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Extensive experimental work on the response of DNA molecules to externally applied forces and on the
dynamics of DNA molecules flowing in microchannels and nanochannels has been carried out over the past
two decades, however, there has not been available, until now, any atomic-scale means of analyzing nonequi-
librium DNA response dynamics. There has not therefore been any way to investigate how the backbone and
side-chain atoms along the length of a DNA molecule interact with the molecules and ions of the flowing
solvent and with the atoms of passing boundary surfaces. We report here on the application of the nonequi-
librium biomolecular dynamics simulation method that we developed [G. M. Wang and W. C. Sandberg,
Nanotechnology 18, 4819 (2007)] to analyze, at the atomic interaction force level, the conformational dynam-
ics of short-chain single-stranded DNA molecules in a shear flow near a surface. This is a direct atomic
computational analysis of the hydrodynamic interaction between a biomolecule and a flowing solvent. The
DNA molecules are observed to exhibit conformational behaviors including coils, hairpin loops, and figure-
eight shapes that have neither been previously measured experimentally nor observed computationally, as far as
we know. We relate the conformational dynamics to the atomic interaction forces experienced throughout the
length of a molecule as it moves in the flowing solvent past the surface boundary. We show that the DNA
conformational dynamics is related to the asymmetry in the molecular environment induced by the motion of
the surrounding molecules and the atoms of the passing surface. We also show that while the asymmetry in the
environment is necessary, it is not sufficient to produce the observed conformational dynamics. A time varia-
tion in the asymmetry, due in our case to a shear flow, must also exist. In order to contrast these results with
the usual experimental situation of purely diffusive motion in thermal equilibrium we have also carried out
computations with a zero shear rate. We show that in thermal equilibrium there is asymmetry and an atomic
hydrodynamic coupling between DNA molecules and the solvent molecules but there is no coil-uncoil

transition.
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I. INTRODUCTION

The use of nanometer-length DNA molecules in the new-
est functionalized-surface biosensor designs requires an un-
derstanding of how these short biomolecules behave in wall-
bounded shear flows. There is currently no experimental
means of investigating the atomic interaction-induced dy-
namics of molecules of this size, hence it was necessary to
develop a computational method of investigation. A nonequi-
librium biomolecular dynamics (NEBD) method was there-
fore developed and used to investigate the dynamics of short
(10 nm) length-scale DNA molecules tethered to or flowing
past surfaces with solvent explicitly involved [1,2]. The ma-
jority of previous investigations over the past two decades
have focused on the response of micron-scale DNA mol-
ecules to thermal fluctuations of their equilibrium environ-
ment and to externally applied, single-direction stretching
forces. Many optical experiments have been carried out to
investigate the flow-induced transport of micron-sized DNA
molecules [3-17], the deformation of tethered polymers [18],
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and the mobility of DNA in microchannels [19]. These re-
sults are not applicable to the new biosensor design issues
due to the massive length and time-scale differences. Re-
cently, experimental results have been obtained in nanochan-
nels [20,21], however, the length scale of the molecules (mi-
crons) is still three orders of magnitude too large for our
design purposes. Sotomayor and Schulten [23] reviewed in
vitro and in silico experiments to probe the mechanical prop-
erties of biological matter, at the nanometer scale, but in
equilibrium rather than in a shear flow. They point out that
the experiments that have been carried out to date cannot,
even in equilibrium, reveal the underlying atomic dynamics
giving rise to the observed biomolecular responses. They
therefore emphasize the importance of simulation experi-
ments to provide insights into the possible causes for the
experimental observations. Cohen and Moerner [22] dis-
cussed recent experimental work carried out to investigate,
also in equilibrium, thermally driven shape fluctuations in
double-stranded DNA. Their analysis of the experimental
density-density correlations of individual molecules sug-
gested to them the existence of a poorly understood radial
structure and a hydrodynamic coupling, which they suggest
may be weaker in their experiments than would occur in a
free solution in equilibrium. They have no experimental
means, however, of probing the existence of a hydrodynamic
coupling. Recently several investigators have experimentally
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explored the flexibility of short length-scale DNA dynamics,
since flexibility plays such an important role in many cellular
processes such as the packing of DNA in viruses [24-26].
Wiggins er al. [25] analyzed bending angle distributions in
atomic force microscopy data and found spontaneous large-
angle bends are far more prevalent in short length-scale
DNA than predicted by classical DNA elastic models, which
were developed to explain longer length-scale DNA data.

