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Study of nanomechanical behavior of double-stranded DNA molecule
under tensile forces
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ARTICLE INFORMATION ABSTRACT
Original Research Paper This research aims to provide new information about the mechanical behavior of double-stranded
Received 16 November 2013 DNA (dsDNA). For this purpose, a series of extended atomic resolution molecular dynamics (MD)
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- - simulations of DNA dodecamer is performed. The MD calculations are carried out using
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Generalized Born solvent-accessible surface area method and Langevin dynamics. The stress-

strain curves of DNA obtained under various pulling rates and pulling angles are analyzed, and the

Keywords: ; . . . . . .

Mé‘gcum Dynamics role of pulling angle and velocity in determining biomechanical properties of short dsDNA is

Double-stranded DNA discussed. The results illustrate that how much the behavior of DNA under action of tensile forces

gﬂecmﬁm behavior could be complicated. By means of at base pair level analyses of the molecule conformation during
retching

the stretching processes, the structural stability of the DNA molecule subjected to the angled
pulling with different pulling rates and different pathways to the dsDNA rupture are studied. The
structural stability of dsDNA can be dependent on the pulling velocity and pulling angle. Whereas
the DNA stability can decrease significantly with the reduction of pulling velocity, stretching the
DNA under different angles has different unpredictable effects on its structural stability.
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15- Topoisomer

16- Base-stacking (BS)

17- Watson-Crick hydrogen bonds (WCHB)
18- Amber

19- SHAKE algorithm

20- Steered molecular dynamics

21- Reaction coordinate
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1- Transcription

2- Replication

3- Recombination

4- Repair

5- Molecular dynamics (MD) simulations
6- Overstretched

7- Base pairs

8- Structural transition
9- Canonical

10- Strain-softening

11- Nick

12- Termini

13- Stretch modulus

14- Paranemic crossover
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6- Generalized Born solvent-accessible surface area (GB/SA)
7- Electrostatic screening effects

8- Debye-Huickel

9- Stochastic collisions

10- Langevin dynamics

11- Damping constant

12- Boltzmann constant
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1- Nucleotide

2- Dummy atom

3- Explicit solvent environment

4- Generalized Born (GB) implicit solvent model
5- Self-diffusion phenomenon
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4- Strain hardening
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1- Dirac
2- Gaussian
3- LOWESS (Locally weighted scatterplot smoothing)

12 oploib 14 055 1393 sisusl ( yop20 Sailke o ide



Sl dgmune 9 S YL puoli Jexo e

Al slog 31 il s DNA JgSgo (SuilSogili i ) anllios

iy & 4l 20 0003 5 03 3 LasS sloce o s wilie oS
o JISblSe 105 5 1/1 /9

@ S o0 by pall 1S Cepe el L letS 4ol ool
sl 59 Slolss pud Fldu sel (288 Ce e 1S ojle
bse Gl 4l 5263 4 0103 ) e s 385 45 g5k 4 05 e
b il JSalRe 8516 4 BAI3 5l Gl s paSiles
Slp S s 23S aly b Wl e A5 S 4 (Sily Glie
S Gl L i o9 o0 el az 0 4D gy 5l paST By Jle
- abe il JSubKe 4715 ojlail & Loy sl 5 e 3 4 0/03
- oo ST A S8 e el 2206 U5 nSilee Ll a5 o
g Conl 25 e g @y Aly (S gl sl b (e Dl S ST S
S (o5 S (stibie o Bite sl s

b 45 WS e ol i ol L s sud bl slasludnd
Slolss (oS 5B 51 sl 9 (slolisd oS Jsbo JsSdge (ptS
A yo 53 25 Sl liae a3 0 90 093 5l (o0 S L8, S

()

v=3m/s

48 - v=03m/s
== v=0.03m/s

-90 -70 -50 -30 -10 10 30 50 70 90
(42 50) i adgl gl

)

