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1 Methods
Design, data-processing and modelling: DNA sequences

were designed using our own algorithms based on sequence
symmetry minimization implementedin Matlab and C (avail-
able at http://www.dna.caltech.edu/DNAdesign/ ).
Curve �ts for persistencelength data and models for lattice
strain energies were calculated in Matlab. Molecular mod-
els were constructed and visualized using a combination
of NAMOT, RasMol, and PyMol (scripts and coordinatesat
http://www.dna.caltech.edu/SupplementaryMaterial/ ).
Themolecularmodelsarefor visualizationonly andhave not been
subjectedto moleculardynamicscalculations.

DNA sample preparation: Lyophilized HPLC- or PAGE-
puri�ed DNA oligonucleotideswere purchasedfrom Integrated
DNA Technologies(Coralville, IA), resuspendedin water, quanti-
tatedby UV absorbanceat 260nm, andstoredat -20� C. All sam-
pleswerepreparedin a 1X Tris-Acetate-EDTA (TAE) buffer with
12.5 mM magnesiumacetate(pH=8.3). An equimolarmixture of
strands(5 strandsif onetile, 10 strandsif two) wasannealedfrom
95� C to 25� C at 1� C/minute in 0.1� C (AFM) or 5� C (�uores-
cencemicroscopy) stepsin a PCRmachine(EppendorfMastercy-
cler). For AFM, eachstrandwaspresentat200nM, for �uorescence
microscopy thetotal concentrationof tiles waskeptat 400nM. For
�uorescencemicroscopy, asingle�uorescein-labeledstrandwasin-
corporatedinto eachtile; thepositionof thedyewasvariedfrom the
50 endof the#3strandto the50 endof the#5strandwith noapparent
effect. AFM of REp+SEp(3:FAM) wassimilar to thatof REp+SEp.

Preparation of PVP coated glass: Adapted from.1 Mi-
croscopeslides and coverslips were washedin 1M NaOH for
1 hour, rinsed thoroughly with de-ionized (DI) water and im-
mersedin 1% v/v acetic acid solution for 2 hours. Then, they
were rinsed again with DI water and silanized in a 1% v/v 3-
(trimethoxysilyl)propylmethacrylate(Aldrich) in 1%v/v aceticacid
for 36 hours. For polymercoating,500 mL of a 4% w/v M w =
360; 000 poly(vinylpyrrolidone) (PVP, USB Corp.) solution with
2.5 mL of 10% w/w ammoniumpersulfatesolutionand250 � l of
N,N,N0,N0-tetramethylethylenediamine(TEMED, Acros) was pre-
pared.Slidesandcoverslipswereincubatedin thePVPsolutionat
80� C for 18 hours. They werethenrinsedandstoredin DI water.
Coatingwasstablefor at least2 weeks.

Preparation for �uor escencemicroscopy: Sampleswere left
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overnightat roomtemperatureafterannealing.Immediatelyprior to
use,a PVP-coatedmicroscopeslideandcoverslipwererinsedwith
ethanolanddried. Then,2.6 � l of solutioncontainingDNA tubes
and oxygenscavengingsystem(0.035mg/ml catalase,0.2 mg/ml
glucoseoxidase,4.5 mg/ml glucose,5% � -mercaptoethanol)was
depositedontotheslide,coveredwith thecoverslipandsealedwith
epoxy or para�n. The distancebetweenslide and coverslip was
� 5 � m andthethicknessof samplesolutionwastypically narrowed
to � 3 � m by thePVPcoating.

Fluorescencemicroscopy:Sampleswereimagedon aninverted
microscope(IX 70, Olympus)with 100X/1.40NA oil immersion
and40X/0.75NA air objectives.Blue light was�ltered from amer-
cury arc lamp throughan interference�lter (475 � 40 nm) for ex-
citation. Theemitted�uorescencepassedthrougha dichroicmirror
(505 DRLP) and a greeninterference�lter (525 � 45 nm). Im-
ageswere recordedto a computerRAM via a cooledCCD cam-
era(Sensicam,Cooke)usingthecorrespondingsoftware(CamWare,
Cooke). Imageswere processedin ImageJ(Java versionof NIH
Image:http://rsb.info.nih.gov/ij/ ) by performingthe
following operations:invert, binarize,open(erosionfollowed by
dilation to smoothandremove isolatedpixels) andclose(dilation
followed by erosionto smoothand �ll small holes). Finally, im-
ageswere skeletonizedto obtain contours1 pixel wide. Contour
lengthswere measuredusing the Analyze Particlesmacro in Im-
ageJ.To guaranteethat tubesthat weremeasuredwereessentially
con�ned to 2D, only thosetubeswhosewholecontourremainedin
the� 1� m focuswerescored.

Atomic force microscopy: AFM imaging was performedin
TappingMode underTAE/Mg2+ buffer on a Digital Instruments
NanoscopeIII (Veeco)equippedwith ananoAnalyticsQ-controlIII
(Asylum Research)anda verticalengageJ-scanner, usingthe� 9.4
kHz resonanceof thenarrow 100� M, 0.38N/m forceconstantcan-
tileverof anNP-Soxide-sharpenedsiliconnitridetip (VeecoMetrol-
ogy). After self-assemblyis complete,sampleswerepreparedfor
AFM imagingby depositionof � 5 � l onto a freshly-cleaved mica
surface(TedPella)attachedby hotmeltglueto a15mmmetalpuck;
an additional30 � l of buffer was addedto both sampleand can-
tilever (mountedin thestandardTappingMode�uid cell) beforethe
sampleand�uid cell werepositionedin theAFM head.(Whenob-
servation of tubesfalling eventswas desired,30 � l of buffer was
addedto the mica �rst, and then the 5 � l of samplewereadded.)
Thetappingamplitudesetpoint,afterengage,was0.2- 0.4volts,the
drive amplitudewas100-150milli volts,andscanratesrangedfrom
2-5 Hz. Individual tiles aremostclearly resolvedat low amplitude
setpointandhigh drive amplitudevalues. Undersuchconditions,
thegreatestdamageis doneto thesampleandthehairpinlabelsare
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lessdistinct,sometimesdisappearingentirely. To preventdamageto
samples,amplitudesetpointwasmaximizedand/ordrive amplitude
minimizedsubjectto theconstraintthattilesandtheirhairpinlabels
bevisible. After acquisition,imageswere�attenedby subtractinga
low-orderpolynomialfrom eachscanline, or by adjustingeachscan
line to matchintensityhistograms.To createmovies,multiplescans
werealignedin Matlabusinghand-picked�ducial marksasguides.
The scalein AFM imageswascalibratedto the width of the tiles;
previousexperiencehasshown this to bea reliablestandard.

Gels for probing tube structur e: For eachstrandSE5 with a
biotin-dT(with a6 carbonlinker)added50 of nucleotides6 through
31(X = 6–31)weranagel testingthebindingof streptavidin-Cy3to
thestrand(a)alone,(b) in aSEtile withoutsticky endsSEn(3:FAM,
5:bX), (c) in a �ipped tube SEs(1:h22,3:FAM, 5:bX) and (d) nor-
mal tubeSEs(3:FAM, 5:bX). RE4-DIAG wasaddedasa marker to
thestrandandtile samples.For all streptavidin bindingexperiments
a 1 � l of streptavidin-Cy3 conjugate (SigmaS6402,3-9 Cy3 per
streptavidin, diluted� 1:15in water)or 1 � l of water(controls)was
addedto 10 � l of strands(1 � M SE5-bX, 2 uM RE4-DIAG), tiles
(.16 � M tiles, 1.6 � M RE4-DIAG), �ipped tubes(.2 � M tiles) or
normaltubes(.2 � M tiles),mixedby pipette,andallowedto bind10
minutes.Then1 � l of 10 mM biotin solutionwasaddedto quench
thereaction,mixedby pipette,followedby 2 � l bromophenolblue
loadingdye(xylenecyanolinterferedwith theinterpretationof some
bands).Gelswereloadedwith 5-6� l of solution/laneandrunimme-
diately. (Within 30minutes;wefoundthatif quenchedsampleswere
allowedto sit overnight,thebiotin quenchwould displacetheDNA
strandsfrom the biotin and no labelling was observed.) Strands
andtileswererun in 10%non-denaturingpolyacrylamidegels(19:1
bis:acrylamide,15 V/cm for � 2 hour for SE5strands,� 1 hour for
SE tiles, maintainedat 4� C) stained20 minuteswith SybrGreenI
(MolecularProbes)andimagedon a Biorad MolecularImagerFX
gel scanner(excitedat 488, imagedwith 530bandpass�lter). The
biotinylatedstrandsgel showedbiotinylation ef�ciences from 52%
to 82%; it wasso noisy that we did not useit to normalizeother
results.Flippedandnormaltubeswererun in .3%agarose(Seakem
gold,8 V/cm, for 30minutescooledsothebuffer remained< 20� C)
and imagedunstained(greenchannel:excited at 488 nm, imaged
with 530 nm bandpass�lter; red channel:excited at 532, imaged
with a 555nm long-pass�lter); no stainingwasnecessarybecause
in thesegelsall speciesof interestarelabelledwith SE3-FAM. The
agarosegelsjust serve to separatetubesfrom freestreptavidin and
unboundtiles from the tubes– the tubesnever left the wells; care
wastakennot to rinsethemoutduringgelhandling.