Computational investigations have also accompanied
many of the previous long length-scale DNA experimental
investigations. Brownian dynamics simulations have been
carried out by many investigators to gain insights into the
dynamics of long-chain polymers represented by micron-
sized DNA molecules. Shaqfeh [27] has recently summa-
rized much of this computational work. In Brownian dynam-
ics, which is used most often for micron-scale DNA
simulations, the molecules are represented by a bead and
spring chain. Each bead represents tens or even hundreds of
atoms. The response of the bead-spring system to the thermal
equilibrium fluctuating forces of the solvent, or to applied
steady external forces such as an elongational force on the
molecule, is modeled. The model is either a linear or a non-
linear function of the extension of the chain from the equi-
librium chain length. Hydrodynamic interaction forces due to
the interaction of the bead-chain system with the solvent, if
included, are also often modeled using low-Reynolds num-
ber continuum tensor formulations. However, as noted
above, such models have been developed to explore dynam-
ics at length and time scales that are far larger than the char-
acteristic molecular lengths and times in our domain of in-
terest. We require length and time resolution that existing
computational models do not possess.

To explore the origin of nanometer-scale biomolecular
conformational dynamics in a flow one must understand, at
the atomic level, how the interactions between the constitu-
ent molecules of DNA, the flowing molecules and ions mak-
ing up the biomolecular solvent, and the atoms of the bound-
ing solid surfaces all contribute to the time-varying behavior
of the flowing DNA molecules. Such atomic-level under-
standing is needed in order to assess the performance ben-
efits of alternative biosensor designs and reduce problems
associated with nonspecific binding, interactions between
closely spaced wall-mounted biomolecules, agglomeration of
near-wall biomolecules, and interference with near-wall
transport. The existing experimental data on micron-sized
single DNA molecules in equilibrium, or even in flows, is
inherently incapable of providing answers to these questions.

In the work we report on here we have not used any
models to represent the nanometer length-scale DNA mol-
ecules themselves, nor have we used any models to represent
the response of the DNA molecules to the shear flow. We
have extended our previous computations and analyze the
conformational dynamics of each of the DNA molecules by
directly computing the atomic interaction force and moment
time histories between the atoms of the backbone and the
side chains of each biomolecule and its time-varying local
atomic environment. We computed, at each time step, the
interaction between the flowing ions and water molecules of
the moving ionic water solvent, the passing atoms of the wall
surface, and the molecular constituents of each of the single-
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stranded DNA (ssDNA) molecules. This is a direct investi-
gation of the time-varying atomic hydrodynamics, or cou-
pling that Cohen and Moerner speculated might exist in their
equilibrium system, but in our case, between DNA molecules
and the solvent flowing past them in a wall-bounded geom-
etry. We have, for the purposes of comparison, also com-
puted the interaction between the DNA molecules and an
equilibrium thermally fluctuating solvent. This enables us to
inquire if there is an equilibrium hydrodynamic coupling, as
speculated by Cohen and Moerner, and if there is, to see how
it differs from nonequilibrium hydrodynamic coupling.

II. COMPUTATIONAL METHOD

The initial locations and orientations of six ssDNA mol-
ecules numbered from 1 to 6 in a computational box with a
length, width, and height of 188, 94, and 120 A, respectively,
bounded by two gold atomic surfaces (walls) are shown.
There are 107 047 atoms, including the water molecules, the
200 Na*, and the 80 CI~ ions.

The computational approaches for atomic molecular dy-
namics (MD) with shear flow that have appeared in literature
can be classified into two broad categories: homogeneous
shear methods [28-30] and boundary driven shear methods
[31]. The first approach has found wide applications in the
study of transport properties of homogeneous liquid, for ex-
ample, the study of diffusion coefficients and a variety of
auto- and cross-correlation functions [32,33] related to mac-
roscopic transport coefficients, and the visualization of
atomic liquid structural motion under shear flow [34]. In this
work, we adopted the boundary driven methods in generating
shear flow, i.e., translating the two walls in opposite direc-
tions. The homogeneous shear methods are not practical at
high shear rates for our cases in that our systems, with either
tethered or free macromolecules, are nonhomogeneous.
There are different ensembles one can choose to carry out
MD simulations. Since we are addressing cases with shear
flows involved, velocity scaling is needed to maintain the
desired temperature. Hence the constant number, volume,
temperature (NVT) ensemble was chosen for all simulations.

