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1 Methods

Estimated bound on effective error rates:

Givenanassemblyf tilesonascafold of N repeaunitsin which
eachtile hasa mismatchwith its lower or right neighborwith inde-
pendenprobability = 1 p, wewouldliketo boundthe probabil-
ity thattheassemblycontainsa particularpatternof M tilesthathas
beenobsenred. In particular we areinterestedn the probability of
seeingany patternwith fewerthanm mismatchediles. At a partic-
ular locationalongthe scafold, the probability thatthe relevant M

tiles have fewer thanm mismatchess |

M :
n

)¢ 1
Pr(lessthan m errorsat site i) = Moo
n=0
The patterncould appearat up to N positionsalong the scafold,
andalthoughthe probabilitiesof observingthe patternwithin over-

lappingregionsarenotindependentye canuseaunion-sunmbound:
Pr(lessthan m errors at somesite)
Pr(lessthan m errors at site i):
i=1

For 0:15 andN 2400 and M 126 andm 4, the
probabilityof nding atleastonelow-errorpatternis lessthan
|

” !
2400 1§6 0:85'% "(0:15"
n=0

0:0063

UV photometry formation and melting experiments:

An AVIV Model 14NT UV/VIS spectrophotometeras usedto
measurethermal formation and melting pro les at 260 nm. To
avoid formationof air bubblesatelevatedtemperaturesamplesvere
vacuum-dgassedbeforeuse. To measurethermalformation pro-
les, samplesvereheatedo 90 C andcooledto 20 C using0.1 C
temperaturestepswith a0.1 C temperatureleadbandndan equi-
librationtime of 0.25minutes.After 20 C wasreachedthemelting
pro le was measuredvhile heatingfrom 20 C to 90 C usingthe
sameparameters.

Generation of the Long Scaffold Strand:

To createthe long scafold strand,assemblyPCRwasused.The
desiredrepetitve 62-mersequencevas conceptuallydivided into
two subsequencea,30-meranda 32-mer(FigureS1,top). Primers
for assemblyPCR consistedof thesetwo oligonucleotidegSCA-
Splintl and SCA-Splint2)aswell astwo complementanpoverlap-
ping oligonucleotidegSCA-ComplandSCA-Comp2).In eachcy-
cle of assemblyPCR,complementarprimersor productsfrom the
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previous cycle bind to eachother allowing polymeraseto extend
strandswherever a 5° overhangcansene asatemplate(Figure S1,
middle). After mary cycles,this leadsto roughly exponentialelon-
gationandresultsin long, mostly double-strandegroduct.

Thehairpinsubsequencoeithin the62-merepeasequenceoses
a potentialproblem: a primer or productthat forms a hairpin with
aduplex stemcontaininga terminalbasepair might sene to prime
polymerizationwhich would resultin anincorrectsequencédeing
produced.To try to avoid this problem,the positionof the primer
subsequencewithin the 62-merrepeatsequencavas chosensuch
thatthe hairpin subsequencef the scafold strand(Figure S2, bot-
tom)is divided betweerthe SCA-SplintlandSCA-Splint2primers.
On SCA-Compl the 3-nt and 7-nt regions beyond the stemof the
hairpin, at the 3° and 5° endsof the oligonucleotiderespectiely,
shouldprevent incorrectinitialization of polymerasesandsene as
“toe-hold' region allowing for complementanprimersor products
to bind. Nonethelessthe secondprimerprimer complex shawvn in
FigureS1for the rst cycle of assemblyPCRmay form muchless
frequentlythanthe otherprimerprimercomple. (If it did notform
atall, assemblyPCRwould not continue.)

Becausealouble-strandegdroductsareineffective for servingasa
scafold for tile assemblywe neededhwayto enrichfor thescafold
strandsequenc@&ndnot its complementWe choseto do this using
asymmetricPCRin thelast (4" ) stageof assemblyPCR,wherein
only the nucleotidesdATP, dTTP, and dCTP are provided, in ad-
dition to new primers. Thus, by designingthe the scafold strand
sequencéo useonly the adeninethymine,andcytosinebasegand
consequentithe hairpindomainsn the scafold areentirely A and
T), only the scafold strandsequencds extendedduring the last
stageof assembl\PCR.Thisstagen principleresultsin linearrather
than exponentialgrowth of the productmaterial,andthereforewe
expecta signi cant fraction of the nal productto still be double-
stranded.

