ABSTRACT

KIM, HOSHIN. Understanding the Role of Surface and Solvent on Biomolecular Structure
and Dynamics (Under the direction dDr. Yaroslava G. Yingling

Biomolecules have been used in many applications includhiogensorsand
biocataly$s due to heir unique recognition and catalytic propertiés understandingof
biomolecular structures and dynamics is important becdlisestructural stability of
biomolecules is heavily related to their functionality and performantieeseapplications.
This work focused ormeveloping gdundamental understanding of how biomolecules respond
undervarious conditions. More specifically, the goaf this studywere(1) to understand the
effect of solvent, surface, and structure on the behavior and propertiesngflesstranded
DNA (ssDNA) anda lipase enzymeCandidaantarticaLipase B(CALB), and (2) to provide
overall guidance for improvementsagbplications utilizing tbse biomolecules.

Thestructure and dynamics of sSDNA is crucial for cellular preesssdalso forthe
properties of DNAbased materials. In this thesis, we elucidaiedlynamics of SSDNA as a
function of its length and its behavior on surfaces as welthesmechanical stability of
graphene on selssembled monolayers (SAMSs).Il/”atom moleular dynamics (MD)
simulations revealed that ssDNA doast behave like an ideal chain due to internal-non
bonded interactions, such as base pairing and stacking. We then exdhaneifiectof
graphenebased surface propertiestiestructure and dynarms of folded ssDNA. Simulation
results suggestedhat surface oxidation can affect the structural stability of ssDRk
example, foldedssDNA structures can be easily disrupted on graphene surfaces with low or
high oxidation states; in contrast, ordess®NAstructures can be maintained on surfaces with
moderate oxidation states. We also showed that similar conclumieapplicable to other

biomolecules, such as silk fibroin. Next, we focused on graphene sudac®8Ms by



conductinga combined compational and experimental study to delineate ttosvpolarityof

SAMs 6 head group <can influence int SAM aci al
heterostructures. MD simulations showed a good agreement with expsameaiso indicate
important phenomenaccurring at the interfaces due to the role of interfacial watehen
mechanical strengtiof heterostructuresOur study showed that hydrophobic SAMs are
preferable over hydrophiliSAMsto achieve higher mechanical strength. Overall, the results

of our simulations can providefundamental understanding of ssDNA annifaces andaid in

the selection of surfasge.g. optimal surfaceoxidation statefor differentapplication$.

CALB can catalyze complex chemical reactions for many -Wajhe prodats.
However,the choice of solvents as reaction media or amino acids for mutations is critical for
biocatalysis process; these choicesan either enhance or diminish the stability aof
enzym@ structure, whichs crucial to its enzymaticactivity. In this thesis, we propose the
design rules for the selection of solvents and mutation sites that can increase CALBteEnzym
activity. Specifically, simulation results elucidatiw roles of catiog/aniors in ionic liquids
on the structureof CALB; if ananon is strongly coordinated @ the size ofa cationis too
large or small compadto that ofananion secondary structures aroutine catalyticcavity
become disrupted and lead to poor enatfmactivity. Further simulations enalblaus to
pinpoint imprtant mutation sites of CALB that cause exposure of the catalytic cavity, with an
increase in activity. Based on these observations, a CALB variant witbla Bigher activity
than the native enzyme&vas obtained. Overall, strategies designed by computdt
observations alloed usto narrow down the possible number of solvent choices and mutation

sites, which allows for rational enzyme engineering
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Chapter 1. Introduction

*A portion ofthis chapter isbased ontwo manuscripts by (1) Jessiéa Nash, AlbertL.
Kwansa JamesS. Peerless, H&hin Kim, and YaroslavG. Yingling and (2) NarK. Li, Ho
Shin Kim, Jessic&. Nash, Mina Lim, and Yaroslav@. Yingling, which were published by
following two journalsas review papers respectively: Bioconjugated Chemis{8017)and
Molecular Simulation$2014)

1.1 Background and Motivation

1.1.1 Understanding Single Stranded DNA: From Structure and Dynamics to
Physisorption on the surfaces

Understanding the structure and dynamicsingle strandedNA (ssDNA) is vital for
cellular processes and various technological applicatssB$NA, an electronegative polymer
which contains genetic informatioms mainly involved in many important biochemical
processes, such as replication, transcription, and repair processes where its conformation and
dynamics enables/disables the interactidth vother biomolecule8! due to their unique
recognition propertiedrivenby WatsorCrick base pairingssDNA is also used for materials
assembly?! in biosensor§“ and drug delivery?) However, the conformation of ssiPNis
hard to predict sincet ihas very high flexibility and sensitivity to length, s&jpe and
concentrationMoreover, unlike double stranded DNA conformations which can be accurately
described by experiments atiteoreticalmodels there is no general agreement between the
exising theories and experimental observations for ssISNIAThis might be due to the fact
that the effect of nobonded interactions between the DNA bases sughigisstacking and

base pairing isiot taken into account in teodels and theories, which gnbe important for



ssDNA conformationFor these reasons, more detailed and atomistic approaches are needed

to precisely estimate structure and dynamics of sSDNA.

|t is also imperative to sbBNMArfstmatdi enalul
wi t hf agers i n varsiucuhs acsonsdurtfiaocnes pol arity bec

applications using ssDNAl8%Gieneitshteb y podmat ¢ ¢
is known to be an i mport altstfragdtaurdd ary ntameé ca
bi omollé Relcesaaitdyhenge surfaces are known for
str ddGhk &arrge sUtdlmec eumiregae bbHdi Mgr eeveoyr ke xi
of graphene surfaces pérmurd acenpoodlaredymad .i
Due to their unique properties, pristine gra
( GO) , have been wused in many applit@dtions,

antimicrobi!@ndbdtmamo cne MPdlsti tiess known that DNA

graphene surfaces is a complex process and d
surface [pPHopwevei esfundament al understanding
SSDNA usrter ucst uncl ear and remains to be expl ol
better biocompatibility thl@ZE®G dulket obi 6 o0l
such as proteins, it has been repdhrt adckltah ato
bet ween surface polarity and compatilB%l ity o
For BNAface interactions, the significance ¢

physisorption of-basseDdN Aselogpfpacrteasmike meg | nt er ac |
hydrogen bonds, has beenl8eifAi @siemedti onpdes

clearly indicate that the density of polar g



have a direchysimpodbi gpat omnpooacess and t hese i
reduce biocompatibility anbdasstdabsiuriftayc esf. Hs
systematic investigation of the surface pol a
notenbeperdmdhmedunderd s ngf pPA elsi sadi hg tochkea
t he sphuebd i studies are controversial. For t he
approaches are needed to precisel ygrmedseananat e

basseudr f aces.

A pahidsiosfsetf Clma poear d2e,s c3s,i bagnsda tdidgers i rgenew! tt
adress and elucidate (1) how charge, base,
dynamingds ( 2) how surfadbadpsesluafatygy DHhflguaphe

dynamics of ssDNA while it is adsorbed on th

1.1.2 Combined computational and experimental study for understanding Graphene
based Surfaces for their applications: Mechanical properties and physisorption with
proteinsfor bionanocomposites

Natural nanocomposites are known for their inherent biocompatibility and unique
tunable mechanical properties, which are often achieved with hierarchical structures.
Specifically, silk nanocompositésvegarnered much attention iacent years as a promising
high performance, multifunctional material for nanocomposite filmsseising applications,
and controlled drug delivery, amongst othéts® Bl The interest in silk stems from its
extraordinary mechanical toughné€s¥ exhibiting both high strength and high
extensibility®>371 as well as good biocompatibility and mechanical integrityivo, 3841

Generally, silk materials serve as a matrix for reactive and functional components with a



variety of inorganic or con components. Carbonaceous additives such as graphene and
carbon nanotubes provide greater mechanical strength to the composite and electrical
properties necessary for sensing and energy storage devices while the elastomeric biomaterial
matrix can confe flexibility and biocompatibility. However, extraordinary mechanical
properties of silks nanocompositgspendon many factors suchssilk sequence, secondary
structure formation, local microstructuregnd surface polarity For these reasons,
understandig of interfacial interactions between silk fibroin structure and grapbased

surface needs to be clear to obtain optimal mechanical properties of silk nanocomposites under

the various conditions.

As mentioned earlier,rgphenehas been spotlighted aspromisingmaterial for a
variety of devices, including biosensors, touch screens, and flexible electtétfidsorthese
applications graphene is usually supported by a substatmuse ienablesthe deviceto
function effectively and enhances theechanical stability of graphen&elfassembled
monolayers (SAMs) are used as an effective interfacial layer to modify a substrate surface to
mitigate unwanted substrate effects. However, different SAMs will have different interactions
with graphene. Foexample, the adhesion energy depends(lgnthe SAM head group
identity,“® (2) the interfacial layer formed between graphene and the SAM during the
preparation process, a(@) the graphendsAM separation distané®! However, how SAMs,
and especiallyhteir surface energy, affect the mechanical properties at the interface between
graphene and a substrate is not yet known. Moreover, thef-plane elastic modulus of a
|l ayered graphene heterostructure i s interr

tribological, and optical properti&! and it can be manipulated by small changes in the



interfacial interactions. However, to date little is known about th@bptane elastic modulus
of graphene and other 2D materials, as the measurement of maitluhges due to differences
in 1, 2 atomic or molecular layerndence precisecharacterization of the owif-plane elastic

modulus is important for both fundamental research and practical applications.
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1.1.3 Increasing lipase activity through computational modeling: Structuaetivity

relation of CandidaantarcticaLipase B and its mutants in various solvents.
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applications because it is selective for spe
chemical reactions under mild conditions.
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structural changes.

