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ABSTRACT

DNA nanotechnology is one of the most flourishing interdisciplinary
research fieldsThroughthe features of programmability and predidigh DNA
nanostructures can be designed to-asfemble into a variety of periodic or
aperiodic patterns of different shapes and length scales, and more importantly,
they can be used as scaffolds for organizing other nanoparfctEginsand
chemicalgroups By leveraging these molecules, DNA nanostructures can be used
to direct the organization afomplex bieinspired materials that may serve as
smart drug delivery systems aimdvitro or in vivo bio-molecular computing and
diagnosic devices

In this dissertation | describe a systematic studyhefthermodynamic
properties of complex DNA nanostructures;luding 2D and 3DDNA origami,
in order to understand thie assembly, stability and functionalitgndinform
futuredesignendeavorsit is cone@ivable that a more thorough understanding of
DNA sel-assemblycan be used to guide the structural design process and
optimize the conditions for assembly, manipulation, and functionalization, thus
benefiting both upstream design and downstream appisatio

As a biocompatible nanoscale motif, thsuccessful integration,
stabilization and separation of DNA nanostructures from cells/cell Igsatgests
its potential to serve as a diagnostic platformthet cellular level. Here, DNA
origami wasusedto capure and identify multiple T cell receptor mRNA species
from single cells within a mixed cell populatiofhis demonstratethe potential
of DNA nanostructure as an ideal nano scaleftmabiological applications.
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CHAPTER 1
INTRODUCTION
1.1Introduction of DNA nanoteaiology
1.1.1 Overview
DNA nanotechnology is a field in which artificial nucleic acid nanostructures are
designed and constructed for a variety of technological purpbd&kth accurate helical
dimensions and predictab®atsonrCrick hydrogen bond interactionslouble helical
DNA motifs have been widely utilizegsprogrammable nanometer scale building blocks
in this and severadtherresearch fieldsDNA has apersistene length of 5hm, and so,

is rigid enough to providstructuralstability in the nanometer rangemeanwhile single

stranded antranched DNAmotifs exhibit theflexibility necessary to construct complex,
higher order one two- and three dimensional(1D, 2D, 3D) structure$’*2. Due to
recent developments in molecular lbigy, there ar@f a range of commercially available
enzymesand tool kits that can be used to easily manipulate DNA threygthesis,
amplification, selective cleavagealigestion,insertion, ligation, labeling and conjugation.
The field of DNA nanotechrogy has undergonexplosive developmerdver the past
threedecads.!!

Thegrowth and development &NA nanotechnology has culminated in a variety
of interesting structures and applications: from organizing nanopatrticles, proteins, and
nucleic acids, toserving as platforms for the assembly of complex biochemical
machinery®. Most of these applications relied only on controllitige initial design
parametersand obseving the corresponding outcome, without much concernttier

thermalfeaturesandor mechanismef nanostructurassembly.
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1.2.1 DNA nanostructures

Bridging the gap between nanand micrescale structures, and achieving ever
increasing complexityis an ongoing challenge in structural DNA nanotechnology. In the
early years researchers used a few short single strands of DNA (ssDNA), usually less
than 100 nucleotides (nts), to form-30 nm DNA building blocks (tiles) with simple
geometries!: & °(Figure 1.1A)In 2006, Rothemund employed a 7249single stranded
virus genome (M13) and developed a scaffolded assembly method, commonly referred to
as DNA origamf®® By using a large number (~ 200) of short, specifically designed
ssDNAs (2640 nts) thawere complementary to various regions of the scaffold strand, he
was able to fold the scaffold into relatively complex structures with ~ 100 nm

dimensions. Each short ssDNA (staple) strand representeghna [6 pixelA that

provided a fully addressable sack for patterning DNA and other molecules. This
important scaffolding strategyasa breakthrough imano scale DNA structural design

and facilitated larger sized structures, grea@mmplexty and even curvaturgFigure

1.1B) Recently, Yin and eworkers successfully constructecomplex 2D and 3D
structures of comparable size to scaffolded DNA origami using a scididdstrategy.

