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Abstract: We report molecular dynamics simulations of DNA adsorption on a single-walled carbon nanotube
(SWNT) in an aqueous environment. We have modeled a DNA segment with 12 base pairs (Dickerson
dodecamer) and a (8,8) SWNT in water, with counterions to maintain total charge neutrality. Simulations
show that DNA binds to the external surface of an uncharged or positively charged SWNT on a time scale
of a few hundred picoseconds. The hydrophobic end groups of DNA are attracted to the hydrophobic SWNT
surface of uncharged SWNTs, while the hydrophilic backbone of DNA does not bind to the uncharged
SWNT. The binding mode of DNA to charged SWNTs is qualitatively different from uncharged SWNTSs.
The phosphodiester groups of the DNA backbone are attracted to a positively charged SWNT surface
while DNA does not adsorb on negatively charged SWNTs. There is no evidence for canonical double-
stranded DNA wrapping around either charged or uncharged SWNTSs on the very short time scales of the
simulations. The adsorption process appears to have negligible effect on the internal stacking structure of
the DNA molecule but significantly affects the A to B form conversion of A-DNA. The adsorption of A-DNA
onto an uncharged SWNT inhibits the complete relaxation of A-DNA to B-DNA within the time scale of the
simulations. In contrast, binding of the A-DNA onto a positively charged SWNT may promote slightly the

A to B conversion.

1. Introduction

The interaction of biomolecules with single-walled carbon
nanotubes (SWNTSs) has generated a great deal of interest i
the past few years. There are concerns about the biological
safety, activity, and compatibility of SWNTs> Such issues
are relevant to the proposed applications of SWNT in drug or
gene delivery® and any situation that may result in human
exposure to SWNTs. Recent work has shown that single-
stranded DNA (ssDNA) interacts very strongly with SWNTSs;
adsorption of ssDNA onto a mixture of different types of
nanotubes can be used to separate and purify SWX¥&The
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purification mechanism involves ssDNA wrapping around
individual SWNTSs, separating them from the bundle and
facilitating dispersion into solution. The DNA-wrapped nano-
ubes can then be separated by their diameters and helicities
through ion-exchange chromatograghyt* Furthermore, size-
exclusion chromatography can be used to sort ssDNA-wrapped
SWNTs according to lengti8.ssDNA-wrapped SWNTs have
been used to probe the excitonic relaxation of (6,5) SWHNTS.
Gigliotti et al*® have recently shown that completely random
sequences of long ssDNA can be very effective at dispersing
SWNTs as long as care is taken to remove complementary
strands of DNA. The hybridization of complementary strands
was thought to compete with binding to the SWN¥s,
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Using SWNTs as biosensors and in other bioengineering ssRNA through a short SWNT membrane. Translocation rates
applications has recently attracted significant research atten-through the model SWNT membrane were found to be sequence
tion.219-26 Aligned SWNTs have been used in atomic force dependent because of different affinities of the base groups with
microscopy as probe tips for imaging biomolecllé€ It has the nanotube.
been found that aligned bundles of SWNTs exhibit superior Lau et al. have used MD to study the encapsulation of
resolution compared with conventional tips when probing DNA canonical double-stranded DNA (dsDNA) into large SWNTSs,
fragments® This finding may be employed in techniques for 30 and 40 A in diamete¥ They showed that the structure of
fast haplotyping of DNA82°SWNTs have been used as DNA DNA is not significantly perturbed if the counterions are
immobilization platforms and hybridization detecti®>Strano included inside the nanotube. If counterions are excluded from
et al?6 have monitored a secondary structure conformation the nanotube interior, then the structure of DNA was seen to
change of a 30-base pair (dGdT) DNA by observing changes deviate significantly from either A- or B-form DNA They
in the dielectric environment of SWNTs around which the DNA  did not, however, study the encapsulation process, so it is not
is wrapped. This DNA-SWNT system was shown to be a very known from their calculations if dsDNA will spontaneously
sensitive probe of ionic concentration. Notwithstanding the many adsorb inside the hydrophobic nanotube.
potential applications of SWNTs with biomolecules, thereisa  Lu and co-workers have studied a system composed of an
lack of molecular-level information on the thermodynamic, infinitely long (periodic) DNA molecule interacting with an
structural, and dynamic/kinetic aspects of SWihbiomolecule array of SWNTs® They used molecular dynamics to optimize
interactions®® the DNA—SWNT complex in the absence of water or counter-