The shear flow was built and maintained by moving the
surface atoms at the box ends in opposite directions as
shown in Fig. 1. The shear flow rate was on the order of
10° s7!, which is typical of electro-osmotic flows in
nanochannels [35]. The thermal temperature of the system
was calculated based on the peculiar velocities, i.e., Vgewhar
=V,— V" where V. is the velocity in the x direction and the
middle plane of the computational box is at z=0. The pecu-
liar velocities in the y and z directions are counted as they
are. V1°% is the local average velocity in the flow direction in
a slab. Velocity scaling is performed on the peculiar veloci-
ties only. Velocity scaling is further confined to apply only to
atoms of water molecules and ions. Three-dimensional peri-
odic boundary conditions are used. Once a water molecule as
a whole moves out from one side of the box, the “crystal”
command in CHARMM brings the atoms back into the box
through the opposite side. To perform MD simulations, the
proper force field data are essential. The energy function in
CHARMM is in general expressed as follows:
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FIG. 1. (Color) Geometry of atomic Au nanochannel walls and
initial position and orientation of the six DNA molecules sur-
rounded by water molecules and ions.
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trostatic, van der Waals, constraint, and other term defined by
users. Electrostatic and van der Waals potentials together are
called nonbonded interactions. Detailed information on the
assumptions and details of the potential functions are pro-
vided in the original paper by Brooks et al. [36]. For ex-
ample, in the bond potential E, g4, k;, and b, are the force
field parameters, the force constant, and the equilibrium
bond length, respectively. The cutoff distance was chosen as
14 angstroms in the calculations.

The initial structure (IS) of each DNA molecule in our
computation is identical at each stage of construction of the
computational supercell. For the purpose of consistency the
IS was identical to the IS used (for the capture strand) in our
previous paper [2]. The following steps describe the process
that was used to generate the initial structure: (i) construct an
actual experimentally used sequence of 21 base pairs by in-
corporating the helical structure parameters of a segment of a
DNA chain from the DNA data bank; (ii) mechanically
stretch the segment until the backbone is almost straight us-
ing CHARMM potentials, but without any solvent molecules
or ions involved (the purpose of doing this is to simulate the
random structure of short DNAs in biosensors); (iii) place
one strand of the stretched structure in the solvent (water)
with neutralizing ions and perform an energy minimization
until the total potential energy converges; and (iv) perform
an equilibrium MD simulation at room temperature for 20 ps
with a time step of 1 fs by which time the structure is dy-
namically equilibrated. The resulting structure is the IS. The
six DNA molecules in all supercells were formed from this
IS by rotating and/or translating each of them to a position

g d M"

M“

FIG. 2. (Color) Instantaneous molecular configurations of, and comparisons between, DNA molecule 6 (upper) and DNA molecule 1
(lower). Atomic representation shows the actual relative atomic positions while the ribbons show the backbone structures and blue dots are
the attached bases. For clarity the water molecules and ions are not shown. (a) =0 ps. Molecule 1 (left) is across the channel centerplane
and molecule 6 (right) is adjacent to the wall. Both molecules had the same initially minimized, thermally equilibrated length.
(b) r=29 ps. Molecule 1 has been rotated and stretched as it aligned with the flow. Molecule 6 has coiled into a hairpinlike configuration as
it also aligned with the flow. (c) /=53 ps. Molecule 1 has remained in an extended configuration as it remains aligned with the flow direction.
Molecule 6 has gone from a tightly coiled hairpinlike state to a figure-eight loop configuration, also remaining aligned with the flow
direction. (d) =124 ps. Molecule 1 has shortened slightly with some kinks but still is primarily aligned with the flow direction. Molecule 6
has compressed its length but retains the figure-eight configuration with a twist.
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that would allow us to sample a range of locations with
respect to the bounding surface and an orientation with re-
spect to the wall. For each computational supercell, the six
DNA molecules, together with solvent and surfaces, were
then subjected to yet another energy minimization, and, fol-
lowing that, were again dynamically equilibrated in another
equilibrium MD simulation for up to 10 ps at room tempera-
ture before beginning the shear flow simulations and record-
ing any data on molecule extension, rotation, and coiling.
Throughout the course of the energy minimization and ther-
mal equilibration simulations none of the DNA molecules
were observed to execute any drastic conformational changes
such as those that were observed during the shear flow simu-
lations. The end-to-end length of each DNA molecule re-
mained close to 80 A.

While initial states might be critical for final results in
thermal equilibrium MD simulations, since the potential bar-
riers may constrain the possible thermodynamic paths, that is
not the case when a strong shear flow dominates. In the shear
flow simulations the DNA molecules can easily overcome
these potential energy barriers. As shown in our results,
DNA molecules oriented perpendicular to the walls and lo-
cated across the centerplane will initially respond with
stretch and rotation whereas those DNA molecules initially
near the walls and away from the zero-velocity center plane
will respond with coiling-uncoiling transitions, regardless of
the details of the minimized, thermally equilibrated initial
structure.