2 Effects of hairpins on lattice-mica adhesion

In general,in thepresenceof Mg2+ , DNA tile latticesbind very
strongly to mica. (Lattices bind more strongly with Mg2+ than
doesdouble-strandedDNA; even 4 tile clustersbind well enough
to beroutinelyimagedwith high resolution– double-strandedDNA
rarelybindsandimagessowell. Probablydueto cooperative bind-
ing of tilesto mica,thisdifferenceis consistentwith previousstudies
showing Mg2+ is insuf�cient to imagedouble-strandedDNA.2 Our
concentrationsof Mg2+ are roughly 5-fold higher, however.) An
exceptionappearsto betubesmodi�ed with hairpinson theoutside:
they bind well enoughto be imaged,and openinto sheetson the
surfacebut we observe several phenomenathat suggestthey have
low adhesionto mica. Closedtubeswith hairpinsappearto persist
much longeron mica thando tubeswithout hairpins. Suchtubes
aresometimesmobileon themica,apparentlypushedaroundby the
AFM tip: Whereparallel to the scandirection suchtubesappear
muchnarrower thantubesperpendicularto the scandirection,and

sometimesthey disappearandreappear(oftenin thesamespot)from
scanto scanwhile surroundingopenedtubesremainstable.

The hypothesisthat tubeswith hairpinsadherelessto the mica
surface,andare thus lessproneto a mica-catalyzedtube-opening
mechanism,is supportedby experimentswith the diagonaltubes
REd+SEd(1,5:h14). Spread�at on a mica surface, a patch of
REd+SEd(1,5:h14)latticehasa chirality dictatedby theorientation
of its hairpins:“right-handed”if thehairpinsfacedown asin Fig.1C
and“left-handed”if thehairpinsfaceupasin Fig.2E.(Thishanded-
nessis independentof which way thetubesactuallyclose,however
if tubescloseasthe modelpredictsthenthe top andbottomedges
of the lattice in Fig. 1C would roll upwardto form a tubewith true
left-handedhelicity.) Pre-formedREd+SEd(1,5:h14)tubeswerede-
positedonmicaandwemadetwo measurementsof handedness:(1)
thatof latticesleft by tubesobservedto openin real-timeand(2) that
of latticesin thebackground(presumablyfrom alreadyopentubes).
Freshly-openedlatticeshadaweaklybiasedchirality, of 23:15(left-
handed:right-handed)but backgroundlatticeshada strongbias in
favor of left-handedfragments(65:11).Weobservedthatthestripes
on freshly-openedright-handedlattice looked blurred (a possible
indication of weak binding), and that thesefragmentssometimes
�ipped to becomeleft-handedfragments(providing a mechanism
for creatingthebiasin backgroundlattices)or disappearedwhile in
thesameview aleft-handedfragmentgrew. Becauseweknow (from
hairpininsertionexperiments)thatthehairpinsareontheoutsidewe
concludethat opentubesbearinghairpinsbind preferentiallywith
their insidestowardsthemica;wesuspectthisis dueto low adhesion
of thehairpinsbut cannotexcludethepossibilitythatit is causedby
theintrinsic curvatureof thelattice. This conclusionis furthersup-
portedby experimentsin which REd andSEd(1,5:h14)tiles were
annealedseparatelyandthenmixedduringdepositionontomica. In
thiscasethemicasurfacewascompletelycoveredby smalldomains
of left-handedfragments,thatis, with hairpinspointingup.

We note that an alternative hypothesisfor the effect of hairpins
on tube-openingis that the hairpinsthemselvesmay stabilizetube
structureandlatticecurvature,perhapsby repellingeachothersteri-
cally or electrostatically. Or they maypreventtip-latticeinteractions
thatcausetubesto open.

3 Deriv ation of persistence length estimate for tubes
Thepersistencelengthof adouble-helixis simplyproportionalto

theYoung's modulus,E , andthemomentof inertiafor thehelix, i :
phelix � E i=kT .3 AssumingthattheYoung's modulusfor tubesis
the sameasfor helices,the persistencelengthof tubesis similarly
ptube � E I =kT , whereI is themomentof inertia for tubes.Thus
ptube =phelix = I =i.

Treatinga tubeasa bundleof 2N rigidly linkedcylindrical rods
of radiusr , we cancalculateI in termsof i . Eachrod, whosemo-
mentof inertia with respectto its own centerof massis i , is dis-
placedfrom thetube's centerof massby a distanceR (seeFig. 1J).
By the parallelaxis theorem,the rod's momentof inertia with re-
spectto the tube's centerof massis i + M R2 , whereM is the
rod's mass. Assuminguniform density, i = 1

2 M r 2 , and thus
I = 2N (i + M R2) = 2N (i + 2i

r 2 R2), which immediatelyyields
thedesiredresultthat

ptube

phelix
=

I
i

= 2N

"

1 + 2
�

R
r

� 2
#

:

4 Notes on hairpin inser tions
Positions8 and 29 are specialonesfor hairpin insertionsince

they position the hairpin directly over the crossover in the double
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crossover. In essencethis turns the 4-arm junction that normally
occursat a crossover point into a 5-armjunction. In orderfor the
doublecrossover to act asa normaltile in the context of a tubeor
lattice,webelievethattheremustbestackingacrossthetwo corehe-
lices. Addition of a hairpinat thejunction(or evenonemight think
within abaseor two of thejunction)maydisruptthecorrectstacking
at this junction– thehairpinmight, for example,stackagainstany
oneof thenormallyoccurring4 armsandleave onearmwithout its
normalpartner. Nonetheless,ascanbeseenin SupportingFig.8, the
insertionof hairpinsat position8 or adjacentpositions7 or 9 does
not prevent the formationof functionaltiles thatcanassembleinto
normalor �ipped tubes.Position29, however, doessomethingout
of theordinary—it formssomesmall latticebut it alsoforms,with
very low abundance,what appearsto be a 3-connectednetwork of
predominantlyhexagonsandsomepentagons.Thissuggeststhatthe
resultsfor position29 do not have bearingon thequestionof inside
vsoutside.Thatthehairpinshoulddisruptthecrossover at position
29andnotatposition8, despitethesimilarsequencecontext around
eachjunction for 2 baseson eitherside,could be dueto their not
beingexactly equivalentpositionswith respectto sequenceor the
symmetriesof theoverallmolecule.

For position15, and17 through23, the hairpin insertionexper-
iment wasrepeatedwith 4-basepair hairpinsusingtiles SEs(5:hX-
short). Most of thesetubesdisplayed�ipped:normal ratiossimilar
to that of their their 8-basepair counterpartswhile three(18, 19,
22) appearedto yield lower �ipped:normal ratios. In no casedid
shorteningthehairpincompletelyeliminate�ipped tubesat a posi-
tion for which �ipped tubeswereobservedusinglong hairpinsand
in no casedid the ratio of �ipped:normal increasewith a decrease
in hairpin length. Theseresultsareconsistentwith the ideathat it
is size-dependentstericor electrostaticeffectsof thehairpin(rather
thantheexistenceof a branchin theDNA backboneat a particular
position)thatcausesthetubesto form analternativecon�guration.

5 Stic ky-end truncations

We exploredthe effect of stackingandsticky endlengthon the
formationof DNA nanotubesby creatingstrandswith singlebase
truncationson their ends,the resultsof which are given in Sup-
porting Fig. 15. Particularly interestingare casesin which bases
adjacentto the sticky endsare truncatedso that stackinginterac-
tions at the sticky endsarelost. For eachof the 3 differentsingle
tile tubesstudied(REs,SEs,andVE-00) we replacedstrand#1 or
#5 with a version truncated1 baseat its 50 and 1 baseon its 30

end. With onesuchstrandreplaced,onehalf of thestackinginter-
actionsat sticky endsareremoved(assumingthattheunpairedbase
in the sticky enddoesnot bulge out andallow stacking). For REs
(5:5t1-3t1),REs(3:5t1-3t1),SEs(5:5t1-3t1),andSEs(3:5t1-3t1)we
observed that only small lattice fragments(100-300nm on a side)
wereformedbut for VE-00(5:5t1-3t1)andVE-00(3:5t1-3t1)either
entirely�ipped tubesor a mixtureof �ipped andlargenormaltubes
were formed. This suggeststhat stackinginteractionsare impor-
tant in the geometryof doublecrossover lattices—inparticular it
suggeststhatdespitethedistortionof thehelix axis implied by the
� 2 nm separationobserved betweentiles, the distortionis not ex-
tremeenoughto destroy stackinginteractionsat sticky ends. It is
possiblethat the effect of removing stackinginteractionsdoesno
morethandecreasethemelting temperature,andthat thesmall lat-
ticesobserved for REs(5:5t1-3t1)andsimilar systemswerenucle-
atedandgrown onthemicaduringsamplepreparation– in factthese
small latticesare indistinguishablefrom the small latticesthat we
know have grown on micain experimentswheretiles REpandSEp
wereannealedseparatelyandthenmixedduringdepositionontothe

micasurfacefor AFM imaging(datanot shown). However, there-
sult thatVE-00(5:5t1-3t1)andVE-00(3:5t1-3t1)form �ipped tubes
in solutionshows that suchtruncationscanprofoundlychangethe
morphologyof tubes.Sowe�nd it unlikely thatachangein melting
temperatureis responsiblefor thelackof tubesin theothersamples.

