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1 Methods
Estimatedbound on effective error rates:
Givenanassemblyof tilesonascaffold of N repeatunitsin which

eachtile hasa mismatchwith its lower or right neighborwith inde-
pendentprobability� = 1� p, wewould liketo boundtheprobabil-
ity thattheassemblycontainsaparticularpatternof M tiles thathas
beenobserved. In particular, we areinterestedin theprobabilityof
seeinganypatternwith fewer thanm mismatchedtiles. At a partic-
ular locationalongthescaffold, theprobability that therelevantM
tileshave fewer thanm mismatchesis

P r (less than m err ors at site i ) =
m � 1X

n =0
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n

!

pM � n � n :

The patterncould appearat up to N positionsalong the scaffold,
andalthoughtheprobabilitiesof observingthepatternwithin over-
lappingregionsarenot independent,wecanuseaunion-sumbound:

P r (less than m err ors at some site )

�
NX

i =1

Pr (less than m err ors at site i ):

For � = 0:15 and N = 2400 and M = 126 and m = 4, the
probabilityof �nding at leastonelow-errorpatternis lessthan

2400
3X
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0:85126 � n 0:15n � 0:0063:

UV photometry formation and melting experiments:
An AVIV Model 14NT UV/VIS spectrophotometerwasusedto

measurethermal formation and melting pro�les at 260 nm. To
avoid formationof airbubblesatelevatedtemperature,sampleswere
vacuum-degassedbeforeuse. To measurethermalformation pro-
�les, sampleswereheatedto 90� C andcooledto 20� C using0.1� C
temperaturestepswith a 0.1� C temperaturedeadbandandanequi-
libration timeof 0.25minutes.After 20� C wasreached,themelting
pro�le wasmeasuredwhile heatingfrom 20� C to 90� C using the
sameparameters.

Generationof the Long Scaffold Strand:
To createthelong scaffold strand,assemblyPCRwasused.The

desiredrepetitive 62-mersequencewas conceptuallydivided into
two subsequences,a 30-meranda 32-mer(FigureS1,top). Primers
for assemblyPCR consistedof thesetwo oligonucleotides(SCA-
Splint1 andSCA-Splint2)aswell as two complementaryoverlap-
ping oligonucleotides(SCA-Comp1andSCA-Comp2).In eachcy-
cle of assemblyPCR,complementaryprimersor productsfrom the
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previous cycle bind to eachother, allowing polymeraseto extend
strandswherever a 50 overhangcanserve asa template(FigureS1,
middle). After many cycles,this leadsto roughlyexponentialelon-
gationandresultsin long,mostlydouble-strandedproduct.

Thehairpinsubsequencewithin the62-merrepeatsequenceposes
a potentialproblem: a primer or productthat forms a hairpin with
a duplex stemcontaininga terminalbasepair might serve to prime
polymerization,which would result in an incorrectsequencebeing
produced.To try to avoid this problem,the positionof the primer
subsequenceswithin the 62-merrepeatsequencewaschosensuch
that thehairpinsubsequenceof thescaffold strand(FigureS2,bot-
tom) is dividedbetweentheSCA-Splint1andSCA-Splint2primers.
On SCA-Comp1,the 3-nt and7-nt regionsbeyond the stemof the
hairpin, at the 30 and 50 endsof the oligonucleotiderespectively,
shouldprevent incorrectinitialization of polymerasesandserve as
`toe-hold' region allowing for complementaryprimersor products
to bind. Nonetheless,the secondprimer-primercomplex shown in
FigureS1 for the �rst cycle of assemblyPCRmay form muchless
frequentlythantheotherprimer-primercomplex. (If it did not form
at all, assemblyPCRwould notcontinue.)

