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ABSTRACT

Selfassembled DNA structures are promising meangrogrammedassembly of
nanoscale component§or example 3D DNA crystals with sizes of few hundred
microns have beeselfassembled from single stranded DNAhese crystals have
applications in different areas includingray crystallography of biomecules and
directed assembly fananoelectronicsThese selassemblies arkeld together through
molecular configuratios similar toDNA sticky ends. Understanding and enhandimsy
mechanics of DNA stickgnds helpsengineemmore stable selisembled structures. In
this work, themechanics of DNA sticky ends is studied fmplecular modeling and
simulation and byperformirg uniaxial stretch testof DNA molecules connected by
sticky ends.Sticky ends of different lengths and base sequences are tested. They are
divided into two classes:weak and strong sticky endShe evolution of the
macromolecules during stretch and upfadure is studied in detaiand a cohesive
intermediate complex inhibiting dissociatiaidentified in the case of thetrong sticky

ends.
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1. INTRODUCTION

Deoxyribonucleicacids (DNA) are well-known for carrying genetic information through
generations. Information is stored in DNA in form adeqquence ofiucledasegbases)
Adenine (A), Thymine (T), Cytosine (C) and Guanine [@) Thelarge variabilityof
possible sequences of bases makes DNA a programmable molHuweleility to be
programmed along with the cheap synthesis of arbitrary sequences makes griiat
candidate for selassembly of versatile nanostructures aatoscalanachines These
structures have versatile applications. For example they can be used to form arrays of
biomolecules for Xray crystallography, or as templates ftite selfassemly of
nanoparticle arrays2]. Structures similar to sticky en¢SE) joints and Holliday
junctions (HJ) appear in these sedfssembled structures. Joints are the weals péart
these structures. So, understanding their mechanics can lead to making mersettabl
assembled structures.

In this thesis the mechanics BINA sticky endsis discussedAlso, results of
stretching a double stranded DN@sDNA) molecule is presented and set as a
benchmark foreferenceFurther the effects of the variation of tiséicky end length and
base sequence on its strengthsauelied

This chaper introduces th®NA molecule DNA selfassembliesand sticky end

joints.

1.1 DNA structure

Watson and Crick suggested a double helical structure for DNA in [B353he
structure ofDNA consists of two strands twisted about an axis. Each strand is made by
sugar rings and phosphate groups connected by ester Bandach sugar ring, one of
the four based), T, C or G is connectedA base the sugaring connected to it and the
phoghate group attached to the sugar make up a nuclebligddeotides are the basic
units for making singlestrandsof DNA. In double stranded DNA thevb strands are
connected by pairing of bases hydrogen bondshese are shown iRigurel.1a. The
distance between each two consecutive base pairs is called the rise per badersiep.

the helixaxis there are regions whdpasesare more exposeduch regions areatied
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the major groove In contrastin minor grooveshe bases are covered by the backbone.
Each strand makes turns about the helix axis as it travels along. The distance over which

a strand makes a full turn is called the helix pifttese are illusttad inFigurel.1b.

t Rise per base step
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Figure 1.1, Structure of DNA.(a) Licorice view of double stranded DNA structure. Double stranded
DNA consists of two strands having a phosphatsugar backbone connected by paired bases in
between. (b) Cartoon view of the DNA structure. Two turns of a double stranded DNAre shown
and helix dimensions are marked.

Four types of bases are found in DNA structures, A, T, C and G. Among these A
and G consist of two aromatic rings while T and C consist of one ring. A pairs with T
and C pairs with G. In an AT pair the two bases are connegt@dhydrogen bonds
while in a CG pair they are connected by 3 hydrogen bdtatsh two consecutivieases
interact through stacking forcéexcluded volume interaction§)]. For an illustration,
seeFigure 1.2.Also when two sequences have bases that pair one by one they are called

complimentary sequences.
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Figure 1.2, Watson-Crick base pairing in DNA. (a) Pairing of complimentary bases connects two
DNA strands. Adenine (A) pairs with Thymine (T) and Guanine (G) pairs with Cytosine (C)image

from [4]). (b) The nitrogenous bases pair via hydrogen bondgmage from[5]).