We also explored 1 basetruncationsof the sticky endsso that
both basepair anda stackinginteractionwerelost. Someof these
truncations,for exampleREs(2:EE01-5t1),resultin only small lat-
tices.Notably, onetruncation,REs(4:DIAG-5t1),resultedin a mix-
turebearinglargenumbersof �ipped andlargenormaltubes.Thus
the lossof a singlebasepair anda stackinginteractionare in this
casesuf�cient to causetheformationof �ipped tubes.

Anotherlessonthatthesestudiesyield is theimportanceof using
full-length puri�ed DNA sequencesin DNA nanotechnologycon-
structions. The greatestimpurity in DNA synthesisreactionsare
typically n � 1 truncationproducts;we have shown, however, that
a singlebasetruncationcancausea profoundchangein tubemor-
phology.

6 Arm length variations

A questionthatis oftenaskedis whetherchangingarmlengthsof
the doublecrossoverswould changethe diameterof the tubescre-
ated. The effect of changingarm lengthsis to changethe distance
betweenintermolecularcrossoversin thelatticethat is formed.For
the unmodi�ed DAE-E tiles usedherethis distance,D , is 21 base
pairsfrom theright crossoverof onetile to theleft crossoverof atile
bindingon its righthandside.In fact,ratherthanchangingthenatu-
ral diameterof thetubes,changingthedistanceD servesto increase
the overtwist or undertwistbetweencrossovers and addsstrain to
the lattice. This is a consequenceof the constraintson the major
andminorgrooveorientationsatcrossovers,asshown in Fig. 1J.As
D is increasedor decreasedtoo muchfrom theunstrained2-helical
turnvalueof 21,weexpectthattubeswill no longerbeableto form.
We explored the ability of the tube structureto tolerateovertwist
or undertwistin thehelix betweenintermolecularcrossoversby at-
temptingto make tubesout of doublecrossoverswith changedarm
lengths. For eachbasicdouble-crossover REp and SEp we made
four variants(seeSupportingFig. 3): one variant with the right-
handarmsincreasedby onebasepairin length(e.g. REp-increase-
1), onevariantwith both the righthandandleftandarmsincreased
by onebasepairin length (e.g. REp-increase-2),onevariantwith
the lefthandarmsdecreasedby onebasepairin length (e.g. REp-
decrease-1),andonevariantwith both the righthandand lefthand
armsdecreasedby onebasepairin length(e.g.REp-decrease-2).

By combiningREpvariantswith SEpvariantswewereableto ex-
ploreavarietyof distancesD . If REp-increase-2andSEp-increase-
2 arecombined,for example,the distanceD is increasedby 2 ev-
erywherein the lattice. In this case,aswell as in the case(REp-
decrease-2+ SEp-decrease-2),no tubesareformed.Instead,achar-
acteristictangleof �laments (seeSupportingFig. 16) areformed.
However, whenD is increasedor decreasedby 1 baseeverywhere,
asin thecase(REp-increase-1+ SEp-increase-1)whereD = 22 or
(REp-decrease-1+ SEp-decrease-1)whereD = 20, normal tubes
of typically small diameterform. Othercombinationsof REp and
SEpvariantsthatyield a valueof D = 22 or D = 20 for example
(REp+ SEp-increase-2)and(REp+ SE-decrease-2)alsoform tubes
with the normal orientationof tiles. Suchlatticeshave the same
phosphatebackboneasthetubescreatedby (REp-increase-1+ SEp-
increase-1)and (REp-decrease-1+ SEp-increase-1)except for the
positionsof thenicksat thesticky ends.This differenceseemsmi-
nor but mayberesponsiblefor theobervationthatthetubesformed
by (REp + SE-decrease-2)are larger (N11-16)andappearto have
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somehelicity (SupportingFig. 16).
Notethathere(andin themodellingfor SupportingFigs.1 and2)

we only exploredchangesto D thatweremadeuniformly though-
out the lattice. If the lengthto the left of SEpwereD = 20 while
the lengthto the right of SEpwereD = 22 (aswould be thecase
for SEp-increase-1+ REp-decrease-1),thenthemodelpredictsthat,
indeed,the tubediameterwould change.This hasnot yet beenat-
temptedexperimentally.

Correspondenceshouldbe addressedto Paul W. K. Rothemund
(pwkr@caltech.edu ).
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Figure 1. Top: 2x2 patchesof DAE-E, DAO-E, DAE-O, andDAO-O double-crossover lattices,with rotational(blackoval, axisperpendicularto theplane;
arrow, axisin plane)andscrew (half-arrow) symmetriesof thefull latticeindicated.Only thephosphatebackboneandsticky-endnicksareconsidered;coloring
of strands(denotingsequence)is notnecessarilypreservedby somesymmetriesof thephosphatebackbone.Bottom:Modelpatchesof tilesusedto investigate
strainbalancingin curvedand¯at sheets.Eachpatchcontains8 tiles (colors)aswell astwo double-strandedªhalf-tilesº(yellow) thatcompletethe6 helices.
Eachmotif is characterizedby a patternof lengths(in nucleotides)betweencrossoverspointswithin the tile andbetweenthosein adjacenttiles. Herewe
only exploreuniform lattices,wherethelengthsarethesameat every tile position. (E.g., D hasthesamevaluefor all locationswithin a givenpatch.)Patch
curvature,measuredby the angle� betweenadjacenthelices,is treatedasa free parameter;we wish to estimatethe strainenergy asa function of � . (An
N -tile wide tubewould have � = 360 �

2N .) For eachlattice motif, the relative orientationof the major andminor groove is determinedat eachcrossover
point. Theexactpositionof thephosphateparticipatingin thecrossover is furtherconstrainedto beat thetangentpoint to theadjacenthelix, sogiven� , the
positionof eachcrossoverphosphatecanbedetermined.In anelasticrodmodelof DNA,3 theenergy requiredto twist a rodby � radianscanbecalculatedas
� Gtw ist = 1

2 C( �
L )2L whereL is thelengthof therodandC = 2:5 � 10� 19 erg cm. For eachhelicaldomainbetweencrossoverpoints,theminimal twist

� (in additionto therelaxedB-form DNA helix twist of 34� perbasepair) requiredto meetthephosphateconstraintsis easilycalculated.Summingover all
constraineddomainsin thepatchgivesthetotal twist strainenergy.
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Figure 2. Plot of the total twist strainenergy (per the elasticrod estimate)asa function of the patchcurvatureangle� , for eachof four lattice motifs
(SupportingFig. 1) andfour variantspacingsof theDAE-E latticemotif. Within 1 kT of theminimumenergy for eachmotif, theplot is shown in bold. For
theDAO-E,DAO-O,andDAE-O motifs, theminimumenergy is obtainedby ¯at patches,� = 0, in agreementwith thesymmetryargumentdescribedin the
text. Note that thevalueof theminimumstrainenergy is higherfor bothDAO motifs, largely becausethehelix domainsbetweencrossoverswithin thetiles
aresomewhatunder- andover-strained.For theDAE-E motif, theminimum-energy curvatureangle� is exactly thatneededto completetheangularextentof
theminorgroove(assumedto be180� � 153� = 27� for thecalculationsshown here),in agreementwith theargumentgivenin thetext. TheDAE-E patches
with increasedor decreasedD havethesameminimum-energy curvatureangle� = 27� , but for someeventheminimumenergy con®gurationhassubstantial
amountsof strain.Unlike theDAO motifs,herethestrainis within helix domainscontainingthesticky ends,suggestingthatit maynot befavorablefor a tile
to attachto sucha patch± unlesstheassumptionsof themodelarebroken. (For comparison,eachsticky-endhybridizationis estimatedto be11 � 2 kT.) For
all motifs,within 1 kT of energy � canvaryby � 10� . This®gurewould,of course,changewith thesizeof thepatch.
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        (stra nds RE1, RE2-EE 01, RE3, RE4-DIA G, RE5)                           (strands SE1, SE2-DIAG, SE3, S E4-EE10, SE5)

            T
           T GGTAAGTATT
           T CCATTCAT
            T        

     1>CTCAGTGG ACAGCC GTTCTGG   AG CGTTGG ACGAAACT>1
2<TTACGGAGTCACC TGTCGG CAAGACC<3<TC GCAACC TGCTTTGAGGAGT<4
                                          
2>GTCTGGTAGAGCA GGCTAA ACAGTAA   CC GAAGCA GGTCATCGTACCT>4
     5<CATCTCGT CCGATT TGTCATT   GG CTTCGT CCAGTAGC<5
             
                                             T  
                                     ATGTCGGC T
                                   TTTACAGCCG T
                                             T

