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ABSTRACT OF THE DISSERTATION

Dynamic Self-Assembly: Growth and Breakage of Synthetic DNA Nano-Structures
by
Leopold Noel Green, Jr.

Doctor of Philosophy, Graduate Program in Bioengineering
University of California, Riverside, March 2017
Professor Elisa Franco, Chairperson

Biological systems reconfigure their shape in response to external stimuli at the level of
single cells, tissues, and organs, for a variety of purposes such as growth, development,
and self-repair. Cell shape reconfiguration is accomplished by directing the spatial orga-
nization of molecular materials (for example, cytoskeletal proteins) through molecular
circuits which sense, process, and transmit information. Embedding a similar architec-
ture in a synthetic material may greatly advance our ability to build responsive materials
which can grow, reconfigure, and self-repair. DNA and RNA are programmable biologi-
cal polymers which have been used to rationally build sensors and circuits, and a variety
of nanostructures. The integration of nucleic acid circuits and structures promises to
yield a new class of complex, reconfigurable materials. We aim at directing assembly and
disassembly of DNA nanostructures with dynamic DNA inputs and circuits, mimicking
the organization of dynamic cellular materials.

We focus on DNA nanotubes, and design pathways to control growth and
breakage of tubes assembled from double crossover tiles. Our tiles include a toehold
domain enabling strand invasion at the sticky ends of tiles. Invasion rapidly weakens

the self-assembled structure, causing the nanotubes to collapse into smaller fragments.
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Removal of DNA species used for invasion, through second layer of strand displacement
(denoted as anti-invasion), allows the nanotubes to reassemble isothermally. Our design
thus makes it possible to control growth reversibly. We demonstrate this directed assem-
bly process through a variety of experimental assays including optical microscopy and
time lapse movies, atomic force microscopy, and gel electrophoresis. We also character-
ize the influence of experimental design parameters such as toehold orientation (inside
vs. outside of tube) and length, buffer conditions, and temperature, showing the overall
tunability of breakage and reassembly dynamics.

Here, we bridge dynamic and structural DNA nanotechnology and demon-
strate the programmable, dynamic control of self-assembly of DNA nanotubes, a well
known class of micron-sized DNA nanostructures. Nanotube assembly and disassem-
bly is controlled with nucleic acid inputs and with transcriptional systems including an

autonomous molecular oscillator.



Contents

lList ot Figures

G5t of Tables
I_Introducfion
& Objectives
p_ Designing liles for Dynamic Seli-Assembly|
bl Introductionl . . . . . . . .. L Lo e e e e
p.I.I  DNA Self Assembly] . . . . . . . . . . .. ... 0.,
Bl DAFE-FE Tiles and nanotubed . . . . . . . . . . . . . . . . . .. ..
p.l.o  Comparison of tiles assembling into nanotubes with external o1
nternal toehold . . . . . . . ..o 0000000
b2 Methods and Materald . . . . . . . . . . . . ... .o oo
p.2.1  dSample preparation . . . . . . ... ..o 00
p.2.2  Fluorescence MICroSCOPV] « « - « « v « « e v e v v vt v e e e e e
p.2.0  Fluorescence microscopy data processingl . . . . . . . . . . . . ..
p.2.4  Atomic Force MICTOSCODYl .« - « v v v v v v v v v i e e e e e e e
p.2.0  Gel electrophoresiy . . . . . . . . . .. Lo o oo
p.2.6  DINA Sequences. . . . . . . . o v i e e e e e e e e e e e e
bao  Results and [hsenssionl . . . . . 0 0 0 0L L0 L L s e e

p.o.l  Nanotube growth post anneal . . . . . . . . . . . ... ... ...

p.o.2 Analysis of Internal vs. External loehold FPositioningl . . . . . .

p.4 Concluding hemarks . . . . . . . . .. .. ... 000000

Bd  Characterization of Iriggered Assembly and Disassembly

d 1 Introduction . . . . . . . . L Lo e e e e e e e
d.1.1  'loehold-Mediated branch Migration . . . . . . . . . . . .. ...
U2 Reaction Schemed . . . . . . . . . . . . .. e e e e
A2 1  Invasion reacfion . . . . . . . . .. 0o e e e e e e e e e
a2 Anti-1nvasion reactionl . . . . . . . . . e,
Ao Results and Iiscussionl . . . . . . L L L L L L L 0o e e e e e e

B.o.l Invasion and anti-lnvasion reactions: Example imagey§ . . . . . .
B.o.2 lLength distribution of nanotubes alter mvasiony . . . . . . . . . .
B.o.0  Nanotube 1nvasion as a runction ot toehold length . . . . . . ..
B.o.4 lLength distribution ol nanotubes alter mvasion and anti-invasion

xi

xii

xiii

co co N

1

W

15
16
16
17
17
18
18
19
20
20
24
26

28
29
29
32
32
32
34
34
35
40



K.3.5 Cycles of invasion and anti-invasion in nanotubes with 1007 toed

p_ Designing DINA Tiles Suitable for Iranscriptional Buffer Conditions

bl

Introduction

p.2.1  lTanscription . . . . . . . . . . . .o e e e e e e e e e
p.2.2 DINA Sequences . . . . . . . . v v i e e e e e e e e e e

Reaction Schemed

p.o.l ( and 8 base long sticky-end of: Invasion, Anti-lnvasion, and sidq

p.o.2  Reactions for transcriptional control of nanotube breakage and
..............................

b4

Resnlts and iscussion

p.4.1  Invasion and antl-invasion ol nanotubes with & and ( base sticky

p.4.2  Nanotube disassembly and reassembly via a cotranscribed RINA|
mmvader and KNase Hl

p.o  Concluding kemarky . . . . . . . . . . .. o000

50
o1

o4
55

56
o7
58
58
58
60

60

62
64

64

73
76

b Autonomous Control of DINA 'l1ile Seli-Assembly with Synthetic Us4

cillatox

bl

Intraduction

b.1.1  Overview ol Logic Circuits and Dynamic Circuity . . . . . . . . .

b2 __Methods and Matermald . . . . . . . . . . . . .. ... ...
0.2.1  bulk Hluorimetry] . . . . . . . . . . ..o o e e e e e e e
0.2.2 bBulk fluorimetry data processimg| . . . . . . . . . . . .« . o . ...
0.2.0  1ranscription . . . . . . . . . . ..o e e e e e e e e e e e e
0.2.4 DINA SEequences . . . . . . . v v v v v e e e e e e e e e e e e e

ba  Reaction Schemes . . . . . . . . . . 0L Lo e e e
p.o.1 Reactions designed to direct tube breakage and reassembly using

an auntonomous molecular oscillatod . . . . . . .. .00 0L L L L.

b4 _Resulfs and Discussion . . . . . . . L L L L0000 s e e e e
0.4.1  Directing nanotube disassembly and reassembly using a synthetid
transcriptional oscillatoll . . . . . . . . . .. ..o oo,

b.5 Concluding Remarkd . . . . . . . . . . . . . . . . . . . ... . ...

Il Conclusionl

L1 lessons Learned . . . . . . . 0 0 0000 s s s e e e e e e e e e
[ OnflooR . . . . . . e

xii

77
78
78
79
79
80
81
82
84

84
88



List of Figures

p.1  Theory of Mathematical liling (Figure adapted from Winiree 1998 [o03])
B.2 Scheme of folded scaffold (black) to form arbitrary shape held together
by staple strands (colored) (Figure adapted from Rothemund 2000 [42])
B.3  Origami Structures (Figure adapted from Rothemund 20006 [42])
p.4  Super Origami Designs and Structures (Figure adapted from Zhao 2011|
09]) - - - . e e
pb.o  DAOQO structure (lett) and DAL structure (right) (Figure adapted trom ku
1990 [17]) . . .« - o o e e e
p.6 Schematic of DAO-0O ‘lile Design and lube Formationy . . . . . . . . ..
b./__Schematic of DAE-FE "1ile Design and lube Formationy . . . . . . . . ..
p.s  Chemical reactions controlling activity of monomers can be used
to direct self-assembly A: We consider DNA double crossover tiles |17
B3| formed by five unique DNA strands. 'Tiles assemble into nanotubeg
via programmed 1nteractions of their sticky ends (domains marked as a|
b, a’ and b’). liles were modified to include a single stranded overhang)
pr_toehold, 1llustrated as the black domain on the o” end of the vellow
ptrand. b: Schematic illustration of a tile. C: Hybridization ot sticky ends
results i formation of hollow nanotubes with average 15.0 nm diameter]
toeholds placed on the o” end of the yvellow strand are expected to be on|
the external surface of the nanotube (conversely, toeholds on the 3" end
bt the vellow strand would be internal to the nanotube)) . . . . . . . ..
p.Y o base sticky-end lile variants with external toehold A-D: Strand
Interactions 1n tiles with o base-long sticky ends. A: No toehold. b: g

p.10 "l1iles resulting 1n nanotubes with external and 1nternal toehold
|Lhese tiles have o base-long sticky ends. A - Leit: 1o obtain a nanotubq
with toeholds tacing the external surtace or the nanotube, we located
the toehold on the o” end of strand SZ. hight: [Nanotubes with internal
toehold can be obtained by placing the toehold on the 5" end of strand 52
B: Rendering of the tiles obtained with Nanoengineer |[. C: Nanotubeq
with external toehold can be invaded at all points on the lattice wherq
the toehold 1s exposed: 1n contrast, nanotubes with internal toeholds can|
be 1mvaded primarily at the ends. lTime-lapse movies supporting thig
expectation are avallable onlinel. . . . . . . . ..o o000 o000

xiii

10

11
12
13

14

14

15



b1l Growth of nanotubes 1n the absence of toehold domain Nanotubd
length was measured over 30 hours (after annealing) from tuorescencd
microscopy 1mages. Leit: Violin plots of each experiment repeat. hignht]
mean and standard deviation of the mean of length over the three exper4
ments to the left] 21

B.12 Growth of nanotubes annealed from tile sample where 507 of

tiles include a toehold domain Nanotube length was measured over 5(

hours (after annealing) from fluorescence microscopy images. Left: Violin

plots ot each experiment repeat. kight: mean and standard deviation ol

the mean ot length over the three experiments to the letty . . . . . . . . 22
B.15 Growth of nanotubes annealed from tile sample where 1007 of

tiles include a toehold domain Nanotube length was measured over sy

hours (atter annealing) from fluorescence microscopy images. Left: Violin|

plots of each experiment repeat. hight: mean and standard deviation of

fhe mean of Iength over the three experiments to the left] . . . . . . .. 23
p.14 Growth ol nanotubes 1S not influenced by the presence ol ex-

ternal toehold We compare the mean length data from Fig. o.11, 5.12]

pnd o.15; the nearly overlapping means mdicate that the presence or a 1|

base_external toehold does not affect nanofube growth] . . . . . . . . .. 24
B.15 Al and A2: Nanotubes (ob Sk) with internal toeholds after incubation|

with Streptavidin-lruncated invader complex. Al shows grown (yo-

labeled nanotubes. AZ 1S an 1mage of the same sample with a Cyo nilter|

which mdicates virtually no streptavidin 1s bound to the nanotubes, 10l4

lowing our expectation (toeholds are imternal to the nanotube surtace)

therefore not available tor streptavidin-truncated mvader complex bind-

ing). Bl and B2: Nanotubes (56b Sk) with external toehold after 1ncu

pation with streptavidin- Iruncated invader complex. bl shows the Cy9g

channel, and B2 shows the CUyo channel. Bboth 1mages show patches o

Huorescence, which indicate that a) the streptavidin-bridged truncated in-

vader complex binds to the external toeholds, b) due to tetravalent naturd

pf streptavidin, it binds tTo mulfiple nanotubes and promofes ageregation] 26

BT 3 Stages of Toehold-Mediated Branch Migration . .. ... . ... . .. 30

A2 Schemafic of Invasion Procesd 31

..................... 31
EZ TlIustration of invasion reaction Invasion in o base-long sticky end tiles] 32
d.o  lllustration oi anti-invasion reaction A: Anfi-invasion 1n o base-long

B3 Schematic of Anti Invasion Procesd

Blickyv end Tiles] . . . . . . . . . .. 33
4.0 Anti-invader can bind to strand 5S4 A: Interaction in o base-long
gticky end tiles 1s imited to o bases, and 1s thereiore likely unstable] . . 33

k.7 "Tubes with 507 tiles containing toehold (A:C) Fluorescent Microscopy
and (D:F) Atomic Force Microscopy. Initial tubes (A,D). Invader reduceg
ube length significant! et tubes are still visible 1n both microscopy an
IAEM 1mages (Figure B,kE). The addition of anti-invader to tube solution|
hllows nanotube regrowth (C.F)] . . . . ... ... ... ... ... ... 34

Xiv



B8  Visunalization of mvasion and anti-invasion rxn of tubes with 100% tiled

contaiming toehold (A:C) Fluorescent Microscopy and (D:F) Atomic Forcd
Microscopy. Figures A and D 1llustrate tubes prior to invasion. Atteq
lnvasion reaction at _room temperature, 10U min Figure b, and 20 min
Figure K. tubes completely break apart. Ihe presence of anti-lnvadey

promotes the re-assembly of tubes frrom monomer tiles or chunks, Figureg

4.9 In the absence ot toeholds nanotubes do not break 1n the presq
ence ol invader strand. We measure the nanotube length for oU hourg

piter addition of imnvader; prior to the beginning ot the experiments, nan4
ptubes were 1ncubated tor 50 hours, reaching a mean length ot about 0
m [13][. 'T'he red triangle marks when mvader i1s added to the sample|
[Lhe results indicate that the invader does not significantly decrease nan-
pbtube length because the strand invasion reaction (kFig. 4.4) cannot bd
initiated 1 the absence or a toehold. However, the presence or invadey
pppears to suppress turther growth. Left: Violin plots of each experiment
repeat. hight: mean and standard deviation ot the mean ot length ovey
the three experiments to the lett) . . . . . . . . . . . ... ... ...
4. 10 _Invasion reaction of nanotubes where 507 of tiles include a toe-
lhold domain. After addition of mvader (marked by the red triangle)
the mean nanotube length rapidly decreases to halt the mitial length, and
remains constant tor the following oU hours. Lert: Violin plots or each

experiment repeat. hight: mean and standard deviation of the mean of
nhanotube length over the three experiments to the lett). . . . . . . . ..
4. 11 Invasion reaction of nanotubes where 1007 of tiles include al
foehold domain. After addition of invader (marked by the red tri{
hngle) nanotubes rapidly disassemble and no nanotubes can be seen 1n|
fluorescence microscopy images; nanotubes do not retorm in the rollowing|
pU hours. Right: mean and standard deviation oI the mean of nanotubq
length over the three experiments to the letty . . . . . . . . ... .. ..
A.12 Invasion causes a decrease 1n _mean nanotube length that deq
pends on the concentration ot toeholded tiles 1his plot compareg
the mean length data rrom Fig. 4.9, 4.10, and 4.11) . . . . . . . . . . ..
.13 Invasion reaction on nanotubes with 100% tiles including a 3
base-long external toehold. A o base toehold 1s not suthicient to ini
fiate weak breakage ol nanotubes, as indicated by the slight decrease 1n
mean length atter addition of invader (marked by the red triangle). On av
erage, nanotubes subsequently regrow reaching mean length higher than
their mnitial length. Lett: Violin plots ol separate experiments. highti
Mean and standard deviation of the mean 1or the length distributions
measured 1n the experiments to the lett . . . . . . . . . . . . ... ...
k.14 Invasion reaction on nanotubes with 1007 tiles including a j|
pbase-long external toehold. A o base toehold 1s suificient to 1nitiatq
Wweak breakage of nanotubes. Addition of invader (marked by the red
friangle) results in roughly a 307 decrease in the mean nanotube length]
however. nanotubes subsequently regrow reaching mean length compara-
ble to the mitial mean length. lLett: Violin plots of separate experiments,
Right: Mean and standard deviation or the mean for the length distribu4
fions measured 1n the experiments to the letty . . . . . . . . .. . . . ..

XV

35

37

38

39

40

41



Bg.1o

A ( base-long toehold 1s necessary to tully break nanotubes and

suppress growth. We compare the mean length measured 1n invasion|
experiments using nanotubes grown Irom 4 base, o base and ( base-long
ftoehold tiles (1007 tiles imncluding an external toehold). Addition of in-
vader 1s marked by the red triangle. A [ base toehold 1S necessary to tully
preak nanotubes and suppress their regrowth) . . . . ... ... .. ..

.16

'1'he mean length of nanotubes without toehold 1s not altected

by _the presence of invader and anti-invader. hed and blue tri
pngles mark respectively the addition ol invader and anti-invader. 1'hq
mean length of nanotubes does not decrease atter addition of ivader; ad-
dition of anti-lnvader does not promote rurther growth, suggesting that
nanotubes have reached an equilibrium length distribution. lLeit: violn
plots of each experiment. Right: mean and standard deviation or the
mean for the experiments to the lett) . . . . . . . . . . ...

1N rd

Invasion and anti-invasion of nanotubes with 507 toeholded
tiles Consistently with the experimental results on invasion (kFig. 4.10)]
panotube mean length decreases by about 507 after addition of invadei
(marked by the red triangle). Addition of anti-invader (marked by blud
triangle) promotes regrowth to a mean length that 1s comparable to thq
nitial mean length. Lert: violin plots oI each experiment. Right: mean
pnd standard deviation ol the mean Ior the experiments to the left) . . .

418 Invasion and anti-invasion of nanotubes with 100% toeholded

tiles. Addition of mvader, marked by the red triangle, results in rapid
disassembly of nanotubes (no nanotubes are visible 1in Huorescence mi
croscopy 1mages). When anti-invader 1s added, as marked by the blud
friangle, nanotubes start regrowing reaching a mean length comparablg
o _the 1nitial length. Leit: violin plots of each experiment. hight: mean
pnd standard deviation of the mean tor the experiments to the lett . . .