1.2 Selfassembled DNA constructs

DNA of an arbitrary sequence can be artificially synthesized. This enables programming
DNA strands to pair at certain locations and in certain weyish designing a suitaél
set of complimentarfpNA sequencesne can expect tproduce certain structures by

mixing single strands of DNA. For examples Ségurel.3.

T

Figure 1.3, Self-assembly of DNA strands into novel constrcts.(a) Selfassembly of a four way DNA

junction into a two di mensional |l attice. The seque
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the sequence of V is complimentary to V6. The
form a sticky end joint between two four armed junctions and produce a 2D lattice. (b) A self
assembled cube made up of six interlocked single strandd$mage from [2] with permission from
Nature Publishing Group)

The selfassembled DNA structurebave applications in crystallography and
nanoelectronics. The big pores in these structures can basi§itdrs,to form arrays of
aligned biomolecules which can then be observed throGghay crystallography. Also
DNA nanotechnologies can be ugedcanstructscaffolds for directing the assembly of

nano sized electrical circuits. These applications are depictadurel.4.
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Figure 1.4, Applications of DNA selfassembliea) DNA selfassemblies (red) can be enginesd to
have pores big enough tarap biological macromolecules (blue). This can be used to form arrays of
parallel biomolecules (b) DNA four way junctions connecting via sticky ends (bla) can be used as
scaffolds to direct the assembly of components of nanoscale electrical circuits (e These
components are therstabilized by the addition of positively charged iors (red circles). (Image from

[2] with permission from Nature Publishing Group).

1.2.1 3D DNA crystals

3D DNA crystals are selissembled from single strands of DNA that form
triangular units. These crystals have a rhombohedral shapa ame of up to few
hundredmicrons. Three motifs are used to make triangles #stassemble to produce

the crystalstructure.The triangles connect to each other through DNA sticky ends and

coh



form structures similar to Holliday junctions at the corners. This is showigure 1.5.
These crystals have poref up to about 1000 ninin volume. Applications in

nanoelectronics and crystallography are suggested for these strigjures

Figure 1.5, A 3D DNA crystal selfassembled from triangular units(a) An optical image of the
rhombohedral crystal structure. (b) Rhombohedral cavity formed by eight triangular units located
at the cornersof a rhombohedron. The red triangle is located at the far corner of the rhombohedron
(farthest from the viewer). The yellow ones are at the corners in the middle and the green units are
at the nearest corner to the pagédclosest to the viewer) (c) Surroundings of one triangle. The
triangle in the middle is surrounded by six others. Each side of the triangle in the middle is along
one of the three crystalline directionsof the seltassembled crystal structure(Image from [6] with

permission from Nature Publshing Group).

1.3 DNA sticky end joints

The connection between two triangular units of the 3D DNA crystal is shown in
Figure 1.6. The joint between the two trianglesgsnilar to a dsDNA withcarriestwo

nicks in opposite strandse nicks are not at the same level in the two strands, since in
this case the structure would lose stability. Rather, they are separated by a number of

nucleotides, which defines the length tbe sticky end.In Figure 1.6 two bases are



located in the region between the nicks. We call this a two base pair long sticky end.
This is the weak spot of the crylsstructure.

Structures containinddNA sticky ends have been characterizexperimentally
under different crystal confinement conditidi$. In this work we testhe mechanics of
these structures by performindolecular Dynamics simulations aftretchtests.The

simulation method is described in the next chapter.

(2
& o)
G
GAGCAGCC TGTACGG /ac R:caccnoc TGTACGG ACATCA
CGTCGG /\ ACATGCC //\ reragTcT COTCG \ ACATGCC TGTAGTCT

Figure 1.6, Sticky end joints in the 3D DNA crystal.(a) Two copies of the triangular unit connected
via a cohesive sticky ends. The complemenry GA and CT bases from the two triangles connect
establishing a sticky end joints between the two unitglmage from [6] with permission from Nature
Publishing Group) (b) Molecular view of the sticky end joint region. DNA backbone is shown as a

cyan ribbon. Bases are shown in navy blue and sugars in cypolygons



2. MOLECULAR DYNAMICS SIMULATION OF DNA

Molecular Dynamics (MD) is a methodsed to advance in time (simulate the
mechanics) discrete models of matf8}. In this work an all atomistic classical MD
model of DNAIs usedto studythemechanics of the DNA sticky end joint&his chapter
explains howMD is performed ad used to simulat®NA structures