1.2 Methods

Computational modelingan povide rules for rational systedesign and be used as
powerful tools for fundamental investigations of systems in detail not accessible by
experimental mettds. Depending on the computational method utilized, researchers can study
optical properties, electran structure, timedependentiomolecule- surfacebinding, or

equilibrium conformations of functiohaed surfacesand biomolecules. Robust and well



teded methods and force fields exist to studsious biomolecules including protein, enzymes,

and nucleic acids, and recent advances in computing algorithms and architecture, such as the
use of graphics processing units (GPUSs), allow for the simulationcoéasingly large and
complex systems. For instance, a single GRCelerated server can provide a comparable
computational throughput to ~50 CRldly servers at a markedly reduced cost and power
utilization 8 Consequently, simulation methods show tredeis potential for providing
importantdetails ofbio-molecules under various conditions

A variety of computational methodsave been developed to model the electronic
structure and/or timdependent behavior of molecular systems at different timessaal
system resolutiong={gure 1.1). Each modeling technique has strengths and weaknesses; for
example, methods which are able to capture the electronic behavior of molecules are applicable
to only equilibrium structures or short time scales, while lasgale methods lose electronic
or atomic resolution. Thus, the phenomena of interest determine the choicergfidatmnal
method.Figure 1.1 showssummarizd method relevant to the biomolecule simulatiomih
their various size scales and performalitoés based on recently reported benchmék!

In this dissertation, atitom molecular dynamics (MD) simulation technique is mainly
used because (Phenomendhat need to be elucidated require large size scalesirapd
dependent binding behavsorand (2)All-atom MD simulations are able to describe the
behavior of biomolecular systems which are up to hundreds of millions of atomslih ¥ze

or for maximumtime scale®n the order of microseconf&5’!



1.2.1 All-atom Molecular Dynamics Simulatios

All-atom MD simulationscan provide a complete microscopic description of the
structure and dynamics dfiomolecules oder different environmental conditions, from
detailed information on atoito-atom interactionsia hydrogen bonding opi-pi stacking ©
atom interactions with ions, small molecules, and proteins to global functionally important
motions and conformational changes which control the processes aissethbly.As
aforementioned, sing an accurate force field and efficient algorithm detadéeatom
investigation can shed the light structure and dynamics of biomolecules under the various
conditions/>859

All-atomMD simulations negledhe electronic naturef molecules and instead model
atoms as spheres connected by splikgy bonds,whi ch move according
equationsof motioP| ease note that all subsagomnMDaoase
refers specificly to all-atom norreactive MD)% For a systemcomposed oN particles,

classical Newt omars: equations of moti o

F=ma = -i:lri-, i=1,2,3,4...N

In this equationF; represents the force acting on ttteparticle,m is the mass of the
particle, andy; is the acceleration is potential energy arwlis a position ofth particle. The

potential energy can be classified into two gups:

Utotal :Unon bonded Y bonde
WhereUnonbondedS the contributions total energy from nbonded interactions among

particles including electrostatic or van der Waals interactiondJasidedsrepresents the total



bonding potentials such as changes in bonds, angles, addad#iEhe results of the atomistic
simulations arestronglydependent on the accuracy of the force fighdch is a combination

of a mathematical formula and parameters to describe the energy as a function of their atomic
coordinate$®!! For example, gesral formof the total energy in the AMBER%3 force fields

which are the most frequently used in this work are written as:

U= & ki 1) +Ak(@ @° -+ & Kl cosp w)] (Bonded)

BONDS ANGLES 2 DIHEDRAL n

N
\o}

12, o 6 i
edrou 0 rOja %QIQJ

a
. . 1 2 U |

+a afijigés 2 W i (Non-bonded)
i=1ii=l+JAIJ§ 8 r_ué% U0 @

Whereky is a bond spring constami=|r; T ri| gives the distance between two atams
andj, reqis the equilibrium bond distande is an angle constandk is angle between; and
Ik, deqis the equilibrium anglek” is the multiplicative constant, is the integer constant, is
the phase shift angle,s an equilibrium torsion angl&j is the potential waltlepth,Q is the
charges on the respeati atom,i andj. Several different alatom force fields have been
developed fomiomolecules including CHARMM®* AMBERI®2¢3l Bristo-Myers Squibb
(BMS)®S), and GROMOS.[8]
There are several numeri cal mehnbdfodim, t o so
such ag/erlet/®” LeapFrog, and Velocity Verlealogorithm For the Verlet algorithm, which
is a foundation of other numerical met hods,

based on a Taylor series expansion. Expanding thegrositith particler; at timet + aatdt



I setadding two equations, solvingt +et and using Newtonds equat.

leads to:
nt+ B Z¢) ré ty BEE*() O(t*

However, the Verlet algorithm has issues relatetthe velocity: (1) the velocity does
not explicitlyappear in this algorithm and (2) it is hard to calculate the velocity attiaméil
the position at timei(t + )it obtained®® In order to correct aforementioned issues related
to the velocity, other numerical methods including L-€apg and Velody Verlet algorithms
have been developed and widely used in MD simulations.

Whenperforming allatom MD simulations dbiomoleculeschoosing an appropriate
solvent model islsoan important factor. Explicit solvent models, where solvent particles are
included in the simulation, have been most widely used, an¢polanizable fixeecharge
models have been the most preval®hExplicit solvent can afford the prediction of important
solvent effects such as solgelvent interactions. However, due to thereased number of
simulated particles, considerable computational resources are required to simulate systems
containing explicit solverit® Moreover, careful parameterization is required to represent
solvents and soluteolvent interactions accuratednd the choice of the force field for solvent
becomesmperativel”* Even for water alone, there are many differentagdm models that
have been developed, including the most frequently used P ¢3!, SPC/E4, TIP3,
TIP4HR8 and TIP5P7], all of which are able to represent different properties of water with
different degrees of accuracy. In explicit solvent simulations, the choice of force field

parameters for salts is also important, since nucleic acids are charged molecules. plar, exam

10



incorrect parameterization of monovalent ions has led to incorrect results, or conclusions in
simulation studies based on artifaléts.

Implicit solvent models fomll-atom simulations, where the solvent is treated as a
continuum dielectric with theverage properties of real solvent, can significantly reduce
computational expense due to the reduced number of simulated particles and their associated
degrees of freedom; furthermore, the absence of viscosity increases rate at which the solute
exploresits conformational space and reduces the-weald time needed to capture such
dynamic processé&:8ll However, implicit solvent models cannot capture, e.g., viscosity
effects® and specific solutsolvent interaction mechanisrid. In this dissertaon, TIP3P
water model for most studies and generalized born implicit solvent model for some initial

studies were used.

1.2.2 Steered Molecular Dynamics Simulations

Steered MD simulations (SMD) carry out MD simulations and additionally exert a
pulling forces © atoms or molecules. This simulation technique can not actglerate
simulation process accompanying structural changes by forces acting on the structure, but also
estimate many informative structural and mechanical properties of structures, such ag §Fa
modulus and persistence length.

There are two typical SMD methods: constant velocity pulling emstantforce
pulling. In this work, we mainly use a constant velocity pulling method whiemasaor
molecules of interest asdtached to a dummy atatmrough a virtual springndmove toward
a defined direction with a constant velocity this casethe force between two connected

atoms is calculated using:

11



F- W
r

I - = =~ 2
U(r)—Eksg/t {r B)n %

Whereks is a spring constany; is a pulling velocity,t is a time,n is a directionof
pulling and avectorr andro is an actual and initial position of the atom or molecule of interest,
respectively.

This method is mainly used in Chapter 5 in order to estimate the mechanical properties
(i . e. Youn gfagrapheaadsurfaae srifisassembled monolayer with two different

interfacial conditions.
1.3 Publications

Publications listed below is the review, research papers, and patent that | have
published during my Ph.D. study or | plan to publish soon. Each chapter is basefemsor
to the following publications:
Chapter 1

- N. K. Li, H. S. Kim, J. A. Nash, M. Lim, & Y. G. Yingling. "Progress in molecular
modellingof DNA materials."Molecular Simulation, 40, (2014): 17

- J. A. Nash, A. LKwansa J. S. Peerles$]. S. Kim, & Y. G. Yingli n g . ARAdvance:
molecular modeling of nanopatrtieteicleic acid interface®ioconjugate Chemistry
28, 1(2017): 310

- B. Roark, A.lvaning J. Castanedd]. S. Kim, S. Jawahar, M. Viard, S. Talic, Y. G.