E.19

Comparison ol mean nanotube length following invasion and

anti-invasion reactions ifor diilierent percentage oi toeholded tiles.
|L'his plot compares the results shown in Fig. 4.16, 4.17 and 4.17]

xvi

43

45

46

47

48



g.20 Gel Assays analyzing breakdown products of invasion and anti-invasion of

various tile with toehold concentrations (external toehold). "Tubes/tileq
pre labeled with Uys. DX tile based tubes are too large to run through
D.97 agarose gel. Note dark (high fluorescent) bands at top ot lane (A:C)
Indicates tubes that are not able to enter gel. 'lile band (lowest bandg
in A:C) represents the breakdown products, or individual monomer tiles.
Between the two tube and tile bands are polymer smears, or joined tileg
not rforming tubes. Control lane: tubes annealed with invader to form
monomer tiles or breakdown products — Figures A,b = Lane 4. Figure C H
Lane 5. A. 0% of tiles contain toehold. '['he intensity of tile bands in [aneg

[L:3 has no noticeable change. lubes with 07 toehold are not shrinking
when introduced to invader. B. Tubes with 50% tiles containing toehold]

Lane 1. 1nitial tube conditions atter anneal, and incubation period hag
b taint tile band. After adding invader strand to tube solution (Land
), the intensity of breakdown products increases significantly. However|
there are still tubes present in tube band, 1ndicating that some tubeg
form shorter breakdown products. as other tubes remain intact. C. 1007
bt tiles has a toehold domain. lLane 1: Prior to invader, relatively” high|
fuorescent tube band: polymer smear:; ‘relatively” low fuorescent tilg
band. After 20 min of invasion rxn (Lane 2), complete tube disassembly|
Ls 1llustrated as both tube band and polymer smear completely disappear)
resulting 1in ‘relatively” high tile band. Lane 5 and 4 (Anti-invasion 1houi
and 2 hour incubation respectively), 1llustrates reappearance ot polymei
pmear, and 1ncrease 1n tube band intensity] . . . . . . . . ... Lo L.

g.21

Repeated addition of invader and anti-invader result 1n reversible

cycles o1 assembly and disassembly. Leit: Violin plots of each exd
periment. Right: Mean and standard deviation of the mean of the experd

g.22

Invasion and anti-invasion reactions in the presence ot 24.5 mVl|

MgCls "1'he concentration orf MgCUlo 1n these experiments 1S twice the
concentration used 1 typical annealing conditions. 1he mean length o1
nanotubes after addition of invader (red triangle) decreases to zero (ng
nanotubes are visible 1n fluorescence microscopy experiments). Addition|
bf anti-invader (blue triangle) promotes nanotube regrowth as at nominal
MgCls concentration. Lett: Violin plots of each experiment. hignht: Mean
pnd standard deviation ol the mean of the experiments to the leit)

B.25

Invasion and anti-invasion reactions in the presence ot 6.1 miVi

MgCls "1'he concentration of VMgUls 1n these experiments 1S halt the con4
centration used 1n typical annealing conditions. 1’ he mean length of nan4
pbtubes aiter addition of invader (red triangle) decreases to zero (no nan-
ptubes are visible in fluorescence microscopy experiments). Addition of
anti-invader (blue triangle) promotes nanotube regrowth reaching a mean|
Llength that exceeds that at nominal MgCls concentration. Leit: Violn
plots_of each experiment. Right: Mean and standard deviation oI the
mean ot the experiments to the lett) . . . . . . . .. ... ...

xvii

50

52



d.24 Comparison of mean nanotube length after invasion and antiq

Invasion at different concentrations ot MgCls. '1'his plot compare§
mean length shown in Fig. 4.22 and 4.25. lhese results indicate that &
concentration of MgCls lower than the nominal concentration (12.4 mM )
facilitates nanotube regrowth) . . . . . . ..o 0oL o L.

d2a Invasion and anti-invasion reactions of nanotubes with internal

toehold. Leit: Violin plots of each experiment. Right: Mean and stan4
dard deviation ol the mean ol the experiments to the letty . . . . . . ..

p.l

Hxtended sticky-end tile variants 1or increased stability 1n tran-

scriptional conditions A: [ base sticky-end 'l1le variants with external
toehold. bB: 8 base sticky-end 11le variants with external toehold

| _base-long sticky end tiles. b: Interaction in 3 base-long sticky end tiles)

p.o

1llustration ot anti-invasion reaction resulting in tube formation

A Interaction 1 ¢ base-long sticky end tiles. b: Interaction in & base-long|
pticky end tiles] . . . . . . . Lo

b.4

Anti-invader can bind to strand 5S4 A: Interaction in [ base-long|

sticky end tiles. B: Interaction i & base-long sticky end tiles] . . . . .

b.5

‘Iranspirational and Enzymatic control of DINA INanotubes Aj

|Activation of genelet promoting transcription of RNA 1nvader (genelet|
ON). B: Deactivation of genelet (genelet OFF') via inhibitor strand disq
placing bound activator from genelet. C: Schematic of nanotube dynamic)
IWhen genelet 1s ON, RINA 1nvader 1S produced causing nanotube break-
e. In presence of hlNase H enzyme, turnin enelet OFF results 1

retormation of nanotiibes 1n solnutionl

p.6

HEnzyme-driven invasion and anti-invasion reactions A: A synthetiq

bene (Invader Insulator) i1s used to transcribe the species RNA invader|
|'ne gene can be turned off by displacement of the activator strand Al [23]
using an inhibitor strand dll. (Species Al and dll are the same used 1n|
the transcriptional oscillator described in Section 6.5.1, Figs. 6.2 and 6.3)
B: Invasion reaction mediated by the KhINA mvader. C: RNA 1nvadeq
pbound to tiles 1s degraded by RINase H. which results 1n the release or the
pticky end domain. liles can theretore reassemblel . . . . . . . . . . ..

b/ Invasion and anti-invasion of nanotubes assembled from ftiles

with 7 base-long sticky ends (1007 toeholded tiles). Addition
bt mvader (marked by the red triangle) results 1 rapid disassembly of
nanotubes (no nanotubes are visible 1n Huorescence microscopy images).
IWhen anti-invader i1s added (marked by the blue triangle) nanotubes re
grow reaching a mean length which exceeds their 1nitial mean length. In|
[this case, binding of anti-invader to the sticky end of strand >4 seems tg
ot _contribute slower growth 4.6. Lerlt: violin plots of each experiment.
[kight: mean and standard deviation of the mean ior the experiments tg

xviii

o4

95

o7

60

61

62

63

64



by Invasion and anti-invasion ol nanotubes assembled from ftiles

with 8 base-long sticky ends (1007 toeholded tiles). Addition
pbf mvader (marked by the red triangle) results 1 rapid disassembly of
nanotubes (no nanotubes are visible 1n Huorescence microscopy lmages).
When anti-invader 1s added (marked by the blue triangle) nanotubes re
growh reaching less than 507 the 1nitial mean length. limited regrowth
may be due to two phenomena: 1) imstability of the shortened tile arms)
bnd 2) binding of anti-invader to one of the sticky ends of strand 54
which may torm a stable complex 1n the & base-long sticky end tile ag
nhoted 1n Fig. 4.0. Leit: violin plots of each experiment. kight: mean and
ptandard deviation oI the mean tor the experiments to the lert) . . . . .

p.Y

Nanotubes assembled irom tiles with 7 base sticky ends are not

stable when mmcubated with 17 KNAP Nanotubes were annealed
gt o puM tile concentration, subsequently diluted to a oUU nlVl tile con-
centration and incubated 1n transcription buifer, at 37 C. A) Exampld
Image of nanotubes prior to addition of I/ RNA polymerase. B) Exam-
ple 1image of nanotubes taken after 30 minutes addition of 107 (v/v) 1
RNA polymerase. Nanotubes annealed at higher tile concentration melf
Bs well 1n the presence of 1/ RINAFP] . . . . . . .. ... ... ..

p.10

Nanotubes annealed trom tiles having 8 base sticky ends are

stable 1n the presence of 17 KRINA polymerase at high tile con-

centration. were annealedat o 1Vl tile concentration 1n [ X transcription
bufter, and subsequently diluted in transcription mix (1x transcription
putter, 20 mM MgClo, and 20 mM N'1Ps) including 107 (v/v) 17 RNA|
polymerase. Al, BI, Cl: Example images of nanotubes at 40U nM, 750
nM, and 2 plVl tile concentration respectively, prior to addition of 17 RINA|
polymerase. AZ: Example image ol nanotubes incubated at 400 nM ftilg
concentration in the presence of KINAF 1or 1o hours . B2: Example imageg
pr nanotubes 1ncubated at (o0 nM tile concentration in the presence ol
IRINAF tor o0 hours. C2Z: Example 1mage ol nanotubes mncubated at 4
M tile concentration in the presence of RINAF for o0 hours . . . . ..

p.11

Nanotubes annealed ifrom ftiles having & base sticky ends are

stable 1in the presence of 17 RINA polymerase at (o0 nivl tile
concentration. [Nanotubes were incubated at o/  1n transcription
Imix, 1n the presence of 107 (v/v) 17 RNAP. Left: Violin plots of length|
distributions tracked over time. hight: Mean and standard deviation of
the mean or the results shown 1n the lett panely . . . . . . ... . . ..

p.12

Monitoring invasion and anti-invasion reactions using bulk fu-q

porimetry Al: & base ok tiles were labeled with a 1AMRKA fuorophoreq
pn the o” end of strand 4. A2Z: Fluorescence 1s quenched when strand 4|
Bticky ends form a double stranded complex (assembled tiles). B: Partially
blunt-ended & base Sk tile with truncated strand 2 (tiles cannot assemble)
L: Invasion reaction results i disassembly of sticky ends and theretorq
Increase 1 _fluorescence. D: Bulk Huorimetry data showing that invaded
iles exhibit fuorescence nearly identical to that ot partially blunt-ended
files (that are unable to assemble) and to that ot tiles annealed with 1n-
vader strands. Addition of mvader to Sample | 18 marked by the dark
ereen triangle (+1), and addition of anti-invader to Sample 1 1s marked
by the light ereen triangle (+A) . . . . . . . . . .. ... ... ... ..

Xix

67

68

69

70



p.1o

Co-transcriptional invasion mediated by RINA Leit: violin plots o]

each experiment. Right: mean and standard deviation of the mean Ioi
the experiments to the letty . . . . . . . . . . . .. ..o L.

p.14

Co-transcriptional invasion mediated by RINA., and RINNase H-

mediated anti-invasion ol nanotubes assembled from & base-long
sticky end ftiles. Leit: violin plots oI each experiment. Kight: mean|
pnd standard deviation ol the mean 1or the experiments to the leit) . . .

pb.1

‘1lopology ot the oscillator and 1ts biochemical reactions. Aj

lLopology ot the synthetic molecular oscillator used 1n our experiments
fwo artificial genetic switches (SW12 and SW21) are mutually intercon-
nected through their RNA transcripts (rAl and rl2) forming a nega-
tive teedback loop. bB: Reactions occurring in the system. Function-
kally distinct domains (toeholds, regulatory domains, spacers, promotei
bnd halrpin regions) are colored consistently with strand schematics in|
Figs. 6.2 and 0.9. hed and black dots on gene 121 and activator Al arq
Huorophore-quencher pairs used as reporters on the active/inactive stated
pr the switch. dolid arrows indicate reactions between oligonucleotides]
dashed arrows indicate enzymatic reactions (transcription and degrada-
fion). Figure i1s adapted from [23, 16, 52]) . . . . . . . . . ... ... ..

p.2

owitch 12 strands and their domain interactions. lhis ngureg

shows strands components of SW 12 and their interactions, with runctional

domains 1n different colors. 1T he mathematical model of the oscillatod
includes all complexes shown 1n this figure, including complex slZ2-AZ
which 1s the result of interactions between AZ and products of incompletq
degradation of RNase H which can reach up to 7 bases [59, 41]] . . . . .

p.o5

owitch 21 strands and their domain imteractions. As Fig. 0.2, wq

show sequences 1or DW2Z21 with tunctional domains in different colors. '1'hg
mathematical model of the oscillator includes all complexes shown 1n thig

b.4

'1'he oscillator was used to direct nanotube assembly and disasH

embly using an 1nsulator gene. |his scheme summarizes the topol
pgy of interconnection of the oscillator and the nanotubes. 1 he 1nsulator
pene (Fig. 59.6) was designed to be activated and inactivated by strandg
Al and dll ot the oscillator, and 1ts transcript 1s an RINA 1nvader. l1ilq
reactivation 1s promoted by hNase H degradation. »Strands and reactionsg
ftor the transcriptional insulator, invasion, and hNase H anti-lnvasion areq
Bhown i Fig. 5.0 . . . . . oo

p.o

Uscillator and nanotubes 1n the absence of 1nsulator gene. Nan-

ptubes at 1 puM tile concentration were incubated In the same samplq
ks the oscillator reaction, in the absence of msulator gene (which directq
co-transcriptional mvasion by producing an RNA 1mvader). In these con-

ditions, the nanotube mean length increases over time excidding thaf

measured 1n control experiments (kFig. 50.14). Left: Violin plots of nan-

ptube length distributions. hight: Corresponding normalized oscillatoy

fraces (iraction of active 121)] . . . . . . . . .. .. ... ... ... ..

p.6

Mean nanotube length and averaged oscillator behavior. Wq

computed and overlapped the mean and standard deviation ol nanotubq
length and active 121 concentration from Fig. 6.0 . . . . . . . . . ...

XX

74

76

85

86

87

88

91

92



p./(

Nanotube growth directed by the oscillator circuit; 7oU nlVlI toq

kal tile concentration. Nanotubes annealed from a total concentration
pt /o0 nlM tiles were mncubated 1n the same sample as the oscillator req
hction 1n the presence of msulator gene (which directs co-transcriptional
Invasion by producing an RNA invader). In these low-monomer concen-
Eration conditions. nanotubes quickly break alter starting the reactionsg
vet regrowth (mediated by RNase H) 1s suppressed presumably due td
the low monomer concentration. Leit: Violin plots of nanotube length
distributions. Right: Normalized oscillator traces (iraction of active 121)]

p.s

Mean nanotube length and averaged oscillator behavior:; 7o(

nlvl total tile concentration. We computed and overlapped the mean|
pnd standard deviation of nanotube length and active 121 concentration

p.Y

Nanotube growth directed by the oscillator circuit; 1000 niVl toq

cal tile concentration. Nanotubes annealed from a total concentration
pt 100U nM tiles were incubpated 1n the same sample as the oscillator req
hction 1n the presence of insulator gene (which directs co-transcriptional
Invasion by producing an RNA mvader). Nanotubes break alter starting|
the oscillator reaction by adding enzymes when the mmsulator 1s activel
When 121 turns ofi, the msulator activity 1s also reduced: this meang
that KINase H degradation dominates over production or invader, and
nanotube regrowth 1s promoted. Lert: Violin plots of nanotube length
distributions. Right: Corresponding normalized oscillator traces (ifrac
fion of active T21)) . . . . . . . . . .

p.10

Mean nanotube length and averaged oscillator behavior; 1000

niVl total tile concentration. We computed and overlapped the mean|
pnd standard deviation of nanotube length and active 121 concentration
Bs a function of time Irom Fi1g. 06.9) . . . . . . . .. ..o o 0oL,

p.11

Nanotube growth directed by the oscillator circuit; 1500 nM toq

kal tile concentration. Nanotubes annealed from a total concentration
pr 1500 nlM tiles were incubated 1n the same sample as the oscillator req
pction 1n the presence of insulator gene (which directs co-transcriptional
invasion by producing an RNA 1nvader). After the oscillator reaction|
gtarts (addition of enzymes) the insulator is active, vet breakage 1s not
ftectlive presumably due to the high concentration or tiles, but growt
Ls_halted until 121 begins to be turned off. When 121 turns off, thq
nsulator activity 1s also reduced, and less invader 1s produced. hNase Hl
degradation dominates over production of invader, and facilitates rapid
growth ot nanotubes. Lett: Violin plots of nanotube length distributions.

93

94

95

96

Right: Corresponding normalized oscillator traces (fraction of active 121)] 97

p.12

Mean nanotube length and averaged oscillator behavior; 1500

nlvl total tile concentration. We computed and overlapped the mean|
pnd standard deviation of nanotube length and active 121 concentration
Bs a function of time Irom kFig. 6.1L) . . . . . . .. . ..o 0.

xxi



p.15

Nanotube growth directed by the oscillator circuit; 1000 niV1 tileg

concentration, U niVl insulator. Nanotubes annealed irom a total
concentration ot 100U nM tiles were incubated 1n the same sample as thq
pscillator reaction 1n the presence of (0 nlM 1mmsulator gene (which directg
co-transcriptional mvasion by producing an RNA invader). Left: Violin

plots of nanotube length distributions. hight: Corresponding normalized

pscillator traces (iraction ot active 121)) . . . . . . .. . ... ... ...

p.14

Nanotube growth directed by the oscillator circuit; 1000 niM

tile concentration, (0 nlVl imsulator lriplicate experiments testing
the two-oscillation operating point in the presence ot insulator at (U nvl|
which confirm that as the fraction of SW21 increases (and so does thd
Invader concentration), there 1s a decrease 1n mean nanotube length) . .

p.1o

INanotube growth directed by the oscillator circuit; 1000 nlVl tilg

concentration, 100 nlvVl insulator. [Nanotubes annealed from a total
concentration ot 1000 nM tiles were incubated 1In the same sample as the
pscillator reaction in the presence of 100 nlV insulator gene (which directq
co-transcriptional invasion by producing an RNA invader). Left: Violin
plots of nanotube length distributions. hight: Corresponding normalized
pscillator traces (iraction of active 121)) . . . . . . . .. . ... .. ...

p.16

Nanotube growth directed by the oscillator circuit; 1000 nM

tile concentration, 100 niVl msulator. Iriplicate experiments testing
the two-oscillation operating point 1n the presence or insulator at 10U nlVl
(right), which confirm that as the fraction of SW21 increases (and so doeq
the mvader concentration), there 1s a decrease in mean nanotube length|

p.17

Nanotube growth directed by the oscillator circuit; 1000 niVl

tile concentration, varying concentration ot insulator. [Nanotubeg

annealed from a total concentration of 1000 nM tiles were incuibated 1nl

the same sample as the oscillator reaction in the presence or difterent
hmounts of msulator gene (which directs co-transcriptional mvasion by|
producing an RNA 1nvader); insulator concentration from top to bottom|
row 1s: 150 nlM, 100 nM and oU nlM. Lett: Violin plots of nanotube length
distributions. Right: Corresponding normalized oscillator traces (fraction|

of active 121)] . . . . . . . .

p.1s

Nanotube growth directed by the oscillator circuit; 1000 niVl

Etile concentration, varying concentration ot insulator. We tuned
the transcriptional oscillator to exhibit two oscillations. At this operating
point, keeping the tile concentration nxed at | M tiles, we titrated the
concentration ol insulator genelet concentrations oU ni, 10U nlM, and
LoU nM. Increasing insulator concentration causes oscillator amplitude tg
decrease (A) and nanotube mean length to decrease on average (b). At
LOU nM 1nsulator, the mean length decreases at two distinct points in|

time when the traction of SW21 increases|

xx1i

99

100

101

102



Il.1

Responsive nucleic acid biomaterials could be built by mod-

ularly imterconnecting sensin rocessing, and selt-assemblin

components Nucleic acids nanotechnology has an expandable toolkit of
gBensing devices such as aptamers and ribozymes [5|, as well as logic and|
dynamic signal processing devices |02|, and nanostructures [66|. "1 hesd
components can be engineered to operate together modularly as a req
Bponsive material with programmable behaviors, and could potentially|
exploit teedback tor selt-regulation. AsS a proot of principle, 1n this papey
we _demonstrate that 1t 18 possible to use complex nucleic acid circuits tg
direct selt-assembly of tubular DNA nanostructures (orange box)J. . . .

xx1ii

109



List of Tables

pb.1

Dequences for tiles with o-base long sticky ends, 1nvaders, anti-invaders)

pnd all theiwr variants. bold sequences 1ndicate toehold domains. HExH
pected secondary structures and interactions among tiles, 1nvaders, and
pnti-invaders are shown in Figs. o.9, 4.4, 4.5, 4.0 and o.10) . . . . . . ..

p.l

vequences 1or tiles with (-base long sticky ends, invaders and anti-invaders)

Ibold sequences 1ndicate toehold domains. Strand interactions are shown
Im Fig. 0.1 A, 5.2 A, 0.3 A, ando. 4 Al . . .. . ... ...

p.2

Dequences for tiles with s-base long sticky ends, invaders and anti-invaders)

Ibold sequences 1ndicate toehold domains. Strand interactions are shown|
Im Fig. 0.1 B, 028, 00bB,andos4b) ... .. ... ...........

p.1

vequences 1or tiles with 8-base long sticky ends, invaders and anti-invaders)

Ibold sequences 1ndicate toehold domains. Strand interactions are shown|
Im Fig. 0.1 B, o028, 00bB,andos4 b)) ... .. ... ...........

p.2

DINA sequences 1or the 1nsulator gene used to couple oscillator and nan-

pbtubes, together with 1ts activator and inhibitor (which are the same ag
for switch 21 of the oscillator). 'l'he genelet includes a 3’ end hairpin
Bequence to reduce transcription elongation: thus, the KINA mvader 1n4
cludes a hairpin sequence (underlined). Fig. 5.6 shows the interactions
hamong 1nsulator components (activation and inhibition), production of

19

o8

59

82

[RNA invader, invasion of tiles and RNase H-mediated reactivation of tiles] 82

b.3

DNA sequences 1or oscillator used to control the growth and decay or DINA|

nanotubes. Sequences are taken from |23, 16]. Gene sequences include &
b’ _end halrpin domaln to reduce transcription elongation. larget strand
lnteractions are shown 1n Fig. 6.2 and 0.0: a schematic of the oscillatoy
reactions 1s shown 1n Fig. 6.1 . . . . . . oo o000 o000 oL

XXiv



Chapter 1

Introduction



Self-assembly is defined as a system of many small components having the
ability to automatically interact with themselves to form new, larger, more complex
structures [9]. The process of self-assembly is demonstrated in various biological struc-
tures [26], including membranes [33], spherical viruses [4], and bacterial flagella [35].
Cells contain cytoskeletal filaments which uses energy as an input to maintain the cell’s
physical structure by assembling and disassembling microtubules[36]. Nucleic acids are
good building materials to mimic such nanoscale dynamics, like cytoskeleton, due to
their special programmability characteristics, a consequence of Watson-Crick base-pair
interactions [46]. In addition, DNA is a biological material that can be interfaced with
a variety of biological and non-biological ligands [[4]. Therefore, in developing syn-
thetic dynamic nanomaterials, we will use nucleic acids as the building blocks of our
structures. Specifying complementary domains, and then finding sequence realizations
through available software packages, we can design interactions among strands [T, G1].