Becausedouble-strandedproductsareineffective for servingasa
scaffold for tile assembly, weneededawayto enrichfor thescaffold
strandsequenceandnot its complement.We choseto do this using
asymmetricPCRin the last (4th ) stageof assemblyPCR,wherein
only the nucleotidesdATP, dTTP, and dCTP are provided, in ad-
dition to new primers. Thus,by designingthe the scaffold strand
sequenceto useonly theadenine,thymine,andcytosinebases(and
consequently, thehairpindomainsin thescaffold areentirelyA and
T), only the scaffold strandsequenceis extendedduring the last
stageof assemblyPCR.Thisstagein principleresultsin linearrather
thanexponentialgrowth of the productmaterial,andthereforewe
expecta signi�cant fraction of the �nal productto still be double-
stranded.

The assemblyPCRprocedureconsistsof threeexponentialam-
pli�cation stages,followedby onelinearextensionstage.In the�rst
stage,1.0 pmoleof total primersandsplints (1/N pmole of each)
is addedto a 19 � L reactionmixture consistingof 1.6 � L dNTPs
(10mM dNTPs,2.5mM each),1 � L MagnesiumAcetate(25mM),
6 � L GeneAMPXL PCRBuffer (3.3X 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. The stage1 temperatureprogramconsistsof 40 cyclesof
a94� C stepfor 15seconds,a40� C stepfor 30seconds,anda72� C
for 10 secondswith anadditionalonesecondpercycle. In stage2,
no new primersor splintsareaddedandthetotal volumeis brought
to 60 � L with the additionof 40 � L of freshreactionmixture and
polymerase.Thetemperatureprogramfor stage2 consistsof 25 cy-
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clesof a 94� C stepfor 15 seconds,a 40 � C stepfor 30 seconds,
anda 72� C stepfor 45 secondswith an additionalonesecondper
cycle. For the�nal exponentialampli�cation stage,the60 � L reac-
tion mixture is split into three20 � L volumes,to which oneagain
adds40 � L of freshreactionmixtureandpolymerase.Thestage3
temperatureprogramconsistsof 20 cycleswith a stepat 94� C for
15 seconds,a stepat 40� C for 30 seconds,anda stepat 72� C for
70 secondswith oneadditionsecondper cycle. For the �nal PCR
linearampli�cation stage,5 � L of stage3 productis addedto 55 � L
of reactionmixture with only dATP, dTTP, anddCTPnucleotides.
This preventsthe extensionof the splint strandsandcreatesan ex-
cessof longsinglestrandedscaffold. Thetemperatureprogramused
for stage4 consistsof 60cyclesof thestage3 temperatureprogram.

For all PCR reactionsan StratageneMx4000 quantitative PCR
(qPCR)machinewasused. Fluorescenceof Sybr GreenI dye, at
a concentrationof 1:100000,was usedto monitor the progressof
the reactions. Sybr GreenI �uorescenceincreasesstrongly upon
bindingdouble-strandedDNA andincreasessomewhatlessstrongly
(10-foldless)uponbindingsingle-strandedDNA. ThusSybrGreenI
�uorescenceis usedwidely asasurrogatefor theamountof double-
strandedproductin quantitative PCRreactionsanda characteristic
sigmoidalcurvecomposedof anexponentialgrowth phasefollowed
by saturationis typically observed. Here,only in PCRstageI did
�uorescenceexhibit the sigmoidalgrowth curve typical of normal
PCRreactions.For stages2, 3, and4 �uorescencesaturatedquickly
without an initial exponentialgrowth phase.We do not attemptto
explain thesecurvesbut merelyemphasizethatnormal�uorescence
curvesshouldnotbeexpectedfor thesestages.

A phenol/chloroformextractionis performedto remove proteins
from thePCRreactionmixture. Samplesaredilutedto 100� L and
two volumesof phenol:chloroform:isoamylalcohol(25:24:1,Sigma
P2069)are added. Insteadof vortexing, the samplesare shaken
gently by handfor two minutesto prevent shearing.(We have not
demonstratedthatsuchtreatmentactuallydecreasesshearing.)After
removing thephenol/chloroformphase,two volumesof purechlo-
roformarethenaddedto theaqueousphaseandthesameprocedure
is performed.