SEp-increase-2

SEp-decrease-1

                                                       
     1>CtTCAGTGG ACAGCCGTTCTGG   AGCGTTGG ACGAAACgT>1
2<TTACGGaAGTCACC TGTCGGCAAGACC<3<TCGCAACC TGCTTTGcAGGAGT<4
                                            
2>GTCTGGTAGgAGCA GGCTAAACAGTAA   CCGAAGCA GGTCATaCGTACCT>4
     5<CATCcTCGT CCGATTTGTCATT   GGCTTCGT CCAGTAtGC<5
           

     1>CTCAGTGG ACAGCCGTTCTGG   AGCGTTGG ACGAACT>1
2<TTACGGAGTCACC TGTCGGCAAGACC<3<TCGCAACC TGCTTGAGGAGT<4
                                           
2>GTCTGGTAGAGCA GGCTAAACAGTAA   CCGAAGCA GGTCACGTACCT>4
     5<CATCTCGT CCGATTTGTCATT   GGCTTCGT CCAGTGC<5

     1>CTCAGTGG ACAGCCGTTCTGG   AGCGTTGG ACGAAACgT>1
2<TTACGGAGTCACC TGTCGGCAAGACC<3<TCGCAACC TGCTTTGcAGGAGT<4
                                          
2>GTCTGGTAGAGCA GGCTAAACAGTAA   CCGAAGCA GGTCATaCGTACCT>4
     5<CATCTCGT CCGATTTGTCATT   GGCTTCGT CCAGTAtGC<5

SEp-increase-1

SEp-decrease-2

     1>CTAGTGG ACAGCCGTTCTGG   AGCGTTGG ACGAACT>1
2<TTACGGATCACC TGTCGGCAAGACC<3<TCGCAACC TGCTTGAGGAGT<4
              
2>GTCTGGTGAGCA GGCTAAACAGTAA   CCGAAGCA GGTCACGTACCT>4
     5<CACTCGT CCGATTTGTCATT   GGCTTCGT CCAGTGC<5

                            T
                           T GGTATT
                           T CCAT
                            T    

     1>CTCAGTGG ACAGCCG TTCTGG   A GCGTTGG ACGAAACT>1
2<ATGGAGAGTCACC TGTCGGC AAGACC<3<T CGCAACC TGCTTTGACAGAC<4
                                         
2>GTCTGGTAGAGCA GGCTAAA CAGTAA   C CGAAGCA GGTCATCGTACCT>4
     5<CATCTCGT CCGATTT GTCATT   G GCTTCGT CCAGTAGC<5
                       
                             T
                         CGGC T
                       TTGCCG T
                             T

     1>CGTATTGG ACATTTCCGTAGA   CCGACTGG ACATCTTC>1
2<TTACGGCATAACC TGTAAAGGCATCT<3<GGCTGACC TGTAGAAGGACCA<4
          
2>CTGGTCCTTCACA GGCAGAATCAATC   ATAAGACA GGTAGTGGAATGC>4
     5<GGAAGTGT CCGTCTTAGTTAG   TATTCTGT CCATCACC<5

REs

 
     1>CTCAGTGG ACAGCCGTTCTGG   AGCGTTGG ACGAAACT>1
2<ATGGAGAGTCACC TGTCGGCAAGACC<3<TCGCAACC TGCTTTGACAGAC<4
                                         
2>GTCTGGTAGAGCA GGCTAAACAGTAA   CCGAAGCA GGTCATCGTACCT>4
     5<CATCTCGT CCGATTTGTCATT   GGCTTCGT CCAGTAGC<5

SEs

       (stran ds SE1-h14, SE2 , SE3, SE4, SE5- h14)                       (stra nds SE1-h22-shor t, SE2-DIAG, SE3 , SE4-EE10, SE5- h22-short)  

(strands SE1- D2, SE2- D2, SE3, SE4- D2, SE5- D2)                              (strands SE1-D1 , SE2, SE3, SE4- D2, SE5- D1)   

(strands SE1- A1, SE2, SE3, S E4-A2, SE5-A1)                             (stra nds SE1-A2, SE2- A2, SE3, SE4-A2,  SE5-A2)

SEp (1,5:h6) SEs (1,5:h22-short)

 
     1>CTCAGTGG ACAGCCGTTCTGG   AGCGTTGG ACGAAACT>1
     2<GAGTCACC TGTCGGCAAGACC<3<TCGCAACC TGCTTTGA<4
                                         
     2>GTAGAGCA GGCTAAACAGTAA   CCGAAGCA GGTCATCG>4
     5<CATCTCGT CCGATTTGTCATT   GGCTTCGT CCAGTAGC<5

SEn

-

-

-

-

-

-

+

+

+

+

+

+

     1>CTCAGT GG ACAGCCGTTCTGG   AGCGTTGG ACGAAACT>1
2<ATGGAGAGTCACC TGTCGGCAAGACC<3<TCGCAACC TGCTTTGAGACCA<4
                          
2>GTCTGGTAGAGCA GGCTAAACAGTAA   CCGAAGCA GGTCATCGTACCT>4
     5<CATCTC GT CCGATTTGTCATT   GGCTTCGT CCA GTAGC<5

SEd

       (stran ds SE1, SE2-DIA G, SE3, SE4-DIAG , SE5)                             (strands SE1,  SE2-NSTK,  SE3,  SE4-NSTK, SE5)  

        (stra nds VE1-5t1-3t1 , VE2-EE00, VE3,  VE, VE5)                           (strands VE1 , VE2-EE0-3t1 , VE3, VE4-EE00-5t1 , VE5)

VE-00 (1:5t1-3t1) VE-00 (2:EE0-3t1, 4:EE0-5t1)
--

      1>CATTCGG ACGTTTGCGGTAA   AGATTAGG ACATTGA>1     
2<ATGGAGGTAAGCC TGCAAACGCCATT<3<TCTAATCC TGTAACTTGACCA<4
                                              
2>CTGGTTCCGAGCA GGCGAGTGTGATA   CGACTACA GGCGTTCATACCT>4
     5<AGGCTCGT CCGCTCACACTAT   GCTGATGT CCGCAAGT<5      

     1>CCATTCGG ACGTTTGCGGTAA   AGATTAGG ACATTGAA>1     
 2<TGGAGGTAAGCC TGCAAACGCCATT<3<TCTAATCC TGTAACTTGACC<4
                                              
2>CTGGTTCCGAGCA GGCGAGTGTGATA   CGACTACA GGCGTTCATACCT>4
     5<AGGCTCGT CCGCTCACACTAT   GCTGATGT CCGCAAGT<5      

--

Figure 3. Schematicsshowing thesequencesfor 12 of thedoublecrossover moleculesusedin this paper. Conceptuallya tile is reprogrammedby takingthe
coresequences(all thesequenceswithout thesticky ends)andappendinga sticky endof choice.Practically, for theDAE-E doublecrossovers,it is doneby
usingstrands#1,#3,and#5whichbearcoresequencesandaddingnew #2and#4strandsbearingthesticky endsequencesof choice.

S7



                                         Dou ble Crossovers

Single tile t ubes:
     REs             (RE1,    RE2-EE01, RE3,  RE4-DIAG, RE5)
     SEs             (SE1,    SE2-DIAG, SE3,  SE4-EE10, SE5)
     VE-00           (VE1,    VE2-EE00, VE3,  VE4-EE00, VE5)

Perpendicular ly patterned tu bes:
     REp             (RE1,    RE2,      RE3,  RE4,      RE5)
     SEp             (SE1,    SE2,      SE3,  SE4,      SE5)

Diagonally pa tterned tubes:
     REd             (RE1,    RE2-EE01, RE3,  RE4,      RE5)
     SEd             (SE 1,    SE 2-DIAG, SE 3, SE 4-DIAG, SE5)

Alternative di agonal structur e with opposite chirality (data not shown) :
     REd2            (RE1,    RE2-DIAG, RE3,  RE4-DIAG, RE5)
     SEd2            (SE1,    SE2,      SE3,  SE4-EE10, SE5)

Tiles without  sticky ends:
     REn             (RE1,    RE2-NSTK, RE3,  RE4-NSTK, RE5)
     SEn             (SE1,    SE2-NSTK, SE3,  SE4-NSTK, SE5)

                                      Strand s written 5© to 3©

Basic strands  for an REp til e:
     RE1          (37-mer,  356360 /M/cm @ 2 60nm) : CGTATTGG ACATTTCCGTAGACCGACTGGACATCTTC
     RE3          (42-mer,  430880 /M/cm @ 2 60nm) : TCTACGGA AATGTGGCAGAATCAATCATAAGACACCAGTCGG
     RE2          (26-mer,  251300 /M/cm @ 2 60nm) : CCTCACCT TCACACCAATACGAGGTA
     RE4          (26-mer,  273000 /M/cm @ 2 60nm) : CAGACGAA GATGTGGTAGTGGAATGC
     RE5          (37-mer,  348160 /M/cm @ 2 60nm) : CCACTACC TGTCTTATGATTGATTCTGCCTGTGAAGG

