Three-Dimensional
DNA Origami

William Shih, Ph.D.

Dana-Farber Cancer Institute
Wyss Institute for

Biologically Inspired Engineering
Harvard Medical School

2009 April 8




Shawn Douglas

“Monolith”

Franziska Graf

“Genie Bottle”




“Square Nut”’ Shawn Douglas “Railed Bridge” Tim Lied|




“Slotted Cross’ Bjérn Hogberg “Stacked Cross’’ Hendrik Dietz




“Slotted Cross”
Bjorn Hogberg




“Slotted Cross” o

Bjorn Hogberg

0

10

11

12

13

14

15

7 14 21 28 35 42 49 56 63 70 77
AATGCTACTACTATTAGTAGAATTGATGCTTTATTGCTTAAT
fDVlVVJ@Vl)lLVV)lVZ VVVIVVOOVVLLY
TAAATCATACAGGCAAGGARMAAGAATTAGCAA
F_____"_____£ il
1191v9911T111v91v1913391133 ] DLIVVIDOLITL
AAMAAGCCTCTCGCTATTITTGGTTTTTATCGTCGTS | AGTC
HYVOOVVVVVLVOOVOOVHHPDLOV]
ZAGAGG?FGTAAT@GTAA TATTTA
DO LLILOLIDVVVVOO IO DD IDOVLILIVIPDVLILIAVDVVY L
TGAAGCTCGAATTACTITITAGTTGICATATTTAAAAN ATIGT T GA
I
VIJOVV lVvaZLLLL V[VVD]
'AGCAA TCCAAI GGTE A TAGﬁ
TIDDOLIODI OO YO LODLLNVOO LDV P V1))
GGAGCAMTTAAAGGTRATCTCTAANTCC TATATITICAGCA
[ 11 I
11100V VDVDVLLVDDWSlVVlVLVVDi)DJ
GAGGTCHAMTTTTACGIGATIE ACTTAGAGCTTAA]L
|
VYVVOLNNLDLODVONVVVY DJFLV JIVVLIOLODVVLILV
TATGTATCTIAATTAGTTIGAIATGTGGTATTE ATAAATCTAAA
I ]
VVl)VVi_lVDVIj£“VVK1VLLLVDVD
ATTACT }TACAS GARMGATTCATCA
I
IDOODO L LLIPOIEIVV LAFENVIO LDOV IO IF HJFEVVDOLVO LD
TATTAATAITGCCTANTGTTGTIACATTR AT GACGATITCCGC
SEPNEI D EEPEIERER] | AR ERRE
TCATAAQOCTCGTTTACCHUNAGCGTCCAATACH
DOLIDIPVILVOLVILIDJOVOONVVIUODEYLDDOVODLLVLIOV
GCTAAACAGGTTATTIGACCATTTGCGAANTGTATEITITATGC
I
tDDlVVV)D)llLV)VlV VIVLIVD]
GCGCGAGCTGAAAAGGTGEECTCAG
VIVLIVVVVOLVVVPOPDDODOLIOPDVOLILIPDJIVORYDVOLOL
TAACAAATICCGGCCTTITCTCACCCTTTEdAATCTTTIGGCTACAGGAAGGCCAGACGCGAATTAAATACT
¥))DDVV79VDl.1T\VV!ZlfVDV\ij)DVlDl))ll)JD t)lD)D)fLVVJLLVLDV
|TAAAT1FTTGT" ATCRAQCTCAT] TTAACC%ATAGGA lGCCATCAAAAMG{xCH
IIIvVv) LWVLLLVVVVVDV\ [ VOL JOVO LV VVVLLDDTLVL))LLﬂDDDLVDLLLLLLZr9v€