200
1 v=3m/s ---e-v=0.3m/s —a—v=0.03m/s

180

40 +——rr—rrrrrreer
-90 -70 -50 -30 -10 10 30 50 70 90

(42 50) S andgl 4l

gl sbls; wow slolss e 5 (@ 5 ek 2 (Gl s 3 S
s 0103 03 3 i sloce o 5 Ciise it

12 oploib 14 055 1393 sisusl ( yop20 SailSe o idee

S 8 ol g eeled (15 ojlail oS wms e Lt zas 4 3 S
Tt Selly (nl Dol gy (nl bl (185 Sy a aly ol
a3 5l S Sy B caigas (s1) il 28 agl; 5l 3o 05 Wl
2317 & A0/ || wolos i wopisse ool LialS asl e 0/03
o = -75° o JISubKe 2415 4 4917 51 4 60 = -15° cos JSubKe
(ab oo uals

slasy g0 05b o0 el (S b 4y SV lace p cog iS
S i 5eSile w35 Joxii 1) 635 2l 9 ekt sla i slolss
"y e GBI S il bl gl 3 S o oS ek
2314 4 2815 4319 s 4 4t , e 0003 5 003 3 i sl
5133 172 s ot sl cneSilos yolin ol g ool JKaliSe
20 DS Sy &y porkas G5 S (SKtaly okl o JSISe T5/4
Jsb glaz o slolss (s alligle;l gl b pelas (05 L anlie
TS RIS 358 oy £9,0 sl Sl 0)9e S S (Sily 2 oS il
S s RIS e a b e e Sy 5l
slaagly ples il 4 a5 ol o] s a5 0l Slysea [36,35]
SOy wilods] s 4,V =03 M/s Cov oS eld slo i naS
aS a5l 4 b 65005 s V=003 M5 0 sloles palas slo
SRS 5550 55 Esd9e il nCanl 0 Al V= 3 MU |y (12T Cow
(3 ) e golo s

@ alaly DLls (285 adsl ash b lolss s 25 S
O Ol pwd ol 0929 b 09 so 00udS (sl olsd o)1 jo a5 el e
oS 51 Loy a2 013 5 3 2sS lace 15 lolss ol
s 4l p e 0003 ey b (23S o oS 0 Cond poliee
Sy ol i Ol alie =907 < 60 457 5L o Ll a5
45° 5l 55,5 iiS slaagly lp Ll woasl adl » 50 03 53 slo
g oo i aseine aglas

oS Al aysly Dlss 4 2eS ole 5 L alie 5 e A
Rl S ey 25 L Coles (nl ayoe S el ol
Shls; o o pbes 15 oSbe polie sl lne Sl ol oo
2 50003 5033 slece w0 ‘,xﬂ@ Cewd 4y Al iS4yl
@ pY ol pfyde ol JSLbKe 113 4 2/4 35 s a4l
"o DR o2 ke 5 ojlail (25 Ce s 2alS L oS el (5500
VE iS5 Sy 50 loles (ol G ke 5 IS il
Bzl ams oo plid sg> 1) iS ayely 4 ol oy 568 3 M/
508 3 S slace s po 25 loias eSilee polis sl Jlore
ol JSabl8e 12 4 11 7] 5 & 4t 20 0103

S8, 5l ool Wil o (LS am b jo 15,8 - S Sovie ol
OyS TS HlesS Al o Sl 4 S ok ool Sl
o . . 3 ..
Sl oS adsgl angly 5l ol Oyg0 a1y Judos 5550 Slplss ( ts“°"")
- oo oadlie a8 o Linles 4l p 20 0/03 5 0/3 3 s sloce
AN 3 80 e |y JsSle b Wlgiige Sloaugly (35 85 55
gl Sl @ 1) Sl (205 oo (46 e 3) S ey