They cleverly designed hundreds of short DNA strands, referred to as single stranded

tiles (SST) that seldssembled intmore complex patterné-igure 1.1C)



Figure 1.1 Representativestructures in DNA nanotechnologyA) Examples of DNA
tiles and assembled periodic arr&y$B) lllustration of scaffolded DNA origami and
typical 2D and 3D structuré§.*? (C) lllustration of scaffoldless DNA origami and

exampleg. (Adapted with permission from ref 41, 40, 42, 2)
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Another route to scale up the size and complexity of DNA nanostructures is to
utilize intertile association strategies. In these rodt complementary single stranded

I sticky end& are displayed from the edges of discrete DNA tiles or origami structures

such that the individual tile units are connected together and anchored by hybridization of
the sticky ends$® Theway in which the tiésextend in 1D or 2D anthe numberof tile
unitsthat associate togethéetermine the final scale tie DNA array.(Figure 1.1A)
1.1.3 Challenges of structural DNA nanotechnology

One majorchallengein structural DNA nanotechnologg to both hcrease the size
andcomplexityof DNA assemblies while simultaneously controlling the error rate. The
purity and relative stoichiometry of the participating ssDNA, and parameters such as
structural coatrairts, DNA concentration, annealing profjlealtion concentrationand
pH, should be optimized to reduce errors and improve the final assembly Ipiehdny
cases researchenave toperform tedious and iterative experimental analysedentify
the optimal assemblyconditions fora particulardesign often based solely on their own
previous experience and intuition, which is largely due to a lack of understanding of the
underlying mechanissof assembly and the availability of pertinent thermodynamic and
kinetic data

Although manyresearch directianhave beerestablished using either simple or

complex DNA structures, most of them are focused on the starting conditions and final
assembly outcometeaving the thermal behavior and mechanismaseémbly unknown
or Ai i the black bor. Studying thetheemodynamic and kinetiproperties of complex
DNA systems will shed light on the process of DNA nanostructure assedhl

nanotechnologyactually represents anique opportunityto gain insight abouthe
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dynamic changes and transition states of polyvdieming events thaaccompaw the
association of DNA strand$!* A few mechanisticstudes of the formation ofDNA
nanostructurehave alreadyeveaéd variougphysical and chemicaspects of assembly
not only providing valuablepredictive power that promotegpstream desigefficiency,
but alsoinforming theconstrudion of complex systems for downstream applicatioizs

purposive modifications for upstream applicatiq#sgure 1.2)
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Figure 1.2 Thermodynamics and Kinetics of DNA Nanostructure -8semblypenefit
upstream structural design and dotmeam applications™ ° (Adapted with permission
from ref 15, 9)




1.2 Thermodynamics of DNA Nanostructures
1.2.10verview of the thermodynamics and kinetics

The thermodynamics of DNA structures explains therall energy changeand
transitiors betwe@& single and double stranded sts, reflecting the stability,
cooperativity andintrinsic flexibility of assembledstructures.When ssDNAs with
rationally designed sequences are mixed together, heated to a high temperature to disrupt
unwanted base pairingand then gradually cooled, the DNA strands associate with
complementary strands and sa#fsemble into the designed stmped patters. In
contrast, theassembledstructures dissociatemglt) into the individual ssDNAsIn
response tincreasng temperatre. For cases in which the ratetefperature change is
sufficiently low, dynamic equilibrium at each temperaturds achieved. The
association/dissociation processes can be considered revasibl@re expected to
display overlapping traces. From thabermal association/dissociation curves @an
extractthe melting temperature @), which is the midpoint of the transitiomhere half of
the structureis associated and half is dissocia{@&igure 1.3A), andthe width of the
transitiors, reflecting thecooperativity ofassociation/dissociatio®@ther thermodynamic
parameters that can be einclude thefteeetherdy change v an 6t
( pG) , ent hal py change ( pH) , and entropy chai
parameters reflecthe overall thermal stability, contribution from intermolecular
interactions, anthternalrigidity/flexibility of the nanostructusgrespectively.

