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1 Methods

Design, data-processingand modelling: DNA sequences
were designedusing our own algorithms based on sequence
symmetry minimization implementedin Matlab and C (avail-
able at http://www.dna.caltech.edu/DNAdesign/ ).
Cune ts for persistencelength data and models for lattice
strain enegies were calculatedin Matlah  Molecular mod-
els were constructed and visualized using a combination
of NAMOT, RasMol, and PyMol (scripts and coordinatesat
http://www.dna.caltech.edu/SupplementaryMaterial/

The molecularmodelsarefor visualizationonly andhave not been
subjectedo moleculardynamicscalculations.

DNA sample preparation: Lyophilized HPLC- or PAGE-
puried DNA oligonucleotideswere purchasedfrom Integrated
DNA TechnologiegCoralville, 1A), resuspendeth water quanti-
tatedby UV absorbancat 260 nm, andstoredat-20 C. All sam-
pleswere preparedn a 1X Tris-Acetate-EDR (TAE) buffer with
12.5mM magnesiumacetate(pH=8.3). An equimolarmixture of
strands(5 strandsf onetile, 10 strandsif two) wasannealedrom
95 C to 25 C at 1 C/minutein 0.1 C (AFM) or 5 C (uores-
cencemicroscop) stepsin a PCR machine(EppendorfMasterg-
cler). For AFM, eachstrandwaspresentat200nM, for uorescence
microscopy thetotal concentratiorof tiles waskeptat 400nM. For
uorescencemicroscop, asingle uorescein-labeledtrandwasin-
corporatednto eachtile; thepositionof thedyewasvariedfrom the
5° endof the#3 strandto the5° endof the#5 strandwith noapparent
effect. AFM of REp+SEp(3:AM) wassimilarto thatof REp+SEp.

Preparation of PVP coated glass: Adapted from.!  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 acpin with DI water and silanizedin a 1% v/v 3-
(trimethoxysilyl)profylmethacrylat€Aldrich) in 1% v/v aceticacid
for 36 hours. For polymer coating,500 mL of a4% w/iv My, =
360; 000 poly(vinylpyrrolidone) (PVRE USB Corp.) solutionwith
2.5mL of 10% w/w ammoniumpersulate solutionand250 | of
N,N,N° N°tetrametlylethylenediaming(TEMED, Acros) was pre-
pared. Slidesandcoverslipswereincubatedn the PVP solutionat
80 C for 18 hours. They werethenrinsedandstoredin DI water
Coatingwasstablefor atleast2 weeks.

Preparation for uor escencemicroscopy: Sampleswere left
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overnightatroomtemperaturafterannealinglmmediatelyprior to
use,a PVP-coatednicroscopeslide andcoverslip wererinsedwith
ethanolanddried. Then,2.6 | of solutioncontainingDNA tubes
and oxygenscaenging system(0.035 mg/ml catalase0.2 mg/ml
glucoseoxidase,4.5 mg/ml glucose,5% -mercaptoethanolvas
depositecntothe slide,coveredwith the coverslipandsealedwith
epoxy or para n. The distancebetweenslide and coverslip was

5 m andthethicknesof samplesolutionwastypically narroved
to 3 m bythePVPcoating.

Fluorescencamicroscopy: Samplesvereimagedon aninverted
microscope(IX 70, Olympus)with 100X/1.40NA oil immersion
and40X/0.75NA air objectives.Bluelight was ltered from amer
cury arclampthroughaninterferencelter (475 40 nm) for ex-
citation. Theemitted uorescencepassedhrougha dichroic mirror
(505 DRLP) and a greeninterferencelter (525 45 nm). Im-
ageswere recordedto a computerRAM via a cooled CCD cam-
era(SensicamCoole) usingthecorrespondingoftware(CamWare,
Coolke). Imageswere processedn ImageJ(Java versionof NIH
Image:http://rsb.info.nih.gov/ij/ ) by performingthe
following operations:invert, binarize, open (erosionfollowed by
dilation to smoothand remore isolatedpixels) and close (dilation
followed by erosionto smoothand Il small holes). Finally, im-
ageswere skeletonizedto obtain contoursl pixel wide. Contour
lengthswere measuredising the Analyze Particlesmacroin Im-
ageJ.To guaranteehat tubesthat were measuredvere essentially
con ned to 2D, only thosetubeswhosewhole contourremainedn
the 1 m focuswerescored.

Atomic force microscopy: AFM imaging was performedin
Tapping Mode under TAE/Mg?*  buffer on a Digital Instruments
Nanoscopéll (Veeco)equippedvith ananoAnalyticsQ-controllll
(Asylum Researchanda verticalengageJ-scannemsingthe 9.4
kHz resonancef thenarrav 100 M, 0.38N/m forceconstantan-
tilever of anNP-Soxide-sharpenesiliconnitride tip (VeecoMetrol-
ogy). After self-assemblys complete,sampleswere preparedor
AFM imagingby depositionof 5 | ontoa freshly-cleaed mica
surface(TedPella)attachedy hotmeltglueto a 15 mm metalpuck;
an additional30 | of buffer was addedto both sampleand can-
tilever (mountedn the standardrappingMode uid cell) beforethe
sampleand uid cell werepositionedn the AFM head.(Whenob-
senation of tubesfalling eventswas desired,30 | of buffer was
addedto the mica rst, andthenthe5 | of samplewere added.)
Thetappingamplitudesetpointafterengage was0.2- 0.4volts, the
drive amplitudewas100-150milli volts, andscanratesrangedfrom
2-5Hz. Individual tiles aremostclearly resolhed at low amplitude
setpointand high drive amplitudevalues. Under suchconditions,
the greatestlamages doneto the sampleandthe hairpinlabelsare



lessdistinct,sometimeglisappearingntirely To preventdamageo

samplesamplitudesetpointwasmaximizedand/ordrive amplitude
minimizedsubjectto the constrainthattiles andtheir hairpinlabels
bevisible. After acquisitionimageswere attened by subtractinga

low-orderpolynomialfrom eachscanline, or by adjustingeachscan
line to matchintensityhistogramsTo createmovies, multiple scans
werealignedin Matlab usinghand-picled ducial marksasguides.
The scalein AFM imageswas calibratedto the width of the tiles;

previous experiencehasshavn this to beareliablestandard.

Gels for probing tube structure: For eachstrandSE5with a
biotin-dT (with a6 carbonlinker) addeds® of nucleotidess through
31(X =6-31)weranageltestingthebindingof streptaidin-Cy3to
thestrand(a) alone,(b) in a SEtile without sticky endsSEn(3:AM,
5:bX), (c) in a ipped tube SEs(1:h22,3:&M, 5:bX) and (d) nor-
mal tube SES(3:AM, 5:bX). RE4-DIAG wasaddedasa marker to
the strandandtile samplesFor all streptaidin bindingexperiments
al | of streptaidin-Cy3 conjucate (SigmaS6402,3-9 Cy3 per
streptaidin, diluted 1:15in water)or 1 | of water(controls)was
addedto 10 | of strands(1 M SE5-X, 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 bind 10
minutes.Thenl | of 10 mM biotin solutionwasaddedto quench
the reaction,mixed by pipette,followedby 2 | bromophenoblue
loadingdye(xylenecyanolinterferedwith theinterpretatiorof some
bands) Gelswereloadedwith 5-6 | of solution/laneandrunimme-
diately. (Within 30 minuteswefoundthatif quenchedamplesvere
allowedto sit overnight,the biotin quenchwould displacethe DNA
strandsfrom the biotin and no labelling was obsered.) Strands
andtileswererunin 10%non-denaturingolyacrylamidegels(19:1
bis:acrylamide15 V/cm for 2 hourfor SE5strands, 1 hourfor
SEtiles, maintainedat 4 C) stained20 minuteswith Sybr Greenl
(MolecularProbes)andimagedon a Biorad MolecularImagerFX
gel scanner(excited at 488, imagedwith 530 bandpasdter). The
biotinylated strandsgel shaved biotinylation ef ciences from 52%
to 82%; it was so noisy that we did not useit to normalizeother
results.Flippedandnormaltubeswererunin .3% agarose(Sealem
gold,8V/cm, for 30minutescooledsothebuffer remained< 20 C)
andimagedunstainedgreenchannel: excited at 488 nm, imaged
with 530 nm bandpasslter; red channel: excited at 532, imaged
with a 555 nm long-passlter); no stainingwasnecessarypecause
in thesegelsall speciesf interestarelabelledwith SE3-FAM. The
agarosegelsjust sene to separatdéubesfrom free streptaidin and
unboundtiles from the tubes— the tubesnever left the wells; care
wastakennotto rinsethemout duringgel handling.