Molecular simulations can provide insights into the funda- ions. They used hydrogen passivation on the DNA phosphate
mental interactions between SWNTs and biomolecules. How- groups to create uncharged DNA. The electronic structure of
ever, there is a relatively small number of papers in the literature the relaxed periodic system was then calculated using a density
dealing with interactions of DNA and SWNTs. Molecular functional theory-based tight-binding formalisfirheir calcula-
dynamics (MD) simulations of Gao et #3?indicate that the  tions show that (10,0) SWNTs fit inside the major groove sites
association between ssDNA and SWNTs is very strong. They of DNA and that the resulting system can exhibit states involving
found that ssDNA can readily be adsorbed from solution inside charge flowing through both DNA and the SWNTs simulta-

a SWNT of appropriate diameter due to the hydrophobic parts neously. They speculate that such DNA/SWNT systems could
of the ssDNA being attracted to the interior of the SWNT. The be used as nonvolatile random access memory or for ultrafast
insertion process for a short ssDNA segment occurs very rapidly, DNA sequencing.

usually within 1 ns. Insertion of ssDNA into SWNTs from Meng and co-workers have investigated the interaction of
solution has subsequently been observed experime#tally. individual nucleosides with a carbon nanotube in a vacuum,
Okada and co-workers used a radio frequency electric field to both with and without an externally applied gate volt&€hey
stretch ssDNA and a concurrent DC electric field to provide a proposed a scheme to discriminate between different nucleosides
driving force for the ssDNA to migrate toward the SWNTs, on SWNTs based on measurements of electronic features
which were deposited on the anode of the cell. The encapsulationthrough a local probe such as scanning tunneling spectroscopy.
of ssDNA in the SWNTSs was observed indirectly, through shifts They performed quantum mechanical calculations to demon-
in the Raman spectra, and directly, through imaging of strate that the electronic feature measurements can have high

DNA@SWNT with high-resolution transmission electron mi-
croscopy3?

efficiency in identifying nucleoside bases. They proposed the
use of such systems for ultrafast DNA sequencing using

Yeh and Hummer studied the electrophoretic transport of electrical measurements. However, it is not clear if their results

ssRNA through a hypothetical SWNT membrane using MD
simulations with and without an applied electric fifdn the

can be generalized from individual uncharged nucleosides to
charged DNA nucleotides in solution with counterions. In

absence of the field the sSRNA was trapped in the SWNTs by particular, it is not clear that nucleotides in dsDNA will bind
hydrophobic forces, even considering the large entropic penalty to nanotubes in the way that isolated nucleosides in vacuum

for confining the ssRNA inside the nanotube. Application of
an electric field provided a driving force for translocation of
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were observed to bind to nanotubes in the study of Meng et
al.3s8
From the above examples it is fairly clear that ssSDNA will

readily adsorb inside a SWNT and that this is due to ssSDNA
having exposed hydrophobic sites. The simulations involving
dsDNA and SWNTs are not conclusive. The work of Lau and
co-workers does not address the question of whether DNA will
be attracted to a SWNT, since in their simulations the DNA
was constrained to be inside the nanotéfb&he simulations

of Lu et al. do not include water, counterions, or charges on
the DNA, so that hydrophobic and electrostatic forces are not
considered® It is therefore not clear if the SWNTs will be
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attracted to the major groove sites of the DNA if explicit water,
counterions, and charged DNA are included in the system.

Table 1. Nominal Charges, Corresponding Actual Charges, and
the Number and Types of Counterions Used in the Simulation

The question of whether dsDNA will be attracted to the nominal actual no. of
external surface of an uncharged carbon nanotube in solution__Smaton charge (¢/C) charge (e/C) counterion  ions used
has not yet been fully resolved, by either experiments or uncharged Na 22
simulations. The work of Strano et al. indicates that associated charged +0.05 +0.0486 cr 6
poly-(dGdT) does indeed wrap around individual nanoties. —0.05 —0.0486 Na 50