Following phenol/chloroformextraction,anethanolprecipitation
is performedto removesaltsandtheSybr-GreenI dyefrom thesam-
ple. 2/3X volumesof 7.5M ammoniumacetateis addedto theeach
samplefollowed by 2X the currentvolumeof 200 proof 'molecu-
lar biology grade' ethanol. After stayingat -72� C for two hours,
samplesarecentrifugedat 12000rcf at 3� C. Eachsampleis then
decantedand200 � 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 decanted,resuspended,andquantitated
usingtheEppendorfBioPhotometer. Stocksolutionsarepreparedat
30nM asdescribedin themaintext of thepaper.

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' - TATAATATCCCATACCTATCACTAACCCCT - 3'
 
SCA-Splint2 (32-mer): 5' - CATCCTCTCTCCCACCCTACATATTATATTTT - 3'

5' - ... TATAATATCCCATACCTATCACTAACCCCTCATCCTCTCTCCCACCCTACATATTATATTTTTATAATATCCCATACCTATCACTAACCCCT...  - 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-Comp1 (30-mer): 3' - ATGTATAATATAAAAATATTATAGGGTATG - 5'

SCA-Comp2 (32-mer): 3’ - GATAGTGATTGCGGAGTAGGAGAGAGGGTGGG- 5'

1st Cycle of Assembly PCR:
                                      
    
                       5' - TATAATATCCCATACCTATCACTAACCCCT - 3' -----> Extension by Polymerase                                  SCA
       Extension by Polymerase <----- 3’ - GATAGTGATTGCGGAGTAGGAGAGAGGGTGGG- 5'                                                 SCA Comp
 

                       5' - CATCCTCTCTCCCACCCTACATATTATATTTT - 3' -----> Extension by Polymerase                                SCA
         Extension by Polymerase <----- 3' - ATGTATAATATAAAAATATTATAGGGTATG - 5'                                                SCA Comp                               
                                         
     

2nd Cycle of Assembly PCR:

                       5' - TATAATATCCCATACCTATCACTAACCCCTCATCCTCTCTCCCACCC - 3' -----> Extension by Polymerase                 SCA 
                      Extension by Polymerase <----- 3’ - GTAGGAGAGAGGGTGGGATGTATAATATAAAAATATTATAGGGTATG - 5'                  SCA Comp  
                                                            

                       5' - CATCCTCTCTCCCACCCTACATATTATATTTTTATAATATCCCATAC - 3' -----> Extension by Polymerase                 SCA                                        
                        Extension by Polymerase <----- 3’ - ATATTATAGGGTATGGATAGTGATTGCGGAGTAGGAGAGAGGGTGGG - 5'                SCA Comp 

Nth Cycle of Assembly PCR:    
                      

5' - ... TATAATATCCCATACCTATCACTAACCCCTCATCCTCTCTCCCACCCTACATATTATATTTTTATAATATCCCATACCTATCACTAACCCCTCATCCTCTCTCCCACCC... - 3’   SCA
3’ - ... ATATTATAGGGTATGGATAGTGATTGCGGAGTAGGAGAGAGGGTGGGATGTATAATATAAAAATATTATAGGGTATGGATAGTGATTGCGGAGTAGGAGAGAGGGTGGG... - 3’    SCA Comp

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

   5' - TATAATATCCCATACCTATCACTAACCCCT - 3' -----> Extension by Polymerase                                                      SCA
3’ - ... ATATTATAGGGTATGGATAGTGATTGCGGAGTAGGAGAGAGGGTGGGATGTATAATATAAAAATATTATAGGGTATGGATAGTGATTGCGGAGTAGGAGAGAGGGTGGG... - 3’    SCA Comp 

   5' - CATCCTCTCTCCCACCCTACATATTATATTTT - 3' -----> Extension by Polymerase
3’ - ... GTAGGAGAGAGGGTGGGATGTATAATATAAAAATATTATAGGGTATGGATAGTGATTGCGGAGTAGGAGAGAGGGTGGGATGTATAATATAAAAATATTATAGGGTATG... - 3’    SCA Comp 
                         