Kinetic analyses describeeactionrates in nonequilibrium states, and provide

instructional informatioraboutthe reaction's transition statasd the timerequiredto



reach reaction equilibriumndercertain conditionsi-or example kinetic studies of DNA
nanostructures that focus on the rate of structural formatidnunderlying mechanisn
such as the @&wation enery (Es) reveal details that ar@ot accessiblethrough
thermodynamicsstudies.Temperature dependent rate constgkjscan be determined
from kinetic curves(Figure 1.3B). The Ea of a reactionreflects the energy barrier
requiredto facilitate a given reactionpathwayand can beobtainedfrom temperature

dependenkinetic measurements (Arrhenius plats)

(A) A (B) A
= = (t, 1(t)
[7)] (7]
o o
E (Tm: |5o) "é'
‘© ©
C C
2 =
(75} )
> >
Temperature Time

Figure 1.3 Data profiles of thermodynamic and kinetiaomeasurements(A) A
representativehermal curve The melting temperature ] is the temperature at which
50% of thereactionis complete (B) A representativeiketic curve.

DNA nanostructure assembban be evaluated from twperspectivessingle
straneétd DNA interactionghat form structural motifsandthe overall structuralstabiity
and flexibility of the final assemblyrhe main factorghataffect the thermodynamic and
kinetic behaviorof the structural motifsarethe length and sequence of the participating

ssDNAs and their binding domains; other factordude the overall dinensions of the

nanastructure(i.e. its translational and rotational diffusion dynamics), the locations of the



binding domains that may Isterially hindered the rigidity of thestructures before and
after assemblythe folding path of the ssDNAs, and thestances between crossover
points.

1.2.2 Measurement strategies

Until now, a fewmethod have been reportefbr obsenation of the dynamic
assembly of DNA nanostructures including optical spectroscopy, atomic force
microscopy®, andmicro-calorimetryt®. The latter twaarelesscommorty useddue to the
slow (delayed) read oukarge samplesolumes requiredand possible interference from
environnental factors.

For optical spectroscopy methods, researchers generally utiliohdhge in UV
absorbance at 260 nm that occurs when DNA double helices change from ordered
(native) to disordered (denatured) structures, referred to as the hyperchriectcrée
primary drawbacks of this methoadre the relatively smallignal changeespecially for
DNA origami samples in the presence of large excess of staple staadde structural
damagedo DNA that iscaused byrolongedUV exposure

DNA intercahting dyes, e.g. SYBR Green(or SYBR Gold, YOYO dyes),
preferentiallybind to double rather thasingle strandd DNA, exhibiting a concurrent
increase in fluorescence quantum yield when intercalated between the DNA base pairs.
They have beerused for studyg the DNA seKassembly process in real time by
monitoring the fluorescence intensity change with temperature orttfm&he ratio of
dye molecules to DNA base pairs mustcheefully controlled to produce a usable signal
change while simultaneously minimizing the background. Howeter, ntercalating
dyes may induce a change in the helical twastthe DNA, leadingto conformational
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distortionsof the structure& Moreover, the switches between single and double stranded
stakes induce a new equilibriunibetween the molecules, which megsultin a delged
detectionof the signal changérinally, the strong interactions between the intercalating
dyes with the DNA bases may cause changes intlthemal stability of the DNA
structures to be investigatddevertheless, theensitivityandconvenience of this method
make it usefuin many thermal studig<8