4+0.01 +0.0104 Nd 16

However, poly-(dGdT) cannot form canonical Watsd@ricks
base pairs observed in dsDNA but does form weakefTG
wobble pairs® There is some evidence that sSDNA interacts ‘amchair” SWNT$210.7 A in diameter and 44.3 A in length (18 unit
more strongly with SWNTSs than dsDN&but this has not been cells) containing 57_6 ca3rbo_n at_oms. We have used_thg 1999_ version of
quantified. One might suppose that the hydrophilic nature of the AMBER force f'em‘}_Wh'Ch IS an a”'.atom potential including van
the external surface of DNA would preclude favorable inter- d.er W.aals’ ele?trosmc’ bond vibration, bond angle, and d'hEdr.al
. . . distortion energies, to model the DNA molecule. The carbon atoms in
actions with the hydrophoblc_nanotube surface. On the other o s\WNT were modeled as Lennardones (LJ) particles with a well
hand, van der Waals attractive forces between DNA and a depth ofec/ks = 43.2 K, whereks is the Boltzmann constant, and a
SWNT might be sufficient to cause the DNA to adsorb on the diameter ofoc = 3.40 A%’ We performed simulations of charged
SWNT. In contrast, positively charged SWNTs would be SWNTs with nominal charges on each carbon atorg ef +0.01e,
expected to interact very favorably with DNA, because of the = +0.0%, andq = —0.0%. The actual charges on each carbon atom
negative charges on the phosphate groups along the backbonér these simulations were slightly different from the nominal charge
of DNA. Nanotubes can be Charged in various ways, such asin order to give an integer total charge on the SWNT Thus, the total
by applying a voltage bias to a SWNT AFM tip or doping charg_es on the nanotubes_ werée, +28e, and—28e_. This a_lllowed us
nanotubes withp-type dopants to produce positively charged to malntalr_1 charge'nel_Jtrallty of the system by adding an integer numb_er
nanotubedo—42 of cquntenons having integer chargg. The actual charges, corresponding
. . . . . nominal charges, and the neutralizing ions added for each system are
In this paper we report simulation results for the interactions

. . - reported in Table 1. The LJ parameters forNaeoc = 3.328 A, e/ks
of a dsDNA segment in an aqueous solution with a SWNT. _'; 393k54 and for CI ares = 3.471 A ¢/ks = 133.2K5 The values

The questions we address are as follows: (1) Does dsDNA of these parameters are the built-in default values in AMBER 7. The
adsorb on an uncharged SWNT from solution? (2) How does DNA and SWNT were initially placed so that their long axes were
charging the SWNT affect the adsorption of DNA? (3) How parallel to each other in the simulation box for most simulations. The
does adsorption on a SWNT change the structure of DNA? (4) SWNT and DNA were similar in length; the DNA segment has a
Does adsorption affect the characteristics of the A to B transition diameter nearly twice as large as that of the SWNT. The initial distance
of DNA? Our molecular simulations provide a detailed look at Detween the axes of the DNA and SWNT was set to 20 A; the
DNA—SWNT interactions for a simple model system consisting corresponding average distance between the outside surfaces of the

of a short 12 base pair DNA molecule interacting with an (8,8) nanotube and DNA was about 9 A. This distance gave a boundary of
. . . about three layers of water molecules between the SWNT and DNA at
SWNT in a solution of water and counterions.

the start of the simulation, while limiting the simulation box to a
computationally manageable size. The DNA/SWNT system was

) . ) solvated in about 4600 to 5000 water molecules, with a typical starting
We employed the AMBER force field and simulation pack&ge,  gimulation cell of about 76& 65 x 70 A%, We used the TIP3P potential

which has been successfully used to study DNA segments and othery, \yatefs because previous simulations of DNA using the TIP3P
biomolecules in solutiof’™*® We used an empirical potential for  hstential have been shown to give results in reasonable agreement with
SWNTs similar to that used to study SWhWater interactions!*74® experimental dat#:“¢ Periodic boundary conditiofswere applied in

We modeled charged SWNTs by introduction of localized partial | three directions. The solvated box had water buffer layers at least
charges on each carbon atom of the SWNT, as has been done;y A thick between the solute surface and simulation box boundary in
previously*® all three directions. The SWNT carbon atoms were held fixed