We opted to follow the approach used by unified force
field (UFF) modeling [37] and simulated the bounding gold
nanosurfaces in a Lennard-Jones style model that was fitted
to the Morse potential model of bulk gold [38]. Images of
atoms in 26 mirror boxes within the cutoff distance were
kept and updated for dynamics calculations. For all NEBD
runs, the time step was 1 fs.

In this paper, many quantities are presented as smooth-
ened over a time widow. In general, the smoothened function
f(t,),, of a function f(r) of time with smoothening window
width w is calculated as follows:
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fower = Max(z; — w/2,0).

In the context, plotted f(z,)|,, is marked by f(t;) for simplic-
ity. Here f stands for any quantity that varies with time,
including end-to-end length, radius of gyration, hydrody-
namic force component, hydrodynamic torque component,
and so on.

III. RESULTS AND DISCUSSION

A. DNA conformational dynamics in a shear flow

The conformational dynamics of each of the six DNA
molecules has been computed throughout the course of our
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simulations. For clarity, we present only the results for mol-
ecules 1 and 6. The results obtained for molecules 2-5 are
intermediate and bounded by those of 1 and 6, hence it is
actually not necessary to present the details of the analysis
for each of them, once we have examined in detail the be-
haviors of molecules 1 and 6. We observe in Fig. 2 that the
conformational dynamics of molecules 1 and 6 evolve quite
differently from each other. We will show below that this
difference in conformational dynamics is due to the different
time variation in the instantaneous atomic interaction force
field that each bond, in each DNA molecule, is responding
to. We also show below that the time variation in the inter-
action force field is itself due to the widely varying structure
of each DNA molecules’ instantaneous local environment
due to its motion as it is advected by the shear flow. Quan-
titative measures of the changing molecular configurations
are given by the time variation in the molecular end-to-end
length and the time variation in the molecular radius of gy-
ration as defined in the following:
End-to-end length:

i
Lo =N = x>+ (0= y1)* + (22— 21)%,

where (x1,y;,z;) and (x,,y,,2,) are the positions of the two
oxygen atoms at the very ends of the backbone.
Center of mass:

N N N
2 m;x; E m;y; 2 m;z;
i=1 i=1 i=1

xC= ’ yC= ’ ZC=

i

N N N
2 m; 2 m; 2 m;
i=1 i=1 i=1

where N is the number of atoms in a DNA molecule, N
=663 in this paper.
Radius of gyration:

N
2 mi[(xi - xc)2 + (yl - yc)2 + (Zi - Zc)2]

i=1

The time-varying change in end-to-end length (L..) is shown
for molecules 1 and 6 in Fig. 3(a) for the case of shear and in
Fig. 3(b) for the case of diffusional motion only. The initial
decrease, then increase, and then decrease in the end-to-end
length of DNA molecule 6 is reflective of the coiled, un-
coiled, and then coiled configurations, respectively, that are
shown in Fig. 2. For molecule 1, the sudden increase in
end-to-end length reflects the initial stretching experienced,
prior to the subsequent rotation that is followed by length
relaxation after the molecule has rotated sufficiently to align
itself with the shear flow direction. DNA molecule 1 shows
significant extension, approximately 200% of its equilibrium
length, during the first 5 ps, immediately followed by a sig-
nificant contraction, approximately 170% of its equilibrium
length in the next 10 ps. The contraction in length is fol-
lowed by a slow relaxation back to its equilibrium length
after it has rotated to align itself with the flow direction.
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FIG. 3. (a) End-to-end length (L) and radius of gyration (R,)
time variation of molecules 1 and 6 in a wall-bounded shear flow.
Solid curves show L., variations of DNA molecules 1 and 6 and
dotted curves show R, variations. (b) End-to-end length (L..) and
radius of gyration (R,) time variation of molecules 1 and 6 in ther-
mal equilibrium. Solid curves show L. variations of DNA mol-
ecules 1 and 6 and dotted curves show R, variations.

There is no coiling or uncoiling behavior observed for mol-
ecule 1 during the entire simulation.