2 Effects of hairpins on lattice-mica adhesion

In generaljn the presencef Mg?* , DNA tile latticesbind very
strongly to mica. (Lattices bind more strongly with Mg than
doesdouble-stranded®NA; even 4 tile clustersbind well enough
to beroutinelyimagedwith highresolution-double-strande®NA
rarelybindsandimagessowell. Probablydueto cooperatie bind-
ing of tilesto mica, thisdifferencds consistentvith previousstudies
shaving Mg?* is insufcient to imagedouble-strande®NA.2 Our
concentration®f Mg?* are roughly 5-fold higher however) An
exceptionappearso betubesmodi ed with hairpinsontheoutside:
they bind well enoughto be imaged,and openinto sheetson the
surfacebut we obsene several phenomenahat suggesthey have
low adhesiorto mica. Closedtubeswith hairpinsappearo persist
much longeron mica than do tubeswithout hairpins. Suchtubes
aresometimesnobileonthemica,apparentlypushedaroundby the
AFM tip: Whereparallelto the scandirection suchtubesappear
muchnarrover thantubesperpendiculato the scandirection,and
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sometimeshey disappeaandreappeafoftenin thesamespot)from
scanto scanwhile surroundingopenedubesremainstable.

The hypothesisthat tubeswith hairpinsadherelessto the mica
surface,and are thuslessproneto a mica-catalyzedube-opening
mechanismjs supportedoy experimentswith the diagonaltubes
REd+SEd(1,5:h14). Spread at on a mica surface, a patch of
REd+SEd(1,5:h14pttice hasa chirality dictatedby the orientation
of its hairpins:“right-handed’if thehairpinsfacedown asin Fig. 1C
and“left-handed”if thehairpinsfaceupasin Fig. 2E.(Thishanded-
nessis independentf which way the tubesactuallyclose,however
if tubescloseasthe modelpredictsthenthe top andbottomedges
of thelatticein Fig. 1C would roll upwardto form a tubewith true
left-handedhelicity.) Pre-formedREd+SEd(1,5:h14ubeswerede-
positedon micaandwe madetwo measurementsf handednesg1)
thatof latticesleft by tubesobsenedto openin real-timeand(2) that
of latticesin the backgroundpresumablyrom alreadyopentubes).
Freshly-openethtticeshada weaklybiasecdchirality, of 23:15(left-
handed:right-handedjut backgroundatticeshad a strongbiasin
favor of left-handedragmentq65:11). We obsenedthatthestripes
on freshly-openedight-handediattice looked blurred (a possible
indication of weak binding), and that thesefragmentssometimes

ipped to becomeleft-handedfragments(providing a mechanism
for creatingthe biasin backgroundattices)or disappeare@vhile in
thesameview aleft-handedragmentgrewn. Becauseve know (from
hairpininsertionexperimentsthatthehairpinsareontheoutsidewe
concludethat opentubesbearinghairpinsbind preferentiallywith
theirinsidestowardsthemica;we suspecthisis dueto low adhesion
of the hairpinsbut cannotexcludethe possibility thatit is causedy
theintrinsic curvatureof the lattice. This conclusionis furthersup-
portedby experimentsin which REd and SEd(1,5:h14}iles were
annealedeparatelandthenmixedduringdepositionrontomica. In
this casethe micasurfacewascompletelycoveredby smalldomains
of left-handedragmentsthatis, with hairpinspointingup.

We notethat an alternatve hypothesisfor the effect of hairpins
on tube-openings thatthe hairpinsthemseles may stabilizetube
structureandlattice curvature perhapdy repellingeachothersteri-
cally or electrostaticallyOr they maypreventtip-latticeinteractions
thatcauseubesto open.

3 Derivation of persistence length estimate for tubes

Thepersistencéengthof a double-helixis simply proportionalto
the Young's modulus E , andthe momentof inertiafor the helix, i:
Phelix Ei=k T.2 Assumingthatthe Young's modulusfor tubesis
the sameasfor helices,the persistencéengthof tubesis similarly
Prube E | =kT, wherel is the momentof inertiafor tubes.Thus
Ptube =Prelix

Treatingatubeasabundleof 2N rigidly linked cylindrical rods
of radiusr, we cancalculatel in termsof i. Eachrod, whosemo-
mentof inertia with respectto its own centerof massis i, is dis-
placedfrom the tube's centerof masshby adistancer (seeFig. 1J).
By the parallel axis theorem,the rod's momentof inertia with re-
spectto the tube's centerof massisi + M R?, whereM is the
rod's mass. Assuminguniform density i = %M r2, and thus
I = 2N(i + MR?) = 2N(i + ZR?), whichimmediatelyyields
thedesiredresultthat

. #
Pue _ 1= oN 142 ?

Phelix |

4 Notes on hairpin inser tions
Positions8 and 29 are specialonesfor hairpin insertionsince
they positionthe hairpin directly over the cross@er in the double



cross@er. In essencehis turnsthe 4-arm junction that normally
occursat a cross@er point into a 5-armjunction. In orderfor the
doublecrosswer to actasa normaltile in the context of a tubeor
lattice,we believe thattheremustbestackingacrosghetwo corehe-
lices. Addition of a hairpinat thejunction (or evenonemight think
within abaseor two of thejunction)maydisruptthecorrectstacking
at this junction— the hairpin might, for example,stackagainstary

oneof the normally occurring4 armsandleave onearmwithout its

normalpartner Nonethelessascanbeseenn Supporting-ig. 8, the
insertionof hairpinsat position8 or adjacentpositions7 or 9 does
not preventthe formationof functionaltiles that canassemblento

normalor ipped tubes.Position29, however, doessomethingout
of the ordinary—itforms somesmalllattice but it alsoforms, with

very low abundancewhat appeargo be a 3-connectedetwork of

predominantljnexagonsandsomepentagonsThis suggestshatthe
resultsfor position29 do not have bearingon the questionof inside
vsoutside.Thatthe hairpinshoulddisruptthe crosseer at position
29andnotat position8, despitethe similar sequenceontet around
eachjunction for 2 baseson eitherside, could be dueto their not
being exactly equivalent positionswith respectto sequencer the
symmetrief the overall molecule.

For position 15, and 17 through23, the hairpin insertionexper
imentwasrepeatedvith 4-basepair hairpinsusingtiles SEs(5:kx-
short). Most of thesetubesdisplayed ipped:normal ratios similar
to that of their their 8-basepair counterpartsvhile three (18, 19,
22) appearedo yield lower ipped:normal ratios. In no casedid
shorteninghe hairpin completelyeliminate ipped tubesat a posi-
tion for which ipped tubeswereobsered usinglong hairpinsand
in no casedid theratio of ipped:normalincreasewith a decrease
in hairpinlength. Theseresultsare consistentith the ideathatit
is size-dependerstericor electrostatieffectsof the hairpin (rather
thanthe existenceof a branchin the DNA backboneat a particular
position)thatcauseshetubesto form analternatve con guration.