To start an all atomistic MD simulation one needs to know the coordinasdistiod
atoms making up the system to be studied. These coorddeftastheinitial structure
of the molecule/simulation trajectory. fArce field is needed to describe thending of
thesydem.Then Ne wt o sd sotianqre themiegratedover timeto find the
newposition of all the atomat each time step

We use the haddock internet server to produce initial structures of arbitrary
sequenced9]. Also we use the CHARMM27 force fieldl, 11] to describe the
interaction between atoms. Weepare the simulations, carry them out and 4pogtess
the results usinyMD [12] and NAMD [13]. NAMD was developed by the Theoretical
and Computational Biophysics Group in the Beckman Institute for Advanced Science
and Technology at the University of Hibis at Urban&Champaign.

After obtaining the desirable DNA structure frdraddock we use psfgen in VMD
to make protein structure files (pshhen wesolve the DNA structure in a box of water
The boxdimensionsare 6nm x 6nm x 30nm. The box also contdorss in order to
neutralize the simulation cell; specifically, it contairsnM of KCI. The simulation box
is shown inFigure 2.1. TIP3 water model is used NAMD and the simulations are

conductedisingperiodic boundary conditiarin all directions.



Figure 2.1, DNA model in a water box surrounded by ionsWater molecules are shown as small red
and white dots. Potassium and Chloride ions are shown respectively by ochre and cyan spheres. A

20 base pair double stranded DNA is shown in the middle ¢fie model

The force acting on each atons calculated using the CHARMM27 forcefield at
eachtime step dthe simulationForces arecalculated as
3 ) (1)
whereU is the sum of conformational (bonded), van der Waals, and Columb potentials.
The simulations are not reactive meaning that the bonddixa@ throughout the
simulation(no chemistry) Hydrogen bonds are an exception to thile as may break
and reformduring the simulation. They are represented using spesmmater Waals and
Columbcomponents of thpotential. The total potentialentering eq. (1js a function of
thebond lengths, bond angles, dihedral andlesther words
Y OY Y Y Y Y 2

where
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Herei , — and%.are the bond lengths, bond angles and the dihedral angles in the

DNA structure. These coordinates are depictdeignre2.2.

ValuesofQ ,0Q ,7Q ,i,—,&,r ., ,and- are potential constants
specific to eachype of atom These constants are gata way that the simulations
reproduce structurabnd vibration (spectralparameters close tthose measured
experimentally Also, i is the distance between two atoms i and jis the partial
charge of atom and- is the dielectric constant. Like bonds, parthhrges are also

defined when settingp the simulation ancemain constarduring it. It should be noted

that the columbic force is a long range force and is costly to calculate for all pairs of

atoms. So, NAMD uses the PME method to calculate it.
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Figure 2.2, Internal coordinates for bonded interactions.(a) »is the distance between two atoms and
governs bond stretch. (b)P is the angle formed by two bonds connected to one atom. (c) and {d)is
the dihedral angle formed by one plane containing atoms 2, and 3 and another planecontaining

atoms 2,3 and 4 where consecutive atoms are bonded.

Unlike other bonds in the structure, hydrogen bonds are not fixed during the
simulation. Also they dondét have to be def
formed or broken as thensulation proceedslhesebonds are accounted for by the van
der Waals and Columb parts of the potential shown in edA\(82 A cutoff is used for
calculating the van der Waals forces.

MD simulations inthe NVE ensemble(constant number of atoms, volume and
energy)are performed by stepwisiene integration ofeq (1), i.e.

3 N5 | > -8 T

Heres , », I, and=mare respectively the force acting on, the@rdinate of, the
mass of and the momentum of particl€he time integratioteads tdfinding theparticle
coordinatesn thenexttime stepusingthe coordinates at the currestiep

In this work $mulations are also carried out inthe NPT ensemblej.e. keeping
constantthe number ofatoms,the pressure andhe temperature. The temperatuise
300K and the pressure id atm.To simulate a system at constant temperature and
pressure NAMD uses time integration method inspired by the Langeljinamics:

= Loy
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Herern, @, O, , and'Y are respectively momentum, mass, volume, friction
coefficient and the random force associated with the barostat. Alsand;  are the
random force and friction coefficient associated with the thermostat. Furthés the
external pressurd-urther details of the method are provide{iL4y.