An alternative optical spectroscopy method for monitoring the thermal or kinetic
behavior of DNA nanostructures is through t@valent incorporation ofluorescent
dyes, eitherpairs of FG ster Resonance Energyansfer(FRET) dyesor fluorescene
dye-quenchempairs. FRET isa well-established measurement technique commonly used
to study distance dependent molecular evénis well suited for studyinglynamic DNA
nanostructure assembly/disassembly due to the predictable behavior of the energy
transfer process at the nanometer sdéfleen a strategically placed FRET pair is brought
into close proximity during assembly of the DNA nanostructure, resonaneegy
transfer between the donor and acceptor fluorophores result in a decrease in the intensity
of donor emission and a simultaneous increase of acceptor emission, while the opposite
occurs during the dissociation process. Tlias,FRET or quenching fefiency reflects
the assembly yield of the DNA structurascurately, sensitively anithstantly, which
have made fluorescence spectroscopy a popular method in DNA thermodynamics and
kinetics studied9?°

Fluorescenrly labeled ssDNAlabeled at h e 5dnd av interi@ldy on the sugar
or the base)is commercially available with a variety of dye choices withque
excitation/emission wavelengthghis convenience has made fluorescence spectroscopy

9



the most popular way to study the thermodynamics and kinetics of DNA
nanostructure®” 2°Sinceonly one or two labeled strands are required for experiments,
there 8 minimal background interferendéor multtmolecular (n>2) reactions, a FRET
pair can simplify data analysis by enabling the use of acowoponent model to describe
the assembly process. However, experiments have shown that the thermal properties that
are derived only reflect the portions of the structure that are labeled by the FRET pair,
and do not freely extend to reflect that of the whole strué¢tuw.recent study
demonstrated thahat FRET dye pairs can be used as probes to sense the presence or
absence of strands surrounding the FRET?d{fédiis suggests that the sensitivity of some
reporter dyes to the local environment can not only be used to probe the global structure,
but can also distinguish fine structurahange within a larger structure.Some
fluorophores display significargignal change upon hybridization to ssDNApossibly
due to changes in their interactiowith neighboring nucleotides (accompanied by a
change in quantum yielgdyvhichmakes itpossible to usa singlefluorophoreto indicate
structural change®

Besides these spectroscopic approaches, a more direct method of analysis was
performed by Dong and eworkers'® They used atomic force microscopy (AFM) to
visualize the conformational transformation of a DNA origami assemtitigough the
temperature on a mica surface cannot be well controlled, and the formation of the origami
in their study occurred at a soliguid interface (and likely exhibits different thermal
behavior compared to in solution), it still demonstrates thaearchers are pursuing

advanced techniques to more broadly study the thermal behavior of DNA nanostructures.
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1.2.3 Principles of DNA thermodynamics

To uncover the thermodynamics of DNA sa#fsembly through optical
spectroscopythe intensity b the absorbenor fluorescen signal(l) should besampled
and recorded at many temperature poidtsing both the annealing dooling and
denaturing leating processes to generate a thermal profllee rate of temperature
change should bslow enough ¢ allow the system toeach thermal equilibriumat each
sampling temperature artlde backgroundignalshould beminimized andsubtractedAt
temperaturepoints well above and below the transition temperatarplateauin the
thermal curvewill be observd, indicating the completdissociation or assembly of the
DNA nanostructure, respectivelyhe variation of with temperature reflectemperature
dependenstructuralchangs within the nanostructurdssuming a linear dependence of
the signal with corentration, thenormalized intensity i€xpected to b@roportional to

theconcentration of fulljormedstructuregd):

d= ———, (1)

wherelmin and ha are minimum andmaximumesignal intensity, respectivelyrhe value
of d is between 1 and 0, wherecbrresponds to complete assembly of all structures in
solution, and corresponds to complete dissociation

For FRET experiments typically, the emission of the donor fluorophoreis
recorded ér two samplesone in whichboth FRETdyes are presengnd a reference
sample in whichonly the donor dyeis present(Figure 1.4A). Rather than directly

comparingthe signal levelsthe FRET efficiency (E) is calcutad using the following
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equationto reflect the change in distance between the FRET pair, and thus, the

temperature dependesttucturalchangs:

E= ) (2)

whereloa and b represent the emission signal tbe donor dye withand without the
acceptor dye present, respectively. Similatthg proportionof assemled structuresd) is

calculated from theormalized FRET efficiencysing the following equation

d= ——h 3)

whereEmin represents the minimum FREETficiency that occurs when the nanostructure
is completely dissociatednd Enaxrepresents the maximum FRET efficiency that occurs
when the nanostructure is completely assembled