Figure S1. Schematicfor how therepetitive SCA scaffold strandis createdusingassemblyPCR.The62-merrepeatingsequenceof thescaffold andthefour
primeroligonucleotidesareshown at the top. Regionsunderlinedin blackon SCA-Splint1,SCA-Splint2,andSCA-Comp1indicatethestemof thehairpin
region, while the pink underlineindicatesthe poly-A (SCA-Comp1sequence)andpoly-T loops(SCA-Splint2). In PCRstages1-3, shown in the middle,
exponentialelongationof primerstakesplaceusingall four dNTPnucleotides,so thatbothsenseandantisensesequencesaresynthesized.Stage4, shown at
thebottom,usesonly dATP, dTTP, anddCTPnucleotidesandnew primers,allowing only thelinearextensionof thescaffold strandandproducingprimarythe
desiredsingle-strandedmolecule.
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Figure S2. Schematicsshowing thesequencesfor thefour DAE-E doublecrossover rule moleculesusedin this paper, therepetitive scaffold strand,andthe
scaffold tiles. Thecomponentstrandsfor eachDX is listedunderneaththetile. Strandswith thesamenamesasthosegivenin Ref.1 have thesamesequences
asin thatwork; additionally, strandsherecontaininga“J” in theirnamecorrespondto strandstherewith thesuf�x “-h14”. In fact,tile VE-N0 is identicalto tile
VE-00 of Ref.,1 tile SEJ-N1is identicalto tile SEs(1,5:h14),andtile REJ-C0differs from tile REp(1,5:h14)by exactly onesticky-endonly. Within eachtile,
strandsarenumbered1 through5 andarelabeledat their50 and30 ends;wedges(“¿” or “¡”) pointingtowardthe�rst nucleotideindicate50 ends,andwedges
pointingaway from thelastnucleotideindicate30 ends.Two repeatunitsof therepetitive scaffold strand(SCA) areshown, alongwith thestrands1, 2, and3
thatcomposethescaffold tile (alsocalledSCA);ourassemblyPCRprotocolappearsto generatescaffold strandscontainingup to roughly40 repeatunits.
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DAE-E system strands:

Rule tile strands.

 VE1          (37-mer,  377840 /M/cm @ 260nm) : CCATTCGGACGTTTGCGGTAAAGATTAGGACATTGAA
 VE2_EE00     (26-mer,  260540 /M/cm @ 260nm) : CTGGTTCCGAGCACCGAATGGAGGTA
 VE3          (42-mer,  412740 /M/cm @ 260nm) : TTACCGCAAACGTGGCGAGTGTGATACGACTACACCTAATCT
 VE4_EE00     (26-mer,  249800 /M/cm @ 260nm) : ACCAGTTCAATGTGGCGTTCATACCT
 VE5          (37-mer,  348140 /M/cm @ 260nm) : TGAACGCCTGTAGTCGTATCACACTCGCCTGCTCGGA

 UE1          (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.

 SCA1         (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_Splint1   (37-mer,  287760 /M/cm @ 260nm) : TATAATATCCCATACCTATCACTAACCCCT
SCA_Splint2   (37-mer,  290320 /M/cm @ 260nm) : CATCCTCTCTCCCACCCTACATATTATATTTT
SCA_Comp1     (37-mer,  332400 /M/cm @ 260nm) : GTATGGGATATTATAAAAATATAATATGTA
SCA_Comp2     (37-mer,  351460 /M/cm @ 260nm) : GGGTGGGAGAGAGGATGAGGGGTTAGTGATAG

Figure S3. Sequencesusedin thebinarycounterexperiments.Extinctioncoef�cients arecomputedusingthenearest-neighbormodelof Ref.2
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Figure S4. Detailedinterpretationof theAFM imagesin Figure3a.Theinterpretedfragmentscontainrespectively 70,68,126,102,and120tiles.
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