We have chosen to model a short DNA segment consisting of 12 ,roughout the simulations by applying a harmonic potential with spring
base pairs, d[CGCGAATTCGCglabout 40 A in length. This segment  ¢onstants of 500 kcal mot A~2 on each carboncarbon bond. The

is known as the Dickerson dodecamer, which has previously been DNA, counterions, and water molecules were free to move. The LJ
studied using molecular simulatioffs>2 We have studied an (8,8)  ¢ross interactions between different atoms were calculated from the
Lorentz—Berthelot combining rules. The cutoff distance for LJ interac-
tions was 9.0 A. Molecular dynamics simulations were performed in
the isothermatisobaric ensemb at 1 bar and 300 K using the
AMBER 7 suite of program&’ The particle-mesh Ewald meth¥avith

2. Simulation Methods
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80, 5560-5563.
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a fourth order interpolation and grid spacing of abbu\ was applied

to calculate electrostatic interactions. The real space cutoff in the Ewald
sum was set to 9 A, and the direct sum tolerance was set-+6.10he
SHAKE algorithn?® was used to constrain the bonds containing
hydrogen atoms, while other bonds were modeled by the standard
harmonic bond potential employed in the AMBER package. Each
simulation included 5000 steps for energy minimization, 40 ps of solvent

o

relaxation, 5 cycles of solute relaxation with each cycle including 1500 3

steps of energy minimization, 20 ps of equilibration, and 3 to 6 ns of
production. A time step of 2 fs was used, as suggested in the litefature.
The structural configurations were saved every 2 ps. Visualization and
analysis of the configurations were performed with the VMD pac¥age
and the utility packages included in AMBER.

3. Results and Discussion

2 4
The exterior surface of the dsDNA backbone is hydrophilic, 1.8 ]
whereas the interior of the double helix is hydrophobic. The 4 ]

graphene surface of a SWNT is also hydrophobic. We therefore
expected that the double helix form of DNA would not readily
adsorb onto the external surface of an uncharged SWNT from

o

solution because the desolvation penalty of the hydrophilic DNA 3

surface would be prohibitive. Interestingly, simulations show
that one end of the Dickerson dodecamer adsorbs onto the
surface of the SWNT within a few hundred picoseconds. This

is due to the hydrophobic nature of the exposed ends of the 04 (b) ]
dodecamer. The hydrophobic interaction between the DNA end 2 )
base pair planes and the SWNT wall surface drives either of o5 05 y 5 > 25 3
the identical DNA ends to attach to the SWNT. The other end t ns

0.4
0.2

ﬁf‘i'l"hhww'\"\‘\qﬁl.

I
P J‘”“«_,J"-.r-w,"‘ w A

- “"m,l"‘l\.-d\w"”'"“ *\lfn.‘\_,.-—r,m"h. ety

of the DNA s_egment did not attach to the napotube. The two Figure 1. Normalized distance between the centers of mass of the SWNT
ends of the Dickerson dodecamer are symmetric; therefore, thereand the head (GiG24 pair, red dotted line), tail (GXX13 pair, blue
is no preference for which end attaches to the nanotube. Thedashed line), and one middle group (TR17 pair, black solid line) of the
simultaneous attachment of both ends of the segment to the2\A: (&) DNA on an uncharged SWNT; (b) DNA on a positively charged

. . SWNT (g = +0.0% per carbon atom).
SWNT would require the dsDNA to bend into a horseshoe

shape; the bending energy required for this to occur for the The backbone of the DNA segment is attracted to the charged
relatively short dodecamer is prohibitively high, at least for the nanotube wall due to the strong Coulombic interactions between
B form DNA structure. The hydrophilic backbone of the DNA  the positive charges on the SWNT and the negatively charged
was not observed to attach to the uncharged SWNT. The DNA backbone. The corresponding ending configuration of
adsorption process is illustrated by the dynamics of the DNA/ DNA adsorbed on a charged SWNT with a nominal charge of
SWNT system displayed in Figure 1a. The normalized distancesq = +0.05 per carbon is shown in Figure 2b. Close examina-
between the SWNT and three different base pairs on thetion of the distance plot reveals that the two ends of the
Dickerson dodecamer are plotted as a function of time for 3 ns. dodecamer undergo a slight “rocking” motion, whereby the head
The dashed line is the normalized distance between one endand tail groups are alternately closer and farther from the SWNT
(C1-G24 pair) of the DNA and the SWNT. This distance is center of mass. Additional simulations were performed for DNA
seen to drop to about 60% of its initial value within the first with a SWNT with a nominal charge of= +0.01e per carbon.
200 ps of the simulation. The opposite end of the segment is The general behavior of this system is similar to that of DNA
seen to move away rapidly from the nanotube (dotted line), on the SWNT with a charge af = +0.0% /C.