5 Sticky-end truncations

We exploredthe effect of stackingandsticky endlengthon the
formation of DNA nanotubesy creatingstrandswith single bbase
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,and VE-00) we replacedstrand#1 or
#5 with a versiontruncatedl baseat its 5° and 1 baseon its 3°
end. With onesuchstrandreplacedonehalf of the stackinginter-
actionsat sticky endsareremoved (assuminghatthe unpairedbase
in the sticky enddoesnot bulge out andallow stacking). For REs
(5:5t1-3t1),REs(3:5t1-3t1) SEs(5:5t1-3t1),and SEs(3:5t1-3t1jve
obsered that only small lattice fragments(100-300nm on a side)
wereformedbut for VE-00(5:5t1-3t1)and VE-00(3:5t1-3t1)either
entirely ipped tubesor amixtureof ipped andlargenormaltubes
were formed. This suggestghat stackinginteractionsare impor-
tantin the geometryof double crosseer lattices—in particularit
suggestshat despitethe distortion of the helix axisimplied by the

2 nm separatiorobsened betweertiles, the distortionis not ex-
tremeenoughto destry stackinginteractionsat sticky ends. It is
possiblethat the effect of remaving stackinginteractionsdoesno
morethandecreas¢he melting temperatureandthatthe small lat-
ticesobsened for REs(5:5t1-3t1)andsimilar systemswverenucle-
atedandgrown onthemicaduringsamplepreparation-in factthese
small latticesare indistinguishablgrom the small latticesthat we
know have grown on micain experimentswheretiles REpandSEp
wereannealedeparatelandthenmixedduringdepositionontothe
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mica surfacefor AFM imaging(datanot shavn). However, there-
sultthatVE-00(5:5t1-3t1)andVE-00(3:5t1-3t1)form ipped tubes
in solutionshaws that suchtruncationscan profoundly changethe
morphologyof tubes.Sowe nd it unlikely thatachangen melting
temperaturés responsibldor thelack of tubesin theothersamples.
We also explored 1 basetruncationsof the sticky endsso that
both basepair and a stackinginteractionwerelost. Someof these
truncationsfor exampleREs(2:EEQ1-5t1)resultin only small lat-
tices. Notably onetruncation REs(4:DIAG-5t1), resultedn a mix-
ture bearinglarge numbersf ipped andlarge normaltubes.Thus
the loss of a single basepair and a stackinginteractionarein this
casesufcient to causeheformationof ipped tubes.
Anotherlessorthatthesestudiesyield is theimportanceof using
full-length puri ed DNA sequencein DNA nanotechnologyon-
structions. The greatestimpurity in DNA synthesisreactionsare
typically n 1 truncationproducts;we have shavn, however, that
a single basetruncationcan causea profoundchangein tube mor-

phology

6 Arm length variations

A questiorthatis oftenasledis whetherchangingarmlengthsof
the doublecrosse@erswould changethe diameterof the tubescre-
ated. The effect of changingarm lengthsis to changethe distance
betweerintermolecularcrosseersin thelattice thatis formed. For
the unmodi ed DAE-E tiles usedherethis distance D, is 21 base
pairsfrom theright crosseer of onetile to theleft crosswer of atile
bindingonits righthandside. In fact, ratherthanchangingthe natu-
ral diameterof thetubes,changinghedistanceD senestoincrease
the overtwist or undertwistbetweencrosseers and addsstrain to
the lattice. This is a consequencef the constraintson the major
andminor groove orientationsat crosseers,asshavn in Fig. 1J.As
D isincreasedr decreasetbo muchfrom the unstraine®-helical
turnvalueof 21, we expectthattubeswill nolongerbeableto form.
We explored the ability of the tube structureto tolerateovertwist
or undertwistin the helix betweenintermolecularcrosseersby at-
temptingto make tubesout of doublecrosseerswith changedarm
lengths. For eachbasicdouble-crosseer REp and SEp we made
four variants(seeSupportingFig. 3): one variantwith the right-
handarmsincreasedy onebasepaiin length(e.g. REp-increase-
1), onevariantwith both the righthandandleftand armsincreased
by one basepaiiin length (e.g. REp-increase-2)pne variantwith
the lefthandarmsdecreasedby one basepaiiin length (e.g. REp-
decrease-1)and one variantwith both the righthandand lefthand
armsdecreasebly onebasepaiin length(e.g. REp-decrease-2).

By combiningREpvariantswith SEpvariantswe wereableto ex-
ploreavarietyof distance® . If REp-increase-2ndSEp-increase-
2 arecombined for example,the distanceD is increasedy 2 ev-
erywherein the lattice. In this case,aswell asin the case(REp-
decrease-2 SEp-decrease-2)p tubesareformed.Insteada char
acteristictangleof laments (seeSupportingFig. 16) areformed.
However, whenD is increasecdr decreasethy 1 baseeverywhere,
asin thecase(REp-increase-* SEp-increase-iyvhereD = 22 or
(REp-decrease-t SEp-decrease-yhereD = 20, normaltubes
of typically small diameterform. Othercombinationsof REp and
SEpvariantsthatyield avalueof D = 22 orD = 20 for example
(REp+ SEp-increase-And(REp+ SE-decrease-2)soform tubes
with the normal orientationof tiles. Suchlatticeshave the same
phosphat®ackbonesthetubescreatedby (REp-increase-t SEp-
increase-1pnd (REp-decrease-t SEp-increase-1¢xceptfor the
positionsof the nicks at the sticky ends. This differenceseemani-
nor but may beresponsibldor the obenationthatthe tubesformed
by (REp + SE-decrease-ZQrelarger (N11-16)and appearo have



somehelicity (SupportingFig. 16).

Notethathere(andin themodellingfor Supportingrigs.1 and2)
we only exploredchangego D thatweremadeuniformly though-
out the lattice. If thelengthto theleft of SEpwereD = 20 while
thelengthto theright of SEpwereD = 22 (aswould bethe case
for SEp-increase-* REp-decrease-1jhenthe modelpredictsthat,
indeed,the tube diameterwould change.This hasnot yet beenat-
temptedexperimentally

Correspondencshouldbe addressedo Paul W. K. Rothemund
(pwkr@caltech.edu ).
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Figure 1. Top: 2x2 patchef DAE-E, DAO-E, DAE-O, and DAO-O double-crosseer lattices,with rotational(black oval, axis perpendiculato the plane;
arraw, axisin plane)andscrev (half-arrav) symmetrieof thefull latticeindicated.Only thephosphatéackbonendsticky-endnicksareconsideredgoloring
of strandgdenotingsequenceis not necessarilypreseredby somesymmetrieof the phosphatéackboneBottom: Model patchef tiles usedto investicate
strainbalancingn curvedand at sheets Eachpatchcontains3 tiles (colors)aswell astwo double-strandeghalf-tiles®(yellow) thatcompletethe 6 helices.

Eachmotif is characterizedby a patternof lengths(in nucleotideshetweencrosseers pointswithin the tile and betweenthosein adjacentiles. Herewe
only explore uniform lattices,wherethe lengthsarethe sameat every tile position. (E.g, D hasthe samevaluefor all locationswithin a given patch.) Patch
curvature,measuredy theangle betweenadjacenthelices,is treatedasa free parameterwe wish to estimatethe strainenegy asa functionof . (An

N -tile wide tubewould have 3§i .) For eachlattice motif, the relative orientationof the major and minor groove is determinedat eachcrosswer
point. The exactpositionof the phospHat@articipatingin the crosseer is further constrainedo be at the tangentpoint to the adjacenhelix, sogiven , the

positionof eachcrosswer phosphateanbe determinedin anelasticrod modelof DNA, 3 theenegy requiredto twistarodby radianscanbecalculatedas
Gwist = %C(f)zL whereL isthelengthof therodandC = 2:5 10 19 emycm. For eachhelicaldomainbetweercrosswer points,theminimal twist

(in additionto the relaxed B-form DNA helix twist of 34 perbasepair) requiredto meetthe phosphateonstraintds easilycalculated.Summingover all
constrainedlomainsin the patchgivesthetotal twist strainenegy.
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Strain balancing model
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Figure 2. Plot of the total twist strainenegy (per the elasticrod estimate)as a function of the patchcurvatureangle , for eachof four lattice motifs
(SupportingFig. 1) andfour variantspacingf the DAE-E lattice motif. Within 1 kT of the minimumenegy for eachmotif, the plot is shavn in bold. For
the DAO-E, DAO-0, andDAE-O motifs, the minimumenengy is obtainedby "at patches, = 0, in agreementwith the symmetryagumentdescribedn the
text. Notethatthe valueof the minimum strainenegy is higherfor both DAO moaitifs, largely becausehe helix domainsbetweencrosseerswithin thetiles
aresomeavhatunder andover-strained.For the DAE-E motif, theminimum-enegy curvatureangle is exactly thatneededo completethe angularextentof
theminorgroove (assumedo be180 153 = 27 for thecalculationshavn here),in agreementith theargumentgivenin thetext. The DAE-E patches
with increasear decrease® have thesameminimum-enegy curvatureangle = 27 , butfor someeventheminimumenegy con®guratiorhassubstantial
amountsof strain. Unlike the DAO moitifs, herethe strainis within helix domainscontainingthe sticky ends suggestindhatit may not befavorablefor atile
to attachto sucha patch+ unlessthe assumptionsf the modelarebroken. (For comparisongachsticky-endhybridizationis estimatedo be11 2 kT.) For
all motifs, within 1 kT of enegy canvaryby 10 . This®gurewould, of course changewith thesizeof the patch.