DNA molecule 6 on the other hand, immediately initiates
such an extreme length contraction that its configuration to-
tally changes, from a linear molecule to a compressed
hairpin-shaped molecule, by around 29 ps, which is approxi-
mately ten times its natural relaxation period (as computed in
[2]). DNA molecule 6 then proceeds to uncoil by around
50 ps, extending substantially and then again resumes coiling
at about 100 ps. The instantaneous molecular conformations
of DNA molecules 1 and 6 at these selected times are shown
in Fig. 2. These conformational dynamics are totally unlike
any experimental measurements to date for micron-sized
DNA. Understanding the range of conformations taken by a
biomolecule as it moves along the bounding substrate could
be important in formulating a design strategy for new DNA-
based nanoscale biosensors.
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To emphasize the striking effects of a wall-bounded shear
flow on DNA conformational dynamics, we compare them
with the results from our equilibrium simulations. The initial
conditions and the starting geometry for the equilibrium
simulations are identical to that for the nonequilibrium case.
The end-to-end length and radius of gyration time variation
for the equilibrium results, shown in Fig. 3(b), show a very
slowly varying, relatively flat pattern following the initial
rotation and alignment. The slight differences between mol-
ecules 1 and 6 are due to the proximity of molecule 6 to the
wall and its interaction with it. There is no indication of
coiling and uncoiling behavior in either molecule. The em-
bedding of the DNA molecules in a wall-bounded shear flow
clearly results in a time-varying conformational evolution
that is absent in the case of diffusional motion driven only by
thermal fluctuations.

B. Total atomic collisional hydrodynamic force and torque
time histories on DNA molecules in a shear flow

In order to attempt to understand why DNA molecules 1
and 6 had such drastically different conformational dynamics
from the equilibrium results but also from each other in a
shear flow, after both had essentially aligned with the flow
direction, we investigated the detailed time-dependent
atomic interaction forces experienced along the backbone
and in the side chains of each molecule due to the time-
varying solvent and bounding atomic gold nanosurface envi-
ronment. We present first, since it is more easily understood,
the time variation of the total hydrodynamic force (HF) and
hydrodynamic torque (HT) components obtained by sum-
ming over the entire molecule. We then present the indi-
vidual time-varying forces on each of the backbone and side-
chain bonds along the molecule. The total molecular forces
and torques for molecules 1 and 6 are computed as follows:

N N N
HFx=Efx,i’ HFy=Efy,i’ HFzzszJ’
=1 i=1 i=1
N
HTx = E [(yz - y(,')fz,i - (Zi - Zc)fy,i]’
i=1
N
HTy =2 [z~ 2= (i = x)f2ils
i=1

N
HTZ = E [(x; = xc)fy,i -(i— yc)fx,i]'
i=1

Instantaneous torque values with respect to the center of
mass were obtained from instantaneous coordinates of, and
forces on, each of the atoms of the backbone and side chains
of each DNA molecule. The values shown in the plots have
been smoothed by averaging over a window of 5 ps. These
are plotted in Figs. 4 and 5 and compared with the results
from the equilibrium simulations. Instantaneous torque val-
ues with respect to the center of mass were obtained from
instantaneous coordinates of, and forces on, each of the at-
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FIG. 4. (a) Total hydrodynamic force components on DNA mol-
ecules 1 and 6 as a function of time at a flow shear rate of 48 ps. (b)
Total hydrodynamic force components on DNA molecules 1 and 6
as a function of time in an equilibrium solvent.

oms of the backbone and side chains of each DNA molecule.
The values shown in the plots have been smoothed by aver-
aging over a window of 5 ps.

It is clear from the comparison of Fig. 4(b) with Fig. 4(a)
that the rapid time variation in the magnitude of the force
components is substantially less for the equilibrium case.
There is absolutely no variation for molecule 1, indicating
that its environment remains essentially symmetric. The
force time variation for molecule 6 is the result of the time-
varying asymmetry in its environment as it diffuses near the
wall.

The subscripts x, y, and z correspond to three perpendicu-
lar directions: x in the flow direction, z in the normal direc-
tion to the wall, and y perpendicular to the above two. Sub-
scripts 1 and 6 denote DNA molecules 1 and 6. Very large
variations in the magnitude and the direction of force and
torque are observed acting upon DNA 6 throughout the shear
flow simulation. The points marked with a square are the
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FIG. 5. (a) Total hydrodynamic torque components with respect
to the center of mass of DNA molecules 1 and 6 as a function of
time. (b) Total hydrodynamic torque components with respect to the
center of mass of DNA molecules 1 and 6 as a function of time for
the equilibrium case.