1- DNA overstretching
2- Standard deviations
3- Stiffness

108



Sl dgmune 9 S YL puoli Jezxo e

Al slog 31 il s DNA JgSgo (SuilSogili i ) anllios

ol o gl 5 0l 52K 315 5 a5 a5 5 Pantes (sla]
PR izt 2l a2 )0 140 51 555 55,008 00,8 5 caies lo
5 51 e bl il 55150 e akols (51 ailonss 4y o8 o 5b 50 S5dse
a3l 4250 150 51 555 sl ail> y sgae bghas o aygl; 5 p Sl
sl 49,0 ilwatiy slaiiSenn slolss Job (IBIL plosen
5 Gl Gl e G2l slre slajl G alols Gl s«
e S e Bl 3 o oyl o wamso ¢ oS T s
s> 5 s> g il sl (g0 lacsileansy J5 B0 4 o3
GloiSeny ax ST nlpls gy o0 w5l o] pled al e ol Loy
Gos g pebed i SllS (oo Wil e slaid; g0 (sileaniy
o S 8 e slolss oSilSe 3, Ll oo i 1 e 5
ol o addllas 0yg0 LEiS (Glacas yu s3game ;o 0gs dalgss ] )..L.o
Jleg cnl ol (2ol b Al Cepu g agly Sk (gl
Wbl e 3] GletS asl ) am bans, Gle o] cou o el
G Ol pais (Sl 3 Vel glaidy 09,8 (6 jlwdiiy loiiSon
Bl 1iS agly b ey 5o s 5l G006 el

BSis ol slans; (9,0 slagsiluansy slass (2al5 L lojes
JoSias ogbie Sl ol @ s, gl loaiiy slaiiSen
3 eSb sloslu s bl 5l pasu Wlsi oo Yoz aax sl g sluasy
olaws a8 Gz 1) Glas, ey leaisy b iiSen p pnss
S 5B sl po ehs 4 lajl lasd) gl lagleatsy
5l )50 50 sl S5 o3V (T 56 slo JS) 25 g0 5 mgmcne
o o a5 Jls o ojls vezg 5b cam 98 e (RSen  cglatd, g0
Jlio an) 55l SO L hasd ad; S )k e sland) ol jloaniy
Ol o jloaniy slaad was o Hlid 6 JSs a5 Lz o jls iSen
S dagh 4y JB b 4 Wl e 00025 358 Slolss o sland,
AL, 9, s leatiy Slas ez S 8 Sl cos miS als
G5 NI el O3S el g BB 0l el abais I LS

v=3m/s
e v=03m/s
=u= v=0.03m/s

(JSwlyRa) (o0 55 Gos
I N
o o

=
o

-90 -70 -50 -30 -10 10 30 50 70 90
(42 59) S adgl gl

alizes (iaS slace o gl (225 adsl aly Ol s

2- Donor
3- Acceptor

109

e (G555 =G0 (fomie 53 (o0 )5 42l Gag) (sop S
3ol S ey 25,5 Al Gee 45 9 oo cadlive . Cenl 0 pas,
O 9 S (Jle Sl el ST S s g (58S Ayl 4l
2 e 3 GRS e g 3 (e 55 ey o 4 (A5 el e
adsl GLlys syl i p oS el JSWLKae 3211 § 21/5 1y a4l
50 O8RS Glade i g aeS 0gd e 00pldS Al e
Shly5 o e 45 el JISblSe 1618 5 9136 oy S 4l
4l Gos a5 col ] > a5 000 0 &) 4 )0 30 5-15 s oyl
Sl 5eSile oS (59b @ 390 o5 IS Sae e BT (005 65

ol KWL 12/7 5 16/8 2601 il s 5 s als

sl) et dlanly 4 (oo p )5 4l Bae Sl (ST rizes
Sl Sl Sl &5 iz wboo B S a5 L ST sl
@ Gilize fiS adgl sbly; cod &S oo p 55 Gee ek polie
311 318 i s 4t ;0 003 5 013 3 (gl s 5 o] se o
wil > ol 5ol Yaxsl wlgs o 9dge ol ol JSubKo 2/3 4
ol 03225 sloles Jolge slojlo )lnly (a8 a1 L &S
o5 G5 el Bes 5o il Slti 4 e ol (nl g ke 208
Dy
S5 2 e slag el ol padety 5 pab cdx
Sisred Sloisn 4zl o) p s Sl 6l 4l 9 Ele
0l ol Il 5l s5Sws See s bl leaniy i g sl
Siaep Sladign olasd Olsd aasee al)l A5 anlp (bl
GRS bty gl g slis; ey slagsileaiiy g SO)S gl
3 (i slacie 5 4z ;0 =45 530 (slawygly 615 6 USs o sl
Ngy oy slp b ol o lead alie pa b 4l » i 0/03
ool 5)50 (guit b jlre bajl (luatiy 5 S gdly (S5

O abols a5 conl (1 (S5 e Nigey G 352y Lulid 055 e 8

v=3m/s
108

..e. v=03m/s
98 —a= v=0.03m/s
88
78 -

68 Sy ' ,

(Il ) (i
»