After determining the assdited fraction of dimers at eadempeature usg
Equation 3 isdplotted against temperature atiee heating and cooling profilemre
superimpose (Figure 1.4B). If the two curves overlagvell with each other, it cabe
concludel that the assembly/disassembfyocessis reversible andthat thermal
equilibriumwasachievedat each temperaturth order to determine the midpoint of the
assembly/disassembly process, fingt derivative ofd (d MT) is plottedversusT and a
Gaussiarfunction is used to fit the curve. Tieelting temperatureT¢,) corresponds to
the mint in the curve at whiclhalf of the structuresre fully assembled, and half are
fully denatured The higher the melting temperature of the DNA structulee more
stablethe finalassembly isTheGaussian fialsoreflectsthe width (w) of the transion,

indicating if theassembly/disassembly process occurs overeowor widetemperature

12



range the more narrow the width of the transition, the more cooperative the
assembly/disassembly procesgrgure1.4C).

For a reversible thermal trart®n in a bi-molecular reaction systemwhere
equilibrium is reached at each temperature,vthee nHoft law can be applied tobtain
the enthalpychange( opHg nt r o py c hna dreeenerdy gn8nge ¢G). The
equilibrium constant(Keq) with temperatureis a function of d and is given by the

following equation

Keq -, (4)

where Co is the initial concentration of individughe ssDNAs and thus, the DNA
nanostructureKeq can also be expressed a function of temperature liye following

equation

| <

|n Keq:

(6)

pH a n chn lgp Bbtained frormplot of In Keq versus1/T in the linearrange in which
H and @S are t e mpigureddd).F e n a Inidap pe apcGated
fromth e v a n enthalpy &hd énfropy changagthe Gibbs equation

PG pHI TS, (6)
where T is 298 K (2% ). The energeticgairs and losesof oG gH andgs should be

considered together ttescribethe stability and flexibility othe DNA structures
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Figure 1.4. An example of thermodynamaata analysis wheaFRET pair is usedas an
indicator* (A) Plot of the raw fluorescenntensityof the donor dyeversus temperature.

The data was collected during both the codhegting process,shown indark blue and

red for the donor/acceptor sapte, and light blue angbink for donor only sample
respectively(B) Plot ofnormalized FRET efficienc{d) as a function of temperatur)

First derivative of curveshownin B as a function of temperatyrét by a Gaussian
function to yield the melting temperaturgTm) and the width of the transitiofw). (D)

Thec or r e s p o nHbff plogwittv adimeér ffit to obtainthee nt hal py ( gpH)
( T gpé&nplfree energy changd o QReprinted with permission from ref 14)

There are several

important considerations when applying

this type of

thermodynamic analysis to DNA nanostructures. Firstomes complex structures like

3D origami, the cooling/heating curves that reflect the assembly/disassembly processes

do not overlap, regardless of the rate of temperature cRarfgén such structures the

long scaffold strand, under the direction of hwettdr of staple strands, must overcome a

relatively high energy barrier to realize the complicated folding pathway. This is a slow
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process and occurs at a lower temperature than the corresponding dissociation of the
structure. The assembly likely occurs e, as partial double helices are formed in
sequence until the final structure is achieved; however, the melting occurs quickly and
completely at higher temperatures. Second, there are situations in which more than one
transition is observed, indicatitige presence of a barrier to homogeneous nucleation and
assembly. For example, for the goet assembly of a periodic lattice from repeating
DNA tiles the individual tiles will first setassemble at higher temperatures, followed by
cohesion of sticky endgetween the tiles to form the final lattice structure. Also, if the
DNA nanostructure has relatively flexible regipnss possible to detect the transitions
corresponding to the assembly of long, continuous domains versus shorter, more flexible
domainsor nick pints within the same assemi3R/32
1.3Development of DNA nanostructure thermodynamics
1.3.1 Development of thermodynamic study