maxima in the force components on DNA molecule 6.
Analysis of the variation in the distance between any two
DNA molecules was carried out and showed that the time of
occurrence of the maxima correspond to those times when
DNA molecules 2, 3, 4, or 5 are close to DNA molecule 6,
especially when one of them gets very close to it. For ex-
ample, these peaks (squares) originated from the strong in-
teraction (collisions) between DNA molecules 3 and 6. We
observe from Fig. 4(a) that the positive, negative, and then
positive regions of the x component of hydrodynamic force
on DNA molecule 6 occur during the periods of coiling,
uncoiling, and recoiling, as indicated on the time axis and are
consistent with the coil-uncoil-coil dynamics shown in Fig.
2. This consistency is particularly striking during the first
uncoiling event at £~ 55 ps and the second coiling event at
t~ 125 ps. No such oscillatory behavior is observed in Figs.
4(b) and 5(b) for the equilibrium case, although the magni-
tude of the maximum force and torque are similar. The force
magnitudes on DNA molecule 1 are on the order of 0.01 nN,
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or about 2 to 3 orders of magnitude smaller than the force
components on molecule 6. The torque components, HT, and
HT, on DNA molecule 1 remain, throughout the simulation,
on the order of 1 nN 10\, or about 2 orders of magnitude
smaller than those on molecule 6 for both the shear flow and
the equilibrium simulation. This reduction in the magnitudes
of the forces on molecule 1 compared to those on molecule 6
is a reflection of the symmetry in the environment of mol-
ecule 1. The essentially symmetric environment experienced
by molecule 1 leads to a net cancellation of the total force.
No such cancellation occurs with the complete lack of sym-
metry in the atomic environment of molecule 6. Molecule 6
is bounded on one side by the atomic wall and on the other
side it is interacting with several of the other four passing
DNA molecules. In addition, the solvent water molecules
and ions flowing past molecule 6 are moving according to
the imposed gradient, at different velocities, hence inducing
rotation. For the equilibrium case we do observe in Fig. 5(b)
that there is significant time variation in the torque magni-
tudes on molecule 6. This suggests that interactions among
the six biomolecules and the wall are a major factor in the
origination of the molecular torque time histories. If this is
correct then we would expect a decrease in torque magnitude
as the biomolecular concentration is decreased.

We next probe deeper into the individual atomic interac-
tion force time histories experienced at each base pair along
the backbone and in the side chains of each DNA molecule
that gives rise to these integrated total values to see, if we
can, how each structural entity along the length of DNA
molecules 1 and 6 responds to the solvent environment as it
passes by them, and the wall environment as they each pass
by it. There is no experimental ability to make such an in-
vestigation; yet it is the time variation in the interaction force
field between each base pair and its moving, changing envi-
ronment that is ultimately responsible for the biomolecular
response dynamics.

C. DNA molecular bonding force time histories in a shear flow

Internal molecular bonding force time histories have been
computed along the backbone and between side chains and
the backbone of both DNA molecules 1 and 6, in addition to
the other four DNA molecules, as they are advected along
and interact with the molecules and ions of the solvent in the
shear flow, with each other, and with the passing atoms of the
wall. Due to the complexity of the plot of the force time
history of all backbone and all side-chain bonds, we provide
below the results for only DNA molecules 1 and 6 in order to
show how they relate to the conformational dynamics of
those molecules. Following the CHARMM topology file nota-
tion, the backbone bond that was selected for force calcula-
tion is between O3’ from the sugar and P from the phosphate
group; those side-chain bonds are between C1’ from sugar
and either N1 (A, C bases) or N9 (G, T bases). Bonding
forces were calculated from the instantaneous positions of
the two ending atoms as follows:

BF(t) = 2k,[b(t) - by,

where k;, is the bond force parameter, which is 1129.68 and
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920.48 kJ/mol (or 270 and 220 kcal/mol in the CHARMM
database) for backbone bonds and side-chain bonds, respec-
tively; b is the equilibrium bond length, that is 1.6, 1.456,
and 1.458 A corresponding to bonds O3'—P, C1'—NI1, and
03'—N09, respectively; and b(r) and 2F(r) are the instanta-
neous bond length and bonding force. Over the duration of
most of our MD simulations, the backbone bonds tend to
contract. That is, the values are between 0 and ~—2 nN with
the average of —1 nN over 20 of them, which corresponds to
a 0.11% backbone bond contraction. However, for DNA mol-
ecule 1 the backbone bonding force is particularly large in
the initial DNA stretching stage. This is consistent with the
initial large increase in the end-to-end length observed in
Fig. 3. In addition, while many backbone bonds in the
middle of the chains are stretched the most, there are a few
bonds at the two ends of the chains that are only moderately
stretched. DNA molecule 6 does not experience drastic bond
stretch at the initial stage of the simulation. This is consistent
with the fact that DNA molecule 6 was initially parallel to
the flow while molecule 1 was nearly perpendicular to the
flow with its middle point in the zero-velocity plane of the
shear flow, which lead molecule 1 to the initial maximum
stretch and concurrent rotation required to align with the
flow direction. DNA molecule 6, after 50 ps, is interacting
with DNA molecules 3, 4, and 5, hence there is substantial
variation in the forces due to the increasing asymmetry of its
environment. We observe substantial variability in time for
the bonding force all along the backbone and at the side
chains. There are prominent maxima apparent in the back-
bone bonding forces at the time for initial stretch of DNA
molecule 1, seen clearly in Fig. 6(a), and at both the coiling
and uncoiling times for DNA molecule 6, as can be easily
seen in Fig. 6(b).