After the initial is gructure isdefinedand before it can be stretchatle system
needs to be equilibrated@he systenenergyis first minimizedto insure the stability of
the initial configurationThis is done while all atoms of DNA afiged in placeusing a
hard springconnecting the respective atom to the backgrolthén the temperature is
gradually increased from OK to 300K in 150ggadually.At the same timgthestiffness
of the spring holding the atoms in place is gradually reduteedero Finally the system
is relaxedat 300Kfor 2ns.

Now the equilibrated system is ready for mechanical testing. Stretching the DNA
molecule is perfformedbpyovi ng t he C56 atom at one end
the other end fixed in place. Thisdsne by use of two dummy atoms (see also Fig.

3).) Each of the dummy atoms are connected tc
The spring constant i400 (kcal/mol/B ). At eachstep of deformation the moving

dummy atomis displacedl B andthe system is relaxed for 100p&he purpose of this
relaxation is to allow the deformation im
molecule. The relaxation tienis selected such to allow a wave to propagate several

times across the structure. To evaluate the force at the imposed deformation, we
calcul ate the net force acting on the dunm
atoms defining the applied deformat) and take an average of this (highly fluctuating)

force over the last 20 ps of each 100 ps relaxation step of the simulation. During each

rel axati on s tsam fixechreall direotins. C56 end
11



3. THE STRETCH OF A 20 BASE PAIR DOUBLE STRANDED DNA

Double stranded DNA (dsDNA) is stretchemverify the simulation results against the
existing literatureand to establish abenchmark forthe stretch ofsimilar structures
containingsticky end. This chaptepresents the behavior of a short dsD8Ubjected to
stretch andhe microstructural changassociated with this deformation

The molecule shown irfrigure 3.1 is used for testingThis sequence is chosen
identical to that used if15].

s |c G| 3
G C
AT
T A
AT
T A
AT
T A
C G
G C
C G
G C
AT
A
AT
T A
AT
T A
C G

3|6 c|v

b)

Figure 3.1, Double stranded DNA model (a) The doulde stranded DNA is stretched axially by
imposing displacementds o0 dummy at oms atonmsatogposikedendt 0btheCrdlécule
(image created using Chimerg16]). (b) Base sequence of the 20melouble stranded DNA used in
the stretch test.

When the dsDNA is stretchadh r ough t hi sp eperl o cnegdou rtea k efisu nj
the endsAt later stages, untwisting @bserved. Further, the dsDNArms a ladder like
structurewhich then transforms ta zipperlike structure[17]. This corresponds to the

peak in the forcalisplacement curve. Beyorttlis point the bases loose engagement
12



with each other and turn outwardiie force starts to decrease. The two strdoed®me

unloaded and pass each otféris evolution isshown inFigure3.2.

:_{.
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14 18 22
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Figure 3.2, Force-displacement curve and snapshots of a 20 base pair double stranded DNA in

stretch. The snapshots show the changes in the microstructure of the molecule as it deforms. Also
the red circle marks the maximum force. At the early stages of deformation there ignpeeling from

the ends. As deformation progesses the structures adopts a ladddike state and then to a zipper

like structure. Then the force reaches the peak and under the maximum force the stacked bases are
forced to face outward. Finally the strands pass each other and the force decreases gradually as the
strands are unloaded.

We have compared the force displacementve from our simulation to that
obtained by similar methods 5], Fig. 3.3 The curves ha similar shapes and nearly
reach the same maximum force at the same sige.major difference between our
simulations and those reported [{5] is that instead operformingthe sequence of
dummy atom displacement followed by 100 ps relaxation destriib Chapter 2, the
authors of Ref.[15] move the dummy atoms continuously, as they perform MD.
Consequently, our simulations are significantly longer and more relaxed. This does not

have an effect on the loading part of the curve, when the structusedastially intact.