Yingling, M. Jones, & K. Afonin. "Fluorescenceiriting as an output signal for
programmable biosensing8CS Sensorsl, 11 (2016): 1294300
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Chapter 2

- H.S.Kim, A. Singh, & Y. G. Yingling. "Understanding the persistence lengsingjle

strandedD N A : atomistic mo | e c u llma prepadayiom &ami c s S
submissior{2017)
Chapter 3
- H. S. Kim, B. L. Far mer , & Y. G. Yingling. i |

adsorptionofpost hy mi ne s i n gl Advaded Matedaks thterfade#,0 |
8 (2017): 1601168

Chapter 4

- H.S.Kim,SSM.Huang, & Y. S€guenctéidepentienterarction disingle
stranded DNA with graphitic fl akeMRS at omi
Advancesdl, 25 (2016): 1883

Chapter 5

- Q. Tu#H. S. Kim# T. J.Oweida Z. Parlak Y. G. Yingling, & S. Zascher.
Al nterfacial mechani cal -gssemlped rmonolayers: o f g
experiments aACS® AppliednMdtedalsi&dmesates9, 11 (2017):
10203, #Equally contributed

Chapter 6
- A. M. Grant,H. S. Kim, T. L. Dupnock, K. Hu, Y. GYingling, & V. V. Tsukruk.
ASi | k Tsfuibbsrtoriant e i nteractions at het er oge
Advanced Functional Material®6, 35 (2016): 6380
Chapter 7

- H.S.Kim, S. H. Ha, L. Sethaphong, Y. M. Koo, & Y. G. Yingling. "The relationship
betveen enhanced enzyme activity and structural dynamics in ionic liquids: a combined
computational and experimental studifiysical Chemistry Chemical Physids, 7
(2014): 29442953

Chapter 8
- H. S. Kim, D. Eom, Y. M. Koo, & Ylium &@tion dhi ng !l i n

structure and activity dandidaantarctical i pase B enzynRhysicah i oni
Chemistry Chemical Physics8, 32 (2016): 220622069
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Chapter 9

- H.S.Kim, S. K. Clendennen, & Y. G. Yingling
ad i vity usi ng c o rngprepaaation forsudrhissiof@0t7e | i n g o

- S. K. Clendennen, Y. G. Yingling, &. S. Kim, ACALB W&rPatenht s o,
US201701590342015)
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Figure 1.1. Performance limit (simulation time per day) vs system size scale for various
molecularmodelingmethods. The highestsoluion methods in the lower left corner describe

systems with the n®b detail, but these systems also have the lowest performance limit and
system sizeAs size scale increases, the systems are descwitbdless detail, and the
performance limit increases due to the increasertsteps( tpthat are possible when
describing a system with less detail. The bottom of the image shows snapshots depicting the
application of various computational met hods
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Chapter 2. Understanding Structure and Dynamics
of Single Strandel DNA: Role of Electrostatics,
Length, and Bases

Ho Shin Kim, Abhishek Singh, and Yaroslava G. Yingling

*This chapter is a manugpt by Ho Shin KimAbhishek Singh, and Yarosla@aYinglingin
preparation.

2.1 Introduction

Understanding the structure asighamics of &ingle strande®NA (ssDNA) is crucial
for cellular process and also for properties of Dbised materials in various technological
applications. Within cells, ssDNA is involved in many important biochemical processes, such
as replication, @nscription, and repair processes where its conformation and dynamics
enables/disables the interaction with other biomolec¢tlissDNA is also used for materials
assembl{f!, in biosensor§4 and drug delivery?) However, the flexibility of sSDNA stad
and its sensitivity to sequence, length, salt type and concentration makes the determination of
DNA structural properties difficult.

Specifically, nany experimental observations of sSDNA conformations canrfotipe
explained by the existing theori@scluding wormlike chain model (WLC)Y®" or freely
rotating chain model (FR&)® due to their high flexibilityand therefore, many structural
properties such as persistence lenggh, (vhichis the basic mechanical property representing
the stiffress of a polymeric chalfil® can differ from study to study even for the same

experimental condition$* For example, experimental study using fluorescence spectroscopy
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and TH modét? reported the, of 10- 70 basepolythymine(poly(T)) of ~25 A n 0.1 M
NaCl[*®l whereas another study using single molecule FRET and BJ M8dsdtimated a
higher value folL, of ~35 A for 3660-mer poly(T) at the same salt concentratiéhSim et
al. used scaling ahdiusof gyration Ry from SAXS measuremento estimate the, of 14-
22 A for 8100 bases poly(T) at 0.525 M NaCl. Thésevalues are more consistent with BJ
model rather than OSF model. However, Chen et al. repostaid~10 A for 4émer polyT in
0.5 M NacCl using small molecule FRET and SAX& the derived., agreeswell with the
OSF model*®! Most recentlyL, of SSDNA estimated by the combination of foeeension
curves and OSF model was reported as 7.8 A and 8.7 A at 0.5 M and 0.1 M NaCl concentration,
respectively, which are the shastemeasurement predicted so [f&r.These values are
approximately 2 to 40 times less than thef sSDNA from aforementioned studies conducted
at either 0.1 M or 0.5 M NaCl concentrations. Overall, it appears that estimated values of
ssDNA persistenceehgth are heavily dependent on experimental technique and the fitting
formula associated with a specific polyelectrolyte theory and/or model. While the
polyelectrolyte theories and WLC model describe wellgtnacture or behavior of dsDNA
there is no gegral agreement between the existing theories and experimental oloserVaiti
ssDNA structuré®® This might be due to the fact that the effect of-honded interactions
between the DNA bases suchpsi stacking and base pairing is not taken irntocaint in
these models and theories, which may be important for ssSDNA conformation and persistence
length.

Molecular dynamics (MD) simulations can be applied to study DNA structure and

dynamics and were previously used to gain insights into, for exampdeactions between
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DNA and various surfaces and materi#g! the effect of environment on DNA structl#fe

and the structure and dynamics of biomolecules in various solf@kiswever, there are only

few MD studies that addssed the flexibilitypf sSSDNA. For these reasons,this study, we

use a combination of implicit and explicit solvent atomistic MD simulations to elucidate the
role of ssDNA constituents (e.g. bases, chaagd,length) on structural changessDNA. A
combination of impli¢ solvent, where absence of viscosity permits rapid folding of DNA, and
explicit solvent simulations, which accounts for specific interactions with water and ions, was
used to obtain the structure of ssDNA. Poly(T) was chosen as a model ssDNA sineegthere
a plethora of experimental observations available for the comparison and it is knomarnkat
thymine related interactions (i.e. thymiriethymine stacking interactions) can heavily
influence entire nucleic acid structuf&s The lengh of ssDNA inour study, from 1ner to
60-mer, was chosen to complement experimental observatfoAd because short poly(T)
ssDNA are commonly used for DNBased materials assemB§?®! For example, the use of
15-mer and 25mer poly(T) produced the most efiat growth of DNA filn?® and 25mer
poly(T) formed best DNA brush on gold surfd€®. The main advantage of MD simulations

in this study is that one can perform a comprehensive investigation on the raiiévafual
chemical components asDNA struduresby modifying the chemical structure and physical
parameters of DNA. To delineate the specificcontb ut i ons of c¢charge and
structure and dynamicsvo different types of simulations were performed in our study: (1)
regular poly(T) sDNA (Figure 2.1a); (2) uncharged or neutral polyT ssDNA (poly@)T)

(Figure2.1b).
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2.2 Materials and Methods
2.2.1 DNA structures

In this gudy, poly(T) with length ofL0, 15, 20, 25, 30, 40, and 60 bases were used. All
initial sSDNA structures were built using reic acid builder (NAB¥Y in AMBER 1239
package and FF10 force field for DRA*® The partial charges for Thymine in FF10 force
field are depicted ifrigure2S1L. To r epresent a npiitmeeartialrctalgy D NA
of oxygen atoms, annotated OP1 and OP2, which are bonded to a phosphate atom P in
poly(T) were reduced frorD.7761 each te0.2761 eachFigure2.1). Since it has been known
that counterions tend to offset the negative charges around the phosphaté'gfoaply
negatively barged oxygen atoms, OP1, and OP2 were modified in order to obtain a neutral
DNA (Figure2.1b).
2.2.2 MD simulations

The ssDNA structures were first pi@ded in implicit solvent simulations and then
refined with explicit solvent simulations in 0.5 M N&&34 While simulations in implicit
solvent, where the solvent is considered as continuum dielectric, cannot capture the important
effects of explicit interactions between water, ions and DNA, the absence of viscosity in
implicit solvent simulations can sigicantly reduce the computational time required for
structural conversions of nucleic ac¢id$”! and also successfully predict their structures in
comparison with the experimental observatiBhs® For implicit solvent, simulations started
from theminimization for 10,000 steps; then the system was gradually heated up to 300 K in
50 ps with 200 kcal/mol of constraint on DNA using Berendsen therm&#another 10,000

steps of minimization was carried out followed by four additional NPT MD steépgvaduate
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decrease in the restraint on DNA in the order of 2.0 kcal/mol, 1.0 kcal/mol, 0.5 kcal/mol, and
0.1 kcal/mol. After the system was equilibrated, the production simulations were performed
for at least 60 ns with 1 fs time step under 0.5 M df sahcentration of implicit solvent
conditions.

To improve the ssDNA structure and include the effect of explicit interactions with ion
and water molecules, the pi@dded ssDNA structures were placed in explicit solvent,
minimized, equilibrated and pradtion simulations were performed for an additional 60 ns. In
these simulations, each ssDNA was solvated with TIP3Pif&weth 0.5 M NaCl. The system
was first equilibrated starting from the solvent minimization for 10,000 steps while holding the
DNA; then, the system was gradually heated up to 300 K with 200 kcal/mol restraint on DNA
followed by 200 ps NPT MD run. Another 10,000 steps minimization was carried out with the
25 kcal/mol restraint on DNA. Then, a second MD run was performed for 200 p2%vith
kcal/mol restraint on DNA. There were five additional 1,000 steps minimizations with
decreased constraint energy in the order of 20 kcal/mol, 15 kcal/mol, 10 kcal/mol, 5 kcal/mol,
and finally no constraint on DNA. Then, final equilibration was perfarmith gradually
heating the entire system. We have previously used similar protocols for the MD simulations
of various biemolecules including DNA® peptide&! and proteing*? Production
simulations were executed for 60 ns under NPT conditionavittis time step. Particle Mesh
Ewald (PME) summation meth§él was used to calculate the electrostatic potential under
periodic boundary condition in all directions.