“Slotted Cross”
Bjorn Hogberg

o 7 14 21 28 35 a2 49 56 63 70 7 84 91 28 105 12 19 126 133 140 o 7 14 21 28 35 42 49 56 63 70 ks 84 91 98 105 12 19 126 133 140
anarlf. bI¥) 1 IA aatacdroacac AT | PR | PR . B | | R R bl ]
2 aaasccrdrcecrairreerirrnarcdrcart itacie arccadeorra 2 2 eecraacalerranrallcecraderrcancn, c ! g racdsceran) zarchTrrTchhrTeaTheTeac
VYV IOVVVVVIVION IV, 1V VVILV{[{355Vo vV IIpoVo] DVY. SIVISVpOIVIIVEID))] TVIVILLVVV Vo) i
N | o] | L . ‘
DO I vt § e e | [ s o B ] | [ R v il
RRUEERRSLLIBRL) } b/t ERERR l'rﬂuf T° ‘][ EESEE (| KERTEE | EEA T T TSVISTEVIVITSTISS VS To] [1io VY CALAA] | EXAZS LESS2 1 EFSAL] |/ ERDY TIST 0 R VVSTVRNvOT ST
6 fElAg bl 5] ‘r'w'r‘ L Y < 4 s 11g s, IIIGAT 6 48 ToTaAl CITT idcrf cracahdory, argoalieacr GCIG Alrgg) geanakldcra GookddiraTgacdoaras
T ) IRY] |’ EEFSFUINES] T i SVIST] V. v V). T Shfsvssr v Thf: 1T T 55|
, P [ BB § L | , L B o o i o | o e Wi e
estaili {[TTvo TSI9mF0T v T T o fvssvaT i SEEAE | [izEEER e EETTE i e SRRV
. | i :J et B | . . | P | e 7 reaen I
papiLizne b iy A]ut T 7] v T l‘« TIr T T STV TITIOTT ST TIV MRV T T TTT" TTTYPTT] BV TToSTIPS
10 rdrradrabscct I e e deosagoasborccedoinng 10 52 cdscadeddbcacandr A 00 | e atd ||| mu\v crratrars doab M cccodddarabdbhcoobrdllereccrdharc
| poe) ; [ ” T EESIsTELELS S = i EEEEE! ELLES ESEEE! | e i S
2 eduanscaderodrobaccarcannbolder alssorcorfforcradranibicas 12 5 P - —rrt e | R I | I . ecoorndlecreodederdlderrecallfenr -
SIVVYDSIIL [ VIO SELEEL 2 H 5
" Teaamdedre I Trerceuac s tacacderascedliriccperey o
— E
® T | | | | B Er | | “ o r (B [imile 7l |
53] AT MR 1 A 5T TV FTI55vv)57, U1V [ Tov Y|t TI1599| T - — { L“ TIT
CAR R LS L somniiotipus | " ® e i
T T 7] { v 71 v j 4 vy ][ v Iop v > Nl v STV \/‘\w T i TTLYIVFOIVY. EoIve
18 AMGTCIIT d JCLLAICIT ATy, SGCATTCCATIYARD e i . crrredbgdrrr LT TrarracTocRidranag 18 60 gt crargtblibcarrlhraacdt L ras Trrrcalriry
1o | ) 167, coflocnd rifcarclls ffeac] srerjaccacaplicadhdl forrd 10 o 10
2 oasscarefrbloany qrick sty drcldrcer 2 6 ercrkecdodintece ] o), ool bt ccrcc ][‘ roanariy
SSTIVD T TIT 3] > T 5 [reahvsy SVIVYEV
7 BRERHPEEETP. B0 | W | Y Bl 2 & | Croq B Temcannordecad] |
22 acccarrrdarkichancrilfcycal laabdricrragtitcrca, & crctardocconreery marcAdatoorcqivaTy lAC LA 22 64 Taleredr ddatag A lc1g CGTTMAMACTTAIITA lTACACTCICTGTA
7|65 v VO 1F TVo 1511 v T T i V3, SIVVRETIOVVv L
» : DA O R O RN o » - (| R bR P £ | EFOR ¥
|
24 ariccrdrl learcak T doc) rrrg) cTGC STAYRRTCCCGeANA AT AAYEKATATQATACT Ack4TTTTT rrerrlbirerrediaTTCTANGGGAR 24 66 sz A | Al raci] s CIc e crrrdltacreotltscd acce
» | exceu I dealllecrepqs coc jenceduor aandcce] INpCty sdcararakec canffdr Torairee 2 i e A erbl e acacalfcen
V) pTT x[/, T T J«A Ty gy Ty T SVITERY TYVITORIT L bbb i ps b ek e it 1 T s S
‘ f
B AN 3 | B T v T 3931V bt sy f5osov ] A i
a NI 30 A . 0 ot || O o it e
L EXERET | EEREE NEE] | EIEEERENAARS VIVIVITOO POV VoAV (5555179755 o T § TVVS VI To 599 TIvSy | T39V> IV TIT5 [V I L] oo rrer
30 aarrrasathrrrbdillaracads ik ANCT 30 72 Tpar drrcccalldre SClar I ALATHG 1crid) cosenr
I I | o
32 AACGETTGAATIAT CATATITGAT. [t TacaparaaTTrrcaT bTcrTT LaTaTTCY 32 74 AATCATCTATAYIGTTY lC1cT lsaank JdcBT 1 lGCITA crean RIRAR | Rl &2 CAGG rdilscat lcraaacalre
| vy [t vz B | P & T e e o e | R
33 e paosaspaancyih rocdracatiyiecs 33 s parcer Gy eacryed] ar Lo IREY
3 caprrnsctperceriroarelfrercarcacchideccr rastfiassrlbarrornaatklliiras 34 7 arcaccathrreacallocdd I( rrracasshdlierercdlrereddileard ssdsrcocdarberaafilerdl uu]_’ cofdflicracdbronrddhcer) fecccc
B | e - | R § | R M 1 e | A e illrecs
3 eI H frosTris ﬁ v v SR Bess | SERRaL Skt ¥ iipamai 35 77 n— v T R L — —1 — — — — ”
ar pvYv T VvV TSNV T TISIPVIT T l:, TITYTIVIVIFIY 3 7 - ‘ e L e YT Mrvvy Sy TvY b TTTY SIS TS S TR TS
39 e —— 39 5 ksscasdiccceanrerecadrorc)flilrerer, coarrgiracta ™
EESERE [ REERRN| IVIVI L] ’"‘ TV I T TIT T3 [¥1997) V1395 VY SVIvIVY)