Various nucleic-acid-based nano systems built so far can be roughly classified as
either static structures [A2, 63, &3, P0] or dynamic nucleic acid circuits [68]. The aim of
structural DN A nanotechnology is building robust structures and achieving high levels of
control in spatial arrangement of different species. Dynamic DNA nanotechnology uses
programmability of DNA to modify DNA structures. Various DNA based nanomachines
have been built by combining programmability and structural control [60, b5, 49].

In designing three-dimensional structures, it is important to first construct
the individual monomers based on understood molecular interactions, and next to ar-
range these monomers into building blocks to form larger, more complex structures [63].
Three-dimensional DNA nano-structures have been assembled using multiple short DNA
strands ranging from 20 to 60 bases, annealing to form individual monomers known as

tiles (Figures BB A. & B A.). Tiles designed to have sticky ends form DNA lattices,



which in turn generate tubes up to 5um long [43] (Figures B8 B. & B™ B).

Along with nucleic acid nano-structures, dynamic circuits, also comprised of
nucleic acids, are widely available, and have the ability of operating in heterogeneous
solutions. Using only DNA, we can construct large logic circuits and neural networks.
Using DNA, RNA, and proteins, we can also build non- equilibrium dynamical systems,
such as oscillators [62, 23]. However, due to the high complexity of the content in the
cellular matrix, introducing synthetic logic circuits in vivo presents many problems [560].
Current in vitro systems promotes efficient operations of nucleic-acid-based circuits due
to known components and parameters [24]. The next step is to design a molecular
system that has flexibility to its surrounding environment, which will allow for the
molecular circuit to perform as designed. Developing robust systems is vital in coupling
DNA-based nano structures, and molecular circuits.

Little work has been done on the coupling of DNA based nano structures and
more complex logic/dynamic circuits. Many similar concepts (branch migration, tile
hybridization, etc.) are shared by both models; therefore, we will work to fulfill this gap
by bridging the two, using circuits to apply dynamics to DNA based nano structures.
We have chosen to use three-dimensional structures (tubes) rather than two-dimensional
structures (DNA origami) in applying dynamics due to their difference in structural
composition. DNA origami while very versatile in making different structures, needs a
long single stranded DNA scaffold to tie together the entire structure. So, dynamically
reprogramming DNA origami to give different structures will be very difficult due its
restrictive design needs.

This research combines two emerging technologies: nucleic acid nano-structures
and nucleic acid circuits. These tools will be used to build a new class of active biological

materials, and provide insight on natural biomechanical systems. Nucleic acid based



materials are promising vehicles for drug delivery (presenting lower toxicity than carbon
nanotubes, nano-particles, viral capsids, etc) [25]. We will devise methods to interface
nano-structures and dynamic circuits. Our results will provide an understanding in
natural biomechanical reconfigurable systems, such as cytoskeletal filaments and it will

be a step toward a generation of smart, dynamic nano-materials.



Chapter 2

Objectives

My project aims at integrating experiments and mathematical modeling to
build nanostructures in response to signals that are outputs of dynamic circuits. The
optimal operational conditions of our designed nano-structures will be studied. A de-
tailed analysis for the most favorable tube composition and buffer condition will be
provided. The underlying goal of this thesis is to expand the current understanding of
dynamic systems for future applications of reconfigurable synthetic networks.

Assembly of DNA nanotubes has been well characterized in the past [43]. The
first objective of this thesis is to design and test programmable growth and breakage of
DNA nanotubes. Such control over programability will allow us to couple this structural
change to complex nucleic acid circuits such as synthetic oscillators in future. Using
DNA double-crossover tiles [I7], T will characterize, through an assortment of assays,
the interactions of free tiles and tubes in solution, known as end-to-end joining, along
with the stability and dynamics of the tubes when exposed to stressful environments.
Using both fluorescent microscopy and Atomic Force Microscopy (AFM), I will analyze

the nanotube’s structure and how the structure changes under various compositions,



and when exposed to various environmental conditions.

The second objective is to use a molecular oscillator to dynamically drive the
assembly and disassembly of the tubes. Using Watson-Crick base pair interactions,
we can design a network composed of DNA and RNA that can work as a molecular
clock [06]. Designing a robust oscillator is important. I will optimize the oscillatory
conditions, such that the presence of tube and other species in solution will not alter
the dynamics of the system.

Our experimental goal is to control nanotubes growth and decay with an in-
vading strand, whose concentration in solution will be periodically modulated by the

oscillator.



Chapter 3

Designing Tiles for Dynamic

Self-Assembly



3.1 Introduction

3.1.1 DNA Self Assembly

Origami and Other Assembly Methods

A growing number of design methods in structural DNA nanotechnology, such as DNA
tiles [I7, 54, @3], DNA origami 42, T0], DNA bricks [22], wireframe structures [67, 2],
and crystals [70] allow the construction of molecular objects with controlled nanoscale
features, and size ranging from few nanometers to hundreds of microns. Initailly, three-
dimensional structures of cubes [6] and truncated octahedrons [68] were created using
double helical edges, designed by interlinking singles strands of DNA. Later, the theory
of mathematical tiling, joining tiles together to form a structure where only matching
edges (same color) are allowed to interact with each other, was used as the underlying

concept of forming two-dimensional DNA crystals (Figure B [63]).
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Figure 3.1: Theory of Mathematical Tiling (Figure adapted from Winfree 1998 [63])

Using single strands of DNA, tiles were constructed by designing thermody-
namically favored interaction amongst the base pairs between complementary strands.
Double crossover tiles were formed, which had the ability to link with other free tiles
to form 2-D lattices of either 2-unit or 4-unit tiles (similar to the model illustrated in

Figure B). Such designs resulted in striped crystals lattices.



Figure 3.2: Scheme of folded scaffold (black) to form arbitrary shape held together by
staple strands (colored) (Figure adapted from Rothemund 2006 [42])

Rothemund et al used Watson-Crick base pairing to create more complex
nanostructures by folding long single stranded DNA into desired 2-D shapes and struc-
tures, known as a scaffold (shown in Figure B2[47]). These scaffolds were held in place
by using hundreds of short oligonucleotides or staple strands. The resulting DNA struc-

tures shown in Figure B33 are known as DNA origami.

Figure 3.3: Origami Structures (Figure adapted from Rothemund 2006 [42])

Using long single stranded DNA and smaller staple strands, complex structures



can be formed. To change the structure of the origami, many domains of both the
scaffold and staple strands must be altered. Zhao et al. described a system that could
make this possible, known as super origami [69]. This method combines smaller DNA
origami structures by bridging free origami structures to pre folded single stranded DNA
scaffolds (Figure B4). Liu et al developed a method of extending DNA based origami
in two dimensions without altering the structure of the scaffold[31]. Using monomers
such as tiles, as described in Section BT, allows for predicted changing of size of the

assembled structures.

Figure 3.4: Super Origami Designs and Structures (Figure adapted from Zhao 2011 [69])
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DNA Tile Systems
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Figure 3.5: DAO structure (left) and DAE structure (right) (Figure adapted from Fu
1993 [I7])

The development of highly stable double crossover DNA structures in the mid-nineties
led to rapid advances in structural DNA nanotechnology. The Double-crossover (number
of crossovers, indicated by stars ), Anti-parallel (orientation of strands), Odd (half-turn
count between intramolecular crossovers, between stars), Odd (half-turn count between
intermolecular crossovers) DAO-O, and the Double-crossover (indicated by stars), Anti-
parallel, Even, Even DAE-E structures are shown in Figure B3 [[7]. Figures B@ (DAO-
O) & B71 (DAE-E) illustrate structure of tiles (A.), the formation of intermediate stage
sheets (B.), resulting in the formation of tubes (C.). The factors governing tile forma-
tion are the number of crossovers present intramolecularly, the orientation of strands
through the crossover, the number of half-turns between intramolecular crossovers, and

the number of half-turns between intermolecular crossover.
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Figure 3.6: Schematic of DAO-O Tile Design and Tube Formation

The Double-crossover (number of crossovers shown by the two vertical lines
in Figure BE A, structure (DAO-O) [I4, &3], is an non-symmetrical tile containing
four single strands of DNA Figure BB A [43]. The hanging ends (represented by the
green, black, magenta, and blue free strands in the right illustration of Figure B8 A are
known as sticky ends. The sticky ends are designed to have complementary base paring,
allowing for tile interactions to occur (blue hybridizing with green, magenta hybridizing
with black). Thermodynamically, tiles are aligned to form sheets. Due to the helical
twist to the B-form DNA, and interacting backbones at the crossover junctions, when

two tiles join, curvature occurs, eventually forming tubes (Figure B@ C) [43].
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Figure 3.7: Schematic of DAE-E Tile Design and Tube Formation

Similarly to DAO-O tiles, DAE-E tiles also contain double crossover locations.
However, the intramolecular and intermolecular half-turn count are both even. The
more symmetrical structure of DAE-E tiles is due to the 5-strand design, where the
central blue strand acts as the core. The interactions between two tiles are shown in
Figure B™ B, at green and yellow sticky ends, forming curved sheets also seen in DAO-O
design. The 150°angle between the planes of two interacting tiles results in a closure of
tubes between 4 and 9 tiles [43].

In both DAO-O and DAE-E tiles, a single DNA strand is covalently bound
with a fluorescent label illustrated as an orange circle. In our studies, DAE-E tiles and
CY3 (or Alexa-488) is our label of choice. The loose ”overhang” strand denoted in our

illustration of tile designs represent a toehold domain. This toehold sequence of various
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nucleotide lengths in out DAE-E tile will be the access point for implimenting dynamics

to our system through toehold-mediated branch migration.

3.1.2 DAE-E Tiles and nanotubes

A : 42nt~14.3nm : B C PR Y - =

. , b (8
“T\‘W M‘I" ‘lllh‘l" ‘lhh‘l" A L
Il XN\ /PND 3 A T
I MMIAIVO™ worcin "

TH

Figure 3.8: Chemical reactions controlling activity of monomers can be used
to direct self-assembly A: We consider DNA double crossover tiles [I'7, &3] formed by
five unique DNA strands. Tiles assemble into nanotubes via programmed interactions
of their sticky ends (domains marked as a, b, a’ and b’). Tiles were modified to include
a single stranded overhang, or toehold, illustrated as the black domain on the 5’ end
of the yellow strand. B: Schematic illustration of a tile. C: Hybridization of sticky
ends results in formation of hollow nanotubes with average 13.5 nm diameter; toeholds
placed on the 5’ end of the yellow strand are expected to be on the external surface of
the nanotube (conversely, toeholds on the 3’ end of the yellow strand would be internal
to the nanotube).

A CTCAGTGG ACAGCCGTTCTGGAGCGTTGG ACGAAACT b A CTCAGTGG ACAGCCGTTCTGGAGCGTTGG ACGAAACT b
LOLOODDIDVYVYDHVYIILIDIOVYID LOIDLLLOVIVOVD LOLOODOVYYOVIILIODOVYYID LDIOLLLOVIVOVD
[ S8 & ][ S5 =]
GGCTAAACAGTAACCGAAGCA GGTCATCGTACCT GTATT GGCTAAACAGTAACCGAAGCA GGTCATCGTACCT
b! OVLOLODL DDODVYILIOLOVIILIOODLLODL DJOVOHILVOD a! b‘ OVLOLOOL DODVLLLOLIOVLLODIDLLODL DIO¥ODLYDD av
A CTCAGTGG ACAGCCGTTCTGGAGCGTTGG ACGAAACT b @ CTCAGTGG ACAGCCGTTCTGGAGCGTTGG ACGAAACT b
LOLOODDIOVYYDVYIIOLIDIOVYIOD LOIDLLILOVIVDVD LOLOODOVYYOVYIILIODOVYID LDIOLLLOVYIVOVD
e | | e | |
ATT GGCTAAACAGTAACCGAAGCA GGTCATCGTACCT TGGTATT GGCTAAACAGTAACCGAAGCA GGTCATCGTACCT
b’ OVLOLODL OODVILIOLOVIIOODOLLODL OJOVDL¥OD a b’ OVLOLOOL DODVILLOLIOVLLODDLLODL DOV¥OLVOD a

Figure 3.9: 5 base sticky-end Tile variants with external toehold A-D: Strand
interactions in tiles with 5 base-long sticky ends. A: No toehold. B: 3 base toehold. C:
5 base toehold. D: 7 base toehold.
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3.1.3 Comparison of tiles assembling into nanotubes with external or

internal toehold

Tiles can be designed with a toehold that is exposed externally or internally (Fig. BIO).
This is possible because depending on the number of bases separating the location of the
toehold and the crossover point, one could predict the angle at which the toehold exits
the tile plane. This in turn tell us the side of the tile/lattice in which toeholds will exit.
Toeholds exposed internally are located at the 3’ end of strand S2, and are expected
to be accessible mainly at the nanotube ends, thus allowing invasion reactions to be
localized primarily at the ends. In contrast, external toeholds promote disassembly that
is distributed throughout the nanotube (Fig. 810 C).

A

@ CICAGTGG ACAGCCGTICTGGAGCGTTGG AcGARacT D @ CICAGTGG ACAGCCGTTCTGGAGCGITGG ACGARACT
151099ONYONIOLIDINYDD LIOLLIOVIVOYD 1av1991 1515550¥¥OYIRLO9IVEDS LOLLLINIVOVD

= | =]l

TGGTATT GGCTAAACAGTAACCGAAGCA GGTCATCGTACCT GGCTAAACAGTAACCGAAGCA GGTCATCGTACCT
b’ 2ULDLODL DOOVILISLOVILIFOLIODL DOVOLYDD  go° b’ 2¥E0L09L DOSVILLSIOVILS5OLLIOSL DOVSI¥SD g5°

C v v
R 1 _— 2
ra r > . . 2 |
NP €L J “ \L > <
cc” s S -
A A

Figure 3.10: Tiles resulting in nanotubes with external and internal toehold
These tiles have 5 base-long sticky ends. A - Left: To obtain a nanotube with toeholds
facing the external surface of the nanotube, we located the toehold on the 5’ end of strand
S2. Right: Nanotubes with internal toehold can be obtained by placing the toehold on
the 3’ end of strand S2. B: Rendering of the tiles obtained with Nanoengineer []. C:
Nanotubes with external toehold can be invaded at all points on the lattice where
the toehold is exposed; in contrast, nanotubes with internal toeholds can be invaded
primarily at the ends. Time-lapse movies supporting this expectation are available
online.
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3.2 Methods and Materials

3.2.1 Sample preparation

Lyophilized DNA oligonucleotides were purchased from Integrated DNA Technologies
(Coralville, TA), resuspended in water, quantitated by UV absorbance at 260 nm using a
Thermo Scientific Nanodrop 2000c Spectrophotometer, and stored at -20°C. All samples
were stored or mixed using DNA Lo-bind tubes (# 022431021).

Nanotubes were annealed at either 1 or 5 uM tile concentration by mixing each
tile strand at 1 or 5 uM (final concentration), in either of the following buffer mixes:
1) Tris-Acetate-EDTA (TAE) and 12.4mM MgCly, or 2) 1X transcription buffer (New
England Biolabs, #B9012S). Nanopure water was added to achieve the appropriate con-
centration of components. Nanotubes were annealed using an Eppendorf Mastercycler
PCR machine by heating the sample to 90°C, and cooling it to 25°C over a 6 hour period.

The position of the toehold in nanotubes was characterized by binding of strep-
tavidin to the toeholds. Streptavidin-cy3 was purchased from Biolegend (Cat# 405215).
A biotinylated strand (Truncated Invader 5'T, Table Bl) was used to bridge streptavidin
to the 5 base sticky end nanotubes.

Genelets for transcriptional control of nanotube assembly were individually an-
nealed in 1x transcription buffer (New England Biolabs, #B9012S) using an Eppendorf
Mastercycler PCR machine by heating the sample to 90°C, and cooling it to 25°C over

a 1.5 hour period.
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3.2.2 Fluorescence microscopy

Nanotube samples were imaged using an inverted microscope (Nikon Eclipse TI-E) with
60X/1.40 NA oil immersion objectives. Samples containing nanotubes were imaged at
50 nM tile concentration in corresponding experimental buffer conditions (either 1x TAE
and 12.4mM MgCly, or 1x transcription buffer). Samples were placed on Fischerbrand
microscope cover glass (# 12-545E No. 1, thickness=0.13 to 0.17mm; size: 50 x 22mm);
VWR Micro Slides (Plain, Selected, Pre-cleaned, 25 x 75 mm, 1.0mm thick) were placed
gently on the cover glass. Nanotubes labeled with Cy3 fluorescent molecule were imaged
using Cy3 filter cube (Semrock Brightline - Cy3-404C-NTE-ZERO). Exposure time was

set to 90ms.