For the reliability of folding dynamics of ssDNA in implicit solvent condition, we

examned folding of poly(T)oin explicit solvent at the same salt concentration of 0.5 M NacCl.
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As shown inFigure2.S2, folding pathway and final of poly(T) agrees well between implicit
and explicit solvent simulations. However, poly(T) strand folded wi0 ns of implicit
solvent simulations, whereas the ssDNA structure was not yet completely equilibrated after
400 ns of production run of explicit solvent simulatiofsg(re 2.S2). Considering the
similarities of folding dynamics and the value of finafgistence length between implicit and
explicit solvents, prdolding of sSDNA using an implicit solvent simulation can give rational
conformation changes as well as efficient computational speed
2.2.3 Analysis

Time averageR;, endto-end distance Y), hydrogen bonding and their standard
deviations for all cases have been calculated by PHRAIAMBER 12 package. The angle
and distance criterion for hydrogen bonding
pi-pi stacking interactions were determghusing the ithouse TCL script in VMB® which
is based on geometrical parameters such as the distance between two adjacent aromatic planes
(A O 4.8 ) and angles (92 O 30 degrjpamd) bet
next basej§1).1#647 All pi-pi stacking were calculated from the last 5 ns of explicit solvent

simulations trajectory.

2.3 Results and Discussion

Temporal profiles of the normalizd®} (Rydivided by that of the initial structur&gpo,
represent the folding pathways of polyfsfand and their neutral strands, poly (#&T(Figure
2.2). Regular poly(T) ssDNA showed a complicated folding pathway, which took about 10 ns
for structural conversiori-{gure2.2a). Folding of poly(T) most often started from middle of a

strand following ly a formation of locally rigid regions, such as leldqe or hairpin structures,
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which result from formation of intratrand interactions, such ashdnding, pipi stacking and
nonWatsonCrick base pairings. Neutral ssDNA, poly(psl)show less complicatiefolding
pathway and rapid conversion into a globular shape, WRgoépoly(nT)ysdecreases rapidly
and becomes converged within 1 r&g(re 2.2b). The folding started from both ends
following by folding in the middle of the strand into a globular ghadmost identical folding
dynamics were observed fail poly(T) and poly(nT) cases-igure 2.3). The observed
formation of a loodike structures in poly(T) and poly(nT) agrees with the previous
experimental study of short sSDNA (< 50 bad®)yhich emphasized that ssDNA can fold
into a globular shape because of irdteand interaction and is more sensitive to salt
concentration than dsDNA. Very similar ssDNA structure was observed in computational
study of poly(T)g?4 and poly(T)o142®! where sDNA formed hairpin structures via internal
nonbonded interactions.

In polymer physics,adius of gyrationKg), which is a measure of the compactness of

a chain, can be calculated directly from MD simulations using the following equation:

R, = \/—a(r Tem D

Where,?Cm is the coordination of the center of mass of a DNA strﬁrisl,the position of mass

of residue i, and N is the number of residues. The val&g and the number of basds)(are
correlated with a general scaling law forlRg,= AoNY whereAq is scalingfactor,N is number
of bases, and is flexibility factor*® The magnituder is a measure of the flexibility of the

chain, i.e. the more flexible the chain the lowas obtained. As shown iRigure2.4, Ry of
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both poly(T) and poly(nT) increases as nambf bases increases and their trends show a
general scaling law:

Ry = AoN>645Xfor poly(T), whereA;=1.847 2

Ry = AoN>423¢for poly(nT), whereho=2.724
Thev of poly(T) obtained in this study agrees well with previously reported values from both
experiments (= ~0.6 for poly(T}-100at 0.5 M NaCI¥® and computational approach= ~0.7
and ~0.5 for poly(T1o0at 0.01 M and 1.0 M NaCl, respectivel}}). Considering that 1.0 M
NaCl can be treated as high salt concentration, the decreaskeserved at 1.0M NaClis in a
good agreement withof poly(nT).

Many studie®> 5%521 have used the following equation (Eq. 8) to calcuRgesing WLC

model®3!
aNIL, o 512L3 6 28° 0 NI
Rowe = (a}eT oLy 8?%7 d @ LF) 3)

This formula is generally used for estimationLgffrom SAXS measurements. MD
simulations permitustocalculagdi r ect Il 'y from t he tR)apddoct or y
estimateRy using Eqg. 3Rgwic,). Thus, we compared the trBg andRywiLcwhere the values
of Lp andl are taken from FRC model measuremehigure2.4). Weshow that the truBg is
much lower than the estimatéd w.c using Eq. 3. However, this large differences is not
surprising since the equations ®§w.c (Eq. 3) is derived from WLC model and, therefore,

typically used for estimation of stiff moleculssch as dsDNA.
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Endto-end distanceY) refers to the length of a straight line between two free ends of
a strand and can be directly calculated from MD simulation trajectory and measured by FRET
experiments. In WLC model, the relation betweéfr<and persistence length is expressed via
following equation®

NI

) e L, s
(Ruic >=2NILpg(l ~ @ e @

We then compared eftd-end distance calculated directly from MB) (with <RwLc>
using Eq. 4vhere contour lengt(NI) were take from MD simulations kigure2.4). While
trends of ed-to-end distance versus is almost identical to that dy; Rwic is much larger
than’Y from MD.
In polymer physics, the average eiodend distance of a simple polymer scale RE\NY)> ~
(NI)*, where exponernx equal to 0.588 in -8limensional systefa® In our simulations we
observed the following scaling behavior:

YO a ~ (NI)°7%5for ssDNA (5)

There are large differences betwessf Y from MD and tleoretical exponent{gure
24). However, when entb-end distancesi estmated by WLC model (Eg.)4exponentx,
becoms approximately 0.52fbr sSDNA.

There have been several studies showing a good agreement between two dimensional
(2-D) structural properties of DNA (e.g. DNA on the surface) and theoretical values for an
ideal chain model based equatidhs? 5° For example, Rechendorff et al. reported that the

critical exponent for entb-end distance is within proximity of the theoretical exponentin 2
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D when ssDNA is absorbed on the modified graphite suffldeerhas this agreement can

be explained by strong surfad@NA interactions that disrupt DNA internal interactions and
facilitate extended or stretched conformation on the surface, thus leading to an ideal chain like
behavior®®l However, unlike 2D where surfaei DNA interactions can be a dominant factor

for structural changes of ssDNA, ssDNA ibD3does not behave as an ideal chain and shows
different folding dynamics due to formation of internal fimnded interactions. Therefore,

the differences between dut calculations of DNA properties, suchRsand'Y, and WLG

derived properties for ssDNA could serve as evidence thatdassse interactions are
detrimental for structure and dynamics of sSDNA.

In order to evaluate what dominant interactions betwaa@rleobases can govern
ssDNA stiffnessand why mathematical model shows large differences from MD simulation
results we calculated lengtependent formation of various rbonded interactions within
the ssDNA chain, such as hydrogen bondspasd stackng (Figure2.5). As shown irFigure
25a, the overall number of hydrogen bonds increases linearly with length for neutral
(poly(nT)) and charged ssDNA (poly(T)). Moreover, ssDNA has a significantly higher number
of formed Hbonds as compared to neutrabich For poly(T) 40% to 75% of all hydrogen
bonds participated in newatsonCrick Thymin& Thymine (T T) base pairing interactions,
as compared to less than 30% for poly(nfFig@re 2.5b). It is known that the rigidity of
dsDNA, whose persistence lengthisich larger (~500 &)58 than that of sSDNA, is largely
attributed to the contributions of Wats@rmick base pairings and bastacking interactions.
Adenine (A) forms the most favorable base pairing with thymine; however, DFT simulations

reported thatvarious possibilities of nebhonded interactions betweeni T exist with
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energetically favorable states, where hydrogen bonding energy betiveenslightly smaller

than that betweeniA®%¢%, Also, Keniry et al. found thatiT interactions can contritte to

the conformational stability of a loop structure for short DNA fragrfénRecent studies
shown that TT base pairing were a key interaction in ssdembled structure of thymine
molecules on goldf? and silicon/gold surfacd®] We observe tht Ti T interactions also
contribute to a loop like formation which increased the stiffness of poly(T). Moreover, by
comparing poly(T) and poly(nT) we observe that charged backbone or salt concentration is
crucial for the formation of the badsase interaans.

The pi-pi stacking interactions also contribute to chain stiffness. ssDNA has a
significant amount opi-pi stacking interactions and backbone charge or salt concentration
play a significant role in a number ofpi interactions. In the poly(T) cas25 % to 55 % of
all bases are stacked as compared i@Q0%6 of that in poly(nT) cas&igure2.5c). Moreover,
less consecutive stacks are observed in the case of poly(nT) as compare to pau(€) (
2.5d). Generally, pyrimidines should have lgspi stacking preferences than purines, since
their base is composed of a singlesigmbered ring, whereas purine base is composed of two
rings (one sixand one fivemembered ring). Because of a lack of conjugated ring structures,
poly-pyrimidines, poly(T)and poly(C), are believed to behave as an ideal polyelectfdlyte
with negligible stacking interactions at certain environment (i.e. high salt concentftion).
However, recent studies showed an opposite trends. Experiment usingXtaasion of
ssDMNA at 0.5 M, found that, of poly(C) is greater than that of poly(A) because of more
stacking effect®® Recent DF ¢ and Monte Carl§”! studies showed that-pi stacks between

thymines are energetically more favorable tippi interaction between denines. Also,
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recent MD simulation study addressed that goisimidine whose base size is smaller than
poly-purine is structurally more efficient for the stacking interactis.