As early asl987, Breslauer and amorkers studed the thermal behavior of DNA
junction motifs by UV absorbanceand oher calorimetry method$®. With the
development and application of improveteasurement approaches, more accurate and
thorough analyses of the thermodynamic properties of DNA nanostructures have since
been achieved. Estimatinige thermal parameters of WatsGnick base pairindgpased on
the nearest neighbor model, when the salt conditions and seqaeagesvided, is now
common using software such as Mféfd> The formation of 9 bp duplexwasshownto
have=-6 1 kcal / mo- 176acald/mobiy Howard (Figure 1.5A).2°
Duplexeswith bulges or mismatcleshavelower Tns, which can beemittedusinghigher
Na" or Mg?* concentratioa?’ The thermodynamicproperties of8 bp DNADNA,

15



RNA/RNA and DNA/RNA hybrid duplexs indicatedhat RNA duplers are the most
stable, with Tssin the60-66 € range andg Gy of -13 kcal/mo] compared tdNA/DNA
or hybrid duplegs, thwith Tms between 454 € andgp Gy ~ - 9 kcal/mol?®

Double (DX) crossovemotifs are composed of two duplexes linkadesby side
at two double crossover points (as in a Holliday junction), and have been used to
construct periodic 1D and 2D arrays via sticky end associatioh®® The thermal
behavior ofindividual DX tiles show multipletransitions between 48 to 70€ 123031
wherethe folding of long undisrupted duples, and duplers with a nick pont, are
distinguishabléy two transitions(Figure1.5B). 4-helix tiles are two DX tiles linked side
by sideand display similar thermdtransitionsas DX tiles Figure 1.5C), while more
complex 8 and 12helix tileshave a single therma&ansitionindicaing the existence of

morecooperativeassemblyprocesse largersystens (Figure1.5D, 1.5E)8
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Figure 1.5 Examples of thermodynami@nalyses oDNA tile nanostructures(A) 9 bp
duplex®, (Reprinted with permission from ref 26. Copyright 2000 American Chemical
Society.) (B) DX tile3, (C) 4helix tile?, (D) 8-helix tile® and (E) 12 helix tile? A
representativahermodynamic profileyalues of Tm ( O r g5 ifarepdrted, and
conditiors arelisted.

More complicatedjunction tiles, including triple crossover (TXand parallel

crossover (PX}iles wereinvestigated bythe Seeman group®?** Whenthey compared
16



DX and TX tilesof the same length and similar GC content, they found TX @lis®
displayed two transitionand concluded thahe overall stabity of TX and DXtiles is
comparable(Figure 1.6A).22 Beyond that they also examined the thermal stability of
conwentional Holliday junctions, which have Tms higher than antijunctions and
mesojunctionginvolving one or two nick points in the backbonmglicaing that more
flexible stacking domain# the latter junctionslestabilizethe base pairingnteractions
tha flank the junction poin(Figure1.68).3* Anotherstudy fromtheir group investigated
PX tiles anddemonstratd the thermally preferretbrmation of PX tiles ovejuxtaposed
pardlel (JX,) tiles (Figure 1.6C).23 Compare to simple duplegs both PX and JXtiles
have comparableenthalpic gainsbut higher entropc penaltiesdue tothe formaion of
more compact crossoweresulting in kcal/maebp penalesin free energy.