3.2.3 Fluorescence microscopy data processing

Fluorescence microscopy images were processed using ImageJ plugin Skeletonize to col-
lect nanotube length distributions. Branching or looping nanotubes were eliminated
from the length dataset using an in-house MATLAB script. Pixels were converted to
pm using conversion factor 1pixel = 0.11pym. Due to camera limitations, tubes lengths
less that 0.33um were also eliminated from tube length distributions.

Nanotube length distributions measured in fluorescence microscopy experi-
ments are shown as violin plots. These plots were prepared using distributionPlot,
a MATLAB File Exchange script; in each violin plot, length data are plotted as a his-

togram normalized individually to have a maximum width of 0.8.
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3.2.4 Atomic Force Microscopy

AFM images were obtained in tapping mode with a Digital Instruments Multimode
AFM, equipped with a Nanoscope III controller. Sharp Nitride Lever (SNL) tips from
Bruker with a nominal spring constant of 0.24 N/m were used for imaging, with a drive

frequency of 9-10 kHz. Samples were imaged using 1X TAE and 12.5 mM MgCl, buffer.

3.2.5 Gel electrophoresis

A 0.5% high-melt agarose gel (made using Bio-Rad Certified Megabase Agarose, #1613108)
was prepared in 1x TBE and 12.4 mM MgCls by heating 0.5 g of Agarose in 100 mL
of the buffer. Once the agarose was fully dissolved, the mixture was allowed to cool
and before the mixture solidified, it was poured into the gel cast (Owl Easycast B1 gel
system, 9 x 11 cm -Thermo Scientific). DNA nanotubes, labeled with Cy3, at 1 uM
tile concentration, and 2 ul total volume were loaded into the wells of the agarose gel.
The samples were loaded onto the gel with Bromophenol blue as a tracking dye. The
gel wells were sealed using thin films of solid agarose affixed on top of the wells using
molten agarose, to reduce the loss of nanotubes that stay in the wells till the end of the
run. The gel was run at room temperature using an Owl Easycast B1 gel system (9 x
11 em -Thermo Scientific) at 60 V for 3.5 hours. Gel images were taken using a BioRad

ChemiDoc MP gel imaging system with a Cy3 filter.
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3.2.6 DNA Sequences

Tile, invader, and anti-invader sequences:

Name ‘

Tile with 5-base sticky ends

S1

S2 7TbTH
S2 5bTH
S2 3bTH
S2 NoTH
S2 3-5bTH
S3 Cy3

S3 Cyb

S4
SH

Invader 7bTH
Truncated Invader 7TbTH
Anti-Invader 7TbTH
Invader 3’-7bTH
Anti-Invader 3-7TbTH

5- CTC AGT GGA CAG CCG TTC TGG AGC GTT GGA
CGA AAC T

5-TGG TAT TGT CTG GTA GAG CAC CAC TGA GAG
GTA

5-GTA TTG TCT GGT AGA GCA CCA CTG AGA GGT
A

5-ATT GTC TGG TAG AGC ACC ACT GAG AGG TA
5-GTC TGG TAG GCA CCA CTG AGA GGT A
5-GTC TGG TAG AGC ACC ACT GAG AGG TAT GGT
ATT

5-T Cy3/CCA GAA CGG CTG TGG CTA AAC AGT
AAC CGA AGC ACC AAC GCT

5-T Cy5/CCA GAA CGG CTG TGG CTA AAC AGT
AAC CGA AGC ACC AAC GCT

5- CAG ACA GTT TCG TGG TCA TCG TAC CT
5-CGA TGA CCT GCT TCG GTT ACT GTT TAG CCT
GCT CTA C

5- ACC AGA CAA TAC CAA TCC GC

5- AATACCATTT /3Bio/

5- GCG GAT TGG TAT TGT CTG GT

5- GTC CGC AAT ACC ATA CCT CT

5- AGA GGT ATG GTA TTG CGG AC

Table 3.1: Sequences for tiles with 5-base long sticky ends, invaders, anti-invaders,

and all their variants.

Bold sequences indicate toehold domains.

Expected sec-

ondary structures and interactions among tiles, invaders, and anti-invaders are shown

in Figs. B4, B4, B4, 4@ and BI0.
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3.3 Results and Discussion

3.3.1 Nanotube growth post anneal

The addition of a 7 base toehold in strand S2 of 5 base sticky end tiles (Fig. B9 D)
does not affect the growth pattern of assembling nanotubes. The measured mean length
is consistent with results published by [I3]. Nanotube growth was tested as a function
of the toeholded tile percentage, defined as the relative concentration of toeholded S2
strand and non-toeholded S2 strand in the annealing mix. We measured growth in three
different assays: 1) tiles without toeholded S2 strand, 2) 50% and 3) 100% concentra-
tion of toeholded S2 strand. Length was measured at room temperature (25°C) using
fluorescence microscopy (Methods Section B29) after a 6 hour anneal (Methods Sec-
tion B=Z). Each assay was conducted in triplicates. Nanotube length violin plots for
each assay, together with the resulting mean and standard deviation of the mean are
shown in Figures B, BT and B13. Means for the three different assays are compared

in Figure B4
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Growth of nanotubes in the absence of toeholded tiles

EXP 1 n = tubes in 100 x 100 ym?

30 n=273 n=316 n=281 n=197 n=85 n=133

Length (i)
&

=0 30m 60m 3h 10h 30h
Time Mean length and standard deviation of the mean
EXP 2 oo
s
30 r n=381 n=227 n=192 n=281 n=115 n=140
s
25 - 7 L
20 - 3 6 -
B 3 B
T £ 5 %
£ - )
g 5 4, L @
- 10 -
3 § i T
Nl é L
. 1 I
0 =0 30m 60m 3n 10h 30h o L
Time
EXP3 t=0 30m 60m 3h 10h 30h
1 >
30 r n=269 n=150 n=208 n=272 n=111 n=151
25 -
20 -
€
g 15 -
e
g

=0 30m 60m 3h 10h 30h
L

Time

Figure 3.11: Growth of nanotubes in the absence of toehold domain Nanotube
length was measured over 30 hours (after annealing) from fluorescence microscopy im-
ages. Left: Violin plots of each experiment repeat. Right: mean and standard deviation
of the mean of length over the three experiments to the left.
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Growth of nanotubes with 50% toeholded tiles
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Figure 3.12: Growth of nanotubes annealed from tile sample where 50% of
tiles include a toehold domain Nanotube length was measured over 30 hours (after
annealing) from fluorescence microscopy images. Left: Violin plots of each experiment

repeat.

Right: mean and standard deviation of the mean of length over the three
experiments to the left.
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Growth of nanotubes with 100% toeholded tiles

EXP 1 n = tubes in 100 x 100 ym?
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Figure 3.13: Growth of nanotubes annealed from tile sample where 100% of
tiles include a toehold domain Nanotube length was measured over 30 hours (after
annealing) from fluorescence microscopy images. Left: Violin plots of each experiment
repeat. Right: mean and standard deviation of the mean of length over the three

experiments to the left.
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Comparison of mean nanotube length during growth experiments with dif-

ferent percentage of toeholded tile

Mean length and standard deviation of the mean

o
1

- O 7base TH O Sbase TH 3base TH

Length (7m)
O - N W A OO N ®©® ©
T

t=0 30m 60m 3h 10h 30h

Figure 3.14: Growth of nanotubes is not influenced by the presence of external
toehold We compare the mean length data from Fig. BT, BT, and B3; the nearly
overlapping means indicate that the presence of a 7 base external toehold does not affect
nanotube growth.

3.3.2 Analysis of Internal vs. External Toehold Positioning

Fluorescence assays confirm external and internal toehold location

The position of the toehold in the nanotube was characterized by binding of streptavidin
(conjugated with a cy3 fluorophore) to a biotinylated truncated invader strand that, in
turn, binds to the toeholds without causing nanotube disassembly. This truncated
invader strand binds to both internal and external toeholds. Streptavidin binds to the
3 end of this strand. The expectation is that the toeholds that show up on the inner
surface of the nanotubes will not be able to bind to the streptavidin-truncated invader
complex since the protein will not fit inside the nanotube. The external toeholds are
expected to bind to the streptavidin-truncated invader complex without any problem.
A mixture of streptavidin and truncated invader was prepared at 1:4 ratio
(streptavidin is tetravalent) in 1x TAE and 12.5 mM MgCl,. The final concentration of

Truncated invader in the mix was 1uM. The mixture was incubated at room temperature
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for 30 minutes. Cy5-labeled nanotubes (1xM) were mixed to the streptavidin-Truncated
invader mix at 1:4 ratio of Nanotube:streptavidin-Truncated invader. The mixture was
incubated at 40C for 2 days. After incubation, the mixture was imaged in both Cy3
and Cyb channels; example images are shown in Fig. BT3. These images indicate that
toeholds are exposed on the internal or external nanotube surface as intended. Fig. B3
A1l and A2 show results for internal toehold: no fluorescence is detectable in the Cy3
channel, indicating that there are no binding sites for streptavidin-bridged truncated
invader; panels B1 and B2 show results for external toehold: fluorescent aggregates are
visible in both channels, indicating that streptavidin-truncated invader complex binds to
the external toeholds and since streptavidin is tetravalent, it binds to multiple nanotubes

and promotes nanotube aggregation.
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Figure 3.15: Al and A2: Nanotubes (5b SE) with internal toeholds after incubation
with Streptavidin-Truncated invader complex. A1l shows grown Cyb-labeled nanotubes.
A2 is an image of the same sample with a Cy3 filter, which indicates virtually no strep-
tavidin is bound to the nanotubes, following our expectation (toeholds are internal to
the nanotube surface, therefore not available for streptavidin-truncated invader com-
plex binding). Bl and B2: Nanotubes (5b SE) with external toehold after incubation
with streptavidin-Truncated invader complex. B1 shows the Cy5 channel, and B2 shows
the Cy3 channel. Both images show patches of fluorescence, which indicate that a)
the streptavidin-bridged truncated invader complex binds to the external toeholds, b)
due to tetravalent nature of streptavidin, it binds to multiple nanotubes and promotes
aggregation.

3.4 Concluding Remarks

In this section we presented results of annealed DNA nanotubes with tile variation of
toehold position and number of tiles with toehold as a function of nanotube stability and

end growth in solution. The tiles were adopted from well defined double crossover DAE-E
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tiles published in Rothemund 2004 [43]. Tile labeled with Cy3 fluorescent molecule and
fluorescent microscopy allowed us to properly analyze nanotube length over the course
of 30 hours post anneal at room temperature incubation. We find that the addition of
toehold on 5’ end of strand 2 (and the varied concentration of tiles with and without
toehold) has no effect on nanotube end growth. Also, the addition of toehold on 3’ end

of strand 2 results in internal orientation (5" external) as predicted.
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Chapter 4

Characterization of Triggered

Assembly and Disassembly
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4.1 Introduction

Dynamics of three-dimensional tubes will be defined as breaking and regrowing, and
toehold mediated branch migration is the basis of our experiments. Each tile will be
composed of a free toehold domain, that will allow for invasion of a single stranded
DNA, fully complementary to the toehold region, and partially complimentary to several
nucleotides of a hybridized sticky end of a tile. Once the invader and tile’s toehold begin
interacting, strand displacement will occur (resulting in the breaking of tiles). Branch

migration will also be used in the re-formation of tubes.

4.1.1 Toehold-Mediated Branch Migration

A toehold region is defined as a short sequence of a single strand unbound nucleotides
[63]. Used as the initiation location for strand displacement, many factors play a role
in efficient hybridization of the incoming strand, resulting in final branch migration.
Figure B illustrates the three stages that are used to simply the process of toehold-
mediate branch migration, Initiation: where the displacing strand is in close proximity
to complex (A), Intermediate: displacing strand is interacting with complex (B.), and
Completion: displacing strand is now completely bound, forming a new complex and
fully removing previously bound strand (C.) [63]. Depending on the defined structures,

this process can be either reversible, or non-reversible.
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Figure 4.1: 3 Stages of Toehold-Mediated Branch Migration

Initial characterization of strand-displacement of Yurke and Mills (2003), ob-
served the kinetics depends on the number of nucleotides available on toehold [59].
Further studies indicated the toehold domains should be between 4 and 10 nucleotides
[64]. In our studies, we will use toehold domains as a point of branch migration initiation

to apply dynamics to our three-dimensional structures.

Invasion

Invasion is the process of nanotube breakage promoted by the addition of single stranded
DNA invader (Fig B2). Tiles are engineered to have assemble in solution through
sticky end interaction. Extruding from tiles are toehold domains, or access point for
invader strand to weaken tile interaction along tube. Detailed tile-invader interactions

are described in Section E—21.
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Figure 4.2: Schematic of Invasion Process

Anti Invasion

Anti invasion is the reversible process allowing monomer tiles to reassemble forming
tubes (Fig B23). This is possible through another layer of strand displacement by addi-

tion of second single strand DNA species; Anti invader (detailed reaction illustrated in

Section B2
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Figure 4.3: Schematic of Anti Invasion Process
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4.2 Reaction Schemes

4.2.1 Invasion reaction

Fig. B2 illustrates the interaction of an invader strand binding to the toehold and
displacing the sticky end of two hybridized tiles. (1) The example two-tile complex
contains a free toehold region indicated by the black overhang domain of the complex.
(2) The complementary domain of the free invader strand initiates tile displacement by
interacting with the free toehold region of the tile-tile complex. (3) The invader strand
completes hybridization with the toeholded sticky end of the tile. To be stable, inter-
tile bonds require cooperative binding of both sticky ends; thus the second sticky end is

expected to unbind. This process causes nanotubes to disassemble.

vvvvvvv

5b-Invader

Tile5SE complex Tile5SE-2
P rence

TGGTATT

2990 eSoERYE > o
——— €
5b-Invader -

11111111

Figure 4.4: Illustration of invasion reaction Invasion in 5 base-long sticky end tiles.

4.2.2 Anti-invasion reaction

The mechanism of tube invasion has been designed to be reversible: by including a toe-
hold on the invader strand, it is possible to displace it from tiles using a complementary
anti-invader strand. By displacing and titrating the invader, the anti-invader restores
the ability of tiles to nucleate and polymerize. This reaction is shown in Fig. B3 using
two invaded tiles; displacement of the invader promotes inter-tile bond formation. (Sta-

ble bonds are formed only when both sticky ends bind to a nucleated site or growing
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lattice/tube)

5b-Anti Invader
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Figure 4.5: Illustration of anti-invasion reaction A: Anti-invasion in 5 base-long
sticky end tiles.

Side reactions

The anti-invader strand is complementary to one of the sticky end domains in strand S4.
This undesirable bond is presumably weak in 5 base-long sticky ends but is expected to

be more stable in 7 and 8 base-long sticky end tiles.

5b-Anti Invader

GCGGATTGGTATT

Tile5SE-1 5b-Anti Invader
CTCAGTGG ACAGCCGTTCTGGAGCGTTGG ACGAAACT
GCGGATTGGTATT 2l
&
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Figure 4.6: Anti-invader can bind to strand S4 A: Interaction in 5 base-long sticky
end tiles is limited to 5 bases, and is therefore likely unstable.
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4.3 Results and Discussion

4.3.1 Invasion and anti-invasion reactions: Example images

Fluorescently labeled DNA nanotubes can be visualized and analyzed as described in
Methods Section BZ2Z2 and BZZ4 as illustrated in B4 and EZ8. Nanotube lengths are

processed from microscopy images A:C using methods described in Section, BZ2Z3.

Scale bar = 10pm

Before Invader Invader 10min

0.0 nm

7um x 7pym

Before Invader Invader 20min Anti-Invader 2hr

Figure 4.7: Tubes with 50% tiles containing toehold (A:C) Fluorescent Microscopy
and (D:F) Atomic Force Microscopy. Initial tubes (A,D). Invader reduces tube length
significantly, yet tubes are still visible in both microscopy and AFM images (Figure
B,E). The addition of anti-invader to tube solution allows nanotube regrowth (C,F).
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Figure 4.8: Visualization of invasion and anti-invasion rxn of tubes with 100% tiles
containing toehold (A:C) Fluorescent Microscopy and (D:F) Atomic Force Microscopy.
Figures A and D illustrate tubes prior to invasion. After invasion reaction at room
temperature, 10 min Figure B, and 20 min Figure E, tubes completely break apart.
The presence of anti-invader promotes the re-assembly of tubes from monomer tiles or
chunks, Figures C and F.

4.3.2 Length distribution of nanotubes after invasion

We screened the steady state distribution of nanotube length in the presence of excess
invader as a function of toeholded tile percentage, defined as the relative concentra-
tion of toeholded S2 strand and non-toeholded S2 strand in the annealing mix. We
considered three different assays: 1) tiles without toeholded S2 strand, 2) 50% and
3) 100% concentration of toeholded S2 strand. Tiles were annealed at 1 uM concen-
tration, and invader was added at a 5% excess concentration. Our results show that

nanotubes annealed without toeholded tiles are relatively resilient to the presence of
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invader, and their growth is suppressed. Invasion causes a ~50% decrease in the mean
length of nanotubes with 50% toeholded tiles, and suppresses their regrowth. Finally,
the mean length in samples of nanotubes with 100% toeholded tiles appear is virtually
zero: no nanotubes are visible in fluorescence microscopy images, and their regrowth
is suppressed. However, small assemblies are visible in AFM images (assembly may be
mica-assisted).

After annealing (Section BZZ), nanotubes were incubated for 30 hours at 25°C
prior to addition of invader. The length was measured at room temperature (25°C)
using fluorescence microscopy (Methods Section B22). Each assay was conducted in
triplicates. Nanotube length violin plots for each assay, together with plots of mean and
standard deviation of the mean, are shown in Figures B9, B-10 and E11. Means for the

three different assays are compared in Figure ET2.
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Invasion of nanotubes in the absence of toeholded tiles
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Figure 4.9: In the absence of toeholds nanotubes do not break in the presence
of invader strand. We measure the nanotube length for 30 hours after addition of
invader; prior to the beginning of the experiments, nanotubes were incubated for 30
hours, reaching a mean length of about 6 pm [[3]. The red triangle marks when invader
is added to the sample. The results indicate that the invader does not significantly
decrease nanotube length because the strand invasion reaction (Fig. B4) cannot be
initiated in the absence of a toehold. However, the presence of invader appears to
suppress further growth. Left: Violin plots of each experiment repeat. Right: mean and
standard deviation of the mean of length over the three experiments to the left.
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Invasion of nanotubes with 50% toeholded tiles

EXP 1 n = tubes in 100 x 100 ym?