The backbone bonding forces of both DNA molecules
fluctuate in a similar way and mostly within the typical range
of between —2 and 0 nN. The side-chain bonding forces are
also fluctuating and mainly between O and 1.2 nN for both
DNA molecules. There are systematic stretches (in backbone
bonds) and contractions (in side-chain bonds) observed, both
on the order of 0.1% of the equilibrium bond length. The
individual bond force time histories are observed to be con-
sistent with the total molecule force time histories discussed
above, thus demonstrating that the computed conformational
dynamics of these two DNA molecules are consistent with
the bond force time-history variation along the length of each
molecule itself. Each bond force time-history variation, as
one moves along the length of the molecule is, in turn, due to
its own time-varying atomic environment.

We also observe, from Fig. 6 taken in conjunction with
Fig. 2, that typical classical rheological bead-chain polymer
representations combined with linear and nonlinear spring,
bead-chain hydrodynamic response models are not directly
comparable to the atomic interaction-induced bond level dy-
namics and resulting molecule conformational dynamics,
which we have computed. The time-varying bond level dy-
namics of each particular bond is the local response of that
bond to its own time-varying environment and this is funda-
mentally why each DNA molecule in the system has its own
unique conformational dynamics. Polymer phenomenologi-
cal models, since they were developed to describe rheologi-
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FIG. 6. (Color online) Internal bonding forces as a function of
time in a shear flow for (a) DNA molecule 1 and (b) DNA molecule
6. B1 and B12 correspond to the first (end) and 12th (middle) back-
bone O-P bonds; S1 and S12 are the first and 12th (middle)
sidechain-backbone bonds. Insets: Dark (black online version)
curves are 20 backbone bonds and light (purple online) curves are
side-chain bonds connecting them to the molecule backbone. (a)
DNA molecule 1 bond force time-histories. (b) DNA molecule 6
bond force time histories.

cal flow behavior, are not capable of interrogating the flow at
atomic length and time scales. A general continuum repre-
sentation is therefore inherently incapable of describing
unique individual bond dynamics. The reverse is not true,
however, it is computationally not yet possible to use an
atomic interaction force model to compute the dynamics of
micron-sized DNA molecules in a continuum flow.

D. Effects of time-varying local atomic environment on DNA
conformational dynamics

We carried out several additional simulations to succes-
sively isolate, if possible, the relative importance of each
aspect of the time-varying environment of DNA molecule 6
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FIG. 7. (Color) Equilibrium MD simulation without walls for
DNA molecules 1 and 6.

to its computed conformational dynamics. We examined first
the role of the thermal motion of the solvent by carrying out
the complete simulation with all molecules and the wall, but
at zero shear, to remove the effects of the solvent shear flow.
These results were discussed above where it was apparent
that there was no evidence of coiling and uncoiling dynam-
ics. As we noted above, the total force and torque compo-
nents for molecule 6 for zero shear are of the same order of
magnitude as for the shear flow case but do not exhibit the
alternating positive and negative regions associated with the
coil-uncoil-coil conformational dynamics. In the shear flow
case, DNA molecule 6 is moving with the flow and periodi-
cally is passed by other DNA molecules since there is a
velocity gradient in the channel. Hence DNA molecule 6 is
subjected to oscillating changes in the forces and torques,
especially in direction. That is, the absolute magnitude of the
atomic interaction force at any given instant is not increased
by increasing the velocity of the water molecules past the
DNA molecule (since at any given instant the local atomic
number density about a given molecule is not substantially
different); but, the time variation of the force component
magnitudes on the DNA molecule are increased as the flow
is sheared, since the asymmetry of a DNA molecule’s local
environment is changing substantially over that experienced
due only to thermal fluctuations. We conclude, from com-