- N |

— ™ S ——
- - —
B s s an an s
———— - — s L
——— — - S - " p—— el b gl 4 H - — - e
I e et T

= e = i e

pEGFP-N1

- - o 5. i L -

pT308
[ )1vale AtIo onovale 5
olding s
- . - ‘. . C d.
® 0
0 to 30U 0 to (
Dousls Die ed ogberg B : (q 5 DIre D09



“Slotted Cross”
Bjorn Hogberg

o 7 14 21 28 35 a2 49 56 63 70 7 84 91 28 105 12 19 126 133 140 o 7 14 21 28 35 42 49 56 63 70 ks 84 91 98 105 12 19 126 133 140
anarlf. bI¥) 1 IA aatacdroacac AT | PR | PR . B | | R R bl ]
2 aaasccrdrcecrairreerirrnarcdrcart itacie arccadeorra 2 2 eecraacalerranrallcecraderrcancn, c ! g racdsceran) zarchTrrTchhrTeaTheTeac
VYV IOVVVVVIVION IV, 1V VVILV{[{355Vo vV IIpoVo] DVY. SIVISVpOIVIIVEID))] TVIVILLVVV Vo) i
N | o] | L . ‘
DO I vt § e e | [ s o B ] | [ R v il
RRUEERRSLLIBRL) } b/t ERERR l'rﬂuf T° ‘][ EESEE (| KERTEE | EEA T T TSVISTEVIVITSTISS VS To] [1io VY CALAA] | EXAZS LESS2 1 EFSAL] |/ ERDY TIST 0 R VVSTVRNvOT ST
6 fElAg bl 5] ‘r'w'r‘ L Y < 4 s 11g s, IIIGAT 6 48 ToTaAl CITT idcrf cracahdory, argoalieacr GCIG Alrgg) geanakldcra GookddiraTgacdoaras
T ) IRY] |’ EEFSFUINES] T i SVIST] V. v V). T Shfsvssr v Thf: 1T T 55|
, P [ BB § L | , L B o o i o | o e Wi e
estaili {[TTvo TSI9mF0T v T T o fvssvaT i SEEAE | [izEEER e EETTE i e SRRV
. | i :J et B | . . | P | e 7 reaen I
papiLizne b iy A]ut T 7] v T l‘« TIr T T STV TITIOTT ST TIV MRV T T TTT" TTTYPTT] BV TToSTIPS
10 rdrradrabscct I e e deosagoasborccedoinng 10 52 cdscadeddbcacandr A 00 | e atd ||| mu\v crratrars doab M cccodddarabdbhcoobrdllereccrdharc
| poe) ; [ ” T EESIsTELELS S = i EEEEE! ELLES ESEEE! | e i S
2 eduanscaderodrobaccarcannbolder alssorcorfforcradranibicas 12 5 P - —rrt e | R I | I . ecoorndlecreodederdlderrecallfenr -
SIVVYDSIIL [ VIO SELEEL 2 H 5
" Teaamdedre I Trerceuac s tacacderascedliriccperey o
— E
® T | | | | B Er | | “ o r (B [imile 7l |
53] AT MR 1 A 5T TV FTI55vv)57, U1V [ Tov Y|t TI1599| T - — { L“ TIT
CAR R LS L somniiotipus | " ® e i
T T 7] { v 71 v j 4 vy ][ v Iop v > Nl v STV \/‘\w T i TTLYIVFOIVY. EoIve
18 AMGTCIIT d JCLLAICIT ATy, SGCATTCCATIYARD e i . crrredbgdrrr LT TrarracTocRidranag 18 60 gt crargtblibcarrlhraacdt L ras Trrrcalriry
1o | ) 167, coflocnd rifcarclls ffeac] srerjaccacaplicadhdl forrd 10 o 10
2 oasscarefrbloany qrick sty drcldrcer 2 6 ercrkecdodintece ] o), ool bt ccrcc ][‘ roanariy
SSTIVD T TIT 3] > T 5 [reahvsy SVIVYEV
7 BRERHPEEETP. B0 | W | Y Bl 2 & | Croq B Temcannordecad] |
22 acccarrrdarkichancrilfcycal laabdricrragtitcrca, & crctardocconreery marcAdatoorcqivaTy lAC LA 22 64 Taleredr ddatag A lc1g CGTTMAMACTTAIITA lTACACTCICTGTA