30 n=163 n=197 n=81 n=84 n=125 n=165
25

20

Length (um)

t=0 30m 1h 3h 10h 30h
Time o Mean length and standard deviation of the mean
+ r
EXP 2 o L
30 n=124 n=166 n=175 n=217 n=90 n=134 8 -
25 _ Tr
E 6 - §
_ 20 £ s
E =
s 40T 3 § i
5 s L3 2
5
T 2
P
) @ @ ° -
0 t=0 30m 1h 3h 10h 30h
=0 30m 1h 3h 10h 30h 1
Time ‘ Time
EXP3 "
+
30 n=119 n=174 n=185 n=129 n=118 n=172

25

20

Length (4m)
&

Figure 4.10: Invasion reaction of nanotubes where 50% of tiles include a toe-
hold domain. After addition of invader (marked by the red triangle) the mean nan-
otube length rapidly decreases to half the initial length, and remains constant for the
following 30 hours. Left: Violin plots of each experiment repeat. Right: mean and
standard deviation of the mean of nanotube length over the three experiments to the
left.
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Invasion of nanotubes with 100% toeholded tiles
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Figure 4.11: Invasion reaction of nanotubes where 100% of tiles include a
toehold domain. After addition of invader (marked by the red triangle) nanotubes
rapidly disassemble and no nanotubes can be seen in fluorescence microscopy images;
nanotubes do not reform in the following 30 hours. Right: mean and standard deviation
of the mean of nanotube length over the three experiments to the left.
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Comparison mean length during invasion reaction in nanotubes with different

percentage of toeholded tile
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Figure 4.12: Invasion causes a decrease in mean nanotube length that depends
on the concentration of toeholded tiles This plot compares the mean length data
from Fig. B9, B10, and BT

4.3.3 Nanotube invasion as a function of toehold length

The length of the toehold in strand S2 determines the stability of the invader-tile com-
plex. (It is also known that the speed of a toehold-mediated strand displacement reaction
is proportional to the length of the toehold, as shown by [69] and many following studies).
If the length of the toehold in S2 is decreased, the invader-S2 duplex is shortened and
its dissociation rate is expected to become higher. To test this hypothesis, we evaluated
invasion reactions in tiles with 3 and 5 bases long toehold in strand S2, and performed
invasion assays as described in the previous Section B=32. Our results validate this
hypothesis: invasion of nanotubes assembled from tiles with shorter toeholds results in
a reduction of mean length that is around 50% the initial length; in addition, after a
transient nanotubes resume growth, indicating that a considerable fraction of the tile
population is not bound to invader and thus available for nucleation and polymerization.

Nanotubes were annealed (Section B=Zl) from 100% toeholded tiles at 1 M

tile concentration, using strands S2 3’T 5bp or S2 3’T 5bp (Table B). After annealing,
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tubes were incubated for 30 hours at 25°C. Invader was added at 5% tile concentration
excess. Violin plots of the corresponding distributions, together with mean and standard
deviation of the mean are shown in Figures B13 and B14. Mean length of these two

assays are compared with the mean of invasion reaction on 7-base toeholded tile (S2 3'T

7bp) in Figure BT3.

Invasion of nanotubes with 3-base toehold length
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Figure 4.13: Invasion reaction on nanotubes with 100% tiles including a 3 base-
long external toehold. A 3 base toehold is not sufficient to initiate weak breakage of
nanotubes, as indicated by the slight decrease in mean length after addition of invader
(marked by the red triangle). On average, nanotubes subsequently regrow reaching
mean length higher than their initial length. Left: Violin plots of separate experiments.
Right: Mean and standard deviation of the mean for the length distributions measured
in the experiments to the left.

41



Invasion of nanotubes with 5-base toehold length
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Figure 4.14: Invasion reaction on nanotubes with 100% tiles including a 5
base-long external toehold. A 5 base toehold is sufficient to initiate weak breakage
of nanotubes. Addition of invader (marked by the red triangle) results in roughly a
30% decrease in the mean nanotube length; however, nanotubes subsequently regrow
reaching mean length comparable to the initial mean length. Left: Violin plots of
separate experiments. Right: Mean and standard deviation of the mean for the length
distributions measured in the experiments to the left.
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Comparison of mean length during invasion reaction in nanotubes with dif-

ferent toehold length
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Figure 4.15: A 7 base-long toehold is necessary to fully break nanotubes and
suppress growth. We compare the mean length measured in invasion experiments
using nanotubes grown from 3 base, 5 base and 7 base-long toehold tiles (100% tiles
including an external toehold). Addition of invader is marked by the red triangle. A 7
base toehold is necessary to fully break nanotubes and suppress their regrowth.

4.3.4 Length distribution of nanotubes after invasion and anti-invasion

Anti-invasion restores the ability of tiles to nucleate and polymerize by displacing and
titrating the invader strand.

We screened the steady state distribution of nanotube length in the presence
of invader and subsequent addition of anti-invader, as a function of toeholded tile per-
centage (defined as the relative concentration of toeholded S2 strand and non-toeholded
S2 strand in the annealing mix). We report the results of three different assays: 1)
tiles without toeholded S2 strand, 2) 50% and 3) 100% concentration of toeholded S2
strand. In all these experiments we used tiles with 7 base-long (external) toehold on
strand S2 (Fig. B9 A4). Tiles were annealed at 1 uM concentration (Section B=ZT),
and after completion of the annealing procedure, nanotubes were incubated for 30 hours
at 25°C prior to addition of invader. Invader was added at a 5% excess concentration,

and anti-invader was subsequently added at 10% excess concentration (relative to the
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tile concentration). Invasion and anti-invasion reactions were done at room temperature
(25°C).

Length distributions were measured using fluorescence microscopy images (Meth-
ods Section BZ72). Example images of nanotube samples post addition of invader and
anti-invader are shown in Figures B77 (50% toeholded tiles) and B8 (100% toeholded
tiles). Each assay was conducted with triplicate experiments. Nanotube length violin
plots for each assay, together with mean and standard deviation of the mean, are shown
in Figures B8, ET0 and BT3. Mean lengths measured in the three different assays are
compared in Figure ET9.

Addition of invader and anti-invader can be repeated multiple times, as shown
in a final assay in this section. Violin plots of nanotube distributions for cycles of invasion
and anti-invasion, and corresponding means are shown in Figure E=Z0. In each cycle,
invader was added at a 5% excess concentration, and anti-invader was subsequently

added at 10% excess concentration (relative to the tile concentration).
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Invasion and anti-invasion of nanotubes in the absence of toeholded tiles
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30 n=94 n=87 n=123 n=89 n=95 n=129 n=55 n=80
25
20
B
£ 15
)
k!
5
0 (:UI 10 ml 20m 50 m 70m 3h 10h 30h
y Iy Tme Mean length and standard deviation of the mean
Exp2 " " vr
30 n=120 n=104 n=78 n=103 n=139 n=97 n=71 n=131 F

25 |-

20

Length (m)
E)
T

Length (um)
[ SR
T
e+
e
(=]
e

t=0 10m 20m s0m 70m 3n 10h 30n |
L | >
A A Time ‘ i Time
+A

EXP 3
+ +A
0 n=121 n=77 n=178 n=148 n=192 n=73 n=90 n=52
25 |
_ 20 |
g
£ 15
2
3
| é é é é é é
5 |-
o =0 10m 20m 50m 70m 3h 10h 30h

y A Time

Figure 4.16: The mean length of nanotubes without toehold is not affected
by the presence of invader and anti-invader. Red and blue triangles mark re-
spectively the addition of invader and anti-invader. The mean length of nanotubes does
not decrease after addition of invader; addition of anti-invader does not promote fur-
ther growth, suggesting that nanotubes have reached an equilibrium length distribution.
Left: violin plots of each experiment. Right: mean and standard deviation of the mean
for the experiments to the left.
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Invasion and anti-invasion of nanotubes with 50% toeholded tiles
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Figure 4.17: Invasion and anti-invasion of nanotubes with 50% toeholded tiles
Consistently with the experimental results on invasion (Fig. I0), nanotube mean length
decreases by about 50% after addition of invader (marked by the red triangle). Addition
of anti-invader (marked by blue triangle) promotes regrowth to a mean length that is
comparable to the initial mean length. Left: violin plots of each experiment. Right:
mean and standard deviation of the mean for the experiments to the left.
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Invasion and anti-invasion of nanotubes with 100% toeholded tiles
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Figure 4.18: Invasion and anti-invasion of nanotubes with 100% toeholded
tiles. Addition of invader, marked by the red triangle, results in rapid disassembly of
nanotubes (no nanotubes are visible in fluorescence microscopy images). When anti-
invader is added, as marked by the blue triangle, nanotubes start regrowing reaching
a mean length comparable to the initial length. Left: violin plots of each experiment.
Right: mean and standard deviation of the mean for the experiments to the left.
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Comparison of mean length during invasion and anti-invasion reactions in

nanotubes with different percentage of toeholded tile
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Figure 4.19: Comparison of mean nanotube length following invasion and anti-
invasion reactions for different percentage of toeholded tiles. This plot com-
pares the results shown in Fig. B14, BT7 and BT

Gel analysis of invasion and anti-invasion reactions

Tubes containing tiles with toeholded strand S2 at different percentages were annealed
using the protocol outlined in Section BZZ1. Our tile monomer reference band was
obtained by annealing all the DNA strands required for formation of tiles together with
the invader strand. A high-melt agarose gel was prepared at 0.5%, 1x TAE and 12.4mM
MgCly, following the protocol described at Section B2Z3. A sample of 2 uL of Tubes (1
uM ), labeled with Cy3, were reacted with 0.3 pL (8.33 pM) Invader for 20 min and
then for anti-invasion samples, 0.35 pL (8.33 uM ) anti-invader was added for 2 hours
at 250C. The gel wells were sealed using thin films of solid and molten agarose. The gel
was conducted at room temperature. To avoid over heating, the voltage was lowered to
60V and was allowed to run for a total time of 1 hour 30 minutes. Using Cy3 channel
of BioRad Universal Hood III gel imager, the change in band intensity of breakdown
products of monomer tiles, polymer smears, and tubes was analyzed and reported in

Figure EZ20.

48



A.  TileTH%: 0T-100T B.  Tile TH%: 50T-50T

1 2 3 4 1 2 3 4

TR R e d &—Tubeband —> | o -
Polymer
Sme:
- - | Tileband —> - -
%, T, T %, %, A A 4
% % % 5, s, . %
o 2 > 2, % % %,
2 %, 7 2 2 % <, 23
2, g} % CX 2, %, % CX
5 5 % % 5, % »
% %, 2, % % 3 % %
6. % s & 6. % %, %
2 %, 4 3 %, T
2 ?, K % “%
K2 4 s, % °y, s,
b %, 2 %,
C. Tile TH%: 100T-0T

1 2 3 4 5

& Tube band

Polymer
Smear

&— Tileband

Figure 4.20: Gel Assays analyzing breakdown products of invasion and anti-invasion
of various tile with toehold concentrations (external toehold). Tubes/tiles are labeled
with Cy3. DX tile based tubes are too large to run through 0.5% agarose gel. Note
dark (high fluorescent) bands at top of lane (A:C) indicates tubes that are not able
to enter gel. Tile band (lowest bands in A:C) represents the breakdown products, or
individual monomer tiles. Between the two tube and tile bands are polymer smears,
or joined tiles not forming tubes. Control lane: tubes annealed with invader to form
monomer tiles or breakdown products — Figures A,B = Lane 4, Figure C = Lane 5. A.
0% of tiles contain toehold. The intensity of tile bands in lanes 1:3 has no noticeable
change. Tubes with 0% toehold are not shrinking when introduced to invader. B. Tubes
with 50% tiles containing toehold. Lane 1, initial tube conditions after anneal, and
incubation period has a faint tile band. After adding invader strand to tube solution
(Lane 2), the intensity of breakdown products increases significantly. However, there
are still tubes present in tube band, indicating that some tubes form shorter breakdown
products, as other tubes remain intact. C. 100% of tiles has a toehold domain. Lane 1:
Prior to invader, ‘relatively’ high fluorescent tube band; polymer smear; 'relatively’ low
fluorescent tile band. After 20 min of invasion rxn (Lane 2), complete tube disassembly
is illustrated as both tube band and polymer smear completely disappear, resulting in
'relatively’ high tile band. Lane 3 and 4 (Anti-invasion lhour and 2 hour incubation
respectively), illustrates reappearance of polymer smear, and increase in tube band
intensity.
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4.3.5 Cycles of invasion and anti-invasion in nanotubes with 100% toe-

holded tiles

Dynamics structures in nature have the ability to withstand unlimited rounds of dynamic

modular behavior; whether actin cytoskeleton [67] or microtubules [R]. As motivation

from the cytoskeleton’s unstable dynamic ability we were able to show that invasion

and anti-invasion reactions can be subsequently repeated in the same nanotube sam-

ple, yielding comparable decrease and increase of mean nanotube length at each cycle.

Figure B2 shows the results of triplicate experiments where aliquots of invader and

anti-invader
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Figure 4.21: Repeated addition of invader and anti-invader result in reversible
cycles of assembly and disassembly. Left: Violin plots of each experiment. Right:
Mean and standard deviation of the mean of the experiments to the left.
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4.3.6 MgCl, Concentration Optimization

The presence of divalent magnesium ions helps with the stability of B-helix DNA strands
by interacting with the negatively charged phosphate sugar backbones [1Z]. In optimiz-
ing tube dynamics, we studied how divalent magnesium ions at different concentration
affect the stability of the tubes being invaded and anti-invaded. Tubes were annealed
using protocol in Section B2, varying the MgCly concentration from the nominal 12.4
mM to 24.8mM, 6.2mM, and 3.1mM. Samples annealed at 3.1 mM did not result in any
assembled nanotubes. All invader (5% excess to tile concentration) and anti-invader
(10% excess to tile concentration) reactions were conducted in 1x TAE buffer with ap-

propriate MgCly concentration at 25°C.
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Invasion and anti-invasion reactions at 24 mM MgCl,
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Figure 4.22: Invasion and anti-invasion reactions in the presence of 24.8 mM
MgCls The concentration of MgCls in these experiments is twice the concentration used
in typical annealing conditions. The mean length of nanotubes after addition of invader
(red triangle) decreases to zero (no nanotubes are visible in fluorescence microscopy
experiments). Addition of anti-invader (blue triangle) promotes nanotube regrowth as
at nominal MgCly concentration. Left: Violin plots of each experiment. Right: Mean
and standard deviation of the mean of the experiments to the left.
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Invasion and anti-invasion reactions at 6 mM MgCl,
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30 n=127 n=9 n=160 n=113 n=173 n=32 n=114
25

20

Length (m)

k Time Mean length and standard deviation of the mean
+A

30 n=69 n=9 n=75 n=188 n=155 n=44 =111 10 % }

25

20

Length (im)
k)
Length (um)

c-mMwsEGO NG o
23]
—e—
—e—

10 §
5
& ©
o =0 ;9'“ 20m 50m 70m 3h 10h «:ul 10m| 20m 50m 70m 3h 10h
L L
i A Time i A Time
exps " *

30 n=70 n=9 n=66 n=152 n=227 n=68 n=129

25

20

Length (m)

0 =0 \gm 20m 50m 70m 3h 10h

Figure 4.23: Invasion and anti-invasion reactions in the presence of 6.1 mM
MgCly The concentration of MgCly in these experiments is half the concentration used
in typical annealing conditions. The mean length of nanotubes after addition of invader
(red triangle) decreases to zero (no nanotubes are visible in fluorescence microscopy
experiments). Addition of anti-invader (blue triangle) promotes nanotube regrowth
reaching a mean length that exceeds that at nominal MgCly concentration. Left: Violin
plots of each experiment. Right: Mean and standard deviation of the mean of the
experiments to the left.
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Comparison of mean nanotube length after invasion and anti-invasion at

varying MgCls concentrations
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Figure 4.24: Comparison of mean nanotube length after invasion and anti-
invasion at different concentrations of MgCl,. This plot compares mean length
shown in Fig. B2 and B=23. These results indicate that a concentration of MgCly lower
than the nominal concentration (12.4 mM) facilitates nanotube regrowth.

4.3.7 Invasion and anti-invasion reactions on nanotubes with internal

toehold

We tested the capacity of invasion and anti-invasion reactions to modulate the length
of 5 base sticky-end nanotubes with 7 base-long toehold designed to be exposed on the
internal surface of the nanotubes (toehold is positioned on the 3’ end of strand S2, see
sequence S2 3’T reported in Table B). This assay was conducted with 100% of strand
S2 having an internal toehold. After annealing, nanotubes were incubated at room
temperature for 30 hours; incubation results in nanotubes with mean length of ~12um,
a two-fold increase relative to nanotubes with external toehold. The reason behind
this increase is yet to be elucidated. At room temperature (25°C), invader was added
at a 5% excess concentration, and anti-invader was subsequently added at 10% excess
concentration (relative to the tile concentration). Violin plots for each experiment in

this assay and the mean length are shown in Figure B=23.
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Figure 4.25: Invasion and anti-invasion reactions of nanotubes with internal
toehold. Left: Violin plots of each experiment. Right: Mean and standard deviation
of the mean of the experiments to the left.

4.4 Concluding Remarks

Our experiments show successful implementation of dynamics using toehold mediated
strand displacement as the mechanism of nanotube breakage, and the reversible re-
growth. We illustrate the robustness of our dynamic system by varying buffer condi-
tions (magnesium--+ concentration), along with partial dynamic control (varying con-
centration of toeholded tiles). The optimal toehold length for complete and sustained
breakage is 7 nucleotides. This tile design can also withstand multiple cycles of breakage

and growth by repetitive addition of invader and anti invader strands.
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Chapter 5

Designing DNA Tiles Suitable for

Transcriptional Buffer Conditions
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5.1 Introduction

In biological cells, gene networks are responsible for both the production of assembling
components, and for the regulation of self-assembly pathways. Coupling DNA based
nanostructure to synthetic enzymatic circuits and reactions requires robust compati-
bility of nanostructure in more complex buffer environments. Previous studies of syn-
thesized two- and three-dimensional DNA bases nanostructures were conducted in well
characterized and controlled buffer conditions similar to those outlined in Section B=XI.
Because genelet systems operate at 37° C and require the presence of transcription mix
(transcription buffer, high concentration of nucleoside triphosphates (NTPs) and high
concentration of T7 RNA polymerase, we developed tile variants which can assemble
into nanotubes under transcriptional experimental conditions. By extending the sticky
ends of the tiles (without modifying the inter-tile crossover distance) from 5 bases to 7
and 8 nt long, we were able to increase the nanotube melting temperature, thus increase
overall stability in transcriptional environment. These assemblies are also resilient to
(presumably non-specific) binding of T7 RNAP which can cause nanotubes to melt de-
scribed below in Section b4; T7 RNAP-mediated disruption of DNA nanostructures has

been observed before [[I6], but is still a poorly characterized phenomenon.