Overall, we observed that the formation of Amnded interactions beeen bases,
such as T T pairing and base stackingigure2.5b-d) are highly dependent on the charges
of the backbone, which cagxplain the structural change$ ssDNA associated with the
increase in the salt concentration. Negatively charged backhopelyi(T) give rise to the
limited flexibility of chains and facilitate the formation of thymine related interactions such as,
T 1 T base paringgi-pi stacking. These interactions result in the likp structure with a
higher stiffness. Moreover, thedrease in notonded motif formations between bases at
shorter lengthKigure2.5b, c, d), show that the lengtlependent trend is largely attributed to
the interactions between bases. Thus, the formation ebonded interactions between bases:
basé base pairing and stacking play a significant role in understanding the complex behaviors
of ssDNA in aqueous solutions which cannot be fully described by any simple polyelectrolyte

theorieswhere any internal interactions are ignored

2.4 Conclusions

We have Bown the effect of negative charges and bases of ssDNA on its structural
properties via alatom MD simulation. First, we analyze folding pathway using the normalized
Ry for overall understanding of the contributions of charges and nucleobases on ssDNA
dynamics and conformation. The result shows that regular ssDNA tends to forriki®op
regions due to nehonded interactions among thymine bases, widetral ssSDNAwhere
negative charges on backbone are neutralized, quickly become disordered globuilaestruc

as there are no repulsive interactions between negatively charged backbone monomers. The
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folding pathway analysis showed that repulsive contributions of the negatively charged
backbone can facilitate the ndwnded interactions among nucleobasesthese basebase
interactions can lead to lodixe structure of sSSDNA. Seconchmparison oRgandR by direct
calculation from MD trajectories, smlled trueRg andR, with estimated values from the WLC
model based equatioshiowslarge differences heeen true values and estimated valoies
ssDNA. Last, by analyzing nebonded interactions among nucleobases, we found two
important interactions that affect ssSDNA dynamics and conformationgi-(l)interactions
and (2) Ti T hydrogen bonds. These twontributions are dominant interactions to form loop
like structure of ssDNA in solution and make ssDNA more rigid than simple polyelectrolyte
chain or neutral polymeric chain.

In the light of aforementioned observations, we conclude that ssDNA dokshaste
as a flexible simple polyelectrolyte chain and also its structural properties cannot be precisely
described by conventional polyelectrolyte theories or model based equations. Our findings can
assist to more fundamentally understand the role osbasekbone and negative charges on
the structure and dynamics of ssDNA and its flexibility. However other important factors that
can potentially influence the stiffness of ssSDNA, such as sequence, temperature and different
salt concentrations have to beséstigated tq1) precisely estimate persistence length using
MD simulations and (2greate a perfect picture of understanding structure and dynamics of

ssDNA.
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Figure 2.1. Representative initiadnd lastsimulation snapshotia this study Total chargeon
the phosphate groujeft), snapshot of theitial (center) and a final (righstructure of (a)
regular poly(T)o, (b) neutral polyT, poly(nTh
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Figure 2.2. (a) Representativéolding pathway of 28ner ssDNA in implicit solvent for the

first 15 ns. Simulation snapshots illustrating a typical folding where backbone represented as
a purple ribbon and backbone atoms are orange and base s¢ayreea. (b) Tmporal profile

of normalized radius of gyratidior poly(T)zs (top) andpoly(nT)s (bottom)
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Figure 2.3. Simulation snapshots of (a) poly¢Bnd (b) poly(nT) representing equilibrated
conformations after structure refinement in 0.5 M NaCl solution. Backbone is colored as
orange licorice model with purple ribbon bands; and bases are colored as green licorice model.
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Figure 2.5. Formation of specific nabonded interactions in poly(T¢range or blue bargnd
poly(nT)(grey bars)(a) Total umber othydrogen bonds; (b) percentage of iatsonrCrick
T-T basepairing; (c) percentage of4pi stacks; andd) number of consecutiva-pi stacks.
Snapshotof (e) poly(T)1s and (f) poly(nT)is. Blue thick lines represent formation pifpi
stacks, and red dotted lines indicate tii& Dase pairings.
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Chapter 3. Effect of graphene oxidation rate on
adsorption of poly-thymine single stranded DNA

Ho Shin Kim, Barry L. Farmer, and Yaroslava G. Yingling

*This chapter is a manuscript by (1pkshin Kim, Barry Farmer, and Yarosla@ Yingling,
which was published by Advanced Materials Interfaces in 2017

3.1 Introduction

Generally, surface polarity is known®to be
structure, andol egld@Bredsse md shurofraces are knov
mechanical stit®lhagthe (sdr Dade a?/t €dd n(du puntioguz,
bonding [Bhlet Morksver, oxidation of graphene

modi fi catmicen poff asutf and hydrophobicity. Du

graphene (PG) and its oxidized surface, gr :
applications, i ncl udi nldla ntaitneirc r p bilia & ncdart @ aotnr
bi onaposbt?dSsp.eci fically, Fsnt treagnrdaetdi oM N Ao f ( sssiDn\

el ectronegative polymer with uiagee mecd @rmriets

been widely wused [fTfBumlanyyeapiidec a dircdmngpy,e

systdfth. i s known that DNA adsorption on grap
depends on |l ocal sequence varila@PHomeverdef
fundament al understanding of how <urfaaceaenpgo
remains to be explored, even though GO is co
due to its anmpg®iphilic behavior.
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For other biomolecul es, such as proteins, i
agreement tofont tbet weéma surface pol arity an
bi omol ecules on these surfaces. For exampl e
structure of small protein fragments can be

nomonddei nt eractions between t?*&énprconerasanda

(7]

tudy showed an opposite trend: enzyme func:

acted as an enzyme inhilPPfoor BINW f diicaec tiimtties g t

(7]

ignificance of two i mportant bonding cont |
gr ap-bhased sewrgiqmistacking interactions and hy

mphasized i nl!3¢%HRoirouisn ssttaundcigetsabnset edpedie men

D

t hat formation of interfacial hydrogen bon
attachment of ssDNA and the detachment of hy
the sensi?®f opreameess oned att el dti teast ctl teeard eg/n 9 intdy

on the graphene surface or oxidation rate s

process and these interactions can either e
ssDNA on -bgarsaepdh esHexweavceers,. a systematic 1inves
polarity that i nfluences these i mportant int

Molecular dynamics (MD) simulations can provide a detailed atomistic description of
processes occurring during physisorptidnssDNA on the graphergased surfaces’ 28l
Previous computational studies reported that E&Wfacepi-pi stacking interactions can be a
driving force for physisorption of ssDNA on H%,2% while hydrogen bonds are the main

contributor for DNAT GO interactiond?® 3% However, all of these studies started from an
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extended conformation of ssDNA prior to adsorption onto the surface. Yet, the structure of
ssDNA in solution, which is essential fdas biological functionsjs usually composed of
stackeddomains interspaced with coiled or unstructured dom#m8.Such complicated
structure results from a combination of insteand electrostatic, base pairing, and stacking
interactions. It is possible that stacked and coiled regions of ssSDNA playedifiroles in the
process and mechanism of physisorption. Here, we performatballMD simulations to first
obtain a model structure of ssDNA: poly¢din solutions and then investigate the mechanisms

of its physisorption on PG and GO surfaces withalde oxygen coverages (from 5% to 60%)

to address the following issues: (1) relationship between ssDNA structure and surface polarity,
and (2) key interactions that govern conformational changes of ssDNA on grdyasete

surfaces.

3.2 Simulation Details

3.2.1 Structure of ssDNA and graphenbased surfaces

I n this -tshtyurdiyne psosiDPONA wi t h a.d ewaggs huodd 20T hea
pol yéTyucture was built using nuplacika gaeciwd th
FF12SB bscOr feosPHWAafri ¢ehe-bgsaephesme faces, firsH
nm I 5 nm) was creatfénd WMDa 1i.n%?3fthapmai cdk yalmueiglx d/d r
epoxy groups were grafted on both sides of t
grugs ratio was 2:1 on al $uiGo@i8 i@ fraacteiso sfionrc emr

reactions between watlk®®Tandnvbeset ggapbehbess

PG (0%) and GO with 5%, 10 %, 15%,0vax0d%,ge2 50, ¢

48



prepared as surfaces for DNA physisorption.
this studyFiag8Sles h®wmti @l charges that are a:
epoxy group were taken furdopm gBSgErié¥hios sstcoddp
did not account for the presenceWalfexotdhef e dt
vacancies, k*'Md diudll gc diteiocwmbssaoa pPoAarity rel at
order to el umifdagwr ftalte & fofughtness byzof unct
conformati on, we chose GO with 20% oxygen c
functional groups, |l eaving only steri< hind
called (nGQ,2Wasorl2@hrostatically neutral
surface atoms, including partial cheatrlg®ls of

and general ambelfllforce field (GAFF).

3.2.2 MD simulations

To refine theost ofrepnaotaggulepoeuhsavs ol uti on, we
simul ati ona|l eohme pioh yi(mpl i cit solvent where th
di el ke*®Fvreinc.t hough the implicit solvent model
explt interactions between water, ions, and

simulations can significantly reduce the com
of nucllé8*EBndcaldso successf wlsl yi nprceodmpcatr itstoeni
experiment all***6bserhatimmlsi.i cit solvent, si mul
for 10,000 steps; then the system was gradua
of harmonic coxnsstturcaiunte arsipgl BEéReoatdsem 1 0e0 (

steps of mi ni mization were carried out foll
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gradual decrease in the restraint energy on

kcal / mokcaando0.1After the system was equili

performed for at | east 60 ns with 2 fs ti me
equilibrascedupobpedE]) .