13



However, it affects the unloading part, as in our simulations unloading is more gradual
and this allows us to observe the structural changes described in the previous paragraph.
It is useful to compare these results with stretch restdta experiments. The
forces reported here and jh5] are significantly larger than the experimental forces.
This is primarily due to the fact that in experiments one stretches a very long DNA
double strand which is initially coiled. Small forces aredh&e uncoiling, while much
larger forces are needed if one would stretch a straight molecule. Due to compute time
limitations, it is not possible to simulate large, coiled molecules and hence we only
capture the last part of the experimental cuft&}. An additional factor which leads to
discrepancies between models and experiment is the loading rate, which, as usual, is
much higher in the simulation. In addition to this salt conditions have tremendous effects
on how DNA behaves in stretch. So the reswgsy with use of different salt

concentration and typg%9].

2000
——This Work
1500 f —— Schulten's Work
Z
2
o 1000 f
e
o
LL

500 f

8 10 12 14 16 18 20
Deformed Length (nm)

-500

Figure 3.3, Validation of the force-displacement curve from simulations against the existing
literature . Force against deformed length from his work (red curve). Force against deformed length
for a 20 base pair double stranded DNA fron15] (blue curve). The two curves have similar shape
and close values for peak force and peak deformation. However the curve from this work decreases
slowly after the peak force while in the other curve the force drops abruptly after the peak. This is
because in this work the structure is equilibrated after imposinghe deformation in each time step
This gives the structure more timefind a relaxed configuration compatible with the imposed end
14



displacement.From a comparison of theta j ect or i es i t[B56thedwo istchreds do ndt h a t

interact as much as they do in this work.

It is also observed thabeyond the maximum forcepoint the structureis
significantly distorted anthe bases start to face outwasthapshots before and after the

peak force and theumber ofunpaired bases facing outward ah®wn inFigure3.4.
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Figure 3.4, Orientation of bases in stretch of the double stranded DNAAfter the peak force bases
rotate and face outward (a) Snapshots of the DNA structure before andfter the peak force. The
red circle and the black dashed line indicate the maximum force. (b) Number of bases facing

outward as a function of the deformed length.

It is interesting to characterize the deformation by monitoring the length of the two
strandsduring loading and the length of the region where they overlap (i.e. bases of
facing strands are still connected). These measures are shown in Fig. 3.5. Note that up to
peak force the length of the strands increases, primarily due to elastic untwisting.
Beyond the peak force, the strands start to slide relative to each other. This reflects in a
sharp decrease of the overlap dgdn and associated unloading of each strand

15



Interestingly, the process of relative slide of the two strands does not begin at peak load,

rather at a slightly larger stretch.

2000 !
I
1500
— '
=
S 1000 P
S 500 | (
o [ >
2 !
0 | &
I
-500 I
6 10 14 18 22 =3
Deformed Lengtl\ (nm) L
16 1 o Ao
14 | = -1 7
= > 1
— 12 (@] = 4
E ! - A
c 10 1
£ 38 | !
? 6 ~———L Overlap |
£ :
=1 & L Fixed Strand | 3
2 ———L Moving Strand I \
0 3 ‘
6 8 10 12 14 1 16 18 20 22
a b
) Deformed Length(nm) )

Figure 3.5, Dimensions of different regions of the double stranded DNA irstretch. (a) Length of
fixed strand (green), moving strand (violet), and the overlapping region (red) against the deformed
l engt h. (b) The overlap region is the I ength of o
strand. This snapshot is takerat the deformed length of 18.4 nm.
At different stages of dsDNA stretch the parts of DNA near the controlled ends are
more deformedThis can be the cause fanpeelingof the structure athe ends This
effect was shown in experiments by fluorescencagimg [20]. To elucidate thigrom
the simulation resultt he di st ance betweenxemeasutedad dj ace
different stages of stretcResults are drawn iRigure3.6. As can be seen the nucleotide

step is greater at the controlled ends. This is more evident at larger deformations.

16
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Figure 3.6, Rise pernucleotide step at different stages of deformation of the double stranded DNA
(a) Rise pernucleotide step in the fixed strand. (b) Rise penucleotide step in the moving strand. (c)
The rise pernucleotide is shownalong the strand at various steps during stretci{corresponding to

different colors) when the imposed displacement is 9.1 and 13 nm The rises of the initial relaxed

structure (fAiRelaxedodo) a

the beginning of the fixed strand and he moving atom is at the beginning of the moving strandNote

how the rise increases during deformation, but also vaes along the strand. The rise is lower at the

free ends of the two strands.