8b S1
7b S1 b
a b a AGTGG ACAGCCGTTCTGGAGCGTTGG ACGAAACT
TCAGTGG ACAGCCGTTCTGGAGCGTTGG ACGAAAC 19L0DDOVVHVIILIDOVVID LOILLLOVYDOVIDDD
L9LDDDOVVOVIILODOVVID LOOLLLOVOVOVOD | 8b S3 = | | 8b S4
[7bs3 = |[ 70s4 i
—_— TGTAATA GGCTAAACAGTAACCGAAGCA GGTCATCGTACCTCTC
TGGTATT GGCTAAACAGTAACCGAAGCA GGTCATCGTACCTA y OLODL DOHVYILIDLOVLILODILLIODL DO¥DLVOD )
»  VILOLODI DODVILLOLOVLLODOLLIODL OOVOLVD ’ b
b a 8b S5
7b S5

Figure 5.1: Extended sticky-end tile variants for increased stability in tran-
scriptional conditions A: 7 base sticky-end Tile variants with external toehold. B: 8
base sticky-end Tile variants with external toehold
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5.2 Methods and Materials

5.2.1 Transcription

Transcription mix was prepared mixing reagents for the following overall final concen-
trations: 1x transcription buffer (New England Biolabs, #B9012S), 5.5 mM each rNTP
(Epicentre Biotechnologies, Cat. n. RN02825), 30 mM MgCl, and 0.015 U/ uL yeast
inorganic pyrophosphatase (New England Biolabs, #M2403L).

T7 RNAP was purchased from Cellscript (200 U/ uL, # C-T7300K). E. coli

cloned RNase H was purchased from Ambion, Cat. n. AM2292 (10 U/ uL).

5.2.2 DNA Sequences

Name ‘ Tile with 7-base sticky ends

7b S1 | 5- TCA GTG GAC AGC CGT TCT GGA GCG TTG GAC GAA AC
7b S2 | 5- TGG TAT TTG TCT GGT AGA GCA CCA CTG AGA GGT AC
7 S3 | 5- T Cy3/CCA GAA CGG CTG TGG CTA AAC AGT AAC CGA AGC
ACC AAC GCT

7b S4 | 5'- CCA GAC AGT TTC GTG GTC ATC GTA CCT C

7b S5 | 5'- GAT GAC CTG CTT CGG TTA CTG TTT AGC CTG CTC TA

7b Invader | 5- CCA GAC AAA TAC CAA TCC GC

7b Anti-Invader | 5- GCG GAT TGG TAT TTG TCT GG

Table 5.1: Sequences for tiles with 7-base long sticky ends, invaders and anti-invaders.
Bold sequences indicate toehold domains. Strand interactions are shown in Fig. Bl
AB2A B3 A and B4 A.
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Name

Tile with 8-base sticky ends

8b S1
8b S2
8b S3

8b S4

8b S5

8b Invader

8B Anti-Invader

5- AGT GGA CAG CCG TTC TGG AGC GTT GGA CGA AAC T

5- TGT AAT ATC GTG CCC GAG CAC CAC TGA GAG GTA

5-T Cy3/CCA GAA CGG CTG TGG CTA AAC AGT AAC CGA AGC ACC
AAC GCT

5’- GGG CAC GAA GTT TCG TGG TCA TCG TAC CTC TC

5- CGA TGA CCT GCT TCG GTT ACT GTT TAG CCT GCT C

5- GGG CAC GAT ATT ACA CTA AGG

5- CCT TAG TGT AAT ATC GTG CCC

Table 5.2: Sequences for tiles with 8-base long sticky ends, invaders and anti-invaders.
Bold sequences indicate toehold domains. Strand interactions are shown in Fig. Bl
B, b2 B, b3 B, and b4 B.
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5.3 Reaction Schemes

5.3.1 7 and 8 base long sticky-end of: Invasion, Anti-Invasion, and

side reactions

Invasion

Detailed reactions of tile variants 7 and 8 nucleotide long sticky ends of toehold mediated
dynamics. Similar to reaction illustrated in Section B2, invader strand specific for 7 or
8 base sticky end tile interacts with respective toehold, resulting in separation of bound

tiles via displacement Fig. B2 (tube breakage) .

Tile7SE-1
599003v00vEYY, TCAGTGG ACAGCCGTTCTGGAGCGTTGS ACGARAC
[ ][
9900 ¥¥DOVLYY —
EEEERACELEALE TGGTATT GGCTARACAG FAGCA GGICATCGTACCTA
99014¥3OVINY V151051 SO5VLLISLOV 1551 S3vsavs
7b-Invader
7b-Invader
Tile7SE-2
i TCAGTGG ACAGCCGTTCTGGAGCGTTGS ACGARA
Tile7SE complex 2519590VOVO08000Wo5 10051EoVOVOVD)
2 CAGTGG ACAGCCGITCTGGAGCGTT
N 3.0 TGGTATT GSCTRARCACTARCCGARCCA GGTCATCGTACCTA
«:3 wSSvavy ¥i5L39L S1ovL195
TeATee achcecaTTeTaaaccoTToe Ace -
S8 SStiSuSSiSSStesS 185EESusuouaovaouo0i 7b-Invader
ToeTATT RRGCA GGICATCGTACCTA
51 55usivs
[— Tile8SE-1
— RGTGG AcheccoTToTGancCaTTce ACen
3555urotoo1000Wss LootLovvaovo90
voviIv = 11
TCTARTE: GGCTARACAGTARCCGRAGCA GGTCATCGTACCICIC
8b Invader 99¥VLOVOVLLYL 51091 DO5YALISLOVLISOOLLO0L 05 >
8b Invader
Tile8SE-2
RGTGG ACAGCCGTICTGGAGCGITGS ACGARACT
X 55 1930L5a5VYDD
Tile8SE complex 1=
B RGTGG ACAGCCGTT: TCTARTA GGCTARACAGTARCCGARGCA GGTCATCGTACCTCTC
N 95w 5 00VVIOVOVELYE 50090 D95VILLOLOVLIO05LIO00 JOVOLTS0
- I ] [
2
s 8b Invader
RGTCE RCAGCCGTICICERGCGTTGE ACCInCT GeCTRRRCRGTARCCGRACER GeTCATCGTACCTCTC
15 5oww55 19911 i I555VLL09541000 SOVST
=
ToTARTA GECTRRCAGIRACCGIRGEN GOTCATCGTACCTCTC

51098 509¥iLd.

Figure 5.2: Tllustration of Invasion reactions of bound tiles A: Interaction in 7
base-long sticky end tiles. B: Interaction in 8 base-long sticky end tiles.

Anti Invasion

The mechanism of tube invasion has been designed to be reversible: by including a toe-

hold on the invader strand, it is possible to displace it from tiles using a complementary
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anti-invader strand. By displacing and titrating the invader, the anti-invader restores
the ability of tiles to nucleate and polymerize. This reaction is shown in Fig. B33 using
two invaded tiles; displacement of the invader promotes inter-tile bond formation. (Sta-

ble bonds are formed only when both sticky ends bind to a nucleated site or growing

7b-Anti Invader
A CETTGGTATT Tile7SE complex
GCGGATTGGTATT TCAGTGG ACAGCCGTICTGGAGCGTTGE ACGARAC
1523555VUO¥O0L00I¥NSD 19OLLLOYINEID
Tile7SE-1 TCAGTGG GG GGCTARR TCGTACCTA
A BN Sevs 5uo¥DDTLOLO0L OSVLL S
TCAGTGG ACAGCCGTTCTGGAGCGTTGC ACGARAC 0
1513995V NDUIILIDOUUDD L9OLLLOVINOUDD =
TGGTATT GGCTARACAGTAACCGARGCA GGTCATCGTACCTA —
01 NS3VINY VE51350 SO0VILLOLOVILO50LIO0L SOUSLYS
7b-Invader
7b-Anti Invader
CCATTCCTATT
LSSl
T 7b-Invader SeorTToeTT
RN EERIA] wdSuive
7b-Invader

Tile8SE complex
2
o,%

B

AGTGG ACAGCCGTICTGGAGCGTTGG ACGARACT
I90550V¥OD3LI90¥WDD 19DLLLOVYOIVIDDDD.

TCTARTA,

TCTARTA
OVELOUOVLLYL

8b-Invader )
Tile8SE-2 8b-Anti Invader
RGTGG ACAGCCGTICTGGAGCGTIGE ACGA TACTGTARTA
1515995 Du330550uV: “iSuSeitel
TGTAATA GGCTAAACAGTAACCGAAGCA GGTCATCGTACCTCTC 8b-Invader TTTTTETT
LoUSVALL 51504 55 155510554 5 S ST
8b-Invader

Figure 5.3: illustration of anti-invasion reaction resulting in tube formation.
A: Interaction in 7 base-long sticky end tiles. B: Interaction in 8 base-long sticky end
tiles.

Side Reactions

The anti-invader strand is complementary to one of the sticky end domains in strand S4.
This undesirable bond is presumably more stable 8 base than base-long sticky end tiles.
We speculate that this interaction may contribute to the creation of a population of
partially inactive tiles, and reduce nanotube polymerization rate; this hypothesis seems
to be validated by experimental results on anti-invasion of 8 base-long sticky end tiles

shown in Fig. BR.
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7b-Anti Invader )

2
. D .
“““““ TTeoTATT Tile7SE-1 N 7b-Anti Invader
TCAGTGG ACAGCCGTTCTGGAGCGTTGS ACGARA
Py 2515990 NDVOSLobONYas 10oLEEOVOVOVSD
=
TGGTATT GGCTARACAGTARCCGARGCA GGICATCGTACCTA
Tile7SE-1 29002¥5OVIVY VID109L DDOVILISIOVILOSILLODL SoVDIVS
ile
TCAGICG ACRGCCGTICTGRACCOTTos ACCAAAC 7b-Invader
L099OVVOVORLIO0INYDD LOILLLOVDVDNDD
T
TGGTATT GECTARRCIGTARCCCRIGER GOTCRTCGTACCTA 2
51w o0vLTY VIOLODL D3DVLLLS. ) D .
Tile7SE-2 N 7b-Anti Invader
7b-Invader
. TCAGTGG ACAGCCGTTCTGGAGCGTTGS ACGARAC
Tile7SE-2 192
B
TGAGTGE ROAGCCOTICIGORCEGTIOE ACGRn [ I I [
55500V NOaIoVE0S Lo5LaLo¥INO¥DD TCGTATT CGCTARRCAGT.
1= 29901V¥OVLYY ¥1D109L DO5VILLOLOVILODILIIDL DOVSIVS
TGGTATT GGCTARACAGTARCCGRAGCA GOTCATCGTACCTA -
090D LVEIIVIVY' WILOLOOL JIDVWILLILIVLLOD: 7b-Invader
7b-Invader
8b-Anti Invad e
-Anti Invader i R i
Pty Tile8SE-1 “\ 8b-Anti Invader
CCTTAGTGTAATA £
AGTGG ACAGCCGTICTGGAGCGITGG ACGAARCT
CCTTAGTGTARTA pmst
— L *® ]
TCTARTA GGCTARRCAGTARCCGARGCA GGTCATCGTACCTCTC
99¥VIOVOVLIND, 51091 DDOVILISLOVILOOILLODT OVSLYDD
Tile8SE-1
8b-Invader
RGTGG ACAGCCGTTCTGGAGCGTIGG ACGARACT
19011, (N
= DN
— ! B
TCTARTA GGCTARACAGTARCCGARGCA GGTCATCGTACCTCTC X > )
99VVLOVOVLIVD 51391 D39VLILOLOVILODOLLOSL SOVOIVSD Tile8SE-2 “M\ 8b-Anti Invader
- RGTGG ACAGCCGTICTGGAGCGITGE ACGARACT
8b-Invader ) ace
Tile8SE-2 T
AGTGG ACAGCCGTICTGGAGCGTTGG ACGAARCT TOTRATE GGCTRARCAGTAACCGAAGCA GGTCATCGTACCTCTC
59043, 99V WLOVOVLLYL 1051 30DVLILOLOVLISOOLLOOL SOVSLYDD
15
TGTAATA GGCTAAACAGTAACCGAAGCA L(‘LCArLCJALLLCr( 8b-Invader
99VVIOVOVLIVE, 51091 D3OVLLLOLOVILOIILLOSL IOVDLYS
8b-Invader

Figure 5.4: Anti-invader can bind to strand S4 A: Interaction in 7 base-long sticky
end tiles. B: Interaction in 8 base-long sticky end tiles.

5.3.2 Reactions for transcriptional control of nanotube breakage and

reassembly

We designed a synthetic gene to transcribe RNA invader. Transcription is operated
by T7 RNA polymerase. To modulate the invader transcription rate, the gene can be
activated (Fig. B33 A) or repressed (Fig. b3 B) by strand displacement of a portion of
its template strand, which includes the T7 promoter region [I].

We use RNase H to reverse the breakage process driven by the RNA invader
binding to the tiles. RNase H degrades RNA in an RNA-DNA duplex, restoring the
ability of tiles to nucleate and assemble. Complete dynamic process is illustrated in

Fig. b3 C.
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A Genelet ON B Genelet OFF

(tube breakage) (tube regrowth)
T7;NAP RNA Inv Inhibitor Inhibitor
> 1 j[ >y Activator
ON '
OFF
; Acti
Activator Genelet ctivator Genelet
C Co-Transcriptional Invasion /
RNase H Anti Invasion
~ o : ha | -
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/I,JL Geon;\allet Re-assembly
« J Ji ¢ ,
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Deactivated Activated
. » Genelet > :
tiles [ C tiles
OFF
7 ~__ 7 ?

RNase H
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Figure 5.5: Transpirational and Enzymatic control of DNA Nanotubes A: Acti-
vation of genelet promoting transcription of RNA invader (genelet ON). B: Deactivation
of genelet (genelet OFF) via inhibitor strand displacing bound activator from genelet. C:
Schematic of nanotube dynamic. When genelet is ON, RNA invader is produced caus-
ing nanotube breakage. In presence of RNase H enzyme, turning genelet OFF results in
reformation of nanotubes in solution.

Fig. BA@ A illustrates the detailed reactions of invader transcription by T7
RNAP and the mechanism of inhibition of the genelet. Fig. B8 B is a schematic of
tile invasion via RNA invader. Fig. E@ C illustrates RNase H-mediated degradation of

invader which promotes reassembly.
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TRNAP o -h

ON

RNA Invader Tile8SE -1

‘‘‘‘‘‘‘‘

Tile8SE complex

RNase H

Figure 5.6: Enzyme-driven invasion and anti-invasion reactions A: A synthetic
gene (Invader Insulator) is used to transcribe the species RNA invader. The gene can
be turned off by displacement of the activator strand A1l [23] using an inhibitor strand
dIl. (Species Al and dIl are the same used in the transcriptional oscillator described
in Section B3, Figs. 62 and B63). B: Invasion reaction mediated by the RNA invader.
C: RNA invader bound to tiles is degraded by RNase H, which results in the release of
the sticky end domain. Tiles can therefore reassemble.

5.4 Results and Discussion

5.4.1 Invasion and anti-invasion of nanotubes with 8 and 7 base sticky

ends

Nanotubes annealed from tiles having 7 and 8 base sticky ends are stable when incubated
in transcription mix at 37° C. We further tested the effect of these temperature and

buffer conditions on invasion and anti-invasion reactions. We find that invasion and
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anti-invasion reactions on nanotubes annealed from 7 base sticky end tiles result in mean
length profiles similar to what observed in 5 base sticky end tile nanotubes (Fig. b1).
Regrowth after anti-invasion is slower in nanotubes annealed from 8 base sticky end tiles
(Fig. B8), presumably due to the possibility of anti-invader binding to the sticky end of
strand 4 (Fig. B8), and the formation of undesired complexes.

Fluorescence microscopy experiments were done by annealing tiles at 1M
tile concentration in 1X transcription buffer (New England Biolab) and incubated at
room temperature for 30 hours. Invader species was added at 5% concentration excess,
and anti-invader was added to invaded nanotube solution at 10% concentration excess
(relative to tile concentration). Violin plots and mean plots are shown in Figs. b7

and BR.
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Figure 5.7: Invasion and anti-invasion of nanotubes assembled from tiles with
7 base-long sticky ends (100% toeholded tiles). Addition of invader (marked by
the red triangle) results in rapid disassembly of nanotubes (no nanotubes are visible
in fluorescence microscopy images). When anti-invader is added (marked by the blue
triangle) nanotubes regrow reaching a mean length which exceeds their initial mean
length. In this case, binding of anti-invader to the sticky end of strand S4 seems to not
contribute slower growth B@. Left: violin plots of each experiment. Right: mean and
standard deviation of the mean for the experiments to the left.
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Figure 5.8: Invasion and anti-invasion of nanotubes assembled from tiles with
8 base-long sticky ends (100% toeholded tiles). Addition of invader (marked by
the red triangle) results in rapid disassembly of nanotubes (no nanotubes are visible
in fluorescence microscopy images). When anti-invader is added (marked by the blue
triangle) nanotubes regrowh reaching less than 50% the initial mean length. Limited
regrowth may be due to two phenomena: 1) instability of the shortened tile arms, and 2)
binding of anti-invader to one of the sticky ends of strand S4, which may form a stable
complex in the 8 base-long sticky end tile as noted in Fig. B8. Left: violin plots of each
experiment. Right: mean and standard deviation of the mean for the experiments to
the left.

T7 RNAP promotes disassembly of nanotubes

We designed DAE-E tiles that are stable in transcription mix and at 37°C by extending
the length of their sticky ends to 7 and 8 bases. Nanotubes assembled from tiles having
7 base sticky ends are stable at 37°C and in transcription buffer, as shown in Fig. b4
A; however after addition of RNA polymerase and 30 minutes of incubation at 400 nM
tile concentration and 37° C, the majority of tubes melt resulting in high contrast of

fluorescence on surface of glass slide (background), and low number of tubes present in

67



solution as shown in Fig. b9 B.
Nanotubes assembled from tiles having 8 base sticky ends are stable at 37°C in
transcription buffer and in the presence of T7 RNA polymerase, as long as nanotubes are

incubated at tile concentration exceeding 500-600 nM, as shown in Figs. b0 and BTl

before adding T7 RNAP 30 min incubation with T7 RNAP

Figure 5.9: Nanotubes assembled from tiles with 7 base sticky ends are not
stable when incubated with T7 RNAP Nanotubes were annealed at 5 uM tile
concentration, subsequently diluted to a 500 nM tile concentration and incubated in
transcription buffer, at 37° C. A) Example image of nanotubes prior to addition of T7
RNA polymerase. B) Example image of nanotubes taken after 30 minutes addition of
10% (v/v) T7 RNA polymerase. Nanotubes annealed at higher tile concentration melt
as well in the presence of T7 RNAP.

68



8 base sticky end nanotubes are stable in the presence of enzymes and tran-

scription conditions

Nanotubes annealed from tiles having 8 base sticky ends were annealedat 5 uM tile
concentration in 1X transcription buffer, subsequently diluted in transcription mix (1x
transcription buffer, 20 mM MgCly, and 20 mM NTPs) at various tile concentrations
(400 nM, 750 nM and 2 pM) and incubated at 37°C (Fig. B10). Nanotubes incubated
at 400 nM tile concentration melted after 15 hours at 37° C in RNA polymerase as
shown in Fig. BI0 A2. Nanotubes incubated at 750 nM and 2 puM tile concentration
are stable in presence of RNA polymerase as shown in Fig. 510 B2 and C2. Nanotube

length distributions for the 750 nM tile sample are shown in Fig. bT1.