7|65 v VO 1F TVo 1511 v T T i V3, SIVVRETIOVVv L
» : DA O R O RN o » - (| R bR P £ | EFOR ¥
|
24 ariccrdrl learcak T doc) rrrg) cTGC STAYRRTCCCGeANA AT AAYEKATATQATACT Ack4TTTTT rrerrlbirerrediaTTCTANGGGAR 24 66 sz A | Al raci] s CIc e crrrdltacreotltscd acce
» | exceu I dealllecrepqs coc jenceduor aandcce] INpCty sdcararakec canffdr Torairee 2 i e A erbl e acacalfcen
V) pTT x[/, T T J«A Ty gy Ty T SVITERY TYVITORIT L bbb i ps b ek e it 1 T s S
‘ f
B AN 3 | B T v T 3931V bt sy f5osov ] A i
a NI 30 A . 0 ot || O o it e
L EXERET | EEREE NEE] | EIEEERENAARS VIVIVITOO POV VoAV (5555179755 o T § TVVS VI To 599 TIvSy | T39V> IV TIT5 [V I L] oo rrer
30 aarrrasathrrrbdillaracads ik ANCT 30 72 Tpar drrcccalldre SClar I ALATHG 1crid) cosenr
I I | o
32 AACGETTGAATIAT CATATITGAT. [t TacaparaaTTrrcaT bTcrTT LaTaTTCY 32 74 AATCATCTATAYIGTTY lC1cT lsaank JdcBT 1 lGCITA crean RIRAR | Rl &2 CAGG rdilscat lcraaacalre
| vy [t vz B | P & T e e o e | R
33 e paosaspaancyih rocdracatiyiecs 33 s parcer Gy eacryed] ar Lo IREY
3 caprrnsctperceriroarelfrercarcacchideccr rastfiassrlbarrornaatklliiras 34 7 arcaccathrreacallocdd I( rrracasshdlierercdlrereddileard ssdsrcocdarberaafilerdl uu]_’ cofdflicracdbronrddhcer) fecccc
B | e - | R § | R M 1 e | A e illrecs
3 eI H frosTris ﬁ v v SR Bess | SERRaL Skt ¥ iipamai 35 77 n— v T R L — —1 — — — — ”
ar pvYv T VvV TSNV T TISIPVIT T l:, TITYTIVIVIFIY 3 7 - ‘ e L e YT Mrvvy Sy TvY b TTTY SIS TS S TR TS
39 e —— 39 5 ksscasdiccceanrerecadrorc)flilrerer, coarrgiracta ™
EESERE [ REERRN| IVIVI L] ’"‘ TV I T TIT T3 [¥1997) V1395 VY SVIvIVY)




Design challenges

Steep learning curve

Ad hoc methods are
tedious and error prone

New shapes can require
days or weeks of effort
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1. Download & Install what is caDNAno?

caDNAnNo is software for design of three-dimensional
' . DNA origami nanostructures. It was written with the goal of
A DOBE AIR providing a simple and user-friendly interface to facilitate a

process that can be complex and error-prone.

2 Get caDNANo caDNAno features: Featured design

No programming required

Integrated 2D and 3D interfaces
Visual cues to aid design process
Export formats: SVG, X3D, JSON
"N i
ca D.NA"O Platform independent

Open source (MIT license) shotted cross
view full gallery

@ Copyright 2009 Harvard University. All content available under CC BY-SA license. Shih Lab Church Lab

N 7

. Douglas SM, Marblestone AM, Teerapittayanon S,Vazquez A,
http./ /cadnano.o I"g/ Church GM, Shih WM. Nucleic Acids Res. Accepted, 2009.
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