while the relative distance between the middle segment and the \We have carried out simulations of DNA interacting with a
SWNT increases only slightly (solid line). A snapshot of the negatively charged SWNTy(= —0.0% per C) in solution. As
ending configuration for the DNA segment adsorbed on an expected, we observe that the DNA is repelled by the negatively
uncharged SWNT is shown in Figure 2a. The water molecules charged nanotube; the entire DNA segment rapidly moves away
and ions are not shown for clarity. from the SWNT, and no adsorption is observed.

The geometry of the DNASWNT complex for a charged As noted above, the hydrophilic nature of the charged DNA
SWNT is different from that of the uncharged case. The DNA backbon& %4 inhibits it from adsorption onto the hydrophobic
segment binds so that the segment axis is roughly parallel tosurface of uncharged SWNTs. Most of hydrophobic sites of a
the charged SWNT. The exterior surface of the DNA backbone DNA double helix (located on the base rings) are wrapped inside

is attracted to the SWNT by the charges on each of the nanotubethe helices, except for those at the ends of the helices. Therefore,

carbons. The normalized distance plot is shown in Figure 1b only the exposed hydrophobic base groups at the ends of the
for a SWNT with a nominal charge of = +0.0% per carbon. DNA segment adsorb onto the uncharged SWNT. In contrast,

(60) Ryckaert, J. P.; Cicotti, G.; Berendsen, H. J.JCComput. Phys1977,
23, 327-341.

(61) Humphrey, W.; Dalke, A.; Schulten, K. Mol. Graphics1996 14, 33—
38.

(62) Murphy, K. P.; Privalov, P. L.; Gill, S. Bciencel99Q 247, 559.

(63) Dill, K. A.; Privalov, P. L.; Gill, S. J.; Murphy, K. PSciencel990 250,
297.

(64) Ghosh, T.; Kalra, A.; Garde, 8. Phys. Chem. BR005 109, 642-651.
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(a)

Figure 2. Adsorption geometries of DNA on a SWNT & 3 ns, for initial configurations with axes of DNA and SWNT parallel to each other. (a) DNA
on an uncharged SWNT; (b) DNA on a positively charged SWNTF(+0.0% per carbon atom).

(a)

Figure 3. Initial and final geometries of DNA on an uncharged SWNT, for initial configurations with axes of DNA and SWNT perpendicular to each other.
(a) The initial configuration; (b) the final configuration &&= 3 ns.

ssDNA has been found to interact strongly with uncharged have not tested this, since the (8,8) SWNT studied in this work
SWNTSs, in both experimerit& 1418 and simulationg! The is far too narrow to accommodate the dsDNA inside.
exposed base rings on the nucleotides of ssDNA are available We have tested the sensitivity of our results to the initial
to interact with the hydrophobic surface of a SWNT; ssDNA conditions of the simulation by starting with the DNA segment
has experimentally been observed to wrap around SW&iT%!8 oriented perpendicular, rather than parallel, to the SWNT, as
Simulations indicate that sSDNA, which is relatively flexible, shown in Figure 3a. The final configuration for the uncharged
can adsorb inside a SWNT with a sufficiently large diaméter. SWNT case is shown in Figure 3b. We observe a very similar
However, in our study we found that the double-stranded binding pattern to that seen when the DNA and SWNT are
Dickerson dodecamer does not wrap onto the (8,8) SWNT, at paralle-one end of the DNA is bound to the SWNT wall with
least at short times, because the dsDNA segment has feweithe other end free. A movie of the binding process for this case
exposed hydrophobic interaction sites, resulting in a relatively is available in the Supporting Information.

weak attraction between the DNA segment and the uncharged We have investigated the change in the structure of DNA
nanotube. This result is consistent with the experimental upon adsorption onto a SWNT in our simulations. We found
observation by Gigliotti et al. that complementary strands of that adsorption has a negligible effect on the internal stacking
ssDNA must be removed in order to allow ssDNA to wrap structure and the relative positions of the nucleotides within
around SWNT$8 Likewise, dsDNA does not have a large DNA. This is true for DNA adsorbed on either uncharged or
energetic driving force to adsorb inside a SWNT, although we positively charged SWNTs. The average center of mass distance