58 ¥ 0 . .
48 * ("4

38+
-90 -70 -50 -30 -10 10 30 5

(42 50) JisS adgl g3

RS e pos g (S Adgl gl i b sl (R Ol s 4 S

70 90

1- Base-pairing and base-stacking

12 oploib 14 055 1393 sisusl ( yop20 Sailke o ide



il gm0 9 x5 Yl poli Joxo e Al slog 31 il s DNA JgSgo (SuilSogili i ) anllios

() ol US4 508 Yl Lol il Jige SLectS s 5 pekes
G395 Ay 0 a5 T s 4 gy ol b og aalss slolss ol i
msbeatiy 5l e Sl S8 GsmSly (S0 Slaisn slas o aS
OB (Finyee Sladisn &5 S5l e smiie Sl loatd) Gl e
Al ALl ol 2 o3l S 50 e Sl

)
v

&

rd
S5 (o g (=457 adgl angly b 2esS o (gllsd S i 7 JSC
56 Jalsl (sl 5 ;0 003 53 2sS slace jus 45 coai i & cpudans abaii

b 5o B Sy 0 (e S

Slasiluatiy 5 oS Hgmdly (S99 Slanisn olasd (S )b &
b 090 g0 o (S e s 28l5 L e (23,5 S (gl eglany g0
@ lgi oo GRAS Sy 4y (59000 Sladisy Slan Cowlus (Jb ol
OleisS el yo b S slace pu cod adl i o220 b
09° Siledtiy 5 ST omly (Sisnen Wam Slass (Sialy
2 slans) ol giluatsy olass el al 225 e e 4 glan,
GRS S il 4 esgazme Gl Sl aw ol Sao Loyl pless’ 4l
b oS o Gl ol (See o] olaws (2l Ca iy talS b o aseie
(552508 gy 5 (Slutity slaiSen s alS iler ol Lo i
ol o0 iS gl 55 slolss ylul Sl (plgy (s S S gl
4 Ogdies 03285 Fimb e eSS Slplss (S cnlpln sl
haedoe &5 6 50mb 85 v 3 Jslse il g el (IS ok
o ladign g ik Glagsluaisy slass alS ez s S5k
3 S ks abils 9> g Jom 5SS g 8T LSS (gl
@ 2l 5l S ees 5585 09,00 sl sl ialaa alads
3l (gslwaiy olaws als wwl S5 4 o3¥ ail aiwly (miS Ce e
b llae (23S Copn oS b S8 gsly (Soee slaisn o
L b Oypo 4 Wsy &)a8 WS (o gt &5 el (5,15 Slalas
[B7] oo ol S e pos (o S a5
Slolss ol G5 el b Gl Jdo wsS 4 wigie 6 JSs
a0 30 S ayly sl S S8 il 285 4l (sblsy oo
2 ol el Sl da oSG8 smily (Saen gladisy slass
TN & e 55 5B Ll sgax B e g (295 5 SleiS slasl
5 Loy wadl » e 0003 5 3 cepu 5o 52 (sl) wiS oo oy L2l
b Tsame s 5 (WsSioe 3bosl Wi S5 Ggmdly (59,00 gy
& Seolind (nl b oo 2elS Lol dbi b o L ol S5
Oles o oS JEST L cuale wlgioe Sloles Gl dhal o3
DpS oo B S Cod bt e cnl o By ) slass) 90
2 GHMEL Jles Candg 55 oad eapsS gl 5o lolgs sl
S Sy By s o ol 18 bgluand 4l g Sb o3l

12 oploib 14 055 1393 sisul ( yop0 SilSe L ide

()

N w
al o
P AR B
T
/

N
o
1
-
Y
R |
-
N

($3939uB Wi olux
=
[6;]
.
>l
/

0,=30°,v=3 m/s
] = = 6,=30",v=003m/s
51 -- -0y=-45°,v=3 m/s
1 6,=-45°,v=0.03 m/s '

0
0 02 04

=
o
PP AR

06 08 1 12 14
i yS
(<)

=
N

6,=30°,v=3m/s
oW - = 6,=30°,v=0.03m/s
}‘ " - -0,=-45",v=3m/s
el 0,=-45°,v=0.03 m/s