To develop more complex and larger structuresearchergovalently linked
four Holliday junctiors together and creatddur-arm tiles(4x4) that were subsequently
usedto assembl@D array (Figure 1.6D).° An accuratethermalstudy of 4x4 tiles and
their arrays was performeoly the Niemeyer group’ using fluorescence spectroscopy.
Compared to previous studiesing UV absorbanceneasuremest they observedwo
distinguishable transitions fothe periodic latticeformationn the lower temperature
transition reflecied the cooperative formation of 2D arrayfrom the individual tiles
through sticky ends associatioffSgure 1.6). This study demonstrated the acayaf
applyingFRET paisto providefull thermodynamic characterizatiof tile assembly and

array growth.
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Figure 1.6 Examples of thermodynamicanalyses otomplex DNA tiles andtile array
formation. (A) TX tile®2. (Adapted with permission from ref 32. Copyright 2000
American Chemical Society.|B) Holliday junction, antijunction and mesojunction
tiles*®. (Adapted with permission from ref 34. Copyright 1992 American Chemical
Society.)(C) PX and JX tile*3, (Adapted fromBiophysical Journal97, Spink, C. H.;
Ding, L.; Yang, Q.; Sheardy, R. D.; Seeman, N. C.: Thermodynamics of forming a
parallel DNA crossover528-38, 2009, with permission from Elsevig(D) 4x4 tile.
(From ref 9. Adapted with permission from AAASB) 4x4 latticé®. The reportedTm
values are listed

Recently, researchers habegun to uncover ththermodynamic properties of
more complex DNA nanostructures such as DNA origaithough amore thorough
study of thesetructures has yet to be achieved, and new approachesctmdelute the
energetics are needddietz and ceworkers’ reported highemelting temperaturethan
folding temperaturegor a series of 3D origamstructures(Figure 1.7C), whichis in
agreementvith a study from thetiu groug! that compaed thethermal profils of 2D
(Figure 1.7A) and 3D origami (Figurd..7B). We observed tha2D origami structures
exhibit good overlappetweenrnthe folding/melting curves, indicating a hig cooperave
and energetically favorable scaffold topology, in contrast to 3D structures that displayed
a 710 € hysteresisFRET proles were used to study theeal environment andghermal
behavior of several partially formed origami structurasd the nearly homogenous
assembly of 2D origanwasverified. The diverse formation/dissociation behaviortb&

3D origamidepended orthe scaffold path and staple arrangemeurttich presumably
18



causes a much slower formation rate in the cooling pkEsgire 1.7D). The long
scaffold strand, under the direction ohundredsof staple strands must overcomea
relativdy higher energy barrier torealize the complicatel folding pathway The
disassembly likely occurs in stepsthe paralleldouble helicesnaydissciate from both
ends toward the middle,until the final structure iscompletely dissolvedat higher
temperatures However, the folding occurs slowly and strands located at different
positions appear to incorporate into the final structure within a naenmwerature range,

albeit at a much lower temperature than the melting temperature.

The Liu group also performedsystematicthermodynamicstudies of tiletile
interactions>*4 We evaluated mitivalent sticky-end association betweerwo
complementary muHhelical DNA tilesand found that increasing the number of iniier
interactions enhancedimer stabity, and changing the relative positierof the sticky
ends resulted in unique superstructlirgs and free energy changes. The formation of
dimer structures from more flexible til@gasshown to proceed witfavorableenthalpc
gains due to reducednerget strain but involved much higher entropic penads
because of the order induced on the tilesulting in a overall lower thermalstability

(Figurel.7E).

19



Figure 1.7 Examples of thermodynamicanalyses of DNA origami and tiletile
interactions (A) 2D?* and (B*-C!’) various3D origamiand the correspondintpernal
profiles reported. (D) Evaluaing cooperativity during the assembly/disasmbly of
different parts ofa 3D cuboid origamistructuré?® (From ref 17. Reprinted with
permission from AAAS. (E) lllustration depicting the thermodynamic stabéis of
dimers formed from DX tiles with varying flexibilit}/

All of the previously described studies have provided usefudntitative
thermodynamic informatiordescribingdiscrete DNA motifs andgeriodic arrays. By
carefuly compaimg thermal profiles, the lessfavorable conformationalarrangemerst
such as parallel crossogemd complex scaffold topolags wererevealed Theexistence
of extendedundisrupteddouble helicadomairs, higherGC contentgreater numbers of

longer sticky ends withfavorable positions, and higher Mg?* concentration can

significantly improve the stability and formatiof DNA nanostructures
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