S6



REs

1>CGTATTGG ACATTTCCGTAGA CCGACTGG ACATCTTC>1
2<TTACGGCATAACC TGTAAAGGCATCT<3<GGCTGACC TGTAGAAGGACCA<4

2>CTGGTCCTTCACA GGCAGAATCAATC ATAAGACA GGTAGTGGAATGC>4
5<GGA‘AGTGT CCGTCTTAGTTAG _TATTCTGT CCATCACC<5

(stra nds RE1, RE2-EE 01, RE3, RE4-DIA G, RE5)

SEd

1>CTCAGT GG ACAGCCGTTCTG AGCGTTGG ACGAAACT>1
2<ATGGAGAGT@C TGTCGGCAAGR?KTE 'EGCAACC TGCITGAGACCA<4
2>GTCTGGTAGATA %T>4

5<CATCTC GT CCGATTTGTCAT GGCTTCGT CCAGTAGC<5

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

SEp (1,5:h6)

T
T GGTRAGTATT
T CCA{TCAT

1>CTCAGTGG ACAGCC GTTCTGG AG CGTTGG ACGAAACT>1
2<TTACGGAGTCACC TGTCGG CAAGACC<§<TC GCAACC TGCTTTGAGGAGT<4
2>GTCTGGTAGAGC, J; ;; E; Eé ACCT>4
5<CATCTCGT CCGATT TGTCATT GG CTTCGT CCAGTAGC<5

T
ATGTCGGC T
TTTACAGCCG T

T

(stran ds SE1-h14, SE2 , SE3, SE4, SE5- h14) (stra

SEp-decrease-2

\ Y

1>CTAGTGG ACAGCCGTTCTGG AGCGTTGG ACGAACT>1
2<TTACGGATCACC TGTCGGCAAGACC<3<TCGCAACC TGCTTGAGGAGT<4

2>GICIGGI GAGCkmmmI'ACCT>4

5<CACTCGT CCGATTTGTCATT GGCTTCGT CCAGTGC<5

A A

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

SEp-increase-1

-+

1>CTCAGTGG ACAGCCGTTCTGG AGCGTTGG ACGAAAEgT>1

2<TTACGGAGTCACC TGTCGGCAAGACEE<3<TCGCAACC TGCTTTGCAGGAGT<4

2>GTCTGGTAGAGCA GGCTAAACAGTAA CCGAAGCA GGTCATaCGTACCT>4
5<CATCICGT CCGATTTGTCATT GGCTTCGT CCAGTAIGC<5

A

F

(strands SE1-  Al, SE2,SE3,S  E4-A2, SE5-Al)

VE-00 (1:5t1-3t1)

Y \

1>CATTCGG ACGTTTGCGGTAA AGATTAGG ACATTGA>1
2<ATGGAGGTAAGCC TGCAAACGCCATT<3<TCTAATCC TGTAACTTGACCA<4

2>CTGGTTCCGAG(!& GGCGAGIGIGATA CGAC /!67& GGCGTTCATACCT>4

5<AGGCTCGT CCGCTCACACTAT GCTGATGT CCGCAAGT<5

(stra nds VE1-5t1-3t1 , VE2-EEOQ0O, VE3, VE, VE5)

SEs

1>CTCAGTGG ACAGCCGTTCTGG AGCGTTGG ACGAAACT>1
2<ATGGAGAGTCACC TGTCGGCAAGACCEGKTCGCAACC TGCTTTGACAGAC<«
2>GTCTGGTAGAGCA GGCTAAACAGTAA CCGAAGCA GGTCATCETACCT>4

5<CATCICGT CCGATTTGTCATT GGCTTCGT CCAGTAGC<5

(strands SE1, SE2-DIAG, SE3, S E4-EEI10, SE5)

SEn

1>CTCAGTGG ACAGCCGTTCTGG AGCGTTGG ACGAAACT>1

2<GAGTCACC TGTCGGCAAGACC<3<TE EGCAACC TGCTTTGA<4

2>GTAGAGCA GGCTAAACAGTAA CCGAAGCA GGTCATCG>4
5<CATCICGT CCGATTTGTCATT GGCTTCGT CCAGTAGC<5

(strands SE1, SE2-NSTK, SE3, SE4-NSTK, SE5)

SEs (1,5:h22-short)

T
T GGTATT
T CCAT

T

1>CTCAGTGG ACAGCCG TTCTGG A GCGTTGG ACGAAACT>1

2<ATGGAGAGTCACC TGTCGGC AAGACC<3<T CGCAACC TGCTTTGACAGAC<4
S| et | sl

5<CATCTCGT CCGATTT GTCATT G GCTTCGT CCAGTAGC<5

T
CGGCT
TTGCCG T

T

nds SE1-h22-shor t, SE2-DIAG, SE3 , SE4-EE10, SE5-  h22-short)

SEp-decrease-1 -

\f

1>CTCAGTGG ACAGCCGTTCTGG AGCGTTGG ACGAACT>1
2<TTACGGAGTCACC TGTCGGCAAGACC<3<TCGCAACC TGCTTGAGGAGT<4

2>GTCTGGTAGAGCA GGCTAAACAGTAA CCGAAGCA GGTCACE;TACCT>4
5<CATCICGT CCGATTTGTCATT GGCTTCGT CCAGTGC<5

A

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

SEp-increase-2
+

\

1>CtTCAGTGG ACAGCCGTTCTGG AGCGTTGG ACGAAACGT>1
2<TTACGGaAGTCACC TGTCGGCAAGACC<3<TCGCAACC TGCTTTGCAGGAGT<4

<+

2>GTCTGGTAGQAG G a ACCT>4
5<CATCCTCGT CCGATTTGTCATT GGCTTCGT CCAGTAtGC<5

A A

(stra nds SE1-A2, SE2- A2, SE3, SE4-A2, SE5-A2)

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

!>CCATTCGG ACGTTTGCGGTAA AGATTAGG ACATTGAA>1L \
2<TGGAGGTAAGCC TGCAAACGCCATT<E§<TCTAATCC TGTAACTTGACC<4
2>CTGGTTCCGAGCA GGCGAGTGTGATA CGACTACA GGCGTT;KTACCT>4

5<AGGCTCGT CCGCTCACACTAT GCTGATGT CCGCAAGT<5

(strands VE1 , VE2-EEOQ-3t1 , VE3, VE4-EE00-5t1 , VE5)

Figure 3. Schematicshaving the sequencefor 12 of the doublecross@er moleculesusedin this paper Conceptuallyatile is reprogrammedby takingthe
coresequencegall the sequencewithout the sticky ends)andappendinga sticky endof choice. Practically for the DAE-E doublecrosseers, it is doneby
usingstrands#l, #3, and#5 which bearcoresequenceandaddingnew #2 and#4 strandsearingthe sticky endsequencesf choice.
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Dou ble Crossovers

Single tile t ubes:

REs (REL, RE2-EEQ1, RE3,  RE4-DIAG, RE5)

SEs (SE1, SE2-DIAG, SE3, SE4-EE10, SE5)

VE-00 (VEL, VE2-EEOQ0, VE3, VE4-EEQO, VE5)
Perpendicular  ly patterned tu bes:

REp (REL, RE2, RES3, RE4, RE5)

SEp (SE1, SE2, SE3, SE4, SE5)
Diagonally pa  tterned tubes:

REd (REL, RE2-EEQ1, 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, RES5)
SEd2 (SE1, SE2, SES3, SE4-EE10, SE5)
Tiles without sticky ends:
RENn (REL, RE2-NSTK, RE3, RE4-NSTK, RE5)
SEn (SE1, SE2-NSTK, SE3, SE4-NSTK, SE5)
Strand s written 50 to 30
Basic strands for an REp til e:
RE1 (37-mer, 356360 /M/cm @ 2  60nm) : CGTATTGG ACATTTCCGTAGACBGTGGACATCTTC
RE3 (42-mer, 430880 /M/cm @ 2  60nm) : TCTACGGA AATGTGGCAGAATCRBATAAGACACCAGEG
RE2 (26-mer, 251300 /M/cm @ 2  60nm) : CCTCACCT TCACACCAATACGATGS
RE4 (26-mer, 273000 /M/cm @ 2  60nm) : CAGACGAA GATGTGGTAGTGGART
RES (37-mer, 348160 /M/cm @ 2 60nm) : CCACTACC TGTCTTATGATTGATOTGCCTGTGAAGG
Basic strands for an SEp til e:
SE1 (37-mer, 360300 /M/cm @ 2 60nm) : CTCAGTGG ACAGCCGTTCTGGAGIOIGGACGAAACT
SE2 (26-mer, 256620 /M/cm @ 2 60nm) : GTCTGGTA GAGCACACTGAGGCATT
SE3 (42-mer, 415380 /M/cm @ 2 60nm) : CCAGAACG GCTGTGGCTAAACABACCGAAGCACCAACTG
SE4 (26-mer, 251920 /M/cm @ 2  60nm : TGAGGAGT TTCGTGGTCATCGTAT
SE5 (37-mer, 336840 /M/cm @ 2 60nm) : CGATGACC TGCTTCGGTTACTGTAGCCTGCTCTAC
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 GAGCACACTGAGAGGTA
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 TTCGTGGTCATCGTAT
RE2-DIAG (26-mer, 2 53800 /M/cm @ 26 0 nm): CTGGTCCT TCACACCAATACGAGS
RE2-EEO01 (26-mer, 2 42720 /M/cm @ 26 0 nm) : CTGGTCCT TCACACCAATACGGTRA
RE4-DIAG (26-mer, 2 74020 /M/cm @ 26 0 nm) : ACCAGGAA GATGTGGTAGTGGART
Variants of # 2and# 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/lcm @ 26 0 nm) : GAAGATGT GGTAGTGG
Fluoresceinat  ed st rands:
RE3-FAM (42-mer, 451840 /M/cm @ 2  60nm) : FAM-TCTA CGGAAATGTGGCAGEMATCATAAGACABGTCGG
SE3-FAM (42-mer, 436340 /M/cm @ 2  60nm) : FAM-CCAG AACGGCTGTGGCTAMGTAACCGAAGCAATGCT
SE5-FAM (37-mer, 369120 /M/cm @ 2  60nm) : FAM-CCAC TACCTGTCTTATGATIATTCTGCCTGTGABG

Figure 4. At top the basicstrandcompositionof eachdoublecrosseer usedin this paperis shovn. Below, the sequencefor thesedoublecrosseersare
given,aswell asthe FAM-modi®edstrandausein “uorescencenicroscopy experiments Notethatfor historicalreasonshe pair of strands# 2 and# 4 usedfor

aparticulardoublecrosseer arenot obvious from the nameof the crossewer andthe namesof the strands For example,the SEstile for singletile tubesuses
an SE2-DIAG strand,andREd, for diagonallystripedtubes,usesneitherRE2-DIAG nor RE4-DIAG. Basedon our understandingf the directionof closure
of thetubes tubescreatedrom REd+ SEdwill bearaleft-handechelical pattern.This canbe seenby takingthe diagonalpatternin Fig. 1C androlling it up

off of thepage.Thetiles REd2andSEd2beara differentchoiceof sticky endsthatwill createaright-handedliagonaltube(AFM datanotshawvn).
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Long hairpin