=
o
-

oo
k)
-
-
>

b3l glacd )y 59,0 g ilwakiy oluxi
<
Z

<)
f 0,=30°,v=3m/s
10 - - 6,=30°,v=0.03m/s
1= -6,=-45",v=3m/s ,

©
il

30 glacd;y ol gilwaiy dloxy
i
¢

iloanty (0 S8 pamdly (39,0 wgm (il slass iy ionie 6 Y5

G5 b sl ol sibeaniy (G g slas, 09,0

110



Sl dgmune 9 S YL puoli Jezxo e

Al slog 31 il s DNA JgSgo (SuilSogili i ) anllios

[10] M. W. Konrad, J. I. Bolonick, Molecular dynamics simulation of DNA
stretching is consistent with the tension observed for extension and
strand separation and predicts a novel ladder structure, Journal of the
American Chemical Society, Vol. 118, No. 45, pp. 10989-10994, 1996.

[11] A. D. MacKerell Jr., G. U. Lee, Structure, force, and energy of a double-
stranded DNA oligonucleotide under tensile loads, Eur Biophys J., Vol. 28,
pp. 415-426, 1999.

[12] S. A. Harris, Z. A. Sands, C. A. Laughton, Molecular dynamics simulations
of duplex stretching reveal the importance of entropy in determining the
biomechanical properties of DNA, Biophysical Journal, Vol. 88, pp. 1684-
1691, 2005.

[13] S. Piana, Structure and energy of a DNA dodecamer under tensile load,
Nucleic Acids Research, Vol. 33, No. 22, pp. 7029-7038, 2005.

[14] B. Luan, A. Aksimentiev, Strain Softening in Stretched DNA, Physical
Review Letters, Vol. 101, pp. 118101, 2008.

[15] H. Li, T. Gisler, Overstretching of a 30 bp DNA duplex studied with
steered molecular dynamics simulation: Effects of structural defects on
structure and force-extension relation, European Physical Journal E: Soft
Matter and Biological Physics, Vol. 30, No. 3, pp. 325-332, 2009.

[16] D. R. Roe, A. M. Chaka, Structural basis of pathway-dependent force
profiles in stretched DNA, J. Phys. Chem. B, Vol. 113, pp. 15364-15371,
2009.

[17]1W. Qi, X. Lei, H. Fang, DNA structural changes under different stretching
methods studied by molecular dynamics simulations, Chemphyschem: A
European Journal of Chemical Physics and Physical Chemistry, Vol. 11, pp.
2146-2151, 2010.

[18] M. Santosh, P. K. Maiti, Structural Rigidity of Paranemic Crossover and
Juxtapose DNA Nanostructures, Biophysical Journal, Vol. 101, pp. 1393-
1402, 2011.

[19] A. M. Naserian-Nik, M. Tahani, M. Karttunen, Pulling of double-stranded
DNA by atomic force microscopy: a simulation in atomistic details, RSC
Advances, Vol. 3, pp. 10516-10528, 2013.

[20]D. A. Case, T. A. Darden, T. E. Cheatham, 111, C. L. Simmerling, J. Wang, R. E.
Duke, R. Luo, R. C. Walker, W. Zhang, K. M. Merz, B. Roberts, S. Hayik, A.
Roitberg, G. Seabra, J. Swails, A. W. Gotz, I. Kolossvary, K. F. Wong, F.
Paesani, J. Vanicek, J. L. R.M. Wolf, X. Wu, S. R. Brozell, T. Steinbrecher, H.
Gohlke, Q. Cai, X. Ye, J. Wang, M.-J. Hsieh, G. Cui, D. R. Roe, D. H. Mathews,
M. G. Seetin, R. Salomon-Ferrer, V. B. C. Sagui, T. Luchko, S. Gusarov, A.
Kovalenko, P. A. Kollman, AMBER 12, 2012.

[21] A. Perez, 1. Marchan, D. Svozil, J. Sponer, T. E. Cheatham, III, C. A
Laughton, M. Orozco, Refinenement of the AMBER force field for nucleic
acids: improving the description of alpha/gamma conformers, BiophysJ,
Vol. 92, pp. 3817-3829, 2007.