To include thetefhetti oot e&xphi stterucamnd ei dnm
the |l ast frame of the MD simulation in the i

solution composed 6%8! ™i m3 i wattdronmo leeqoud Il & sb r
si muilans were performed for an additional 60
equilibrated starting from the solvent mini.
fixed; then, the system was gradstataiynheahned
foll owed by 200 ps NPT MD run. Another 10, O(
25 kcal/ mol restraint on DNA. Then, a secon
kcal / mol restraint on DNA. Theme mweratei dnsve
decreased constraint energy in the order of
and finally no cwoonsTthreani,n tt hoen etnhtei rpeo Isyy(sTt)em w
300 K. We have previ ousolry tuhsee dMDs i gnii hwalr a tproo
bi omol ecul es!%%mnldu pirtdd PDMA,ucti on si mul ati on:
60 ns under NPT condition with a 2 fs ti me
met hSdas used to calstaktacepoheneiac¢t under pe
in all directions. After combined implicit
(T) structure that hagsdgpsitnatcekrinnagl ainndt [ehrygdert g goenns

31c, and d)
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For MD si mul axtdinotnesr aocft ipoontbya(ele)dt hsgr apbense th
fol ded2opad ydlTgdgced ont o thieg3G@a)t suchf tthime Nwor i
interactions or over |l aps Dbiessuwefeasxcy s wve matva ms t
solvated in a TIP3P water box and the same
protocols for MD simulation of explicit solwv
for 100 ns. The box di nehnes ippailsy(@inac e nc o m@ll e
showhi ghS2do0o validate the results, second set
GO surfaces with differentFidds®yi buni drheofs:
simulation set, 6POG» s@O f2a0ck,s awed eGG el ect ed a
with | ow, moderate, and high surface oxidat:i
up, mi ni mizati on, equilibrations, and produc
i Il ustFrigtd8&, i hhe results between first and ¢
20% i s shown as the best surface for poly(T

oxidation rate are not i deal for ssDNA struc

3.2.3 Analyses

No-bonded aicnti ons, t he number -borfi dhgyi dnrgo giemt ebr oz
were calculated with the CPPTRAJ V®®eion 1
hydrogen bonding anal yses, the angle and di
respect pypasltywckimeg i nteractiondrowsree TdCat scmii |
VMD version 1.9.1 which i s bassteadn coen btewowegec
adjacent ar oOna4t.Ji8ca mpd ankees dmMgl es bet ween axes

pl ap@sdegrie®dydrophobic contacts were calcul .
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softiWwdlhes anal ysi s ¢ oaunbtoend atthoers s iuitmi iepno 14yf (0Tc);
carbon at omsaodd gguwrpfheemees. Li nezxart odnesn saltoyn gp rt
axis perpendicular to the surf aé€%Bliwedienganfarley
energy di f feesrta mraegese dwebrye mol ecul ar mechani cs

generalized Born and sur f-GESRA)ariem tchoentA MBIEIRN

3.3 Results and Discussion

3.3.1 Results

The ssDNA in solution forms a coempilomatecd
which resubtrdmodmelead¢trmost ati c, base pairir
simulations showed that t he i nestsiDaNA yr aegpx tdd r

(within 10 ns) converges i ntFo glilrpeandi S8R)y iva
i s held together bypipstackahghyhotegarcthomdés b
(Fi galr)e. Final folded structure al scebomdedi ns
i nstaand interadti ored Fregflddleeshdvnanmo i ntern
bonds (residue 15, 16j gan), lor, dGo er@pireasi tdiu
stacking interactions (rd&sigire. 4We 5ys eadch dt Hi8s
pol yle¥$) a starting structure for the physiso
stacked and FciogiBl¥ged age gieesnswit h previous expe

aqueous [é8]l utions.

To investigate how sur fraeceanpdo!l dayndmi casf f &

pol y TWwe an abloynzdeedd nionnt er act i 0 nxg nedn grr-gag hieeehtew e €
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sur f(Ace®2)®ur si mul ation results indicated th
regi mes which ar el)hetatve | oyx ydeegpre naemda e abgne r 6 Aa C
and (2) residues that -bhoedadti nthemndkyteidon n a

call ed free residues.

I n the first regi me, which i s applicable
proscewas completely attributedFitgp32yan | dert i Wd
free and fl exi plfe rrmbsniaddeeds iinnt epalcyt(iTo)ns wi t h
residue 8 and residues at botrhednas f(lrexsiidlue
due to endstoangol p(This 1®OHuUdYhi s capped en
pol yemgds more flexible, hydrophobic and, t h
with the hydrophobic mauapgped RMNA csotnrpuacrteudr e ow
a phosphate group. I nterfacial i nteractions
of physisor pFtiiglB® &y onfThmgses nCreased number o
with the sur fNeAc & oc aunsfeod dt haen ds Bubhg3@2beg |. ®Ow etr laed
for PG and GO 5%« asesawhser i pbl y€) surface
coverage, it is clear that i1interfacial VDW i
arereng enough testumdotil dr ¢ he pol y(T)

I n the second regime, which is applicabl e
e. @0 10% to GO &&a%) abpolrped) but its folded s
shownFiigi2 e VD®r amtti ons were no | onger a do
adsorption process: only free residues, such

17 (GO 15%) , and 20 (GO 10%), were involved
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At the slaemettomeat Ec interactions (ELEC) and
t he physi soFipg @S, aprdo cSe7s)s. (These interaction.
residues already participating in VD&ndnt er e
10 or near the residues.aemahasemdbil bpn fabios
regions formed strong interactions with the
bonds and most of the DNA basewi wereheosui ha
exampl e, DNA could Iift up from the surface,
surface again (GO 20%) or could form an inve
residues interhRicg8Swaptvlertalh e ,s war fcaoand i (nati on o
hydrogehfhRi dB®B&@sé&nd S7) and VDW contribution:
nucl eobases is a key factor 2fomr GtOh evi g thy snosdce

oxidation rate.

I n the twhrdhregi mpplicable to GOe.squrf ac
GO 30% to 62@%)s,0 pmaliyn(tTa)i ned its initial fold
interactions mainly contributed to the physi
bonBsgl2ZaE,i gBIF6e ahM). Since a greater number
bonded interactions with the su2q a%)e, 2(opxs! Y(OT

was not mobi |Fei goBixbet Fa m@8Bj ace (

To assesstural differendesnsaft yadpsmomrfhedspo
along the axis perpendiFcgB3aSudlo dearesistuy frmecas
can be compared to AFM charactenpnd&tPifaroom Spo

our MD simulations (~16 ) agrees with expel
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mu Htaiyer ed graphene substrladestife lRG|suwAFMcaec
unf ol ded and spread, which @ttaki bwtcad itom tahe
i. For GO 5%, even though atomic density was
due to the | ocally ofsotlrduetdi grBeed)(o n mofr et hd amo I3
atoms were still &eé&otaoadtheaunfbkedsesngfdgranmiuc:s
On GO surfaces with higher »@tirdeatiuoesr atead ¢

mai ntained and density profiles oDNA saDiNoAmsd i f

were more evemngy tdhiestaxiibsutneodr nadl t o t he surf:
retained its folded structure, the trends we
(Fi g3s3®) . The aver agea Rye idbgaisterdefs uproflayc(eTs) f r om
(~22.56 j) showed similar value as compared

ssDNA strands on GO measured by[lS8FM height i

Our simul ati on resul ts al so demonstrate
signifioant hefpédgsi sorption process, especi e
pol yTyucture on PG arFd g@®aeb5HBoh d#BFE,s hnoowne itnh a
10% of DNA atoms (70 out of 639 DNA atoms) v
PGnd GO 5 % surfaces. This number dropped tc
GO surface exceeded 10 %. This drastic chang
the key contributors for 26 h&uwunheitgohonmagn yd § me
hydrophobic interactions, we reveal ed- that
membered rings of the car bon -csaulrpfigasctea caknidn gt h

interactions, are heavily nefiag @4dR)t.o Isntirtu catl
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fol dedadpaowd yI2T)i nhaesemadt dalsiemigg dlmce @ing &4 be)o.n s (
However, these internal i nteractions were |
six (GO 5% case) sthackyi@dbe)i nOearaatonntargagcti
with higher oxidation rate, more than eight
t hreei shuNN\Af ace stacking interactions were f ol
pol ylTyuwWweumnéeso showed that the trend of th
function of the surface oxidation rate is
interactibBPiNGIISH{ogBFE&E) hi s rel ationship ican be
t he probabiplHitnyt eorfa catvieamsggeover the | ast 10 n
pol ysbbExame structur adtl g iaen@s ee neerygse ttihcaan | y6 %
original internal DNA stackib®g IiFmtrdrhaeatmoagres
surfaces, more than 40% of nucl eobases inte
stacking Fing®&rm)c.ti odiss f(lor GO substrates with
5 %, i nternal stackingrelndteirvaelty owsl lwedee mtao

30%) or no (GO 40% and 60%FigaFker fa). al st ac

Next, we evaluated the role of electrost .
(Fi g8k, e). For inshahcbydmogén obveirtee | ofstt p ol
PG and GO 52X eacsa npeo | syt(rTeet ched on t hoarseet asiunrefda c
these interactions relatively wel/ on GO 10
hydrogen bonds WwaakenedtbnhG@hsoxygen cont er
6 0 %. By compabPNAgi suefFag@Pe®enand e) , we fout

observations on the role of domi nant contrilt
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pol y T)( 1l)acwkherg dtnt eractions are the | eadin
or GO 5% case),omosérmomdl tihet epodygt(iTdDNAar e di
stacking; (2) on GO with high oxidatbkbon rat
i ntteirmamcs are retained due to the lack of in
oxidized surface can deteri ogdolayestmoreg niaht d
hydrogen bondsdg naednéB)spolug( d)GOs warten pmmoadseera
oxi dateo®@O0Orha% t(o 25%) since surface interac

free residues.