strands for SE5

SE5-F-7 © h6© (59-mer, 539360 /M/cm @ 260 nm) : CGATGA ATGTCGGCTTTTGCBCGATTTCCTGCTTCGBACTGTTTAGCCTGCTAC
SE5-F-6 © h7© (59-mer, 539700 /M/cm @ 260 nm) : CGATGA CATGTCGGCTTTTGGBCATTTCTGCTTCGTACTGTTTAGCCTGCTAC
SE5-F-5 © h8© (59-mer, 540340 /M/cm @ 260 nm) : CGATGA CCATGTCGGCTTTTGGAATTTTGCTTCGGTTAGTTTAGCCTGCTCTA
SE5-F-4 © h9© (59-mer, 540660 /M/cm @ 260 nm) : CGATGA CCTATGTCGGCTTTUEGGACATTTGCTTCETGACTGTTTAGCCTGCTAC
SE5-F-3 ©h100© (59-mer, 540860 /M/cm @ 260 nm) : CGATGA CCTGATGTCGGCTTGTCGACATTTCTTCBETGACTGTTTAGCCTGCTAC
SE5-F-2 ©h110© (59-mer, 540340 /M/cm @ 260 nm) : CGATGA CCTGCATGTCGGCTIGCCGACATTTTTCGTACTGTTTAGCCTGCTAC
SE5-F-1 ©h120 (59-mer, 540660 /M/cm @ 260 nm) : CGATGA CCTGCTATGTCGGCIMGCCGACATTTTCGTBGACTGTTTAGCCTGCTAC
SE5-FO ©h130 (59-mer, 540660 /M/cm @ 260 nm) : CGATGA CCTGCTTATGTCGGUINTGCCGACATTTCGTGACTGTTTAGCCTGCTAC
SE5-J ©h14© (59-mer, 539060 /M/cm @ 260 nm) : CGATGA CCTGCTTCATGTCGGO TGCCGACATTTGBGACTGTTTAGCCTGCTAC
SE5-F2 ©h150 (59-mer, 539480 /M/cm @ 260 nm) : CGATGA CCTGCTTCGATGTCGGI TTGCCGACATTTGACTGTTTAGCCTGCTAC
SE5-F3 ©h16© (59-mer, 539720 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGATGTGGTTTTGCCGACATTTACTGTTTAGCCTGCTAC
SE5-F4 ©h17© (59-mer, 540660 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTATGEGCTTTTGCCGACATTACTGTTTAGCCTGCTAC
SE5-F5 ©h18© (59-mer, 540660 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTATGGGCTTTTGCCGACAACTGTTTAGCCTGCTAC
SE5-F6 ©h190 (59-mer, 539360 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTAATGGGCTTTTGCCGATH CTGTTTAGCCTACTAC
SE5-FLIP ©h200 (59-mer, 540340 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACATCGGCTTTTGCCGROTTGTTTAGCCTATTAC
SE5-F8 ©h21© (59-mer, 540660 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTBTCGGCTTTTGCCGAITTGTTTAGCCTGCTCTAC
SE5-FJ ©h220 (59-mer, 539720 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACABGTCGGCTTTTGCAGATTTTTTAGCCTACTTAC
SE5-F10 ©h230 (59-mer, 540660 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTSTGTCGGCTTTTGGBCATTTTTAGCCTGCTAC
SE5-F11 ©h24© (59-mer, 540660 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTGATGTCGGCTTTT@GACATTTTAGCCTECTAC
SE5-F12 ©h250 (59-mer, 540660 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTGIATGTCGGCTTTIREGACATTTAGCCTBCTAC
SE5-F13 ©h260© (59-mer, 538220 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTGIAATGTCGGCTTTACCGACATTTGCCTBITAC
SE5-F14 ©h27© (59-mer, 540860 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTGIAGATGTCGGCTTGCCGACATTTCCTBCTAC
SE5-F15 ©h280 (59-mer, 539700 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTGIAGCATGTCGGCTTGCCGACATTTCTGCTAC
SE5-F16 ©h290 (59-mer, 540340 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTGIAGCCATGTCGGTITGCCGACATTTTGCTAC
SE5-F17 ©h300 (59-mer, 540660 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTGIAGCCTATGTCGGTITGCCGACATTTGCTAC
SE5-F18 ©h310 (59-mer, 540860 /M/cm @ 260 nm) : CGATGA CCTGCTTCGGTTACTGIAGCCTGATGTCGETTTGCCGACATTTCTAC
Short hairpin stran ds for SE5:
SE5-F0-s hort ©h13-s hort© (51-mer, 458 160 /M/cm @ 260  nm) : CGATGACCT GCTTCGGCTTTTGCTBCGGTTACTGTTTAETGCTCTA
SE5-J-sh ot ©h  14-sh ort© (51-mer, 45 7520 /M/cm @ 26 0 nm) : CGATGACC TGCTTCCGGCTTTTGGTTGGTTACTGTTGELCTGCTCT/
SE5-F2-s hort ©h15-s hort©® (51-mer, 456 780 /M/cm @ 260  nm) : CGATGACCT GCTTCGCGGCTTTTGGTTGTTACTGTTTAETGCTCTA
SE5-F3-s hort ©h16-s hort® (51-mer, 457 020 /M/cm @ 260 nm) : CGATGACCT GCTTCGGCGGCTTTUGGTTTTACTGTTTAAETGCTCT/
SE5-F4-s hort ©h17-s hort©® (51-mer, 458 160 /M/cm @ 260  nm) : CGATGACCT GCTTCGGTCGGCTTBTCGTTTACTGTTTAETGCTCTA
SE5-F5-s hort ©h18-s hort® (51-mer, 458 160 /M/cm @ 260  nm) : CGATGACCT GCTTCGGTTCGGCTIGCCGTTACTGTTTAETGCTCTA
SE5-F6-s hort ©h19-s hort©® (51-mer, 458 160 /M/cm @ 260  nm) : CGATGACCT GCTTCGGTTACGGCIMGCCGTTCTGTTTAETGCTCTA
SES5-FLIP -short ©h20-sho  rt© (51-mer, 458 800 /M/cm @ 260 nm) : CGATGACCT  GCTTCGGTTACCGGOTGCCGTTTGTTTAALTGCTCTA
SE5J-F8- short ©h21-sho  rt© (51-mer, 458 160 /M/cm @ 260  nm) : CGATGACCT GCTTCGGTTACTCGGITGCCGTTGTTTAILTGCTCTA
SE5-FJ-s hort ©h22-s hort® (51-mer, 457 020 /M/cm @ 260 nm) : CGATGACCT GCTTCGGTTACTGCGE TTGCCGTTTTTAWCTGCTCT/
SE5-F10- short ©h23-sho  rt© (51-mer, 458 160 /M/cm @ 260  nm) : CGATGACCT GCTTCGGTTACTGTGGTTTTGCCGTTTTAETGCTCTA
Long hairpin strands for SE1
SE1-J ©h140 (26-mer, 572120 /M/cm @ 260 nm) : CTCAGT GGACAGCCTACTTACO TGGTAAGTATTATTGGAGCGTTGGAACT
SE1-FLIP ©h200 (26-mer, 573160 /M/cm @ 260 nm) : CTCAGT GGACAGCCGTTCTGIWACCTTTTGGTAABTTGAGCGTTGGARGACT
SE1-FJ ©h220 (26-mer, 572840 /M/cm @ 260 nm) : CTCAGT GGACAGCCGTTCTGBETTACCTTTTGGGTATTGCGTTGGARGACT
Long hairpins for RE tile, b oth #1 and #5 st rands:
RE1J ©h14© (59-m  er, 553620 /M/cm @ 260 nm ) : CGTATTGGACATTTGCTCAGCGTTTTCGCTGAGUICGTAGACCGACTERIATCTTC
RE1-FJ ©h220 (59 m  er, 554260 /M/cm @ 260 nm ) : CGTATTGGACATTTCCGTAGACGCTCAGCGTTTGCTGAGCTTCGACTERIATCTTC
RE5J ©h14© (59-m  er, 549780 /M/cm @ 260 nm ) : CCACTACCTGTCTTCTTGGGACTTTGTCGCAAGTTARGTGATTCTGCCTGRBGG
RE5-FJ ©h220 (59 m  er, 549200 /M/cm @ 260 nm ) : CCACTACCTGTCTTATGATTGACTTGCGACTTTTGGCAAGTTTTCTGCGTGAAGG
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) : CGATGABCCTGCTTGGTACTGTTTAGCCTECTAC
SE5-F-6- T-bio ©b70© (3 8-mer, 3 44720 /M/cm @ 260 nm) : CGATGACBCTGCTTGGTACTGTTTAGCCTGECTAC
SE5-F-5- T-bio © b8© (3 8-mer, 3 45360 /M/cm @ 260n  m) : CGATGACCBTGCTTCGGTTACTGTTGCCTGCTCTAC
SE5-F-4- T-bio © b9© (3 8-mer, 3 45360 /M/cm @ 260n  m) : CGATGACCTBGCTTCGGTTACTGTTGCCTGCTCTAC
SE5-F-3- T-bio ©b10© (3  8-mer, 3 46500 /M/cm @ 260 nm) : CGATGACCTGBCTTGGTACTGTTTAGCCTGECTAC
SE5-F-2- T-bio ©b11© (3  8-mer,3 45360 /M/cm @ 260n m) : CGATGACCTGCBTTCGGTTACTGTTBCCTGCTCTAC
SE5-F-1- T-bio ©b12© (3  8-mer, 3 45360 /M/cm @ 260n  m) : CGATGACCTGCTBTCGGTTACTGTTBCCTGCTCTAC
SE5-FO-T -bio ©b13© (3 8-mer, 345360 /M /cm @ 260 nm) : CGATGACCTGCTTBGGTACTGTTTAGCCTECTAC
SE5-F1-T -bio ©bl4© (3 8-mer, 344080 /M /cm @ 260 nm) : CGATGACCTGCTTCBGTACTGTTTAGCCTECTAC
SE5-F2-T -bio ©b15© (3 8-mer, 345120 /M /cm @ 260 nm) : CGATGACCTGCTTCGBTACTGTTTAGCCTGECTAC
SE5-F3-T -bio ©b16© (3 8-mer, 345360 /M /cm @ 260 nm) : CGATGACCTGCTTCBITACTGTTTAGCCTICTAC
SE5-FA-T -bio ©b170© (3 8-mer, 345360 /M /cm @ 260 nm) : CGATGACCTGCTTCIEIACTGTTTAGCCTICTAC
SE5-F5-T -bio ©b18© (3 8-mer, 345360 /M /cm @ 260 nm) : CGATGACCTGCTTCGBACTGTTTAGCCTICTAC
SE5-F6-T -bio ©b19© (3 8-mer, 345940 /M /cm @ 260 nm) : CGATGACCTGCTTCGRABCTGTTTAGCCTICTAC
SE5-F7-T -bio ©b20© (3 8-mer, 345360 /M /cm @ 260 nm) : CGATGACCTGCTTCGRACBTGTTTAGCCTICTAC
SE5-F8-T -bio ©b21© (3 8-mer, 345360 /M /cm @ 260 nm) : CGATGACCTGCTTCGRACTBGTTTAGCCTICTAC
SE5-F9-T -hio ©b220© (3 8-mer, 345360 /M /cm @ 260 nm) : CGATGACCTGCTTCGRACTGBTTTAGCCTICTAC
SE5-F10- T-bio ©b23© (3  8-mer, 345360 /M  /cm @ 260 nm) : CGATGACCTGCTTCGRACTGTBTTAGCCTICTAC
SE5-F11- T-bio ©b24© (3  8-mer, 3 45360 /M/cm @ 260n m): CGATGACCTGCITCGGTTACTGTTBTGCCTGCTCTAC
SE5-F12- T-bio ©b25© (3  8-mer, 3 45360 /M/cm @ 260n m): CGATGACCTGCITCGGTTACTGTTTEZCCTGCTCTAC
SE5-F13- T-bio ©b26© (3  8-mer, 3 44800 /M/cm @ 260 nm) : CGATGACCTGCTTCGRACTGTTTABGCCTICTAC
SE5-F14- T-bio ©b27© (3  8-mer, 3 46500 /M/cm @ 260 nm) : CGATGACCTGCTTCGRACTGTTTAGBCCTICTAC
SE5-F15- T-bio ©b28© (3  8-mer, 3 44720 /M/cm @ 260 nm) : CGATGACCTGCTTCGRACTGTTTAGCBCTICTAC
SE5-F16- T-bio ©b29© (3  8-mer, 3 45360 /M/cm @ 260n m): CGATGACCTGCTTCGGTTACTGTTTAEBTGCTCTAC
SE5-F17- T-bio ©b30© (3  8-mer, 345360 /M  /cm @ 260 nm) : CGATGACCTGCTTCGRACTGTTTAGCCTRIICTAC
SE5-F18- T-bio ©b31© (3  8-mer, 346500 /M  /cm @ 260 nm) : CGATGACCTGCTTCGRACTGTTTAGCCTGHCTAC

Figure 5. Sequencessedin the hairpininsertionandbiotin insertionexperimentsaswell asothermiscellaneoubairpins.Biotins areattachedo theinserted
'T' by a6-carbonlinker. The sequenc@amesasorderedandarchivedin thelab, aregivenat the beginning of eachline; thesenamediffer from the aliases

usedin this papemwhich appearin quotesjo theright of asequencegivenname.
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Tiles for per
REp-decr
REp-decr
REp-incr
REp-incr