The assemblyPCR procedureconsistsof threeexponentialam-
pli cation stagesfollowedby onelinearextensionstage.In the rst
stage,1.0 pmole of total primersand splints (1/N pmole of each)
is addedto a 19 L reactionmixture consistingof 1.6 L dNTPs
(10mM dNTPs,2.5mM each),l L MagnesiumAcetate(25 mM),
6 L GeneAMPXL PCRBuffer (3.3 X buffer), 10 L water After
the mixture is incubatedat 40C for threeminutes,0.4 L of Ge-
neAMP XL polymeraseis addedto bring the total volume of to
20 L. Thestagel temperaturgrogramconsistsof 40 cycles of
a94 C stepfor 15secondsa40 C stepfor 30secondsanda72 C
for 10 secondwith anadditionalonesecondpercycle. In stage2,
no new primersor splintsareaddedandthetotal volumeis brought
to 60 L with theadditionof 40 L of freshreactionmixture and
polymeraseThetemperatur@rogramfor stage2 consistof 25 cy-



clesof a 94 C stepfor 15 secondsa 40 C stepfor 30 seconds,
anda 72 C stepfor 45 secondswith an additionalone secondper
cycle. For the nal exponentialampli cation stagethe60 L reac-
tion mixtureis split into three20 L volumes,to which oneagain
adds40 L of freshreactionmixture andpolymerase.The stage3
temperaturgorogramconsistsof 20 cycleswith a stepat 94 C for
15 secondsa stepat 40 C for 30 secondsanda stepat 72 C for
70 secondswith one additionsecondper cycle. For the nal PCR
linearampli cation stage5 L of stage3 productisaddedo 55 L
of reactionmixture with only dATP, dTTR, anddCTP nucleotides.
This preventsthe extensionof the splint strandsand createsan ex-
cesof longsinglestrandedscafold. Thetemperatur@rogramused
for stage4 consistof 60 cyclesof the stage3 temperatur@rogram.

For all PCR reactionsan Stratagenévix4000 quantitatve PCR
(qPCR)machinewas used. Fluorescencef Sybr Greenl dye, at
a concentratiorof 1:100000,was usedto monitor the progressof
the reactions. Sybr Greenl uorescenceincreasesstrongly upon
bindingdouble-strande®NA andincreasesomevhatlessstrongly
(10-foldless)uponbindingsingle-strande®NA. ThusSybrGreenl
uorescencses usedwidely asa surrogatdor theamountof double-
strandedproductin quantitatve PCRreactionsanda characteristic
sigmoidalcurve composef anexponentialgrowth phaseollowed
by saturationis typically obsened. Here,only in PCRstagel did
uorescenceexhibit the sigmoidalgronth curve typical of normal
PCRreactionsFor stage<, 3, and4 uorescencesaturatedjuickly
without aninitial exponentialgronth phase.We do not attemptto
explainthesecurvesbut merelyemphasizeéhatnormal uorescence
curvesshouldnot be expectedfor thesestages.

A phenol/chloroformextractionis performedto remove proteins
from the PCRreactionmixture. Samplesaredilutedto 100 L and
two volumesof phenol:chloroform:isoamylcohol(25:24:1,Sigma
P2069)are added. Insteadof vortexing, the samplesare shalen
gently by handfor two minutesto prevent shearing.(We have not
demonstratethatsuchtreatmengctuallydecreaseshearing. After
removing the phenol/chlorofornphasetwo volumesof purechlo-
roform arethenaddedo theaqueougphaseandthe sameprocedure
is performed.

Following phenol/chlorofornextraction,an ethanolprecipitation
is performedo remove saltsandthe SybrGreenl dyefrom thesam-
ple. 2/3X volumesof 7.5M ammoniumacetatas addedo theeach
samplefollowed by 2X the currentvolume of 200 proof 'molecu-
lar biology grade' ethanol. After stayingat -72 C for two hours,
samplesare centrifugedat 12000rcf at 3 C. Eachsampleis then
decantecand200 L of cold 70% ethanolis added. After gently
shakingby handfor two minutes,they are centrifugedfor an ad-
ditional 15 minutesat 3 C 12000rcf. Following the secondcen-
trifugation, eachsampleis decantedresuspendedind quantitated
usingthe EppendorBioPhotometerStocksolutionsarepreparedat
30nM asdescribedn the maintext of the paper

Correspondence should be addressed to Erik Winfree
(winfree@caltech.edu ).
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To create the long SCA scaffold strand, the 62-mer repeat is divided into a 30 and 32-mer splint sequence as
shown below:

SCA Splints:

SCA-Splint1 (30-mer): 5" - =13

SCA-Splint2 (32-mer): 5' - CATCCTCTCTCCCACTRCATATTATATTTT-3

5. CATCCTCTCTCCCACTRCATATTATATTTT CT -3
< >

62-mer repeat

In addition,two complementary splints with 30 and 32-base complementary are used for assembly PCR in exponential
amplification stages 1-3:

SCA Complementary Splints:
SCA-Compl (30-mer): 3' - ATGTATAATATAAAA =

SCA-Comp2 (32-mer): 3’ - GTAGGAGAGAGGGTEBG

1st Cycle of Assembly PCR:

5- 513" - > Extension by Polymerase SCA
Extension by Polymerase <----- 3- GTAGGAGAGAGGGTEBG SCA Comp
5'- CATCCTCTCTCCCACTRCATATTATATTTT- 3" ----- > Extension by Polymerase SCA
Extension by Polymerase <----- 3- ATGTATAATATAAAA <5 SCA Comp
2nd Cycle of Assembly PCR:
5- CATCCTCTCTCCCACEG' ----- > Extension by Polymerase SCA
Extension by Polymerase <----- 3- GTAGGAGAGAGGGTBGGIATAATATAAAA &5 SCA Comp
5'- CATCCTCTCTCCCACTRCATATTATATTTI 53 e > Extension by Polymerase SCA
Extension by Polymerase <----- 3- GTAGGAGAGAGGGTGGES SCA Comp
Nth Cycle of Assembly PCR:
5-.. CATCCTCTCTCCCACTRCATATTATATTTI CATCCTCTCTCCCACLCG 3’ SCA
3-.. GTAGGAGAGAGGGTBGGIATAATATAAAA GTAGGAGAGAGGGTGGE' SCA Comp

In PCR Stage 4, the linear amplification stage, no dGTP is added to reaction mixture:

5'- 13" -----> Extension by Polymerase SCA

3-.. GTAGGAGAGAGGGTBGGTATAATATAAAA GTAGGAGAGAGGGTGGEB' SCA Comp
5'- CATCCTCTCTCCCACTRCATATTATATTTT- 3" ----- > Extension by Polymerase

3-.. GTAGGAGAGAGGGTBGGTATAATATAAAA GFAGGAGAGAGGGTBGGTATAATATAAAA 1G-3 SCA Comp

Figure S1. Schematidor how therepetitve SCA scafold strandis createdusingassembl\PCR.The 62-merrepeatingsequencef the scafold andthefour
primer oligonucleotidesareshavn at the top. Regionsunderlinedin black on SCA-Splintl,SCA-Splint2,and SCA-Complindicatethe stemof the hairpin
region, while the pink underlineindicatesthe poly-A (SCA-Complsequenceand poly-T loops (SCA-Splint2). In PCR stagesl-3, shavn in the middle,
exponentialelongationof primerstakesplaceusingall four dNTP nucleotidessothatboth senseandantisensesequenceare synthesizedStage4, shavn at
thebottom,usesonly dATP, dTTR, anddCTPnucleotidesandnew primers,allowing only thelinearextensionof thescafold strandandproducingprimarythe

desiredsingle-strandednolecule.
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Figure S2. Schematicshaving the sequencefor the four DAE-E doublecrosseer rule moleculesusedin this papey the repetitve scafold strand,andthe
scafold tiles. The componenstrandgfor eachDX is listed underneathhetile. Strandswith the samenamesasthosegivenin Ref.! have the samesequences
asin thatwork; additionally strandsherecontaininga“J” in theirnamecorrespondo strandgherewith thesufx “-h14”. In fact,tile VE-NOis identicalto tile
VE-00 of Ref.! tile SEJ-N1is identicalto tile SEs(1,5:h14)andtile REJ-COdiffers from tile REp(1,5:h14)y exactly onesticky-endonly. Within eachtile,
strandsarenumbered. through5 andarelabeledat their 5° and3° ends;wedgeq“:,” or“i") pointingtowardthe rst nucleotideindicate5° ends,andwedges
pointing away from the lastnucleotideindicate3° ends. Two repeatunits of therepetitie scafold strand(SCA) areshawn, alongwith thestrandsl, 2, and3
thatcomposehe scafold tile (alsocalledSCA); our assemblyPCRprotocolappeargo generatescafold strandscontainingup to roughly 40 repeatunits.
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DAE-E system strands:

Rule tile strands.