We also found that water bridging 2bnter a
via hydr ofieqd3ade)n dosc,bwt he e natscamfd pelsy dh)es 7,
which ar e, again, r e sizdiuretse rfarcete ofnrsa m Ciomtse rdre
interactions were more clearly observed in =
5 %, or GO wiftlhverghgepxygemppears that water

structures during the physisorption process.

Oxi dation of graphene not only increases
t he probabilipdsbdbackbnagawtintbha rphooltlyifoTgs der t o
the contributions of enhanced polarity and ¢
physi sorption process, we per feamtead naedudtirtalo |

20% surface (NGO g0fhacdhis nGOnLI0Eoval to r e

parti al charges on functional groups, maki n
functional groups sticking out from the grap
similar apupreaacihn wasevi ous MD simul ations s
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sequencing per f-loy dnmaomg en avieal -poatrgep h el BAuscnt aurr oe .
il 1l ustFrigtdé&dg ped g(d@)ned its folded structure
conservat hgtdeogen bonds and stacking i nt e

conf ormation as observed on regular GO 20%

residues participated in the physisorption
inter et wees residues and the neutr al sur f a
functional groups, as expected; however, str

20% and free residues (residue 7, -GQ 20h%W 18

i nter &c gB@ee)s. (I n fact, stracnh ur@D 2r0e% esnutrifoanc e

D

ectrostatic contribution is negligible an
participation of free resi dturewsctiunr atlh es tpmhby dii
surface roughness arising from functional g
sterically hinder the formatspon hafs gti-&d¢kli mg
mai nt ai nxdt rpwd tyy rTe .
3.3.2 Discussion

Our simulation results have shown that bo
i mportant roles iapphygsthpegeisam f@afcemal W(OT )e c
that these two contriedtutuohsr eandidinfidroeamic eveqg
(Fi g82,e 3). When VDW contributions were the
maj or i nternal I nzipe rsauccthi ocanss hwyidtrhoigne np obloyn(dTs) a
di srupted and it was st rndrFg(lgBes dsorshadyasga

with the wearlier computati onal studiies t ha
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h

S

p

ydrophobic surface interactions that can h
sDN&® n our case, tdeentmaijbutiitonosforviDginat ed

stacking interactions betwg@&heandl| épbabktshi:

nown that VDW and hydrophobic interactions
t abpi B8 tzaec kd rnggc tiinans il AE°Fuwrctl hed rcmoarce ,d smany pr e
ave emphasized the i mportance of stacking i

his contribution can be -bsamdend iehfidélrgancettigo nbs
ielding confor mmbl enal eshangedifirhagth&iéied | pe
s DN®, a3’d db&ENMAderi mentally, previous AFM st
ecomest wett ¢hed on graphite slf¥dmcaelsmwst hsno
n hydrophobi E®%hii(cihl 1i)s siunr faa ceq o dOwaegrr @&lelme na u
bservations in the case of PG and GO 5% are
nd show that stackfageiahdrasbDNAncabebeeteme

or unfolding dynamics of ssDNA on the surf a

OQur results al sozesetxrhuicbtiutreed ttehnadts ptool yb( el ) me

dsorbed o5 %O I1M% hese cases, onloyw DNAerasi
omonded interactions are involved in the p
ondi ngpiamnadcking IFmtgeBRa&c t5)o.ns Th(es ebomadnmidi nec

nteractions with only a fewmlksi suefacanwint

oss of internal i nteractioinbat batl awsol apngéeé

moti ons ankd gragteamido IiSs3) (. I n-meeldi at edgihmelr ogat

connecting the surfamce gophmd sisee ptaydmdl bielk eve a
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sur fRice85(fe) . Our recent combined experiment e
fibroin adsorption on the graphene oxide (C
structure of snieldk afnidb rroeicno viesr enda iomt aGO sur f ac.
and Si O2%EBluomaaediti onal MD simulations usin

t hat surface roughness c d@n satlrsuoc tbuer atlh er ekteeyn tf

groupgeamat rical |l yofprroenvefndr npionigy (sftyacki ng i n
sur face, t hus |l eading to a wmdilntfadlndkadd isng
interactions. For these reasons, GO with mo

t oe bt he surface showing the 2ésagtucs ur ec tanmroanl

grap-bhbased surfaces examined in this study.

For hi ghly oxidized GO surfaces, el ectr
contribution for ph¥®st coGPt 60w pracdskos SO0
hydrogen bonds occurs dueidNA thhyed rfoogFermg tibr oennd so
3 .a9 . Even -phesghvevklilnternal st acksmd diedt er
because of sstfraog i ouoghhass al hydr ogsn bond
and the surface can disrupt or weaken the pe
uat albNA structure. Coaufrorvraartiioonss ®@Q@ spuwrl fya cTe)s
MD sliantui ons are also in a good agreeJdgemt wit
GO surfaces measured by iARMfiamagesd.acii ngn i il
mi ni mal at highly polar surfaces, weurcDLnculad
to (1) formation of a high number of strong

and (2) | ack of stacking interactions betwee
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reported that strong hydregesmnrlh@amcaes owi tilons w@r

easily break inter-malebtylde®gleaadiomgst of ddi oi
strué€i*uRrdeds .exampl e, a recent study repPorted
chymotrypsin and GO surface can disrupt | oce
enzyme, thus | eadi ng?3tud gli msgs fafo me mzpyea bacatsiva
reports, it is plausible that sQQ thalrlfeaetasn wi

of DNA structur e.

Our results suggest t hat for the applic
adsorbed material s rothri wdtiproed®d elsesicant uasata motni
protfteietst her pristine graphene, sparsely (1l e
oxidized graphene surfaces should be wused.
rat e25%0 Pbreowlseed for the applications that r

the Dbiological metaerriielrs, 8% raisg idrelnareay.
3.4 Conclusiors

Il n this paper, we have performed a det ai
oxiamtrirate of graphene surfaces onSiimel pthiys
results have demofnesrtmsata dcdrhmltexp odtyr(urgt ur e v
regions in aqueous soluti omendenhi icidpaoresscutl it cs
physisorptionstrtulte upe!| wihd)er goes changes as
properties: (1) on PG or sep. @rOs &5l %) , o XViDAW zderdi

i nteract i opnpsst aecskpiencg ailntyer acti onsn,d Hetewesar f R
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are the dominant faci®rsudtour esnf@@2)di ag oXi g¢a
surface roughness due to f udfatoimonfaolr mg rnagu psst

interactions with the $ufbhdedgtphulcg (Ulfgea dinn ¢5C

hi gher oxygen coverage,; (3) strong hydrogen
debilitate str uctour ad0O sstuebbsgOridtOydso f@ Op%,| ya(nTd) 6
(4) balanced camli redteicamr osft aVDW i nteraction

free residues ensures goga. @GO rluoc,u rlald %,r ez %,
25 %) .

Overall, atomistic understanding of the e
physi sprptess of ssDNA indicates how to opt
gr ap-bhased sur f aeceaepsplfiocratnioovnesl. bHoowever, there
can also affect the physisor pte .oy poef twsnsdD NsAg
concentrations, pH, etc.), sequence and | eng

sur face.
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Figure 3.2. (a) Temporal profiles of nehonded interactions between ssDNA and PG, GO
20%, and GO 60%: (left) total ndsonded interactions (NONB), (middle) van der Waals
(VDW) interactions, and (right) number of surfacesDNA hydrogen bonds (Honds). (b)
Representative snapshots of sSSDNA @) BO 20%, and GO 60% as an example of the case
with no, moderate, and high oxygen coverage, respectively. Please fatpm#B.S3, S4, S5,
and S6 for other cases.
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Figure 3.3. (a) Representative gpshot of the initial structure of poly(Z)on graphendased
surfaces with an axis normal to the surfacaxis). (b) Atomic density profile (solid red line)
of poly(T)oatoms along-axis over last 10 ns of 100-88nulation trajectories with red shatle
regions representing standard deviation. Gray dotted lines represent dendily pfdhe
initial structure prior to adsorption depicted in (a).
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on the surfaces represent partial chargiefunctional groups. The charged functional groups
bond with both the top and bottom surfaces of the sheet.

73



81.11 A

(b) 100.00 A

50.00 A

c (d) —
~ 20
<L Foldedpoly(‘r)\
a5 w—-—“ ¢
2
nﬁ1() e
54
lnmalpoly(T)
0% 1 %o 60
Hydroxyl Group

Slmulatlon T|me ( ns )

Figure S3.2. Simulation setup. (a) The initial position of polytd3tructure on grapher®ased
surface in the water box. (b) Top view of initial position of poly{T)n graphendased

surface(c) Partial charges used for hydroxyl and epoxy groups. (d) RMSD of free poely(T)
solvated in 0.5 M NaCl solution.