Anneal: 400 nM tile concentration Anneal: 750 nM tile concentration Anneal: 2 UM tile concentration
before adding T7 RNAP

Figure 5.10: Nanotubes annealed from tiles having 8 base sticky ends are
stable in the presence of T7 RNA polymerase at high tile concentration.
were annealedat 5 uM tile concentration in 1X transcription buffer, and subsequently
diluted in transcription mix (1x transcription buffer, 20 mM MgCls, and 20 mM NTPs)
including 10% (v/v) T7 RNA polymerase. Al, B1, C1: Example images of nanotubes at
400 nM, 750 nM, and 2 M tile concentration respectively, prior to addition of T7 RNA
polymerase. A2: Example image of nanotubes incubated at 400 nM tile concentration
in the presence of RNAP for 15 hours . B2: Example image of nanotubes incubated at
750 nM tile concentration in the presence of RNAP for 30 hours. C2: Example image of
nanotubes incubated at 2 pM tile concentration in the presence of RNAP for 30 hours.
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Figure 5.11: Nanotubes annealed from tiles having 8 base sticky ends are
stable in the presence of T7 RNA polymerase at 750 nM tile concentration.
Nanotubes were incubated at 37° C in transcription mix, in the presence of 10% (v/v)
T7 RNAP. Left: Violin plots of length distributions tracked over time. Right: Mean
and standard deviation of the mean of the results shown in the left panel.
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Invasion and anti-invasion reactions of nanotubes with 8 base sticky ends:

bulk fluorimetry

L510990V¥IVDDEIOINYDD LODLLIOVEDDNIDDT

GGCTARACAGTAACCGARGCA GGICATCGTAGCTCTC
f 9208 SOOVLIIOLOVLIODLIODL DOWIINDS g

S Tile8SE-1

C 8b Invader BRI
8b Invader

TETAATE.
EOVLLEL

8b Invader

D1 120 T T T T T T T T 05 T T
+l +A
100 farrmeee = wamw“q
i 100 A = “
. , Wh{—w
S 80 s
] s |
o
@ 173
g o
S o
3 S
i 60 -
9 o
(53
N g
© ©
£ 4 Annealed tiles (nanotubes) - Sample 1 Ess
S
z —— Tiles annealed with invader - Sample 2 2
I Sample 1
—— Annealed tiles without two sticky ends
20 - Sample 3 80 —— Sample 2
| — Sample 3
0 50 100 150 200 250 800 350 400 450 50 100 150 200
Time (min) Time (min)

Figure 5.12: Monitoring invasion and anti-invasion reactions using bulk fluo-
rimetry Al: 8 base SE tiles were labeled with a TAMRA fluorophore on the 5’ end
of strand 4. A2: Fluorescence is quenched when strand 4 sticky ends form a double
stranded complex (assembled tiles). B: Partially blunt-ended 8 base SE tile with trun-
cated strand 2 (tiles cannot assemble). C: Invasion reaction results in disassembly of
sticky ends and therefore increase in fluorescence. D: Bulk fluorimetry data showing
that invaded tiles exhibit fluorescence nearly identical to that of partially blunt-ended
tiles (that are unable to assemble) and to that of tiles annealed with invader strands.
Addition of invader to Sample 1 is marked by the dark green triangle (+I), and addition
of anti-invader to Sample 1 is marked by the light green triangle (+A).

The fluorescence of a fluorophore attached to a single-stranded DNA can be altered upon
its hybridization with a complementary DNA strand [47, BY]. Depending on the identity

of the base pairs neighboring the fluorophore, the fluorescence either gets quenched or
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enhanced. We took advantage of this phenomenon to track polymerization of DNA tiles
by placing fluorophores at the sticky-end. Fig. T2 A1 shows the placement of TAMRA
dye on the 8 base sticky end DNA tile (Fig. 5 B). Upon hybridization of the sticky
ends, the adjacent G-C base pairs causes quenching of TAMRA fluorescence (Fig. 512
A2).

For characterizing the polymerization and depolymerization of DNA tiles using
this technique, we annealed and compared the fluorescence of three samples. Sample 1:
The tile shown in Fig. BT2 A1 was annealed by itself. Sample-2: The tile in Fig. Al
was annealed together with the invader strand (Fig. 612 A2). Sample-3: We annealed
the partially blunt-ended tile in Fig. BT B; the modified tile lacks two sticky ends
and therefore cannot polymerize. We annealed the samples at 5 uM tile concentration
in 1x transcription buffer as described in Section B=Z2. For Sample 2, the invader
was added at 10% excess before annealing. Annealing Sample 1 results in nanotubes,
Sample 2 results in invaded tiles and Sample 3 is a control for fluorescence of free
monomers. After annealing, the samples were diluted to 1 uM tile concentration in a
solution containing 1x transcription buffer, 24 mM additional MgCls, 7.5 mM NTPs
(each). This condition is similar to the oscillator-nanotube coupling buffer conditions
(Section 64). By comparing the fluorescence of these three samples we can compare
the effectiveness of invasion and anti-invasion reactions in typical oscillator coupling
conditions.

We performed triplicate fluorescence measurements as described in Section 6223
and B2, Figs. BTA D1 and D2 shows the mean and standard deviation of the mean
of each triplicate experiment. Sample 1 (green trace) was allowed to stabilize for 70
minutes at 37° C; the moderate increase of the measured fluorescence indicates that the

depolymerization rate of nanotubes is increased when the sample is heated from room

72



temperature to 37° C. After 70 minutes, 10% stoichiometric excess (to tile strands) of
invader was added to Sample 1; 55 minutes after addition of invader, 20% stoichiometric
excess of anti-invader (compared to tile strands) was added to Sample 1. Raw fluores-
cence measurements were normalized relative to Sample 3 (free monomer fluorescence)
as detailed in Section B2Z2. Fig. B12 D2 is zoomed version of the plot shown in Fig. B2
D1.

Comparison of fluorescence of samples in Fig. B2 D1 shows that fully formed
tubes (Sample 1, green) exhibit significantly lower fluorescence than invaded tubes (Sam-
ple 2, red) and the control tiles (Sample 3, blue). This observation is consistent with our
expectation that upon hybridization, the fluorescence of TAMRA is quenched. Further,
the invaded tiles have fluorescence very close to that of control tiles or free monomers.
This observation suggests that, upon invasion, almost all of the sticky-ended interactions
are broken. When the invader is added to Sample 1, the fluorescence quickly jumps to
values close to that of free monomers, suggesting that the breakage of sticky-ended in-
teraction happens very fast. Upon addition of anti-invader to the invaded Sample 1, the
fluorescence drops quickly. Our earlier microscopy results show that upon anti-invasion,
tubes are visible only after 30-60 minutes. So the quick drop in fluorescence in this
experiment suggests that the tiles start interacting with each other very quickly after
anti-invasion, but it takes time for the tubes to grow to lengths that are visible under

the optical microscope.

5.4.2 Nanotube disassembly and reassembly via a cotranscribed RNA

invader and RNase H

We tested two reactions where invasion and anti-invasion are fueled by enzymes. The

first reaction is cotranscriptional invasion of nanotubes directed by an individual syn-
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thetic gene, that produces an RNA molecule designed to work as an invader. Nanotube
were annealed from 8 base sticky end tiles in 1X transcription buffer and mixed with
genelet and transcription mix at 1 uM tile concentration. Genelet strands were sep-
arately annealed and mixed at 87.5 nM concentration with the transcription reaction
mix (1x transcription buffer, 20 mM rNTPs and 14 mM MgCly). The transcription mix
was equilibrated at 37° C for 15 minutes, and then T7 RNAP (10% v/v), PPase (3%
v/v), and RNAase H (2% v/v) enzymes were added to the mix. Transcription of RNA
invader was activated by adding to the solution the ssDNA activator A1 125 nM con-
centration (A1l hybridizes to the incomplete T7 promoter on the non-template strand of
the genelet), and to transcribe RNA invader strander for a total of 30 hours. After 60
minutes of reaction, nanotubes were completely broken, as shown in Fig. BT3. Reaction

schemes are shown in Fig. b=332.
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Figure 5.13: Co-transcriptional invasion mediated by RNA Left: violin plots of
each experiment. Right: mean and standard deviation of the mean for the experiments
to the left.

The second reaction tests RNase H mediated reactivation of tiles bound to
invader (RNase H degrades RNA bound to DNA). Nanotubes were annealed from 8
base sticky end tiles in 1X transcription buffer and mixed with genelet and transcription
mix at 1 pM tile concentration. Genelet strands were separately annealed and mixed
at 87.5 nm concentration with the transcription reaction mix (1x transcription buffer,
20 mM rNTPs and 14 mM MgCly). The transcription mix was equilibrated at 37° C
for 15 minutes, and then T7 RNAP (10% v/v), PPase (3% v/v), and RNAase H (2%
v/v) enzymes were added to the mix. Transcription of RNA invader was activated by
adding to the solution the ssDNA activator A1 125 nM concentration (A1 hybridizes to

the incomplete T7 promoter on the non-template strand of the genelet), and allowed to
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react for 30 minutes in presence of RNase H. After 30 minutes, transcription of RNA
invader was stopped by adding 150 nM of inhibitor strand dI1, which displaces Al from
the promoter region. As transcription is turned off, RNase H-mediated degradation
dominates, resulting in reactivation of individual tiles and tube reassembly (reaction
schemes are shown in Fig. 58). Violin plots and mean nanotube length plots measured
in these experiments are shown in Fig. bT4.
Both reactions were tested at concentrations of T7 RNA polymerase and RNase H

comparable to those used in the transcriptional oscillator experiments previously de-

scribed by [23], [I6], and [62].
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Figure 5.14: Co-transcriptional invasion mediated by RNA, and RNase H-
mediated anti-invasion of nanotubes assembled from 8 base-long sticky end
tiles. Left: violin plots of each experiment. Right: mean and standard deviation of the
mean for the experiments to the left.
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5.5 Concluding Remarks

Our experiments show that increasing sticky-end from 5-nt to 7-nt increases melting
temperature of nanotubes as transcriptional conditions requires incubation temperature
of 37°C. Additionally, extending sticky-end to 8 bases promotes nanotube assemblies
that are resilient to (presumably non-specific) binding of T7 RNAP which can cause
nanotubes to melt in solution. Transcription of RNA version of invader effectively
disassembles nanotubes, and when genelet is turned OFF, in the presence of RNase
H (along with T7 RNAP in solution), RNA invader is degraded from tile interaction

resulting in timely, isothermal reformation of nanotubes.
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Chapter 6

Autonomous Control of DNA
Tile Self-Assembly with Synthetic

Oscillator
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6.1 Introduction

Building on the principle of toehold mediated branch migration [69], dynamic DNA
nanotechnology has produced a variety of logic and signal processing circuits [45, 40, G]
and include up to a hundred DNA strands relying on methods that maximize strand
interaction specificity and minimize crosstalk. These circuits can sense a variety of
environmental triggers [29], and can be powered with enzymatic reactions enabling au-

tonomous complex dynamics such as bistability and oscillations [24, 23, B4, BS].

6.1.1 Overview of Logic Circuits and Dynamic Circuits

As described in section B, strand displacement is the process by which a DNA com-
plex of two pre-hybridized strands is changed by displaying one strand, and replacing
it with a different input strand. It has been shown that DNA based devices and its
structure can be actively modulated through toehold-mediated branch migration [62].
Yurke et al reported a system where DNA was used as both the machine and fuel,
where tweezers were able to switch between two states, open and closed. The alternat-
ing system was powered by the hybridization of fuel strands that either opened or closed
the tweezers due to branch migration [60]. In 2004, Sherman and Seeman developed
a molecular walker constructed of DNA [@9]. As in the tweezers device, DNA strands
were used as input to release the ’feet’ of the walker from the DNA path; also through
branch migration.

Further studies were conducted, optimizing the usage of strand displacement
for controlling mechanical devices. In order to maintain devices such as the tweezers
described above, fuel must be constantly added to the system. To avoid the need of

adding an input strand at desired steps, strand-displacement cascades can be used.
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Cascading simply uses the output of the resultant branch migration to act as an input
further downstream [62]. Cascading can become very useful in many DNA based logic
circuits.

Nucleic acid logic circuits can also be designed with enzymatic catalyst. Lu et
al illustrated how the use of DNAzymes could assist in controlling the transformations
of nucleic acid based devices [82]. Additionally, DNAzymes were described for the use of
logic gates. DNAzymes with well known catalytic activities, was shown to cleave specific
domains of hybridized strands, exposing a sequence used to initiate branch migration
of the walker DNA described above [bl]. Kim et al designed a molecular oscillator
using proteins to transcribe DNA cascading strands, used as inputs to either activate,
or inhibit further production. RNAzymes were also used in the system for degradation
catalysts to power dynamic circuits|24].

We will use dynamic circuits containing enzymes to catalyze our system, tran-
scribing RNA strands that will be used as a cascading input of branch migration. The
enzymatic activity will provide a delay within our circuit that will allow for one of two
states to be active (on or off). These two state will later translate to the dynamics of

our tubes (breaking and growing).

6.2 Methods and Materials

6.2.1 Bulk fluorimetry

Bulk fluorescence experiments were performed using a Horiba Jobin Yvon Fluorlog 3
spectrofluorimeter. Samples were placed in 60uL, quartz cuvettes purchased from Starna
(#16.45F-Q-3/715), and incubated in the sample chamber at 37°C. The desired tem-

perature was maintained using a water bath thermostat. To avoid evaporation, the
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sample was covered with 50uL of hexadecane (MP Biomedical, LLC # 0219521880).
Fluorescence emission of reporters was measured over three separate experiments and
averaged accordingly.

In experiments including the molecular oscillator, excitation/emission for dye
TYE665 (strand T21, Table 633) were set at 645 nm/665 nm according to the recom-
mendation of the supplier IDT DNA.

In fluorimetry experiments involving TAMRA-labeled 8 base sticky end tiles,
excitation/emission for TAMRA was set to 559 nm /583 nm according to the recommen-

dation of the supplier IDT DNA.

6.2.2 Bulk fluorimetry data processing

Fluorescence measurements on the oscillator (Section B41), which track the on/off
state of fluorescently labeled synthetic genes over time, were normalized and converted
to concentrations using the following general formula:
F(t) — Fiin
Frnax — Fin’

where C(t) is the concentration at time sample ¢, Ciy is the (nominal) total
concentration of the component being tracked, F(t) is the recorded fluorescence, and
Finin and Fiax are respectively minimum and maximum fluorescence values correspond-
ing to fully quenched or free labeled strand. For instance, Fi, is the fluorescence of a
fully quenched genelet when its quencher-carrying activator is bound to the promoter
(active), while Fiax is the fluorescence of the gene when no activator is present (inac-

tive). The ratio R = Fiin/Fax should be independent of specific strand concentration

and lamp intensity. However, Fi, and Fi . in some cases were not available simulta-
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neously, therefore the normalization above was done as:

F(t)/Funax — R

and R was measured in separate experiments off line, from a calibration sample repro-
ducing the buffer mix conditions of the experiment to be normalized. For the oscillator
switch SW21, the signal of the reporter dye is directly proportional to the concentration
of inactive switch. We therefore further processed the oscillator switch SW21 reporter

signal to represent the active state of the switch:

Cacti'ue (t) = Ctot - C(t)

Fluorescence measurements of nanotube invasion and anti-invasion reactions
(Section b4) were normalized using the fluorescence measured in a control sample
including only free monomers (partially blunt ended tiles which cannot polymerize)
as the maximum achievable fluorescence Fj,q.. Since there could be bleaching of the
fluorophore over long periods of time, the average fluorescence value of first one hour
in the control sample was assumed as the maximum achievable value. The normalized

fluorescence was thus computed as:

6.2.3 Transcription

Transcription mix was prepared mixing reagents for the following overall final concen-

trations: 1x transcription buffer (New England Biolabs, #B9012S), 5.5 mM each rNTP
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(Epicentre Biotechnologies, Cat. n. RN02825), 30 mM MgCly and 0.015 U/ul yeast

inorganic pyrophosphatase (New England Biolabs, #M2403L).

T7 RNAP was purchased from Cellscript (200 U/ul, # C-T7300K). E. coli

cloned RNase H was purchased from Ambion, Cat. n. AM2292 (10 U/pl).

6.2.4 DNA Sequences

Name

‘ Tile with 8-base sticky ends

8b S1 | 5- AGT GGA CAG CCG TTC TGG AGC GTT GGA CGA AACT
8b S2 | 5- TGT AAT ATC GTG CCC GAG CAC CAC TGA GAG GTA
8b S3 | 5-T Cy3/CCA GAA CGG CTG TGG CTA AAC AGT AAC CGA AGC ACC

AAC GCT

8b S4 | 5- GGG CAC GAA GTT TCG TGG TCA TCG TAC CTC TC
8b S5 | 5- CGA TGA CCT GCT TCG GTT ACT GTT TAG CCT GCT C
8b Invader | 5- GGG CAC GAT ATT ACA CTA AGG
8B Anti-Invader | 5- CCT TAG TGT AAT ATC GTG CCC

Table 6.1: Sequences for tiles with 8-base long sticky ends, invaders and anti-invaders.
Bold sequences indicate toehold domains. Strand interactions are shown in Fig. bl
B, b2 B, B3 B, and b4 B.

