRET experimentson our polymerasdased quenchein thecaigo atthe5' end,anda uorophorein
nanotransportatiodevice, the wheel carriesa cago with a thewheelat the correspondingositionasshavn in Fig-

ure 5 a). Initially, the completedevice exceptthe camgo

quencheon oneof its end,andthe uorophoreis locatedon o !
(containingthe quencher)s assembledandthe uores-
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Fig. 6. (2) The uorescenceshavn by theassemblyn absencef the caigo containingthe quenchelb) The uorescencequenchedy the
assemblyof cago containingthe quenchei(c) The uorescenceremainsquenchedeven after the activity of the polymerase 29, which
indicatesthatthe cagois notdislodgedrom thewheelW
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Fig. 7. (a) The uorescenceas shavn by theassemblyn absencef thecago containingthequenche(b) The uorescencds quencheafter
the assemblyof the caigo containingthe quencher(c) The uorescencereappearsfterthe polymerase 29 pusheshe wheelcontaining
thequencher
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Fig. 8. (a) The uorescences shavn by theassemblyin absencef the cago containingthe quenche(b) The uorescenceremainsafter
the assemblyof the caigo containingthe quencheraway from the uorophore (c) The uorescencequenchesfter the polymerase 29
pusheghewheelbeforeit stopsat stoppingsequenceandthe sticky endof the caigo hybridizeswith thetrackto quenchthe uorescence

cenceis measuredFigure 6 a) shavs the uorescence 2. Demonstration that the Wheel was Pushedfrom Ini-

in the assemblyin absenceof the calgo. The cago is tial Position

thenassembleanto the wheelresultingin the structure

shawn in Figure5 a). The uorescencemeasuremenf Figure 5 b) shawvs the entire procedure The 5 end of
the assembledtructureis shavn in Figure6 b). All u- caigo containsthe quencherandtrack hasniC y5n u-
orescences quenchedAﬂer the extensionof the primer OrOphoreat the 32ndnucleotide. The pOSition of thein-
by po|ymerase 29, the uorescenceis measurechgain ternal uorophore is 32ndbase.The cago strandin this
(Figure6 c)). Thefactthatit still shavs no uorescence experimentis 34 basedong insteadof 30, with anaddi-
indicatesthatthe cago is not dislodgedfrom thewheel. tional complementaryragmentaddedat the 5* sidetai-

loredfor this experiment.lowa Black RQ quencheis at-
tachedo the5' end.



Fig. 9. A schematishavs aprogrammablarbitrarytracklaid ontop of anaddressabl2D nanostructurérom DNA origami(graysurface).
The danglerstrandsareshavn usingthin lines,andthey have free endsthat protrudeout of the nanostructureThetrackis shavn usinga
boldline, thatpartially hybridizeswith thedanglerstrandsn a desirablemanner

Initially, the completeassemblyexceptthe caigois con-
structedandthe uorescencemeasuremens taken(Fig-
ure 7) a). On the assemblyof the camgo onto the wheel,
the uorescences quenchedsshavnin Figure7 b). But
afterthe extensionof primerby polymerase 29, the u-
orescencean be obsened againas shovn in Figure 7
c). This indicatesthat now the camgo is not closeto the
uorophore.We have alreadyshown in the previous sec-
tion thatcaigois notdislodgedrom thewheel therefore,
it meansthatwheelis not closeto the uorophore ary-
more.This impliesthatthe wheelis indeedpushedrom
its initial position.

. Demonstration that the Wheel Reachedthe Desired
Final Position Figure5 c) illustratestheentireprocedure.
Thesequenceareshowvn in Tablel of Supportingnfor-
mation.The quencheltowa Black RQ is incorporatedat
the 3' endof the cago, which is a 30mer andtrack has
niC y5n uorophore at the 11th nucleotide.The differ-
encein the designis becausef dif culties in synthesis
of oligonucleotidesvith /iCy5/ away from the5' end.
Initially, the completedevice (Figure5 c) ) without the
camgo is assembledAs expectedthe uorescenceis ob-
sened asshavn in Figure 8 a). Then, low temperature
annealingheatedo 45 C andthencooled)is performed
to assemblahe caigo on the track, without the removal
of PM1.BQfrom thetrack.Evennow, the uorescenceas
presentalbeitreducedFigure8 b)). However, oncethe
polymerase 29 is addedto the solution,andthe primer
BP is extended,the uorescenceis quenchedFigure 8
c)). Thisindicatedthatthe wheelreachedhe desired -
nal destination.

However, it shouldbe notedthat the assemblyof camgo
(containingthe quencheryesultedin reductionof some
uorescencgFigure8 a)to b)). Thisis becausef thehy-
bridizationof the sticky end,x, of cago with thex sub-
sequencef thetrack T. Oneof the purposeof PM1.BQ
wasto providerigidity to thetrackin orderto preventthis
from happeningbutit doesnotseento befoolproof. The
problemin usingour earlierversionof BQ is thatit will
protectthe x partof sequenc@ermanentlyandhencejt
might not be availableto thecaigo attheend.

5 Discussionand Future Work

We demonstratedhe functioning of a promisingnanoscale
motor device. The main adwantageof using a polymerase

driven motor is its speed.As comparedto other exist-
ing molecular motors basedon ligation-restriction[555],
dnazymes[4312,42] and fuel-strands[3736,38,39,45,57,
56,44], a polymerasedriven nanotransportatiorevice is
much faster The more popular Taq polymerasds unt for
suchan applicationbecausef the lack of signi cant strand
displacementactvity in it. However we found that 29
polymerasedoesnot shaw good exonucleaseactiity when
presentin excesswhich causedow delity . We alsofound
that 29 doesnot extenda primer acrossa nick in the tem-
plate.

An immediate future goal is to demonstratetwo-
dimensionalrouting of the polymerasenanotransportation
device. It may be achiesed by demonstratingthe mo-
tion of polymerasepowered nanotransportatiomevice on
DNA origami[33]andaddressabl&attices.Two dimensional
nanostructuresrom DNA origami provides the basic plat-
form. They canbe cornvenientlyreplacedy two dimensional
addressabléatticesformedusing 4x4 tiles [28] for our pur-
pose.Ourideais to implanta seriesof singlestrandedDNA
statorstrandson the two dimensionalplane,so that a track
canbeassembledntop of thestatorstrandsasillustratedin
Figure9.

Thus, a polymerasebased nanotransportatiordevice
can provide transportbetweenarbitrary points on a two-
dimensionahanostructur@longarbitrarypath.

Furthermore,the wheel can be used for nanoparticle
transportationby using appropriateattachmentchemistry
Loadingandunloadingmechanisméor caigoson the wheel
can be designedusing stranddisplacements describedin
[31].

Another extensionto polymerasebasednanotransporta-
tion device is to make it programmablein the sensethat
it has capability of making decisionson choosinga path
from amongsimultiple paths.Equallyimportantis to impart
back and forth shuttling capabilitiesto the polymerasemo-
tor. Thena possibleapplicationof polymerasgowerednan-
otransportatiomlevice canbein theconstructiorof nanoshut-
tles. Arbitrary tracks analogousto the railway tracks can
be laid out on nanostructuresand we might have multi-
ple polymeraseanoshuttlesvorking in tandemcarryingout
nanoscaletransportationin a programmableand ef cient
manner
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