VE1 (37-mer, 377840 /M/cm @ 260nm) : CCATTCGGACGTTTGCGGTAAAGATTAGGACATTGAA
VE2_EEOO0 (26-mer, 260540 /M/cm @ 260nm) : CTGGTTCCGAGCACCGAATGGAGGTA
VE3 (42-mer, 412740 /M/cm @ 260nm) : TTACCGCAAACGTGGCGAGTGTGATACGACTACACCTAATCT

VE4_EEOO0 (26-mer, 249800 /M/cm @ 260nm) : ACCAGTTCAATGTGGCGTTCATACCT
VES (37-mer, 348140 /M/cm @ 260nm) : TGAACGCCTGTAGTCGTATCACACTCGCCTGCTCGGA

UE1l (37-mer, 374540 /M/cm @ 260nm) : CGTTAAGGACGACGCAATTCTCACATCGGACGAGTAG
UE2_1cC  (26-mer, 243160 /M/cm @ 260nm) : GTCTGTGGTTTCACCTTAACGGCATT

UE3 (42-mer, 404820 /M/cm @ 260nm) : AGAATTGCGTCGTGGTTGCTAGGTCTCGCTATCACCGATGTG
UE4_EE11 (26-mer, 253840 /M/cm @ 260nm) : ACCAGCTACTCGTGGATCTATAATGC

UE5 (37-mer, 378680 /M/cm @ 260nm) : ATAGATCCTGATAGCGAGACCTAGCAACCTGAAACCA

RE1J (59-mer, 553620 /M/cm @ 260nm) : CGTATTGGACATTTGCTCAGCGTTTTCGCTGAGCTTCCGTAGACCGACTGGACATCTTC
RE2_Diag (26-mer, 253800 /M/cm @ 260nm) : CTGGTCCTTCACACCAATACGAGGTA

RE3 (42-mer, 430880 /M/cm @ 260nm) : TCTACGGAAATGTGGCAGAATCAATCATAAGACACCAGTCGG

RE4 (26-mer, 273000 /M/cm @ 260nm) : CAGACGAAGATGTGGTAGTGGAATGC

RE5J (59-mer, 549780 /M/cm @ 260nm) : CCACTACCTGTCTTCTTGCGACTTTTGTCGCAAGTTATGATTGATTCTGCCTGTGAAGG

SE1J (59-mer, 572120 /M/cm @ 260nm) : CTCAGTGGACAGCCTACTTACCTTTTGGTAAGTATTGTTCTGGAGCGTTGGACGAAACT
SE2-Diag (26-mer, 267700 /M/cm @ 260nm) : GTCTGGTAGAGCACCACTGAGAGGTA

SE3 (42-mer, 415380 /M/cm @ 260nm) : CCAGAACGGCTGTGGCTAAACAGTAACCGAAGCACCAACGCT

SE4_EE10 (26-mer, 249220 /M/cm @ 260nm) : CAGACAGTTTCGTGGTCATCGTACCT

SE5J (59-mer, 539060 /M/cm @ 260nm) : CGATGACCTGCTTCATGTCGGCTTTTGCCGACATTTGGTTACTGTTTAGCCTGCTCTAC

Input tile strands for use with SCA nucleating strand.

SCA1l (37-mer, 379280 /M/cm @ 260nm) : GAACACGGACGAAGCAACTGTCGGCTGGAGTAGGGTG

SCA2 (26-mer, 266040 /M/cm @ 260nm) : GGAGAGAGGATGACCGTGTTCGCATT

SCA3 (42-mer, 417300 /M/cm @ 260nm) : AGTTGCTTCGTGGGGTTAGTGATAGGTATGGGTCCAGCCGAC
Splint strands for making SCA nucleating strand with assembly PCR.

SCA_Splintl (37-mer, 287760 /M/cm @ 260nm) : TATAATATCCCATACCTATCACTAACCCCT

SCA_Splint2 (37-mer, 290320 /M/cm @ 260nm) : CATCCTCTCTCCCACCCTACATATTATATTTT

SCA_Compl (37-mer, 332400 /M/cm @ 260nm) : GTATGGGATATTATAAAAATATAATATGTA
SCA_Comp2  (37-mer, 351460 /M/cm @ 260nm) : GGGTGGGAGAGAGGATGAGGGGTTAGTGATAG

Figure S3. Sequencessedin thebinary counterexperiments Extinctioncoefcients arecomputedusingthenearest-neighbanodelof Ref2
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Figure S4. Detailedinterpretatiorof the AFM imagesin Figure3a. Theinterpretedragmentscontainrespectiely 70,68,126,102,and120tiles.
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