Name

Insulator system producing invader for §-base sticky end tile ‘

&b Ins-nt
&b Ins-t
RNA invader

dI1
Al

5- CAT TAG TGT CGT TCG TTC ACA GTA ATA CGA CTC ACT ATA
GGG CAC GAT ATT ACA CTA AGG AGT GAC AAA GTC ACA AA
5-TTT GTG ACT TTG TCA CTC CTT AGT GTA ATA TCG TGC CCT
ATA GTG AGT CG

GGG CAC GAU AUU ACA CUA AGG AGU GAC AAA GUC ACA AA
5-GTG TGT AGT AGT AGT TCA TTA GTG TCG TTC GTT CAC AG
5-TAT TAC TGT GAA CGA ACG ACA CTA ATG AAC TAC TAC

Table 6.2: DNA sequences for the insulator gene used to couple oscillator and nan-
otubes, together with its activator and inhibitor (which are the same as for switch 21 of
the oscillator). The genelet includes a 3’ end hairpin sequence to reduce transcription
elongation; thus, the RNA invader includes a hairpin sequence (underlined). Fig. b8
shows the interactions among insulator components (activation and inhibition), produc-
tion of RNA invader, invasion of tiles and RNase H-mediated reactivation of tiles.
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Name ‘ Oscillator ‘

T12-t | 5- TTT CTG ACT TTG TCA GTA TTA GTG TGT AGT AGT AGT TCA
TTA GTG TCG TTC GTT CTT TGT TTC TCC CTA TAG TGA GTC G
T12-nt | 5-AAG CAA GGG TAA GAT GGA ATG ATA ATA CGA CTC ACT ATA
GGG AGA AAC AAA GAA CGA ACG ACA CTA ATG AAC TAC TAC
TAC ACA CTA ATA CTG ACA AAG TCA GAA A

T21-t | 5-TTT CTG ACT TTG TCA GTA TTA TCA TTC CAT CTT ACC CTT
GCT TCA ATC CGT TTT ACT CTC CCT ATA GTG AGT CG

T21-nt | 5-Tye665/CAT TAG TGT CGT TCG TTC ACA GTA ATA CGA CTC ACT
ATA GGG AGA GTA AAA CGG ATT GAA GCA AGG GTA AGA TGG
AAT GAT AAT ACT GAC AAA GTC AGA AA

dI1 | 5-GTG TGT AGT AGT AGT TCA TTA GTG TCG TTC GTT CAC AG
Al | 5-TAT TAC TGT GAA CGA ACG ACA CTA ATG AAC TAC TAC

A2 | 5-TAT TAT CAT TCC ATC TTA CCC TTG CTT CAA TCC GT

Table 6.3: DNA sequences for oscillator used to control the growth and decay of DNA
nanotubes. Sequences are taken from [23, [6]. Gene sequences include a 3’ end hairpin
domain to reduce transcription elongation. Target strand interactions are shown in
Fig. B2 and B33; a schematic of the oscillator reactions is shown in Fig. B
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6.3 Reaction Schemes

6.3.1 Reactions designed to direct tube breakage and reassembly using

an autonomous molecular oscillator

For the readers’ convenience we report detailed strand interactions for the oscillator
system used to direct nanotube assembly and disassembly; figures 61, B2 and BEZ3 are
adapted from [23, 16, 62]. Fig. B4 summarizes the architecture used to interconnect the
oscillator and the nanotubes, which builds on results obtained in [16]. This is done using
an insulating gene, which decouples the sequences of the insulator and the sequence of
the RNA invader, and additionally reduces consumption of oscillator components (RNA
transcription works as an amplification mechanism). This architecture, however, cannot
mitigate consumption of RNase H, which degrades RNA invader bound to the tiles, cre-
ating an additional load on the oscillator system. To compensate for this consumption,
the oscillator was tuned in a regime where RNase H is abundant; this topic is discussed

further in Section BZ1.
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Figure 6.1: Topology of the oscillator and its biochemical reactions. A: Topology
of the synthetic molecular oscillator used in our experiments: two artificial genetic
switches (SW12 and SW21) are mutually interconnected through their RNA transcripts
(rAl and rI2) forming a negative feedback loop. B: Reactions occurring in the system.
Functionally distinct domains (toeholds, regulatory domains, spacers, promoter and
hairpin regions) are colored consistently with strand schematics in Figs. B2 and BGZ3.
Red and black dots on gene T21 and activator Al are fluorophore-quencher pairs used
as reporters on the active/inactive state of the switch. Solid arrows indicate reactions
between oligonucleotides; dashed arrows indicate enzymatic reactions (transcription and
degradation). Figure is adapted from [23, 16, 5.
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Figure 6.2: Switch 12 strands and their domain interactions. This figures shows
strands components of SW12 and their interactions, with functional domains in different
colors. The mathematical model of the oscillator includes all complexes shown in this
figure, including complex sI2-A2 which is the result of interactions between A2 and
products of incomplete degradation of RNase H which can reach up to 7 bases [69, &1l
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Figure 6.3: Switch 21 strands and their domain interactions. As Fig. B3, we
show sequences for SW21 with functional domains in different colors. The mathematical
model of the oscillator includes all complexes shown in this figure.
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Figure 6.4: The oscillator was used to direct nanotube assembly and disassem-
bly using an insulator gene. This scheme summarizes the topology of interconnection
of the oscillator and the nanotubes. The insulator gene (Fig. 58) was designed to be
activated and inactivated by strands Al and dI1 of the oscillator, and its transcript
is an RNA invader. Tile reactivation is promoted by RNase H degradation. Strands
and reactions for the transcriptional insulator, invasion, and RNase H anti-invasion are
shown in Fig. b@.

6.4 Results and Discussion

6.4.1 Directing nanotube disassembly and reassembly using a syn-

thetic transcriptional oscillator

The oscillator was tuned to operate in a regime of high RNase H concentration, be-
cause RNase H is needed to promote nanotube regrowth by degrading RNA invader
bound to the tiles. Obtaining large amplitude oscillations in this regime requires an
increase in RNAP concentration [44]. Amplitude is defined as the peak-well difference
in T21 fluorescence, corresponding to the on-off state of switch S21; this amplitude is
directly proportional to the on-off ratio of the insulator as well, which is has the same
activation/inhibition domains of T21. Activity of genelet T21 was tracked by labeling
T21 non-template strand with TYE665, and Al with Iowa Black quencher as done in

previous reports [23, [6]. Fluorescence of T21 was tracked analyzed using Horiba Jobin
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Yvon Fluorolog 3 system as described in Section BZ271. Nanotube length distributions
were assessed by imaging samples from the bulk solution with a fluorescence microscope
(see Section BZ2); samples were taken at time stamps specified in each figure.

Amplitude and frequency in this molecular oscillator cannot be independently
tuned [d4]: large amplitude correlates with a large (slow) oscillation period. In addition,
there is significant variability in the achievable oscillator behavior depending on the lot
of RNAP and RNase H. As a result of these two challenges, our experiments focus on
only two operating points: in the first we obtained a single, slow oscillation with large
amplitude followed by a slow drift to a steady state; in the second, we tuned the circuit
to exhibit two faster oscillations. In all our experiments, we used RNAP from a single
lot (Rp-Lot 1), and RNase H from two different lots (Rh-Lot 1 and Rh-Lot 2).

Oscillator sequences were premixed in a DNA stock solution containing: 1x
transcription buffer, 20 mM rNTPs, 14 mM MgCl,, and annealed 8 base sticky end
nanotubes. To control nanotube assembly and disassembly via oscillator inputs and
outputs, RNA invader genelet activated by oscillator strand A1l was added to the solu-
tion.

Single-oscillation experiments These experiment were done using a single
lot of RNAP and RNase H. The final concentrations of the oscillator strands were:
T12 120 nM; T21 250 nM; dI1 600 nM, Al: 250 nM in the absence of insulator, 320 nM
in the presence of insulator; A2 600 nM; insulator template (when present) 65 nM. T7
RNAP 10% (v/v), PPase 3% (v/v), and RNase H 2% (v/v) (Rh-Lot 1).

Double-oscillation experiments Single-oscillation experiments These
experiment were done using a single lot of RNAP (Rp-Lot 1) and RNase H (Rh-Lot
1). The final concentrations of the oscillator strands were: T12 120 nM; T21 250 nM;

dI1 700 nM, A1l: 250 nM in the absence of insulator, this concentration was adjusted
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to 2504+X nM in the presence of X nM insulator template; A2 600 nM; the insulator
template concentration was varied as specified in each experiment below. T7 RNAP 10%

(v/v) (Rp-Lot 1), PPase 2.6% (v/v), and RNase H 2.75% (v/v) (Rh-Lot 2).
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Control experiment: oscillator and nanotubes in the absence of of insulator

This experiment was conducted using experimental conditions defined in the single-

oscillation operating point, in the absence of insulator template.
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Figure 6.5: Oscillator and nanotubes in the absence of insulator gene. Nan-
otubes at 1 uM tile concentration were incubated in the same sample as the oscillator

reaction, in the absence of insulator gene (which directs co-transcriptional invasion by

producing an RNA invader). In these conditions, the nanotube mean length increases
over time excidding that measured in control experiments (Fig. B14d). Left: Violin plots
of nanotube length distributions. Right: Corresponding normalized oscillator traces

(fraction of active T21).
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Figure 6.6: Mean nanotube length and averaged oscillator behavior. We com-
puted and overlapped the mean and standard deviation of nanotube length and active
T21 concentration from Fig. 63.
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Oscillator directing nanotubes: 750 nM tile concentration

This experiment was conducted using the single-oscillation operating point conditions.
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Figure 6.7: Nanotube growth directed by the oscillator circuit; 750 nM total
tile concentration. Nanotubes annealed from a total concentration of 750 nM tiles
were incubated in the same sample as the oscillator reaction in the presence of insulator
gene (which directs co-transcriptional invasion by producing an RNA invader). In these
low-monomer concentration conditions, nanotubes quickly break after starting the re-
actions yet regrowth (mediated by RNase H) is suppressed presumably due to the low
monomer concentration. Left: Violin plots of nanotube length distributions. Right:
Normalized oscillator traces (fraction of active T21).
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Figure 6.8: Mean nanotube length and averaged oscillator behavior; 750 nM
total tile concentration. We computed and overlapped the mean and standard devi-
ation of nanotube length and active T21 concentration from Fig. 674
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Oscillator directing nanotubes: 1000 nM tile concentration

This experiment was conducted using experimental conditions defined in the single-

oscillation operating point.
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Figure 6.9: Nanotube growth directed by the oscillator circuit; 1000 nM total
tile concentration. Nanotubes annealed from a total concentration of 1000 nM tiles
were incubated in the same sample as the oscillator reaction in the presence of insulator
gene (which directs co-transcriptional invasion by producing an RNA invader). Nan-
otubes break after starting the oscillator reaction by adding enzymes when the insulator
is active. When T21 turns off, the insulator activity is also reduced; this means that
RNase H degradation dominates over production of invader, and nanotube regrowth is
promoted. Left: Violin plots of nanotube length distributions. Right: Corresponding
normalized oscillator traces (fraction of active T21).
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Figure 6.10: Mean nanotube length and averaged oscillator behavior; 1000
nM total tile concentration. We computed and overlapped the mean and standard
deviation of nanotube length and active T21 concentration as a function of time from
Fig. 69.
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Oscillator directing nanotubes: 1500 nM tile concentration

This experiment was conducted using the single-oscillation operating point conditions.
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Figure 6.11: Nanotube growth directed by the oscillator circuit; 1500 nM total
tile concentration. Nanotubes annealed from a total concentration of 1500 nM tiles
were incubated in the same sample as the oscillator reaction in the presence of insulator
gene (which directs co-transcriptional invasion by producing an RNA invader). After
the oscillator reaction starts (addition of enzymes) the insulator is active, yet breakage
is not effective presumably due to the high concentration of tiles, but growth is halted
until T21 begins to be turned off. When T21 turns off, the insulator activity is also
reduced, and less invader is produced. RNase H degradation dominates over production
of invader, and facilitates rapid growth of nanotubes. Left: Violin plots of nanotube
length distributions. Right: Corresponding normalized oscillator traces (fraction of
active T21).
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Figure 6.12: Mean nanotube length and averaged oscillator behavior; 1500
nM total tile concentration. We computed and overlapped the mean and standard
deviation of nanotube length and active T21 concentration as a function of time from
Fig. 61
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Oscillator directing nanotubes: 1000 nM tile concentration, 70 nM insulator

This experiment was conducted using experimental conditions defined in the double-
oscillation operating point.

We report only violin plots and individual oscillator traces. The mean and
standard deviation of nanotube length and active T21 concentration as a function of

time are plotted in Fig. 14 below.
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Figure 6.13: Nanotube growth directed by the oscillator circuit; 1000 nM tile
concentration, 70 nM insulator. Nanotubes annealed from a total concentration of
1000 nM tiles were incubated in the same sample as the oscillator reaction in the presence
of 70 nM insulator gene (which directs co-transcriptional invasion by producing an RNA
invader). Left: Violin plots of nanotube length distributions. Right: Corresponding
normalized oscillator traces (fraction of active T21).
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Figure 6.14: Nanotube growth directed by the oscillator circuit; 1000 nM tile
concentration, 70 nM insulator Triplicate experiments testing the two-oscillation
operating point in the presence of insulator at 70 nM, which confirm that as the fraction
of SW21 increases (and so does the invader concentration), there is a decrease in mean
nanotube length.
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Oscillator directing nanotubes: 1000 nM tile concentration, 100 nM insulator

This experiment was conducted using experimental conditions defined in the double-
oscillation operating point.

Here we report violin plots and individual oscillator traces. The mean and
standard deviation of nanotube length and active T21 concentration as a function of

time are plotted in Fig. EI8 below.
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circuit; 1000 nM tile

concentration, 100 nM insulator. Nanotubes annealed from a total concentration of
1000 nM tiles were incubated in the same sample as the oscillator reaction in the presence
of 100 nM insulator gene (which directs co-transcriptional invasion by producing an RNA
invader). Left: Violin plots of nanotube length distributions. Right: Corresponding
normalized oscillator traces (fraction of active T21).
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Figure 6.16: Nanotube growth directed by the oscillator circuit; 1000 nM tile
concentration, 100 nM insulator. Triplicate experiments testing the two-oscillation
operating point in the presence of insulator at 100 nM (right), which confirm that as the
fraction of SW21 increases (and so does the invader concentration), there is a decrease
in mean nanotube length.
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Oscillator directing nanotubes: 1000 nM tile concentration, insulator titra-

tion

This experiment was conducted using experimental conditions defined in the double-
oscillation operating point.

Here we report violin plots and individual oscillator traces. The mean and
standard deviation of nanotube length and active T21 concentration as a function of

time are plotted in Fig. I8 below.
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Figure 6.17: Nanotube growth directed by the oscillator circuit; 1000 nM tile
concentration, varying concentration of insulator. Nanotubes annealed from
a total concentration of 1000 nM tiles were incubated in the same sample as the os-
cillator reaction in the presence of different amounts of insulator gene (which directs
co-transcriptional invasion by producing an RNA invader); insulator concentration from
top to bottom row is: 150 nM, 100 nM and 50 nM. Left: Violin plots of nanotube length
distributions. Right: Corresponding normalized oscillator traces (fraction of active T21).
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Figure 6.18: Nanotube growth directed by the oscillator circuit; 1000 nM tile
concentration, varying concentration of insulator. We tuned the transcriptional
oscillator to exhibit two oscillations. At this operating point, keeping the tile concentra-
tion fixed at 1 M tiles, we titrated the concentration of insulator genelet concentrations
50 nM, 100 nM, and 150 nM. Increasing insulator concentration causes oscillator ampli-
tude to decrease (A) and nanotube mean length to decrease on average (B). At 100 nM
insulator, the mean length decreases at two distinct points in time when the fraction of
SW21 increases.

6.5 Concluding Remarks

Our results show we were able to successfully couple double crossover tile based nan-

otubes to synthetic oscillator circuit. By varying enzyme volume ratio (enzyme activity)
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of T7 RNAP and RNase H in solution, we tuned oscillator to have either one or two
complete cycles. In turn, the tuning of the oscillator behavior was reflected in the
number of break-grow cycles nanotubes experienced. We were also able to control the
performance of dynamic nanotube breakage and regrowth by either varying coupled tile

concentration, or insulator concentration.
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Chapter 7

Conclusion
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Our work has demonstrated that the self-assembly of micron sized DNA nanos-
tructures can be dynamically and reversibly controlled in a programmable manner using
Watson-Crick based interaction of nucleic acid strands. By designing monomer compo-
nents that have self-assembling ability, we can integrate a level of complexity by indi-
vidually activating and deactivating components with various DNA strands acting as
inputs. We demonstrate this concept by introducing accessible breakage points, or over-
hand toehold domains, to existing DNA double crossover tiles which form nanotubes
isothermally. Through toehold mediated strand displacements, our nanotube structures
are therefore controllable by other DNA or RNA input strands. We show that nan-
otube disassembly can be achieved by designing inter-tile bond invading strands, and
assembly can be restored by displacement and titration of invaders by complementary
anti-invader molecule. Invader and anti-invader inputs could be released by a variety
of DNA networks or molecular processes. In this work, we focus on transcriptional net-
works and show that an artificial transcriptional oscillator can be used to direct DNA
nanotube assembly. We take advantage of enzymes fueling transcriptional networks to
produce RNA invaders and to degrade tile-bound invaders to restore polymerization.

Earlier demonstrations of DNA nanostructure control using strand displace-
ment have focused on contraction/relaxation of lattices [, ], modulation of relative po-
sition of nanostructured components having limited size [IR], and triggering growth [65]
of tile-based structures. The transcriptional oscillator used in our experiments has been

used to direct motion of DNA tweezers, one of the simplest molecular machines [T6].
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7.1 Lessons Learned

Coupling a nonlinear dynamical system with downstream pathways is quite challenging.
We found that calibration of the circuit components that are depleted by processes simul-
taneously present in solution is necessary due to resource limitations (RNAP, RNase H).
Insulation can mitigate this problem in cases where it is possible to sense and amplify
the concentration of a critical component. In nature, there is constant replenishment
of components through gradient reactions. For example, cells are not closed systems.
Membranes allow transport of molecules sometimes between phospholipids in cases of
osmosis, or through transport channels by way of proteins. Therefore, there is a con-
stant turnover of components that maintains a desired state. In a closed system, such
as the case of our couple nanotubes to synthetic oscillator, where components are fixed,
there arise a problem of the accumulation of unwanted/degraded products which could

in turn slow down and perturb the oscillator kinetics.

7.2 Outlook

What larger, more complex systems can we build with the current tools available?
Figure [ illustrates the overall goal of developing responsive nucleic acid bio-
materials. Like in nature, our synthetic self assembling materials can react to upstream
signals processed through a cascade network of reactions (similar to the described oscil-
lator in our work). In our study, we have focused on the coupling of dynamic circuits to

self-assembling components, all composed of similar nucleic acid material.
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Figure 7.1: Responsive nucleic acid biomaterials could be built by modularly
interconnecting sensing, processing, and self-assembling components Nucleic
acids nanotechnology has an expandable toolkit of sensing devices such as aptamers
and ribozymes [3], as well as logic and dynamic signal processing devices [62], and
nanostructures [66]. These components can be engineered to operate together modularly
as a responsive material with programmable behaviors, and could potentially exploit
feedback for self-regulation. As a proof of principle, in this paper we demonstrate that
it is possible to use complex nucleic acid circuits to direct self-assembly of tubular DNA
nanostructures (orange box).

There are many available methods of sensing and detecting biological and chem-
ical components and species [, 21, 28]. Integration of sensors for processing environ-
mental stimuli could yield responsive structures to stimuli. For example, such stimulants
could include pH, light, biochemical signals, and temperature. With our proposed ar-
chitecture being compatible with most DNA tiles [56, 27], we may be able to implement
such concepts for large dynamic structures which could be functionalized to get respon-
sive DNA scaffolds [48, B0] or origami (monodisperse). Similar architecture to what we
propose could also be used to elicit active responses in more complex materials orga-
nized by DNA such as nanoparticles [37] and droplets [19]. Ultimately, cellular sensors
and signal processing modules could be transduced into RNA signals to direct artificial
nanostructures inside cells to create artificial organelles or localizing scaffolds, alterna-
tive to the cytoskeleton. These are all potential concepts stemming from our research

findings that can be implemented in future research to come.
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