Basic strands  for an SEp til e:
     SE1          (37-mer,  360300 /M/cm @ 2 60nm) : CTCAGTGG ACAGCCGTTCTGGAGCGTTGGACGAAACT
     SE2          (26-mer,  256620 /M/cm @ 2 60nm) : GTCTGGTA GAGCACCACTGAGGCATT
     SE3          (42-mer,  415380 /M/cm @ 2 60nm) : CCAGAACG GCTGTGGCTAAACAGTAACCGAAGCACCAACGCT
     SE4          (26-mer,  251920 /M/cm @ 2 60nm  : TGAGGAGT TTCGTGGTCATCGTACCT
     SE5          (37-mer,  336840 /M/cm @ 2 60nm) : CGATGACC TGCTTCGGTTACTGTTTAGCCTGCTCTAC

Programmable variants of #2 and #4 strand s for single til e tubes (SEs, RE s), and diagonal  tubes (SEd, REd ). 
     SE2-DIAG      (26-mer, 2 67700 /M/cm @ 26 0 nm) : GTCTGGTA GAGCACCACTGAGAGGTA
     SE4-DIAG      (26-mer, 2 50660 /M/cm @ 26 0 nm) : ACCAGAGT TTCGTGGTCATCGTACCT
     SE4-EE10      (26-mer, 2 49220 /M/cm @ 26 0 nm) : CAGACAGT TTCGTGGTCATCGTACCT
     RE2-DIAG      (26-mer, 2 53800 /M/cm @ 26 0 nm) : CTGGTCCT TCACACCAATACGAGGTA
     RE2-EE01      (26-mer, 2 42720 /M/cm @ 26 0 nm) : CTGGTCCT TCACACCAATACGGCATT
     RE4-DIAG      (26-mer, 2 74020 /M/cm @ 26 0 nm) : ACCAGGAA GATGTGGTAGTGGAATGC

Variants of # 2 and # 4 strands without sticky ends (REn , SEn).
     SE2-NSTK      (16 mer, 1 64940 /M/cm @ 26 0 nm) : GTAGAGCA CCACTGAG
     SE4-NSTK      (16 mer, 1 55260 /M/cm @ 26 0 nm) : AGTTTCGT GGTCATCG
     RE2-NSTK      (16 mer, 1 51040 /M/cm @ 26 0 nm) : CCTTCACA CCAATACG
     RE4-NSTK      (16 mer, 1 72660 /M/cm @ 26 0 nm) : GAAGATGT GGTAGTGG

Fluoresceinat ed st rands:
     RE3-FAM      (42-mer,  451840 /M/cm @ 2 60nm) : FAM-TCTA CGGAAATGTGGCAGAATCAATCATAAGACACCAGTCGG
     SE3-FAM      (42-mer,  436340 /M/cm @ 2 60nm) : FAM-CCAG AACGGCTGTGGCTAAACAGTAACCGAAGCACCAACGCT
     SE5-FAM      (37-mer,  369120 /M/cm @ 2 60nm) : FAM-CCAC TACCTGTCTTATGATTGATTCTGCCTGTGAAGG

Figure 4. At top thebasicstrandcompositionof eachdoublecrossover usedin this paperis shown. Below, thesequencesfor thesedoublecrossoversare
given,aswell astheFAM-modi®edstrandsusein ¯uorescencemicroscopy experiments.Notethatfor historicalreasonsthepairof strands# 2 and# 4 usedfor
a particulardoublecrossover arenot obviousfrom thenameof thecrossover andthenamesof thestrands.For example,theSEstile for singletile tubesuses
anSE2-DIAG strand,andREd,for diagonallystripedtubes,usesneitherRE2-DIAG nor RE4-DIAG. Basedon our understandingof thedirectionof closure
of thetubes,tubescreatedfrom REd+ SEdwill beara left-handedhelicalpattern.This canbeseenby takingthediagonalpatternin Fig. 1C androlling it up
off of thepage.ThetilesREd2andSEd2bearadifferentchoiceof sticky endsthatwill createa right-handeddiagonaltube(AFM datanot shown).
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Long hairpin strands for SE5
     SE5-F-7  © h6© (59-mer,  539360 /M/cm @ 260 nm) : CGATGA ATGTCGGCTTTTGCCGACATTTCCTGCTTCGGTTACTGTTTAGCCTGCTCTAC
     SE5-F-6  © h7© (59-mer,  539700 /M/cm @ 260 nm) : CGATGA CATGTCGGCTTTTGCCGACATTTCTGCTTCGGTTACTGTTTAGCCTGCTCTAC
     SE5-F-5  © h8© (59-mer,  540340 /M/cm @ 260 nm) : CGATGA CCATGTCGGCTTTTGCCGACATTTTGCTTCGGTTACTGTTTAGCCTGCTCTAC
     SE5-F-4  © h9© (59-mer,  540660 /M/cm @ 260 nm) : CGATGA CCTATGTCGGCTTTTGCCGACATTTGCTTCGGTTACTGTTTAGCCTGCTCTAC
     SE5-F-3  ©h10© (59-mer,  540860 /M/cm @ 260 nm) : CGATGA CCTGATGTCGGCTTTTGCCGACATTTCTTCGGTTACTGTTTAGCCTGCTCTAC
     SE5-F-2  ©h11© (59-mer,  540340 /M/cm @ 260 nm) : CGATGA CCTGCATGTCGGCTTTTGCCGACATTTTTCGGTTACTGTTTAGCCTGCTCTAC
     SE5-F-1  ©h12© (59-mer,  540660 /M/cm @ 260 nm) : CGATGA CCTGCTATGTCGGCTTTTGCCGACATTTTCGGTTACTGTTTAGCCTGCTCTAC
     SE5-F0   ©h13© (59-mer,  540660 /M/cm @ 260 nm) : CGATGA CCTGCTTATGTCGGCTTTTGCCGACATTTCGGTTACTGTTTAGCCTGCTCTAC
     SE5-J    ©h14© (59-mer,  539060 /M/cm @ 260 nm) : CGATGA CCTGCTTCATGTCGGCTTTTGCCGACATTTGGTTACTGTTTAGCCTGCTCTAC
     SE5-F2   ©h15© (59-mer,  539480 /M/cm @ 260 nm) : CGATGA CCTGCTTCGATGTCGGCTTTTGCCGACATTTGTTACTGTTTAGCCTGCTCTAC
     SE5-F3   ©h16© (59-mer,  539720 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGATGTCGGCTTTTGCCGACATTTTTACTGTTTAGCCTGCTCTAC
     SE5-F4   ©h17© (59-mer,  540660 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTATGTCGGCTTTTGCCGACATTTTACTGTTTAGCCTGCTCTAC
     SE5-F5   ©h18© (59-mer,  540660 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTATGTCGGCTTTTGCCGACATTTACTGTTTAGCCTGCTCTAC
     SE5-F6   ©h19© (59-mer,  539360 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTAATGTCGGCTTTTGCCGACATTTCTGTTTAGCCTGCTCTAC
     SE5-FLIP  ©h20© (59-mer,  540340 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACATGTCGGCTTTTGCCGACATTTTGTTTAGCCTGCTCTAC
     SE5-F8   ©h21© (59-mer,  540660 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTATGTCGGCTTTTGCCGACATTTGTTTAGCCTGCTCTAC
     SE5-FJ   ©h22© (59-mer,  539720 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTGATGTCGGCTTTTGCCGACATTTTTTAGCCTGCTCTAC
     SE5-F10  ©h23© (59-mer,  540660 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTGTATGTCGGCTTTTGCCGACATTTTTAGCCTGCTCTAC
     SE5-F11  ©h24© (59-mer,  540660 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTGTTATGTCGGCTTTTGCCGACATTTTAGCCTGCTCTAC
     SE5-F12  ©h25© (59-mer,  540660 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTGTTTATGTCGGCTTTTGCCGACATTTAGCCTGCTCTAC
     SE5-F13  ©h26© (59-mer,  538220 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTGTTTAATGTCGGCTTTTGCCGACATTTGCCTGCTCTAC
     SE5-F14  ©h27© (59-mer,  540860 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTGTTTAGATGTCGGCTTTTGCCGACATTTCCTGCTCTAC
     SE5-F15  ©h28© (59-mer,  539700 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTGTTTAGCATGTCGGCTTTTGCCGACATTTCTGCTCTAC
     SE5-F16  ©h29© (59-mer,  540340 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTGTTTAGCCATGTCGGCTTTTGCCGACATTTTGCTCTAC
     SE5-F17  ©h30© (59-mer,  540660 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTGTTTAGCCTATGTCGGCTTTTGCCGACATTTGCTCTAC
     SE5-F18  ©h31© (59-mer,  540860 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTGTTTAGCCTGATGTCGGCTTTTGCCGACATTTCTCTAC