10442 J. AM. CHEM. SOC. = VOL. 129, NO. 34, 2007
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Figure 4. Average center of mass distance between the base pairs (black
solid line) and the average rotation angle per base pair (red dotted line) of

the DNA strand. (a) DNA in water, without the SWNT; (b) DNA with an 25 . 1 ! L L
uncharged SWNT in water; (c) DNA with a positively charged SWNT ( 0 0.5 1 1.5 2 25 3
= +0.0% per carbon atom) in water. t, ns

between the 12 base pairs and the average rotation angle pelgigure 5. End-to-end length of A-DNA (black solid lines) and B-DNA

bgse pgir OT the DNA are plotted in Figure 4 as a function of (req dotted lines) under three different conditions. (a) DNA in water without
simulation time. The structural parameters for DNA adsorbed a SWNT; (b) DNA with an uncharged SWNT in water; (c) DNA with a

on either an uncharged SWNT [Figure 4b] or a SWNT with a charged SWNT{ = +0.0%/C) in water.

charge ofg = +0.0% per carbon. [Figure 4c] are very similar

to the values for DNA in water without a SWNT [Figure 4a].

This indicates that the interaction between the DNA and the Several parameters may be used to monitor theBA

SWNT is not strong enough to disrupt either the hydrogen bonds conversion, including the end-to-end length, the minor groove

between the base pairs or rotation frame of the double helix, atwidth, and the base pair inclinatidh.We choseL as the

least over the 3 ns of the simulation. representative indicator because we found that it had much better
The A to B transition of DNA is a well-known feature of statistical behavior than the width of the minor groove and the

dsDNASS-¢8 that has been successfully observed in MD simula- base pair inclination, which we also monitored. These last two

tions®*7°We have investigated how adsorption of A-DNA onto  indicators gave results that were consistent withut were

a SWNT influences the A to B conversion. The spontaneous A plagued by large statistical fluctuations (see Figures S1 and S2

toB tra.nsformati.o.n has .be'en observed to happen in simulationsj, the Supporting Information for plots of the minor groove

a_t ambl_ent condmon_s within af_ew hundred p|coseco‘l’§d_3ur width and the inclination angle).

simulation of A-DNA in water without a SWNT have confirmed

this. In Figure 5 we present the end-to-end DNA |en@1has The A to B transition for DNA in water (nO SWNT) is plotted

a function of simulation time for the DNA starting from the A in Figure 5a. The evolution of the end-to-end length for A-DNA

form. L is defined as the distance between the centers of massadsorbed on an uncharged SWNT in solution is plotted in Figure

of the two end base pair groups. Hence, A-DNA for the 5b. Note thatL initially increases to about the correct length

Dickerson dodecamer has= ~28 A, while L for the B-form for the B form but then decreases and stabilizes at abeat

is about 38 A. Therefore, the A to B transition can be observed 31 A. Hence, it appears that the-8 transformation is frustrated

as an increase ih of about 10 A (about 36%). by adsorption onto an uncharged SWNT, at least over a time
(65) Watson, J. D.: Crick, F. H. Qlature 1953 171, 737—738. scale of 3 ns. Howeyer_, we did note that clear major and minor
(66) ;/yli(l)kins, M. H. F.; Stokes, A. R.; Wilson, H. RNature1953 171, 738~ grooves, which are indicators of the B-form, developed during
(67) Franklin, R. E.; Gosling, R. GNature 1953 171, 740-741. the simulation. Hence, adsorption of A-DNA onto an uncharged
(68) Klug, A.J. Mol. Biol. 2004 335, 3—26. ili i

(69) Jose. D.. Porschke, Dlucleic Acids Re2004 32, 22512258, SWNT appears to stabilize a form Qf DNA that is l_)etween_ the

(70) Cheatham, T. E., Ill; Kollman, P. Al. Mol. Biol. 1996 259, 434-444. A- and B-forms, at least for short times. The ending configu-

J. AM. CHEM. SOC. = VOL. 129, NO. 34, 2007 10443



ARTICLES Zhao and Johnson

]

:
.
(S
)

VaValalatalatelalelatalalafalafaral -
- . s
'l’ 4 e

» .