Deformation of the dsDNA isccompaniedy changes inpotental energyand
entropyof the dsDNA molecules and the surrounding solvBotential energy is the
energyof the system described by the force fieBieakdown of the potential energy
shows that deformation of dsDNA in stretch is accompanied by signifateamges in

both bonded (conformational) and nonbonded parts of the potential erenglyer

nd of

20

©)

M/sling Atom

Rise per dinucleotide step

Fixed Atom

t he | Thefxdd atemisatct ur e

breakdown of the conformational part shows that the change in this energy is mostly due

to change inthe dihedral energy. These energies ahl®wnin Figure 3.7. Al s o
observed that the change the dihedral energy isorrelated to the observed foraes

expected This is shown irFigure 3.8. In comparison to the other internal coordinates

dihedral angles change with less increase in the potential energy.
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Figure 3.7, Breakdown of potential energy of the double stranded DNA during stretch. (a)
Breakdown of the total energy (green) of defanation into bonded plack) and nonbonded (red)
contributions. As shown both bonded and nonbonded enajies contribute to the change othe
potential energy during deformation. (b) Breakdown of the bonded energy black) into dihedral
energy (green), angle energy (red), and bond energy (ldu The contribution of the dihedral enegy

is more significant than that of the other compoents.

18



1500 2000
—— Dihed

2 1450 E 7 1600
~
8 1200 _
= 1400 } z
& 480 o
€ 1350 5
5 !
T {400 *
ki
£ 1300 | | A

1250 . . . . -400

0 5 10 15 20 25

Deformed Length (nm)

Figure 3.8, Variation of the dihedral energy and applied force on the dsDNA duringstretch
demonstrating the correlation between the two quantities

The six dihedral angl es al ong hedhedrabackbo
angle between the base and the swugar i S
Figure 3.9a. If a dihedral angle is defined by the four atomd tonnected by three
bonds from 1 to 2, from 2 to 3 and from 3 to 4 the dihedral angle is thought of as the
twist about the bond-3. This is shown ifrigure3.9b.

Thebr eakdown of di hedr al ener gshevain f or t |
Figure3.9c. The change in energy duettoh e c hange i n iotochangef ur t he
in 6 from purines connected to siulgears an
breakdown shows that the energy i@ due to change in a dihedral angle decreases as
the angle is closer to the sugar and farther from the phosphate grbigp.is
accompanied by greater changes in the dihedrals closer to the phosphorous atom.
Phosphate group is softer than the sugar badbasesThis suggestextension of the
backbone in a manner similar to extension of a telephone Toedextension happens in
a way that has the least contribution from change in bond lengths or dngli®r the
breakdown of potential energy for thmses is drawn idrigure 3.10. The diagram
indicates that the bonded potential energy for the bases does not change signoantly.

they can be considered as rigiarts of thestructure
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Figure 3.9, Breakdown of dihedral energies in stretch of the double stranded DNAa) The dihedral
angles U the bBagkbosecandethéndi hbd
shown (image by Christoph Schneiderfrom [21]). (b) Dihedral angle is the angle between the plane

to & along sug
on which atoms 1,2 and 3 reside and another plane on which the atoms 3,and 4 reside when
consecutiveatoms are bonded. (c) Breakdown of dihedral energies to each of the ten depicted

dihedral angles in (a) against the deformed length. Also the sum of all these energies is plotted

(green). As can be seen these dihedral angles contribute to the deformatipatential energy at

different extents. Contribution of the dihedral angles to the total dihedral energy decreases as we

move from the phosphate groups towards the sugar and bases. This suggests an unwinding

mechanism mediated by rotation about bonds in thehosphate group.
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Figure 3.10, Breakdown of the potential energy of the bases of thedouble stranded DNA during
stretch. The nonbonded energy (red) changes more significantly than the conformational (bonded)

energy (blue). This indicates that bases remain relatively rigid during stretch of the double stranded
DNA.
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4. STRETCH OF NICKED DNA STRUCTURES

This chaptepresents thetretch of DNAstructures containingticky end joint{SE) SEs

are made by introduction of two opposite nicks in the middle of a double stranded DNA
(dsDNA) structureThis isindicatedin Figure4.1 using red linesin this work stretch of

9 different sequences of DNA was undertak@&he sequencmtroduced in the previous
chapter(Fig. 3.1)is taken as reference and other structures are obtained starting.from it
Even with wuse of massively parallel machir

feasible to simulate all possible combination of bases.