Short hairpin  stran ds for SE5:
     SE5-F0-s hort   ©h13-s hort© (51-mer, 458 160  /M/cm @ 260  nm) : CGATGACCT GCTTCGGCTTTTGCCGTTCGGTTACTGTTTAGCCTGCTCTAC
     SE5-J-sh ort    ©h 14-sh ort© (51-mer, 45 7520  /M/cm @ 26 0 nm) : CGATGACC TGCTTCCGGCTTTTGCCGTTGGTTACTGTTTAGCCTGCTCTAC
     SE5-F2-s hort   ©h15-s hort© (51-mer, 456 780  /M/cm @ 260  nm) : CGATGACCT GCTTCGCGGCTTTTGCCGTTGTTACTGTTTAGCCTGCTCTAC
     SE5-F3-s hort   ©h16-s hort© (51-mer, 457 020  /M/cm @ 260  nm) : CGATGACCT GCTTCGGCGGCTTTTGCCGTTTTACTGTTTAGCCTGCTCTAC
     SE5-F4-s hort   ©h17-s hort© (51-mer, 458 160  /M/cm @ 260  nm) : CGATGACCT GCTTCGGTCGGCTTTTGCCGTTTACTGTTTAGCCTGCTCTAC
     SE5-F5-s hort   ©h18-s hort© (51-mer, 458 160  /M/cm @ 260  nm) : CGATGACCT GCTTCGGTTCGGCTTTTGCCGTTACTGTTTAGCCTGCTCTAC
     SE5-F6-s hort   ©h19-s hort© (51-mer, 458 160  /M/cm @ 260  nm) : CGATGACCT GCTTCGGTTACGGCTTTTGCCGTTCTGTTTAGCCTGCTCTAC
     SE5-FLIP -short ©h20-sho rt© (51-mer, 458 800  /M/cm @ 260 nm) : CGATGACCT GCTTCGGTTACCGGCTTTTGCCGTTTGTTTAGCCTGCTCTAC
     SE5J-F8- short  ©h21-sho rt© (51-mer, 458 160  /M/cm @ 260  nm) : CGATGACCT GCTTCGGTTACTCGGCTTTTGCCGTTGTTTAGCCTGCTCTAC
     SE5-FJ-s hort   ©h22-s hort© (51-mer, 457 020  /M/cm @ 260  nm) : CGATGACCT GCTTCGGTTACTGCGGCTTTTGCCGTTTTTAGCCTGCTCTAC
     SE5-F10- short  ©h23-sho rt© (51-mer, 458 160  /M/cm @ 260  nm) : CGATGACCT GCTTCGGTTACTGTCGGCTTTTGCCGTTTTAGCCTGCTCTAC

Long hairpin strands for SE1 :
     SE1-J    ©h14© (26-mer,  572120 /M/cm @ 260 nm) : CTCAGT GGACAGCCTACTTACCTTTTGGTAAGTATTGTTCTGGAGCGTTGGACGAAACT
     SE1-FLIP  ©h20© (26-mer,  573160 /M/cm @ 260 nm) : CTCAGT GGACAGCCGTTCTGTACTTACCTTTTGGTAAGTATTGAGCGTTGGACGAAACT
     SE1-FJ   ©h22© (26-mer,  572840 /M/cm @ 260 nm) : CTCAGT GGACAGCCGTTCTGGATACTTACCTTTTGGTAAGTATTGCGTTGGACGAAACT

Long hairpins  for RE tile, b oth #1 and #5 st rands:
     RE1J     ©h14©    (59-m er, 553620 /M/cm  @ 260 nm ) : CGTATTGGACATTTGCTCAGCGTTTTCGCTGAGCTTCCGTAGACCGACTGGACATCTTC
     RE1-FJ   ©h22©    (59 m er, 554260 /M/cm  @ 260 nm ) : CGTATTGGACATTTCCGTAGACGCTCAGCGTTTTCGCTGAGCTTCGACTGGACATCTTC
     RE5J     ©h14©    (59-m er, 549780 /M/cm  @ 260 nm ) : CCACTACCTGTCTTCTTGCGACTTTTGTCGCAAGTTATGATTGATTCTGCCTGTGAAGG
     RE5-FJ   ©h22©    (59 m er, 549200 /M/cm  @ 260 nm ) : CCACTACCTGTCTTATGATTGACTTGCGACTTTTGTCGCAAGTTTTCTGCCTGTGAAGG

Biotinylated strands for streptavidin bin ding assay, B = biotinylated T f rom IDT DNA tech nologies:
     SE5-F-7- T-bio  © b6© (3 8-mer, 3 45940 /M/cm @ 260 nm) : CGATGABCCTGCTTCGGTTACTGTTTAGCCTGCTCTAC
     SE5-F-6- T-bio  © b7© (3 8-mer, 3 44720 /M/cm @ 260 nm) : CGATGACBCTGCTTCGGTTACTGTTTAGCCTGCTCTAC
     SE5-F-5- T-bio  © b8© (3 8-mer, 3 45360 /M/cm @ 260 n m) : CGATGACCBTGCTTCGGTTACTGTTTAGCCTGCTCTAC
     SE5-F-4- T-bio  © b9© (3 8-mer, 3 45360 /M/cm @ 260 n m) : CGATGACCTBGCTTCGGTTACTGTTTAGCCTGCTCTAC
     SE5-F-3- T-bio  ©b10© (3 8-mer, 3 46500 /M/cm @ 260 nm) : CGATGACCTGBCTTCGGTTACTGTTTAGCCTGCTCTAC
     SE5-F-2- T-bio  ©b11© (3 8-mer, 3 45360 /M/cm @ 260 n m) : CGATGACCTGCBTTCGGTTACTGTTTAGCCTGCTCTAC
     SE5-F-1- T-bio  ©b12© (3 8-mer, 3 45360 /M/cm @ 260 n m) : CGATGACCTGCTBTCGGTTACTGTTTAGCCTGCTCTAC
     SE5-F0-T -bio   ©b13© (3 8-mer, 345360 /M /cm @ 260 nm) : CGATGACCTGCTTBCGGTTACTGTTTAGCCTGCTCTAC
     SE5-F1-T -bio   ©b14© (3 8-mer, 344080 /M /cm @ 260 nm) : CGATGACCTGCTTCBGGTTACTGTTTAGCCTGCTCTAC
     SE5-F2-T -bio   ©b15© (3 8-mer, 345120 /M /cm @ 260 nm) : CGATGACCTGCTTCGBGTTACTGTTTAGCCTGCTCTAC
     SE5-F3-T -bio   ©b16© (3 8-mer, 345360 /M /cm @ 260 nm) : CGATGACCTGCTTCGGBTTACTGTTTAGCCTGCTCTAC
     SE5-F4-T -bio   ©b17© (3 8-mer, 345360 /M /cm @ 260 nm) : CGATGACCTGCTTCGGTBTACTGTTTAGCCTGCTCTAC
     SE5-F5-T -bio   ©b18© (3 8-mer, 345360 /M /cm @ 260 nm) : CGATGACCTGCTTCGGTTBACTGTTTAGCCTGCTCTAC
     SE5-F6-T -bio   ©b19© (3 8-mer, 345940 /M /cm @ 260 nm) : CGATGACCTGCTTCGGTTABCTGTTTAGCCTGCTCTAC
     SE5-F7-T -bio   ©b20© (3 8-mer, 345360 /M /cm @ 260 nm) : CGATGACCTGCTTCGGTTACBTGTTTAGCCTGCTCTAC
     SE5-F8-T -bio   ©b21© (3 8-mer, 345360 /M /cm @ 260 nm) : CGATGACCTGCTTCGGTTACTBGTTTAGCCTGCTCTAC
     SE5-F9-T -bio   ©b22© (3 8-mer, 345360 /M /cm @ 260 nm) : CGATGACCTGCTTCGGTTACTGBTTTAGCCTGCTCTAC
     SE5-F10- T-bio  ©b23© (3 8-mer, 345360 /M /cm @ 260 nm) : CGATGACCTGCTTCGGTTACTGTBTTAGCCTGCTCTAC
     SE5-F11- T-bio  ©b24© (3 8-mer, 3 45360 /M/cm @ 260 n m) : CGATGACCTGCTTCGGTTACTGTTBTAGCCTGCTCTAC
     SE5-F12- T-bio  ©b25© (3 8-mer, 3 45360 /M/cm @ 260 n m) : CGATGACCTGCTTCGGTTACTGTTTBAGCCTGCTCTAC
     SE5-F13- T-bio  ©b26© (3 8-mer, 3 44800 /M/cm @ 260 nm) : CGATGACCTGCTTCGGTTACTGTTTABGCCTGCTCTAC
     SE5-F14- T-bio  ©b27© (3 8-mer, 3 46500 /M/cm @ 260 nm) : CGATGACCTGCTTCGGTTACTGTTTAGBCCTGCTCTAC
     SE5-F15- T-bio  ©b28© (3 8-mer, 3 44720 /M/cm @ 260 nm) : CGATGACCTGCTTCGGTTACTGTTTAGCBCTGCTCTAC
     SE5-F16- T-bio  ©b29© (3 8-mer, 3 45360 /M/cm @ 260 n m) : CGATGACCTGCTTCGGTTACTGTTTAGCCBTGCTCTAC
     SE5-F17- T-bio  ©b30© (3 8-mer, 345360 /M /cm @ 260 nm) : CGATGACCTGCTTCGGTTACTGTTTAGCCTBGCTCTAC
     SE5-F18- T-bio  ©b31© (3 8-mer, 346500 /M /cm @ 260 nm) : CGATGACCTGCTTCGGTTACTGTTTAGCCTGBCTCTAC