74



(a) ' (b) o
Top View Side View

PG GO 5%

S Al

GO 10%

GO 15%

GO 25%

nGO 20%

Figure S3.3. (a) Top view and (b) side view of representative snapshots of paly(T)
conformation on various graphebased surfaces. Green color surfaces represent close contact
regions between carbon atoms on a graphene sheet anctoMa.
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Chapter 4. Sequence dependent Iinteraction of
single stranded DNA with graphitic flakes: atomistic
molecular dynamics simulations

Ho Shin Kim, Sabrina M. Huang, and Yaroslava G. Yingling

*This chapter is a manuscript by (1) Ho Shin KigabrinaM. Huang, and Yaroslavé.
Yingling, which was published by MRS Advances in 2016

4.1 Introduction

Single stranded DNA (ssDNA) is an electronegativedmtymer which can detect and
bind to a complementary counter strafiddue to this unique recogion ability, sSSDNA has
been used in biosensBtsand drug delivery systefi¥l Integration of ssDNA with various
surfaces can introduce new properties to inert surface materials and, therefore, improve bio
compatibility, solubility and selectivity ohe surfaced>”! Graphenebased surfaces have been
used for biefunctionalization because it has outstanding mechanical, thermal and electrical
properties® Previous studies have emphasized the importance of surface polarity or
hydrophilicity on biemalecular structures binding to graphene or GO. However, the results
are not in complete agreement. For example, recent studies showed that secondary structures
of small proteif!! and peptidé® can be stabilized on graphene oxide and get disrupted due to
interactions with pristine graphene surfaces. In contrast, another study reported that active site
structure ofU-chymotrypsin can be maintained on graphene but lost its structure on graphene
oxide surfacét! Thus, it is imperative to understand how surface polarity or hydrophilicity

affects structural changes of ssDNA. In an attempt to address this issue,on@@edhatom
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molecular dynamics (MD) simulations of ssDNA on fstanding graphene flakes varying

oxygen coverages.
4.2 Computational Methods

In this study, 20 nucleotides long poly thymine (poly(T)), poly adenine (poly(A)), and
poly(AT) ssDNA strands wenased. All ssDNA structures were built via nucleic acid builder
(NAB)*? in AMBER 12 packagé? FF10 force field was used for DNA:S! For the
graphenebased surfaces, a pristine graphene sheet (10 Bnm) was created by inorganic
builder in VMD 19.1 packagé® then 2:1 ratio of hydroxyl and epoxide group were grafted
on the surface in a random manner to make GO surface. Oxygen coverages of GO surfaces
were calculated by total number of oxygen atoms divided by total number of carbon atoms.
All force field parameters and geometric factors of graphene and GO referred to GAFF force
field(*”l and partial charge information of epoxy and hydroxyl groups were taken from Stauffer
et alltsl

All ssDNA and graphitic fakes structures were subjected to nzaion for 10,000
steps; then the system was gradually heated up to 300 K in 100 ps using Berendsen
thermostat!® After system was heated and equilibrated, production MD runs were employed
for 20 ns with 1 fs time step at 0.5 M NaCl salt concentratiomplicit solvent condition&%

21 The trajectories were saved every 1 ps. Root mean square deviation (RMSD) of ssDNA
over time showed that all systems were structurally equilibrated within 2Bigisr€ 4.1).
Moreover, similar dynamics were observedewltomparing to previous MD simulation study

with 12-mer ssDNA on a pristine graphene surfgée.
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Non-bonded energy and hydrogen bonding analyses were calculated using a
combination of irRhouse scripts that we have used in MD simulations of protein gar su
molecule&3?4 and CPPTRAJ modufél. Calculation ofpi-pi stacking interactions were
determined using #house script based on geometrical criteria from previous stédig8.
Persistence length. ) of sSSDNA was estimated using freely rotataigin model?®!

I
1- coyy

p

where,| represents bond length addllustrates angles between two adjacent bond
vectors. These two parameters required for persistence length estimations were directly

obtained from MD simulations.
4.3 Results and Discussion

Our simulatons show that all ssDNA strands are adsorbed on the grapheed
flakes independent of sequence or surface hydrophili€igue4.1a-c). However, dominant
contributions which govern conformational changes of ssDNA vary with different surface
hydrophiicity rather than DNA sequence. For instance, ssSDNA tends to be stretched or curved
on nonpolar or lesgolar surfaces, such as pristine graphene or GO 5 %. In these cases, more
than 16 out of 20 bases interact with the surfacepivj@ stacking interagbns on average
(Figure4.2d) and Van der Waals (VdW) interactions mainly contributes to the formation of
this surfacd nucleobases interactionBigure4.1e). On the other hand, some locally folded
regions are found when ssDNA is adsorbed on the pattacss, such as GO 15 % or 20 %.
In these surfaces, increased functional groups reduce VdW contributions and, at the same time,

electrostatic contributions come into play for DN#urface interactiong=(gure 4.2f). As a
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result, less than 7 nucleobases ftam pi-pi stacking interactions with the GO 15 % and 20

% sheets due to increased electrostatic and decreased VdW interdeiome 4.2d, e, f).
Considering that values and trends of surfab®&A non-bonded interactions of three different
DNA sequene are almost the same, it can be concluded that role of DNA sequence on the
physisorption is marginal.

In order to understand how surface hydrophilicity affects ssDNA structure, we
analyzed persistence length and internal-bonded interactions of ssDN#@s a function of
surface oxygen coverage. We found that, upon adsorption of ssDNA to largepolaon
surfaces, the persistence length of the ssDNA is higher than in solktgurg4.3). As
aforementionedpi-pi stacking interactions are mainly invotyé physisorptionKigure4.2)
and zero or a few internal DNA interactions are obserixgglife4.4) in these cases. These
two contributions (1) strong adsorption of ssDNA to the surfaces and (2) negligible internal
interactions between nucleobases, ned{@NA more stretched with higher persistence length
and behave as an ideal chain. This result agrees well with previous MD simulation study
showing thapi-pi stacking interactions between nucleobases and pristine graphene are the key
for physisorption proess of short ssDNA in explicit water solv&dt.However, as the
hydrophilicity of the surface increases, the persistence length approaches the value exhibited
in solution indicating the retention of a wédllded ssDNA structurejgure4.3). Interestigly
internal interactions of ssDNA, such as bBhasse stacking and pairing, are observed when
ssDNA is interacting with GO with higher oxygen coverages. Also, increasing trends of these
internal interactions generally follow the decreasing trends of pamseslength as a function

of oxygen coverage. It is expected that#b@mded interactions between nucleobases become
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more favorable as compared to DNAsurface interactions because increased functional
groups can reduce VdW contributions and DNAurfa@ stacking interactions. Even though

it is too early to state that internal rbonded interactions illustrated Figure 4.4 have
obvious trends due to overlapped standard deviations in many instances, overall tendencies
show that internal nebhonded inteactions can facilitate the formation of locally folded regions

in ssDNA strand and decrease in the persistence length. Our observations of interactions of
ssDNA with GO surfaces are in a good agreement with previous computational studies where
oxidation d graphene surfaces enhanced -bomded interactions within small peptide and
proteins, which resulted in a secondary structure retef§tifrSince the sequence of sSSDNA

does not play a major role in changes in persistence length (most of valuefiaréheitange

of their standard deviations and show the identical trends); thus, surface hydrophilicity is a
more critical factor for structural changes of ssDNA rather than sequence.

However, we used an implicit solvent model in this study, wileeesovent is
considered as continuum dielectric and cannot capture the important factors of explicit
interactions between water or ions and ssDNA. Moreover, surface oxidation affects the
graphitic surface structures, where the surface becomes more curvednares lmxygen
coverage increasegifure 4.2). However, since solvent viscosity is negligible in implicit
solvent model, we cannot precisely investigate the effect of surface curvature on structural
changes of ssDNA. In a future study, addressing thesesissineeded for understanding of

the complete picture of physisorption of ssSDNA on grapHeased surfaces.
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4.4 Conclusions

We have shown the effect of surface hydrophilicity on structural changes of sSDNA on
graphenebased surfaces. From our observatiore canclude thapi-pi stacking interactions
between nucleobases and the-portar surface play an important role in strong adsorption of
ssDNA and lead to highép. However, in the case of polar surfaces, such as GO surfaces with
higher oxygen coveragesBNA tends to form locally folded regions with low persistence

length since increased electrostatic contributions reduce associated interfacial interactions.
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Figure 4.1. Root mean square deviations of poly(T) (black), poly(A) (red), and poly(AT)
(blue) on (a) pristine graphene, (b) GO 5 %, (c) GO 10 %, (d) G® aBd (e) GO 20% as a
function of time.
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Figure 4.2. Simulation snapshots of (a) polyés,)(b) poly(Ako, and (c) poly(ATjo adsorbed
on the graphene, GO surface with 5%, 10%, 15%, and 20% oxygeragese SSDNA

structures are illustrated as purple backbone with blue bases. Red spheres represent oxygen

atoms in functional groups of the surfaces. (d) Numbgi-pf stacking interactions between
nucleobases and the surfaces (e) van der Waals cordnibatind (f) electrostatic contributions

of DNA 1 surface interactions. Numbers inside plots indicate the oxygen coverages of the

surfaces (%)
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Figure 4.3. Persistence length of poly(b) (black squares)poly(A)o (red circles) and
poly(AT)1o (blue triangles) as a function of oxygen coverage of the surface. Black, red, and
blue dashed lines represent a regression line of pely(pPply(A)o, and poly(AT)o,
respectively. Gray dotted line means persistésmegth of poly(T)oin 0.5 M NaCl solution.
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Figure 4.4. Internal norbonded interactions of ssDNA: (a) the number of hydrogen bonds
between nucleobases, (b) the number of hase stacking interactisnNumbers inside plots
represent oxygen coverages of the surface (%)
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