3 5’
G C Thymine
C G Adenine
f 5'end P
T\ '% °://D iz 3'end
T .'\ N | ~ Ikﬂ 1
A T
A : A
AT @ 7=
G G : =~ /
< G ' f."\ b
G C— Phosphate- o o o NS ~
C G deoxyribose ')__S— ‘t* ;)j
T A backbone - -u ' o
A T kQ/ ( _,\
T A . \Lo
."\ T
L e
G €
C G 3 end Cytosmer\fzﬂ
; ' Guanine $ end
) ° ’ b) 9

Figure 4.1, Model of a DNA sticky end (SE) (a) One of the sequencessedfor stretching DNA SEs.
Red barsindicate position of the nicks in the backbone. (b) Nicks are introduced by removing one
phosphate groups from the DNA backbone. One of the phosphate groupsnmrked by a red circle
(image from[4]). (c) the resulting SE contains four chains and two nickslhis SE has a length of two

as there are two bas@airs located between the two nick¢both are of CG type)
The SE sequences are distinguished by their length and sequence. Hee tie
the sequence between the two nicks is called the SE core amairtftger of base pairs

(bp) located inside the cores considered as the length of the sticky end. For example the

SE shown irFigure4.1c is a 2 base pair sticky erféurtherthe part of sequence adjacent
21



tot he ni cks i s c Sk tifeedby thebegquenteSokases ihide the core
and atedgesThe notation used here is as followse SE shown ifrigure4.1a is called
2 base pair GC sticky end or 2bpGC S$¥e have performed to replicas of the stretch
simulation for this SE. We denote them2iypGC and 2bpGC_2.

Table4.1 shows a list of alsequences tested in thisrk. Each sequence is given
an abbreviatedamesimilar to that indicated abovAlso each test is given a unique ID.
In the rest of this chaptehe differert nicked DNA structuresire referred to using the
notation shown in this table.
Table 4.1, List of the DNA sequences used in simulationSome of the sequences have two names
and IDs. This indicates that two replicas of the same structure subjected to the same loading
conditions have been run.The red vertical bars indicatethe positions of thenicks in the backbone.

Also the highlighted sequence is the part dhe sequence thaforms the cohesive complexduring the

dissociation of the stronger sticky ends.

ID Name Sequence
s dsDNA (20mer) 5" HENGE A REATE AT T GG GG AT AN [ A G G + 3
3G & AT AT AG € 6 €T AT AT A G €5
] 5' GG FAN S AN ESA TS E NG GG RUANTE A R AR GG 3!
<2> nicked . 2
36 CTATATAGTC I G CTATATAGTCS
<3,45| 2bpGC & 2bpGC. 2 S ARG UG AT AL ALT GG HE I GATATATT CG 3
g - 3G CTATATAG I € G e I CAY T AT K G € S
<5.6> 2bpAT &2bpAT 2 50 G AT AT A T E A T I G AT AT AT GG 3
! & 36 G T AT AT A G I TACTATATAGTCY
<> 2bpATAT 5" HENG AR AT AT T R N I AT AN T A T GGl 3
3G & AT AT AT I AT IR T A T A T A G €S
P 4bp & 4bp. 2 55 €C GATAT A T CEEEEG | AT AT A TR GG 3!
! = 3" LGN/ TR NAVS RN AV e A I GEERGI C T AT ATAGC 5
S HE UG AL AL ALT € G € G A I AT A GG 3
<10> 6bp ; i
36 CTATAT I A GCGCTATATAGTCS
<11>| 6bpCGEdgeATCore 50 G AT AT € G A A T € I G ALl A R =€ G 3!
3G CTATAG I E A EA G G AT A G 6 S
i 6bpGCGCGC 55 C G A TATA G CESEEEGI C | AN T AN T GG 3
3G E AN AN T | Cicmemel C G AT AT A G C 5
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4.1 Dissociation of 2 base paHong sticky end joints subjected taxial
loading

The first SE stretched is the 2bpAID <5> inTable4.1.1t is observed that the SE is
much weaker thathe correspondingsDNA structure. The peak force observed is about
200 N which is much less than tlierce observed for the dsDNA subjectedstmilar
conditions,i.e. about1600 pN.Consider that the SEs dissate at the peak force while
for dsDNA the peak forceccurs whersliding of the strandeelative to each othestarts
i.e. before final failureThe force displacement diagram of the 2bpAT, <5> SE is shown
in Figure4.2. Because the forces observed in stretch of SEs are low they are closer to the
amplitude of the noise in these simulations. To evaluate it, one needs to perform time

averaging as indicated in Fig. 4.2.