[22] J. P. Ryckaert, G. Ciccotti, H. J. C. Berendsen, Numerical integration of the
cartesian equations of motion of a system with constraints: Molecular
dynamics of n-alkanes., J. Comput. Phys., Vol. 23, pp. 327-341, 1977.

[23] M. Orzechowski, P. Cieplak, Application of steered molecular dynamics
(SMD) to study DNA-drug complexes and probing helical propensity of
amino acids, Journal Of Physics: Condensed Matter, Vol. 17, pp. S1627-
51640, 2005.

[24]1J. Z. Ruscio, A. Onufriev, A computational study of nucleosomal DNA
flexibility, Biophysical Journal, Vol. 91, pp. 4121-4132, 2006.

[25] C. B. Kelly, H. Hill, L. Bartolotti, S. Varadarajan, Molecular dynamics of
d(CGCGAATTCGCG)2 complexed with netropsin and its minor groove
methylating analog, Me-lex, using explicit and implicit water models,
Journal of Molecular Structure: THEOCHEM, Vol. 894, pp. 50-58, 2009.

[26] G. D. Hawkins, C. J. Cramer, D. G. Truhlar, Parametrized models of
aqueous free energies of solvation based on pairwise descreening of
solute atomic charges from a dielectric medium, J. Phys. Chem., Vol. 100,
pp. 19824-19839, 1996.

[27] V. Tsui, D. A. Case, Theory and applications of the generalized Born

solvation model in macromolecular simulations, Biopolymers (Nucl. Acid.

Sci.), Vol. 56, pp. 275-291, 2001.

[28]J. Srinivasan, M. W. Trevathan, P. Beroza, D. A. Case, Application of a
pairwise generalized Born model to proteins and nucleic acids: inclusion
of salt effects, Theor. Chem. Acc., Vol. 101, pp. 426-434, 1999.

[29] W. C. still, A. Tempczyk, R. C. Hawley, T. S. J. Hendrickson, Semianalytical
treatment of solvation for molecular mechanics and dynamics, J. Am.
Chem. Soc., Vol. 112, pp. 6127-6129, 1990.

[30] Author Eds., Modeling Solvent Environments. Applications to
Simulations of Biomolecules: Wiley-VCH Verlag, 2010, pp. Pages.

[31]J. A. lzaguirre, D. P. Catarello, J. M. Wozniak, R. D. Skeel, Langevin
stabilization of molecular dynamics, J. Chem. Phys., Vol. 114, pp. 2090-
2098, 2001.

[32] Author Eds., Molecular Modeling and Simulation: An Interdisciplinary
Guide, Interdisciplinary Applied Mathematics, 2nd ed., USA: Springer,
2010, pp. Pages.

[33]J. Chocholou$od, M. Feig, Implicit solvent simulations of DNA and DNA-
protein complexes: Agreement with explicit solvent vs experiment, J.
Phys. Chem. B, Vol. 110, pp. 17240-17251, 2006.

[34] W. S. Cleveland, S.J. Devlin, Locally-weighted regression: an approach to
regression analysis by local fitting, Journal of the American Statistical
Association, Vol. 83, No. 403, pp. 596-610, 1988.

111

5 ad, a5l gl cas 5l ol slawi Wlsi e il oo Bl SLSL
IS slolss axsy 90 a5 anl = bl (6550 (0 %eS Coandy s
(85l sl iSan s nl 5 osdle %, 055 & 1, g e iz o
il e il glalimdle LB job a4y letS 4ol an glans, ol

Ole Glagiluaiiy 3 SO,5 auily (Sig0ue gladisy ol il
..\..j)e = sloles gyl a8 wil cads ) e &‘9:@ slas,
slo i Jood 4y 0B s ;0 g boe Gili8l (s jobo 4y 12S 5

o sals 555 S

Sneer -4
S B8, p AT S g S aly S GBL e ol
sobite ol (sl i 0 35 pae osS Jobo (slais, 50 slolss JsSIse
4lis oo 10 o900 ol glos S J5SUs0 Salizs slagssloannss
Salns Sl pll ln 0L Lo Gloj o35l o (giluans
GBS 5 sor S (SletS) sy 5o sloles 3, plete B
ssalive LB YL (2iS slace pw 10 (5590 LS Sl Cov oS (St
Flgzg pl baws &) 58 oagly aaS anlp (b wlge ol
oles Sl [, (St S9d oo el S gl g e S e
Sl 09, 00 sl ax T 51 5 IS (6l