O A T T Y T P T P o Vo e Yo o T Yo

VataVaVaValaValafelavaavalalulafal .

L
.!1-71-1-' 3 )i

ration of A-DNA adsorbed on an uncharged SWNT is shown 2r
in Figure 6a. 18
The incomplete A-B-form transformation observed in A- 16

DNA/uncharged SWNT can be explained by the adsorption 1.4 }
configurational difference between A-DNA/uncharged SWNT 1.2/
and B-DNA/uncharged SWNT. For the B-DNA adsorptionon § 1 Ja
an uncharged SWNT, one end of the DNA binds with the 08 |
SWNT and the other end is unbound, as can be seen in Figure g |
2a. When the A-DNA adsorbs on an uncharged SWNT, both 4, [

ends of the A-DNA bind with the SWNT through a “rocking” 02 | (@)

motion similar to that noted for B-DNA on a charged SWNT o L L )

[Figure 1b], but with a much larger amplitude, as seen in Figure 0 0.5 1 1.5 2 25 3
7a. The plane containing the end group base pairs is nearly t.ns

parallel to the SWNT axis when the A-DNA end groups bind

to the nanotube, as seen in Figure 6a. This relative geometry 12 i

between the A-DNA and the SWNT gives substantial contact ’

between the hydrophobic SWNT wall and the hydrophobic DNA 8T b

end base pair planes. 14 ‘hM_ y&“ﬂ w;,.,.;.;.__r";ﬁﬁﬂ“\'rf \‘J*f\'w‘ uw”v'l‘w;,,f'\
Note that the end groups of DNA adsorbed on the charged 5 "2 [l %_;.‘*_f"'f’-‘v"‘wv«"l W Wﬁw

nanotube are oriented so that the planes of the end group bas®
pairs are roughly perpendicular to the nanotube axis, meaning
that the hydrophobic parts of the end groups are actually not 96 |

0.8

binding to the charged nanotube [compare Figures 2b and 6a]. 04 | (o)
Thus, the apparent “rocking” noted in Figure 1b is very different 0.2
from that displayed in Figure 7a, where the driving force for 0 : : : : : ' : : :
05 1 15 2 25 3 35 4 45 5

the rocking is binding of the hydrophobic end groups to the
nanotube. _One important difference _between the A and B Figure 7. Normalized distance between the centers of mass of the SWNT
structures is that the two end base pair planes for B-DNA are and the head (CiG24 pair, red dotted line), tail (G213 pair, blue
parallel to each other, while those for A-DNA are tilted toward dashed line), and one middle group (1817 pair, black solid line) of DNA
one another. Therefore. the A-form is able to have both end initially in the A-form at the start of the simulation. (a) A-DNA on an

bi d'. h S\;VNT ith . . | bendi uncharged SWNT; (b) A-DNA on a positively charged SWNj= +0.0%
groups binding to the without incurring a large bending e, carbon atom).
energy penalty.

We found that the adsorption of A-DNA on a positively ) ) )
charged SWNT{ = +0.0% per carbon) does not inhibit but charged SWNT can be explained by the adsorption mechanlsm.
length relaxation of the A-DNA adsorbed on the charged SWNT Positively charged wall of the SWNT. This can be seen from
to the B-DNA form happens remarkably quickly, faster than the dynamics of the middle groups, shown in Figure 7b.
the conversion of the A-DNA in water without a SWNT Adsorption of the backbone of the A-DNA to the SWNT
[compare Figure 5c to 5a]. This observation is consistent with facilitates the A-B transformation by providing an additional
the claim that SWNTs could cause the A to B transition for energetic driving force for the elongation, since the longer
some DNA fragment& assuming the nanotubes are charged. B-form has a larger contact area between the negative backbone
The promotion of the A to B conversion on the positively and the positive SWNT. This is in stark contrast to the case for

t, ns
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A-DNA adsorbed on the uncharged SWNT, where binding of studied is somewhat smaller in radius than that used by Lu et
both ends to the SWNT inhibits the-AB transition. al. However, we see no evidence of attraction between the DNA

The A to B elongation is followed by a slower relaxation to major groove and the nanotube, with either neutral or charged
the ending configuration for A-DNA on the SWNT with a nanotubes. Moreover, charged nanotubes would be more at-
charge ofg = +0.0% per carbon. After about 4 ns the ending tracted to the backbone of the DNA rather than the major
configuration is very similar to that observed for B-DNA on groove. Comparison of our results with those of Lu et al.
the SWNT withq = +0.05%/C studied previously [compare highlights the need for inclusion of explicit water, counterions,
Figure 7b to Figure 1b, and Figure 6b to Figure 2b]. and correct charges on the DNA.