SEp-decr
SEp-decr
SEp-incr
SEp-incr

Strands for ¢
RE1-D1
RE4-D2
RE5-D1
SE1-D1
SE4-D2
SE5-D1

RE1-D2
RE2-D2
RE5-D2
SE1-D2
SE2-D2
SE5-D2

RE1-Al
RE4-A2
RE5-A1
SE1-Al
SE4-A2
SES5-Al

RE1-A2
RE2-A2
RES5-A2
SE1-A2
SE2-A2
SES5-A2

Sequences for

pendicularly pa

ease-2 (RE1-D
ease-1
ease-1
ease-2

ease-2
ease-1
ease-1

ease-2 (SE1-A

hanging arm len
(36-mer, 347840
(24-mer, 252760
(36-mer, 335860
(36-mer, 348340
(24-mer, 234300
(36-mer, 323940

(35-mer, 338380
(24-mer, 229520
(35-mer, 323900
(35-mer, 341860
(24-mer, 232700
(35-mer, 315100

(38-mer, 363800
(28-mer, 296920
(38-mer, 356040
(38-mer, 372040
(28-mer, 272120
(38-mer, 346300

(39-mer, 376600
(28-mer, 266420
(39-mer, 369260
(39-mer, 380560
(28-mer, 279280
(39-mer, 353740

weakening stic

tterned tubes wi
2, RE2-D2, RE3
1, RE2, RE3
1, RE2, RE3
2, RE2-A2, RE3

2,SE2-D2, SE3
1,SE2, SE3
1,SE2, SE3
2,SE2-A2, SE3

gths:

/M/cm @ 260
/M/lcm @ 260
/Mlcm @ 260 nm)
/Mlcm @ 260 nm)
/M/lcm @ 260 nm)
/M/lcm @ 260 nm)

nm)
nm)

/M/cm @ 260 nm)
/M/lcm @ 260 nm)
/M/cm @ 260 nm)
/Mlcm @ 260 nm)
/M/cm @ 260 nm)
/M/cm @ 260 nm)

M/ cm @ 260 nm) :

/Mlcm @ 260 nm)
/M/cm @ 260 nm)
/M/cm @ 260 nm)
/M/lcm @ 260 nm)
/M/cm @ 260 nm)

/M/cm @ 260 nm)
/Mlcm @ 260 nm)
/Mlcm @ 260 nm)
/M/cm @ 260 nm)
/Mlcm @ 260 nm)
/Mlcm @ 260 nm)

ky ends or stack

SE1-5t1- 3tl  (35me r, 345960 /M/cm)
SE2-DIAG  -5t1 (25me r, 255960 /M/cm)
SE2-DIAG  -3t1 (25me r, 252840 /M/cm)
SE4-EE10 -5t1 (25me r, 243220 /M/cm)
SE4-EE10 -3t1 (25me r, 241500 /M/cm)
SE5-5t1- 3tl (35 me r, 324220 /M/cm)
RE1-5t1-3t1 (35 mer, 34 2140 /M/cm) :

RE2-EE01  -5t1 (25 mer, 2361

RE2-EE01  -3t1 (25 mer, 234200 /M/cm)
RE4-DIAG  -5t1 (25 me r, 260280 /M/cm)
RE4-DIAG  -3t1 (25 me r, 267800 /M/cm)
RES5-5t1- 3tl  (35me r, 330020 /M/cm)
VE1-5t1- 3tl (35 me r, 358440 /M/cm)
VE5-5t1- 3tl (35 me r, 327220 /M/cm)
VE2-EEO0  -3t1 (25 me r, 245680 /M/cm)
VE4-EEO0  -5t1 (25 me r, 236060 /M/cm)

Figure 6. Tileswith changedirmlengthsandthe sequencessedto changearmlength,stackinginteractionspr sticky-endlength. Tiles usedfor the stacking

th changed arm lengths:
, RE4-D2, RE5-D2)
, RE4-D2, RE5- D1)
, RE4-A2, RE5- Al)
, RE4-A2, RE5- A2)
, SE4-D2, SE5- D2)
, SE4-D2, SE5- D1)
, SE4-A2, SE5- Al)
, SE4-A2, SE5- A2)

: CGTATTGGACATT TCCGTAGACCGACTEIATCTC

: CAGACGAGATGTGGTAGGGAATGC

: CCCTACCTGTCTT ATGATTGATTCTGCGITGAAGG

: CTCAGTGGACAGCCGTTCTGGAGCGTTBBEAACT
: TGAGGAGTTCGTGSTCACGTACCT

: CGTGACCTGCTTCGGTTACTGTTTAGCGCTCTA

: CGATTGGACATTT CCGTAGACCGACTGIMCTC
: CCTCACCTCACAC CAATCGAGGTA

: CCCTACCTGTCTTATGATTGATTCTGCGITGAGG
: CTAGTGGACAGCCGTTCTGGAGCGTTGGRAACT

: GTCTGGTGAGCACACTAGGCATT

: CGTGACCTGCTTGGGTTACTGTTTAGCGTTCAC

C GTATTGGASTTTQCGTAGACCGACTGQATTTCC

: CAGACGGAAGATGTGGTAGTGAGAATGC

: CTCACTACCTGTCTTATGATTGATTCTGITGTGAAG(
: CTCAGTGGACAGCGTTCTGGAGCGTTEBGEAAACGT

: TGAGGACGTTTCGTGGTCATACGTACCT

: CGTATGACCTGCTTICGGTTACTGTTTAGTGCTCTAC

CAGTATTGGACATTOGTAGACCGACTGGATTTC(

: CCTCACTCTTCAC ACCAATACTGAGGTA

: CTCACTACCTGTC TTATGATTGATTCTGIIGTGAAG/
: CTTCAGTGGACAGCCGTTCTGGAGCGTEACGAAACC

: GTCTGGTAGGAGCACCACTGAAGGCATT

: CGTATGACCTGCT TCGGTTACTGTTTAGTGCTCCTA

ing:

: TCAGTGGACAGCGTTCTGGAGCGTTGBAAAAC
: TCTGGTAGAGCACCACTGAGAGGTA

: GTCTGGTAGAGCACACTGAGAGGT

: AGACAGTTTCGTGGTCATCGTACCT

: CAGACAGTTTCGTGGTCATCGTACC

: GATGACCTGCTTGGGTTACTGTTTAGCGCTCTA

GTATTGGACATTTCCGTA GACCGACTGGACATCT

00 /M/cm) : TGGTCCTTCACAC CAATACGGCATT

: CTGGTCCTTCACACCAATACGGCAT
: CCAGGAAGATGTGTAGTGGAATGC
: ACCAGGAAGATGTGGTAGTGGAATG
: CACTACCTGTCTTATGATTGATTCTGCGITGAAG

: CATTCGGACGTTTGCGGTAAAGATTAGGNI TGA
: GAACGCCTGTAGTCGTATCACACTCGCGTTCGG
: CTGGTTCCGAGCACGAATGGAGGT

: CCAGTTCAATGTGGCGTTCATACCT

interactionandsticky-endlengthexperimentamay be derived from thetablein SupportingFig. 17.
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Figure 7. Left: Bestsimultaneous®t (by Bayesiana posteriori probability) for tube contourlength distribution W (L) / e - o andring perimeter
distribution R(L) /W (L)G(L; pwpe ), Wherethering closureprobability*® is approximatedy G(L ; p) = 496:51r e 7:0266=" (1 0:81242r) for
r < 0:96093andG(L;p) = 0:32992 15(1 0:625r 1 0:12344 2)forr > 0:96093andr = 2'-—p. An assumptiorof this approachs thatring
formationis slow anddoesnot signi®cantlyaffectthedistribution of tubecontourlengthsfrom which ringsform; thatringsconstitutdessthan2% of obsered
structuress consistentvith this assumption Although somering formationcould have occurredduring maturation resultingin ring closurefrom a different
contourlengthdistribution, this methodis relatively insensitve to the contourlengthdistribution. Changeof up to a factorof 2 in meanlengthwould not
affecttheinferredpype by morethan0.7 m. Right: Contourplot shaving the Bayesiara posteriori probability asa function of thetwo modelparameters,
Lo andpuwbe - Thus,3:5 < pype < 4:2 with over 90% probability, given the modelassumptions Bayesiananalysiswas performedby calculating,for
givenmodelparameterghea posterioriprobability P r (par ameter sjdata) = Pr(datajparameter s) Pr(parameter s)=Pr (data), wherethea priori
Pr(parameter s) is takento be uniform andP r (data) is estimatedasa normalizingfactorby summingP r (par ameter sjdata) over a wide rangeof
modelparameter§l  pupe 10;1 Lo 40). Pr(datajparameter s) wascomputedoy assuminghe contourlengthandring perimetethistograms
Weregegeratedby indepen%emindentically-distrihntedsamplesfromW(L) andR (L) respectiely. Thus,if the histogramdatais f (L i ; Wi ; Ri)gi’\‘:l , with
Nw = ,W;andNg = | Rj,thenPr(datajparameters) = Wl;WNz‘g: wy WL Rl:R':;ff:;R . iRDIR . Thisismore
corvenientlycalculatedasthelikelihood: In Pr(datajparameters) = K +  ;[W; InW(Li)] + [R; InR(L;)], whereK is a constanindependent
of modelparametersandis thusabsorbediuring normalization.Becausehe histogramdatafor 1 m contourlengthhad experimentaldif®culties, we also
performedthis analysiswith thatdataomitted;indistinguishableesultswereobtained.
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Figure 8. Representate atomicforce micrographshawv theresultsof the hairpininsertionexperiments.Shavn are positions6-14 for SEs(5:tX). Circular
symbolsdenotethe extentof normalto “ippedcharacteof the sampleshavn andarethe sameasin Fig. 4.
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Figure 9. Representate atomicforce micrographshow theresultsof the hairpininsertionexperiments.Shavn arepositions15-23for SEs(5:IX). Circular
symbolsdenotethe extentof normalto “ippedcharacteof the sampleshavn andarethe sameasin Fig. 4.
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Figure 10. Representate atomicforce micrographshaw theresultsof the hairpininsertionexperiments Shovn arepositions24-31for SEs(5:tX). Circular
symbolsdenotethe extentof normalto “ippedcharacteof the sampleshavn andarethe sameasin Fig. 4.
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Figure 11. More hairpin-insertionmages. (A, left) Oftena singlelinear structureappeargo fray or split in waysthatsuggesit may have beenaropeor
tangleof two or moretubesthat openedon the surfaceand subsequentlyusedtogether Heretubesare SEs(5:h17).Scalebar, 100 nm. (B, middle) High
resolutionimageof theboxedareain (A) wherehairpinscanbe seen Hairpinsmaybe seenon the bottomedgesof tiles but not onthetop. Scalebar, 500nm.
(C, right) Thedouble-hairpirsingletile tube SEs(1,5:h20producedunusuallywide tubeswith thetiles of the normalorientation.Scalebar, 500nm.

Figure 12. AFM of SEs(1:h22)ippedtubes. This modi®cation,a hairpin at position22 on the # 1 strand,wasusedto createdall the ippedbiotinylated
tubesSEs(1:h22,3:AM,5:bX) usedthethe streptaiding bindingexperiment.(left) Flippedtubesbeforeopening.Scalebar, 500nm. (middle) Sameareaasat
left, but after several scanshave openedhetubes.Scalebar, 500 nm. (right) A zoomof the middle panelshavs thatthe circumferencef thesetubeswas
9-11tilesand 143 nm. Thediametewasthus 45 nm,largeenoughto admitstreptaidin-Cy3. Scalebar, 100nm.
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Figure 13. Examplesof non-denaturingyelsusedto testbiotin functionality andbackgroundstreptaidin labelling of tiles asusingprocedureslescribedn
Methods.(a) For eachof thestrandsSE5-1X, agelshift assaywasperformedo determingheextentof biotin labelling. Shavn arepositionsX=20+26.Control
lanesmarked"c' containthe 38-merstrandsSE5-tX in the upperbandmixedwith a 26-mermarker strand'm’, RE4-DIAG, in thelower band.Lanesmarled
*s' containthe latter mixture with an excessof streptaidin-Cy3 added.SE5-X andthe marker werevisualizedby Sybr Greenl stainingandquantitated:S
refersto the measurecimountof SE5-IX in the 's' lane,SM , the amountof marker in the s’ lane,C the amountof SE5-EX in the 'c' laneandCM the
amountof marker in the*c' lane. The fraction of SE5-X with functionalbiotin wascomputedo be 1 % This assayindicatedthat the ef®cieng of
biotin labelling of the strandsangedirom 52%to 82%. In principle thesenumberscould be usedto normalizeexperimentdestingthe binding of streptaidin
to biotinylatedtiles or tubes(bearingthe relevant SE5-IX strand). In practicewe found suchnormalizationsmadethe measurementsoiserand thuswe
performedno normalizationon thesdaterexperiments(b) For eachof thetiles SEn(5:X), a gel shift assaywasperfomedo determinghebackgroungro®le
of streptaidin bindingto tiles outsideof the contet of a lattice or tube. Shavn arepositionsX=20+26. Controllanesmarked "c' containthetile SEn(5:1X)
in the upperbandmixed with a 26-mermarker strand’m’, RE4-DIAG, in the lower band. Lanesmarked 's' containthe latter mixture with an excessof
streptaidin-Cy3 added.SEn(5:X) andthe marker werevisualizedby Sybr Greenl stainingandquantitated:S refersto the measurecamountof SEn(5:1X)
in the s’ lane,SM , the amountof marler in the 's' lane,C the amountof SEn(5:KX) in the *c' laneandCM the amountof marler in the *c' lane. The

accessibilityof biotin for streptaidin bindingon atile SEn(5:1X) wascomputedo be 1 gii'\,\"ﬂ . In particularsuchgelsweremeantto isolatethe effect of
theintramolecularcontactbetweerheliceson the ef®cieng of streptaidin binding. Becausehe variationin streptaidin binding for biotin positionson the
accessibl@ortionsof atile is lowerthanthevariationobsenedin experimentaneasuringhefractionof functionallybiotinylatedSE5-IX strandsrom (a) we,
did notnormalizethis data.We suspecthatthevariationin (a) maybeduenotto avariationin thebiotinylation of theoligosbut ratherto a position-dependent

changen accessibilityof the biotin basedon the secondangtructureof the SE5-KX oligo.
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Figure 14. Here,to createhybrid tubes,25 | of SEs(3:AM, 5:b15)tubesand25 | of SEs(5:b22Yubesat 200 nM wereannealedseparatelythenmixed
andsonicatedn anultrasonicwaterbath(Branson2210,47 KHz.) for 30 secondeforelabellingwith streptaidin-Cy3. Without sonication the frequeny
of end-joiningbetweerthe two typesof tubesis obsenedto be quitesmall, 0:5% of tubesweremult-colored. Immediatelyafter sonication,a similarly-
preparedsamplecontainedonly smalltubefragmenty 2-4 m). Severalhoursaftersonication 5-10%of tubesweremulti-colored,mary with multiple
domainsasseenabove. (Tubesarestretchecandimmobilizedon untreatedylass the contoursthey assumerenotindicative of their persistencéength.)lt is
notknown whethersonicatiormerelyincreaseshe numberof free endsavailablefor joining or causesubesto shearin amannerthatmakesthemmorelikely
to join. Theseexperimentshav thattubeswith multiple chemicalcharactersnaybefusedinto singletubes.Scalebars10 m.

Figure 15. (left) A singlesticky endtruncationthatyields ippedtubes.Scalebar, 500 nm. (middle) Most trunctationsjncluding this doubletruncationof
the 59 and 3° nucleotidesof SE-1,do notyield ary kind of tube. The smalll lattice fragmentsseenheremay well have assemblean the micaat the time of
samplepreparationScalebar, 500nm. (right) Zoomof middle panelin whichtiles areresohed. Scalebar, 100nm.
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Figure 16. (left) Tangled®lamentsproducedby REp+ SEpeachwith armlengthsincreasedy 2. Scalebar500nm. (middle) Normal REp combinedwith
SEp-decrease-®ith hairpinat position13. Tubesappeatto rip diagonally producinga distinct featheredappearance(right) Zoom suggestshat tubesare
helical,with exactly onetile columnoffset. Scalebar, 100nm.
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