5 ot slaps) ) Glolss (Sl gloaario Conlu o
35 peked 55 (IS ek 4 ol slp g o samlin golie LS|
alie job 4 g 0)ls AT gl 4 (568 (Sily oled 5 b anlie
S el anly i Cepe 4 ol 5l eS el 5 ol
3 sl 93 lolss e gyll il (Ko g990 cnl sl o
Slgi o ol azt a5 wil B (55,5 4l 4 cond ledS 4l

il )5 Sy Sl sS4 b 40 sl yeS 6yl

&0 -5

[1] Author Eds. Nucleic acids in chemistry and biology, 3 ed., Cambridge:
The Royal Society of Chemistry, 2006, pp. Pages.

[2] Author Eds., Nanotechnology: Science and Computation, Natural
Computing Series, Berlin: Springer-Verlag, 2006, pp. Pages.

[3] D. Ho, K. Falter, P. Severin, H. E. Gaub, DNA as a force sensor in an
aptamer-based biochip for adenosine, Anal. Chem., Vol. 81, pp. 3159-
3164, 2009.

[4] P. H. von Hippel, W. A. Rees, K. Rippe, K. S. Wilson, Specificity
mechanisms in the control of transcription, Biophysical Chemistry, Vol.
59, pp. 231-246, 1996.

[5] C. Prévost, M. Takahashi, R. Lavery, Deforming DNA: From physics to
biology, Chemphyschem: A European Journal of Chemical Physics and
Physical Chemistry, Vol. 10, No. 9-10, pp. 1399-1404, 2009.

[6] A. Kocsis, D. Swigon, DNA stretching modeled at the base pair level:
Overtwisting and shear instability in elastic linkages, International
Journal of Non-Linear Mechanics, Vol. 47, pp. 639-654, 2012.

[71 N. Bosaeus, A. H. El-Sagheer, T. Brown, S. B. Smith, B. Akerman, C.
Bustamante, B. Nordén, Tension induces a base-paired overstretched
DNA conformation, Proceedings of the National Academy of Sciences of
the United States of America, Vol. 109, No. 38, pp. 15179-15184, 2012.

[8] E. Herrero-Galan, M. E. Fuentes-Perez, C. Carrasco, J. M. Valpuesta, J. L.
Carrascosa, F. Moreno-Herrero, a. J. R. Arias-Gonzalez, Mechanical
identities of RNA and DNA double helices unveiled at the single-
molecule level, Journal of the American Chemical Society, Vol. 135, pp.
122-131,2013.

[9]1 G. A King, P. Gross, U. Bockelmann, M. Modesti, G. J. L. Wuite, E. J. G.
Peterman, Revealing the competition between peeled ssDNA, melting
bubbles, and S-DNA during DNA overstretching using fluorescence
microscopy, Proceedings of the National Academy of Sciences of the
United States of America, Vol. 110, No. 10, pp. 3859-3864, 2013.

12 oploib 14 055 1393 sisusl ( yop20 Sailke o ide



Sl dgmune 9 S YL puoli Jexo e

Al slog 31 il s DNA JgSgo (SuilSogili i ) anllios

Thayaparan Paramanathan, Micah J. McCauley, Mark C. Williams, Physics

of Life Reviews, Vol. 7, No. 3, pp. 358-361, 2010.
[37]E. Evans, Probing the relation between force-lifetime-and chemistry in
single molecular bonds, Annu. Rev. Biophys. Biomol. Struct., Vol. 30, pp.

105-128, 2001.

12 oploib 14 055 1393 sisusl ( yop20 SailSe o idee

[35] H. Clausen-Schaumann, M. Rief, C. Tolksdorf, H. E. Gaub, Mechanical
stability of single DNA molecules, Biophysical Journal, Vol. 78, No. 4, pp.
1997-2007, 2000.

[36] M. J. McCauley, K. R. Chaurasiya, T. Paramanathan, I. Rouzina, M. C.
Williams, DNA stretching as a probe for nucleic acid interactions: Reply
to Comments on “Biophysical characterization of DNA binding from
single molecule force measurements” by Kathy R. Chaurasiya,

112