We have found that nucleotides in dsDNA do not bind to
either charged or uncharged SWNTs in the way that uncharged
nucleosides were found to adsorb on SWNTs in a vacuum by
Meng et al® Moreover, Meng and co-workers noted that

4. Conclusion

We have performed MD simulations of a Dickerson dodecam-
er DNA molecule interacting with a SWNT in an aqueous
solution. Our simulations show that DNA will weakly adsorb 55 sjication of a gate voltage to the SWNT did not significantly
onto an uncharged SWNT. Either end of a DNA molecule will - 5yter the adsorption structure of nucleosi@® contrast, we
adsorb onto a SWNT because of the partially exposed hydro- ...« tqund that the binding mode of dsDNA on SWNTSs is

phobic base pairs at the ends. Only one end of the DNA adsorbsq, atically affected by the presence of charges on the SWNT.

onto the nanotube in our simulations because the Dickerson . o
) S Calculation of the free energy of binding between DNA and
dodecamer is so short that binding of both ends to the nanotube SWNT could be performed by computing the potential of

. . a
would require a large bending energy. We expect that longer ) o .
DNA segments should be able to have both ends bind to a long mean force assoma_ted with binding of PNA to a SWRTLhis
SWNT. method, coupled with umbrell_a sgmpllﬁ’ghas re_cen'_[ly bgen
The DNA segment adsorbs onto a positively charged SWNT u_sed to examine polymer foIng n vx_/ate_r, allowing identifica-
in a roughly parallel configuration. The charges on the SWNT ltlon C;Z :nt_ro_;l) ic and ent|:1alp||c dcbontnbLIJ_tlznts ttr? pDOILyAn;g\rN?\IO_:_'
attract the hydrophilic phosphodiester linkages to promote apse.AA simiiar approach could be applied to the
binding between the DNA backbone and the SWNT wall. Lu problem *?“t WOl.Jld require the |dent|f.|ca't|on of a set (.)f
et al. speculated that electrostatic attraction between a Chargeqconformatlonal yvmdqws that span the .blndlng process, WhICh
SWNT and a DNA molecule would be adequate to displace Is less well defined in our case than in the polymer folding
water molecules between the DNASWNT pair. Our simula- system. _ o
tions indicate that this is true only at select points of contact I closing, we note that the two main limitations of our work
between the DNA backbone and the nanotube. Most of the DNA are the very short time scales we are able to simulate within
is still solvated by water when adsorbed on the SWNT. The standard molecular dynamics and the accuracy of the potential
nature of the electrical contact between DNA and a charged models used. Specifically, the potentials we used do not account
nanotube in solution is still not clear, but it appears to be for polarization of the nanotube. Polarization could be important
intermittent contact between the charged DNA backbone and for describing accurately the interaction between charged DNA
the charged SWNT. and the nanotube. The effect of polarization would be to increase
The initial binding between the DNA and the SWNT occurs the attractive potential between a SWNT and the DNA molecule.
on a time scale of a few hundred picoseconds, for both the This enhanced attraction will not change qualitatively the
positive|y Charged and uncharged nanotubes. The adsorptiorpOﬂClUSlonS and observations of this work. DNA WOUld still
process has negligible effect on the structure of the B-form DNA adsorb onto uncharged or charged nanotubes if nanotube
segment. The average base pair distance and the rotation anglgolarizability was included.
per residue are not changed appreciably when DNA adsorbs
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Supporting Information Available: Complete ref 43, a movie
of the binding of DNA to an uncharged nanotube starting from
a configuration where the DNA and SWNT axes are perpen-
dicular. Plots of the evolution of the minor groove width and
base pair inclination angles for A and B DNA in solution,
adsorbed on an uncharged SWNT, and adsorbed on a charged

would fit within the major groove of DN&S The nanotube we
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