250

200

100

Force (pN)

50

External work

151 (kCal/mol) /

8 E] 10 q Wv 1
Deformed Length (nm) T

Figure 4.2, Force-displacement curve ad snapshots of the 2 base paiong AT sticky end <5>

~

-50

during stretch. Snapshots show the evolution of a sticky ends microstructure during axial loading.
The red circle indicates thepoint at which the moleculedissociaes. The red dashed line indicates the
mean force up to dissociation. The area under this line is the external work required to dissociate

the sticky end.
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The 2bp SEsplits into two helical domains at the two sides of the SE. This is shown
in snapshots ifrigure4.2. Unlike the dsDNA theresinot much deformation to each part
of the SE.Calculating thegotentialenergyof the SE in stretch shows that the change in
conformational energies (bonded energies) is negligible in comparigbe thange in
the nonbonded energies. The enedgplacemenplot in Figure 4.3 shows thiseffect
This indicates that the internal coordinates in the SE structdiee not change
significantly and the two helical domains are not distorted very much. So dissociation
happensafter the hydrogen bonding of paired bases #mel basestacking forcesare

overcome
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Figure 4.3, Comparison of changes irthe conformational (blue) and nonbonded (red) energies of the
2 base pair long sticky end <5> in stretchOnly the nonbonded energy has a signifiga contribution

to the change of the totapotential energy of DNA. This quantitatively showsthat distortions of the
structure and untwisting do not play a role inthe dissociation of this sticky end joint.

Further stretch of 4 more SE specimens is performed. They diffemathiyespect
to thesequence of bas&s the SEregion, both in the core and thie edgs. The 2bpGC
<3, 4> sequence resultsy modifying the 2bpAT<6, 7> sequence bgubstituting A and
T bases in the core with G and C bagélso the 2bpATAT <7>sequence resulisy
changing the G and C bases adj#do the nicks into A and. T
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The stretchof the second replica of the 2bpAT produces the same results as 2bpAT.
Also stretchingof 2bpGC and2bpGC_2 indicate that the change of the AT base pairs
inside the core to GC base pairs does nokamidne SE stronger. The 2bpGC and
2bpGC_2 are almost as aleas the 2bpAT SE. Further the 2bpATAE is weaker than
the 2bpAT casand dissociates at a much lower forthe force displacement diagrams

for these SEs are shownkigure4.4.
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Figure 4.4, Force-displacement diagrams of 2 base pailong sticky ends of different sequences3>
to <7>. (a) Comparison of force displacement curves of sticky end joints with different base
sequences. Note that the 2bpATAT sequence shows almost steength. This sequence does not
include any G or C bases at or near the stigkend joint (b) All 2 base pairlong sticky ends are two
weak in comparison to a perfect double stranded DNAthick black line in b). They all dissociate

either in the region indicated with the red ellipse or before reaching it.
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4.2 Dissociaton of 4 base pairlong sticky end jointssubjected toaxial
loading

Two replicasof the same sequence are testdtp and 4bp_2 <&)> (Table4.1). This

sequence is produced msertingnicksat a distance of base pairs in the middle of the

original dsDNA sequence tested.

The 4 base paiong SEs appeamuch stronger than the 2 base pair ofgwy
dissociate at a peak foroé about 500 pN. Thigs almost one third of the peak force for
dsDNA and 2.4 times the force at dissociation of 2 base pair Bss. force
displacement diagrarand snapshots d@he 4bp <8>are shown inFigure4.5. Also the
force-displacement of the 4bpESthe 2bpAT SE and the dsDNA are shawgether in
Figure4.6.

Figure 4.5, Force-displacement diagram of the4 base pair DNA sticky end <8>The red circle

indicatesthe dissociation force.
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