Figure 5. Sequencesusedin thehairpininsertionandbiotin insertionexperimentsaswell asothermiscellaneoushairpins.Biotinsareattachedto theinserted
`T' by a 6-carbonlinker. Thesequencenames,asorderedandarchivedin thelab,aregivenat thebeginningof eachline; thesenamesdiffer from thealiases
usedin thispaperwhichappear, in quotes,to theright of asequencesgivenname.
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Tiles for per pendicularly pa tterned tubes wi th changed arm  lengths:
     REp-decr ease-2   (RE1-D 2, RE2-D2,   RE3 , RE4-D2,   RE5-D2)
     REp-decr ease-1   (RE1-D 1, RE2,      RE3 , RE4-D2,   RE5- D1)
     REp-incr ease-1   (RE1-A 1, RE2,      RE3 , RE4-A2,   RE5- A1)
     REp-incr ease-2   (RE1-A 2, RE2-A2,   RE3 , RE4-A2,   RE5- A2)

     SEp-decr ease-2   (SE1-D 2, SE2-D2,   SE3 , SE4-D2,   SE5- D2)
     SEp-decr ease-1   (SE1-D 1, SE2,      SE3 , SE4-D2,   SE5- D1)
     SEp-incr ease-1   (SE1-A 1, SE2,      SE3 , SE4-A2,   SE5- A1)
     SEp-incr ease-2   (SE1-A 2, SE2-A2,   SE3 , SE4-A2,   SE5- A2)

Strands for c hanging arm len gths:
     RE1-D1  (36-mer, 347840  /M/cm @ 260  nm) : CGTATTGGACATT TCCGTAGACCGACTGGACATCTC
     RE4-D2  (24-mer, 252760  /M/cm @ 260  nm) : CAGACGAGATGTGGTAGGGAATGC
     RE5-D1  (36-mer, 335860  /M/cm @ 260  nm) : CCCTACCTGTCTT ATGATTGATTCTGCCTGTGAAGG
     SE1-D1  (36-mer, 348340  /M/cm @ 260  nm) : CTCAGTGGACAGCCGTTCTGGAGCGTTGGACGAACT
     SE4-D2  (24-mer, 234300  /M/cm @ 260 nm)  : TGAGGAGTTCGTGGTCACGTACCT
     SE5-D1  (36-mer, 323940  /M/cm @ 260  nm) : CGTGACCTGCTTCGGTTACTGTTTAGCCTGCTCTAC

     RE1-D2  (35-mer, 338380  /M/cm @ 260  nm) : CGATTGGACATTT CCGTAGACCGACTGGACATCTC
     RE2-D2  (24-mer, 229520  /M/cm @ 260  nm) : CCTCACCTCACAC CAATCGAGGTA
     RE5-D2  (35-mer, 323900  /M/cm @ 260 nm)  : CCCTACCTGTCTTATGATTGATTCTGCCTGTGAGG
     SE1-D2  (35-mer, 341860  /M/cm @ 260  nm) : CTAGTGGACAGCCGTTCTGGAGCGTTGGACGAACT
     SE2-D2  (24-mer, 232700  /M/cm @ 260 nm)  : GTCTGGTGAGCACCACTAGGCATT
     SE5-D2  (35-mer, 315100  /M/cm @ 260 nm)  : CGTGACCTGCTTCGGTTACTGTTTAGCCTGCTCAC

     RE1-A1  (38-mer, 363800  /M/ cm @ 260 nm) : C GTATTGGACATTTCCGTAGACCGACTGGACATCTTCC
     RE4-A2  (28-mer, 296920  /M/cm @ 260  nm) : CAGACGGAAGATGTGGTAGTGAGAATGC
     RE5-A1  (38-mer, 356040  /M/cm @ 260 nm)  : CTCACTACCTGTCTTATGATTGATTCTGCCTGTGAAGG
     SE1-A1  (38-mer, 372040  /M/cm @ 260 nm)  : CTCAGTGGACAGCCGTTCTGGAGCGTTGGACGAAACGT
     SE4-A2  (28-mer, 272120  /M/cm @ 260  nm) : TGAGGACGTTTCGTGGTCATACGTACCT
     SE5-A1  (38-mer, 346300  /M/cm @ 260 nm)  : CGTATGACCTGCTTCGGTTACTGTTTAGCCTGCTCTAC

     RE1-A2  (39-mer, 376600  /M/cm @ 260 nm)  : CAGTATTGGACATTTCCGTAGACCGACTGGACATCTTCC
     RE2-A2  (28-mer, 266420  /M/cm @ 260  nm) : CCTCACTCTTCAC ACCAATACTGAGGTA
     RE5-A2  (39-mer, 369260  /M/cm @ 260  nm) : CTCACTACCTGTC TTATGATTGATTCTGCCTGTGAAGAG
     SE1-A2  (39-mer, 380560  /M/cm @ 260 nm)  : CTTCAGTGGACAGCCGTTCTGGAGCGTTGGACGAAACGT
     SE2-A2  (28-mer, 279280  /M/cm @ 260  nm) : GTCTGGTAGGAGCACCACTGAAGGCATT
     SE5-A2  (39-mer, 353740  /M/cm @ 260  nm) : CGTATGACCTGCT TCGGTTACTGTTTAGCCTGCTCCTAC

Sequences for  weakening stic ky ends or stack ing:
     SE1-5t1- 3t1      (35 me r, 345960 /M/cm)  : TCAGTGGACAGCCGTTCTGGAGCGTTGGACGAAAC
     SE2-DIAG -5t1     (25 me r, 255960 /M/cm)  : TCTGGTAGAGCACCACTGAGAGGTA
     SE2-DIAG -3t1     (25 me r, 252840 /M/cm)  : GTCTGGTAGAGCACCACTGAGAGGT
     SE4-EE10 -5t1     (25 me r, 243220 /M/cm)  : AGACAGTTTCGTGGTCATCGTACCT
     SE4-EE10 -3t1     (25 me r, 241500 /M/cm)  : CAGACAGTTTCGTGGTCATCGTACC
     SE5-5t1- 3t1      (35 me r, 324220 /M/cm)  : GATGACCTGCTTCGGTTACTGTTTAGCCTGCTCTA

     RE1-5t1-3t1      (35 mer, 34 2140 /M/cm) : GTATTGGACATTTCCGTA GACCGACTGGACATCTT
     RE2-EE01 -5t1      (25 mer, 2361 00 /M/cm) : TGGTCCTTCACAC CAATACGGCATT
     RE2-EE01 -3t1      (25 mer, 234200 /M/cm)  : CTGGTCCTTCACACCAATACGGCAT
     RE4-DIAG -5t1     (25 me r, 260280 /M/cm)  : CCAGGAAGATGTGGTAGTGGAATGC
     RE4-DIAG -3t1     (25 me r, 267800 /M/cm)  : ACCAGGAAGATGTGGTAGTGGAATG
     RE5-5t1- 3t1      (35 me r, 330020 /M/cm)  : CACTACCTGTCTTATGATTGATTCTGCCTGTGAAG

     VE1-5t1- 3t1      (35 me r, 358440 /M/cm)  : CATTCGGACGTTTGCGGTAAAGATTAGGACATTGA
     VE5-5t1- 3t1      (35 me r, 327220 /M/cm)  : GAACGCCTGTAGTCGTATCACACTCGCCTGCTCGG
     VE2-EE00 -3t1     (25 me r, 245680 /M/cm)  : CTGGTTCCGAGCACCGAATGGAGGT
     VE4-EE00 -5t1     (25 me r, 236060 /M/cm)  : CCAGTTCAATGTGGCGTTCATACCT

Figure 6. Tileswith changedarmlengthsandthesequencesusedto changearmlength,stackinginteractions,or sticky-endlength.Tilesusedfor thestacking
interactionandsticky-endlengthexperimentsmaybederivedfrom thetablein SupportingFig. 17.
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Figure 7. Left: Best simultaneous®t (by Bayesiana posteriori probability) for tubecontourlengthdistribution W (L ) / e� L=L 0 and ring perimeter
distribution R(L ) / W (L )G(L ; ptube ), wherethe ring closureprobability4,5 is approximatedby G(L ; p) = 496:51r � 1e� 7:0266 =r (1 � 0:81242r ) for
r < 0:96093 andG(L ; p) = 0:32992r � 1:5 (1 � 0:625r � 1 � 0:12344r � 2 ) for r > 0:96093 andr = L

2p . An assumptionof this approachis that ring
formationis slow anddoesnotsigni®cantlyaffect thedistributionof tubecontourlengthsfrom whichringsform; thatringsconstitutelessthan2%of observed
structuresis consistentwith this assumption.Althoughsomering formationcouldhave occurredduringmaturation,resultingin ring closurefrom a different
contourlengthdistribution, this methodis relatively insensitive to the contourlengthdistribution. Changesof up to a factorof 2 in meanlengthwould not
affect theinferredptube by morethan0.7 � m. Right: Contourplot showing theBayesiana posterioriprobabilityasa functionof thetwo modelparameters,
L 0 andptube . Thus,3:5 < ptube < 4:2 with over 90% probability, given the modelassumptions.Bayesiananalysiswasperformedby calculating,for
givenmodelparameters,thea posterioriprobabilityP r (par ameter sjdata) = P r (data jpar ameter s) � P r (par ameter s)=Pr (data), wherethea priori
P r (par ameter s) is taken to be uniform andP r (data) is estimatedasa normalizingfactorby summingP r (par ameter sjdata) over a wide rangeof
modelparameters(1 � ptube � 10; 1 � L 0 � 40). P r (data jpar ameter s) wascomputedby assumingthecontourlengthandring perimeterhistograms
weregeneratedby independent,indentically-distributedsamplesfrom W (L ) andR(L ) respectively. Thus,if thehistogramdatais f (L i ; W i ; R i )gN

i =1 , with

NW =
P

i W i andN R =
P

i R i , thenP r (data jpar ameter s) =
� � N W

W 1 ;W 2 ;::: ;W N

� Q
i [W (L i )]W i

�
�
� � N R

R 1 ;R 2 ;:::;R N

� Q
i [R(L i )]R i

�
. This is more

convenientlycalculatedasthe likelihood: ln P r (data jpar ameter s) = K +
P

i [W i � ln W (L i )] + [R i � ln R(L i )] , whereK is a constantindependent
of modelparametersandis thusabsorbedduringnormalization.Becausethehistogramdatafor 1 � m contourlengthhadexperimentaldif®culties,we also
performedthisanalysiswith thatdataomitted;indistinguishableresultswereobtained.
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pos. 6: N5-6,TO pos. 7: F pos. 8: F>>N8

pos. 9: F~N14-15 pos. 10: N9-20>FF pos. 11: F~N10-17

pos. 12: F pos. 13: F>>N10-13 pos. 14: N4-6

Figure 8. Representative atomicforcemicrographsshow theresultsof thehairpin insertionexperiments.Shown arepositions6-14for SEs(5:hX). Circular
symbolsdenotetheextentof normalto ¯ippedcharacterof thesamplesshown andarethesameasin Fig. 4.
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pos. 15: N5-6 pos. 16: N4-6 pos. 17: N6-9

pos. 18: F~N20-25 pos. 19: F~N11-15>FF pos. 20: F~N14-22>FF

pos. 21: F pos. 22: F pos. 23: F,T O

Figure 9. Representative atomicforcemicrographsshow theresultsof thehairpininsertionexperiments.Shown arepositions15-23for SEs(5:hX). Circular
symbolsdenotetheextentof normalto ¯ippedcharacterof thesamplesshown andarethesameasin Fig. 4.
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pos. 24: N5-10,TO pos. 25: N5-7 pos. 26: N4-6

pos. 27: N4-10 pos. 28: F pos. 29: X

pos. 30: N8-20>F,FF pos. 31: N10-13>>FF (no hairpin): N4-10

Figure 10. Representativeatomicforcemicrographsshow theresultsof thehairpininsertionexperiments.Shown arepositions24-31for SEs(5:hX). Circular
symbolsdenotetheextentof normalto ¯ippedcharacterof thesamplesshown andarethesameasin Fig. 4.
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pos. 17: N6�9 pos. 20(1 and 5): N18�28

Figure 11. More hairpin-insertionimages.(A, left) Oftena singlelinearstructureappearsto fray or split in waysthat suggestit mayhave beena ropeor
tangleof two or moretubesthat openedon the surfaceandsubsequentlyfusedtogether. HeretubesareSEs(5:h17).Scalebar, 100 nm. (B, middle) High
resolutionimageof theboxedareain (A) wherehairpinscanbeseen.Hairpinsmaybeseenon thebottomedgesof tilesbut noton thetop. Scalebar, 500nm.
(C, right) Thedouble-hairpinsingletile tubeSEs(1,5:h20)producedunusuallywide tubeswith thetilesof thenormalorientation.Scalebar, 500nm.

pos. 22(1): F

Figure 12. AFM of SEs(1:h22)̄ ippedtubes.This modi®cation,a hairpinat position22 on the# 1 strand,wasusedto createdall the ¯ippedbiotinylated
tubesSEs(1:h22,3:FAM,5:bX) usedthethestreptaviding bindingexperiment.(left) Flippedtubesbeforeopening.Scalebar, 500nm. (middle)Sameareaasat
left, but afterseveralscanshave openedthetubes.Scalebar, 500nm. (right) A zoomof themiddlepanelshows thatthecircumferenceof thesetubeswas�
9-11tilesand� 143 nm. Thediameterwasthus� 45 nm, largeenoughto admitstreptavidin-Cy3. Scalebar, 100nm.
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Figure 13. Examplesof non-denaturinggelsusedto testbiotin functionalityandbackgroundstreptavidin labellingof tiles asusingproceduresdescribedin
Methods.(a)For eachof thestrandsSE5-bX, agelshift assaywasperformedto determinetheextentof biotin labelling.Shown arepositionsX=20±26.Control
lanesmarked`c' containthe38-merstrandsSE5-bX in theupperbandmixedwith a 26-mermarker strand`m', RE4-DIAG, in thelower band.Lanesmarked
`s' containthe lattermixturewith anexcessof streptavidin-Cy3 added.SE5-bX andthemarker werevisualizedby SybrGreenI stainingandquantitated:S
refersto the measuredamountof SE5-bX in the `s' lane,SM , the amountof marker in the `s' lane,C the amountof SE5-bX in the `c' laneandCM the
amountof marker in the`c' lane. Thefractionof SE5-bX with functionalbiotin wascomputedto be1 � S=S M

C =C M . This assayindicatedthat theef®ciency of
biotin labellingof thestrandsrangedfrom 52%to 82%. In principlethesenumberscouldbeusedto normalizeexperimentstestingthebindingof streptavidin
to biotinylated tiles or tubes(bearingthe relevant SE5-bX strand). In practicewe found suchnormalizationsmadethe measurementsnoiserand thuswe
performednonormalizationontheselaterexperiments.(b) For eachof thetilesSEn(5:bX), agelshift assaywasperfomedto determinethebackgroundpro®le
of streptavidin bindingto tiles outsideof thecontext of a latticeor tube. Shown arepositionsX=20±26.Control lanesmarked`c' containthetile SEn(5:bX)
in the upperbandmixed with a 26-mermarker strand`m', RE4-DIAG, in the lower band. Lanesmarked `s' containthe latter mixture with an excessof
streptavidin-Cy3 added.SEn(5:bX) andthemarker werevisualizedby SybrGreenI stainingandquantitated:S refersto themeasuredamountof SEn(5:bX)
in the `s' lane,SM , the amountof marker in the `s' lane,C the amountof SEn(5:bX) in the `c' laneandCM the amountof marker in the `c' lane. The
accessibilityof biotin for streptavidin bindingon a tile SEn(5:bX) wascomputedto be1 � S=S M

C =C M . In particularsuchgelsweremeantto isolatetheeffect of
the intramolecularcontactbetweenheliceson theef®ciency of streptavidin binding. Becausethevariationin streptavidin binding for biotin positionson the
accessibleportionsof a tile is lower thanthevariationobservedin experimentsmeasuringthefractionof functionallybiotinylatedSE5-bX strandsfrom (a)we,
did notnormalizethisdata.Wesuspectthatthevariationin (a)maybeduenot to avariationin thebiotinylationof theoligosbut ratherto aposition-dependent
changein accessibilityof thebiotin basedon thesecondarystructureof theSE5-bX oligo.
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Figure 14. Here,to createhybrid tubes,25 � l of SEs(3:FAM, 5:b15)tubesand25 � l of SEs(5:b22)tubesat 200nM wereannealedseparately, thenmixed
andsonicatedin anultrasonicwaterbath(Branson2210,47 KHz.) for 30 secondsbeforelabellingwith streptavidin-Cy3. Without sonication,thefrequency
of end-joiningbetweenthe two typesof tubesis observed to bequitesmall, � 0:5% of tubesweremult-colored.Immediatelyaftersonication,a similarly-
preparedsamplecontainedonly small tubefragments(� 2-4 � m). Severalhoursaftersonication� 5-10%of tubesweremulti-colored,many with multiple
domains,asseenabove. (Tubesarestretchedandimmobilizedonuntreatedglass,thecontoursthey assumearenot indicativeof their persistencelength.)It is
notknown whethersonicationmerelyincreasesthenumberof freeendsavailablefor joining or causestubesto shearin amannerthatmakesthemmorelikely
to join. Theseexperimentsshow thattubeswith multiplechemicalcharactersmaybefusedinto singletubes.Scalebars10 � m.

trunc RE�4 5': F~N15 trunc SE�1 5' and 3': SL

Figure 15. (left) A singlesticky endtruncationthatyields¯ippedtubes.Scalebar, 500nm. (middle)Most trunctations,includingthis doubletruncationof
the50 and30 nucleotidesof SE-1,do not yield any kind of tube. Thesmall lattice fragmentsseenheremaywell have assembledon themicaat the time of
samplepreparation.Scalebar, 500nm. (right) Zoomof middlepanelin which tilesareresolved.Scalebar, 100nm.
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REp�increase�2 + SEp�increase�2 REp + SEp�decrease�2

Figure 16. (left) Tangled®lamentsproducedby REp+ SEpeachwith armlengthsincreasedby 2. Scalebar500nm. (middle)NormalREpcombinedwith
SEp-decrease-2with hairpinat position13. Tubesappearto rip diagonally, producinga distinct featheredappearance.(right) Zoomsuggeststhat tubesare
helical,with exactlyonetile columnoffset.Scalebar, 100nm.
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