0.06 T : ,
Shear rate: 0/ps
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0.04 HFx,y,z,no.6 Total DNAs: 2 1

%ooz ‘ \ l
$ \Wl U W “ M o ".} A‘u
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FIG. 8. (Color online) Total hydrodynamic force on only DNA
molecules 1 and 6 as a function of time from equilibrium MD
simulations without walls.
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FIG. 9. (Color) Equilibrium MD simulation for six DNA mol-
ecules in a box without solid walls.

parisons of the force component time histories, that it is the
time variation in the forces, particularly along the direction
of the flow and in the direction normal to the wall, that is
important for the occurrence of the coil-uncoil-coil behavior
of molecule 6. As the shear rate increases, the interactions
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FIG. 10. (a) Total hydrodynamic force and (b) torque compo-
nents of DNA molecules 1 and 6 as a function of time from equi-
librium MD simulations without walls.

FIG. 11. (Color) NEBD simulation box with moving walls and
the same initial locations and configurations of DNA molecules 1
and 6 as in Fig. 1.

among other passing DNA molecules will also increase,
hence environmental symmetry will be lost for all DNA mol-
ecules. We therefore expect, for higher shear rates and longer
run times, to see significant conformational variations for all
of the DNA molecules. We also expect, for decreasing shear
rates, that the time interval between coiling and uncoiling
will progressively increase until finally, at zero shear, it will
not be observed, even for molecule 6. We have confirmed
this zero shear expectation by extending the equilibrium MD
simulation to continue through 150 to 230 to 320 ps. We
showed above in Figs. 3(a) and 3(b) the results for molecules
1 and 6 out to 150 ps and beyond. They do not change as the
run continues to 320 ps. Only DNA molecule 6 exhibits any
substantial conformational changes, eventually taking on an
“S-like” shape that appears to be stable as the simulation
continues, but with no observed coiling behavior.

Thus, from our computations, it appears that in thermal
equilibrium there is insufficient asymmetry-induced time
variation in the magnitude and direction of the interatomic
forces to induce oscillatory conformational changes in any of
the six DNA molecules. A shear flow is necessary.

We have compared the results for a shear flow with the
force and torque time histories with all six DNA molecules
and a wall in thermal equilibrium and observed no coiling or
uncoiling behavior in equilibrium. We next inquire how these
results change if we remove the four DNA molecules close to
molecule 6 and also remove the wall. That is, we will now
tear down the system and then sequentially build it back up,
from the most primitive case to the most complex wall-
bounded shear flow case, in order to assess the importance of
each contribution. We examine first the most primitive situ-
ation of two DNA molecules, with no nearby surfaces, in
water at zero shear. Since the other four DNA molecules
have been removed we also removed a sufficient number of
ions to maintain a neutral solution. The number of ions was
changed to 160 Na* and 120 CI™ to keep the system neutral
and also to keep the total number of ions (280) the same as in
the above cases. The physical situation for this case is shown
in Fig. 7.

By removing DNA molecules 2-5, and the wall, the total
hydrodynamic force and torque (not shown) on molecules 1
and 6 were reduced to a negligible level of *+0.03 nN and
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+1 nN A, respectively, as observed in Fig. 8. This indicates
the important contribution made by nearby molecules and
the bounding substrate on the instantaneous force magnitude.

We proceed to build the system back up by next adding in
the other four DNA molecules, but leaving out the wall and
leaving out the shear flow. The physical situation is shown in
Fig. 9.

Total force and torque components are plotted in Fig. 10
as a function of time. We observe that force component mag-
nitudes are reduced by more than half if compared with the
results of equilibrium simulations for channels with interact-
ing atomic walls [shown in Fig. 7(a)], while the torque mag-
nitudes are merely changed. This suggests that interacting
atomic walls and the proximity of other DNA molecules will
considerably impact the DNA translational motion, while the
neighboring DNA molecule interactions taken alone without
the walls included primarily effect the DNA rotation. This is
reasonable since the asymmetrical charge distribution of
strongly negatively charged DNA molecules is expected to
interact electrostatically to impact DNA rotation as two DNA
molecules move past one another. In thermal equilibrium
there thus does exist a hydrodynamic “coupling,” as specu-
lated by Cohen and Moerner [22], between the molecules of
the solvent and the DNA molecules. The magnitude of the
coupling is dependent on the proximity of other DNA mol-
ecules in the solvent and the proximity of atomic surfaces.

The wall interaction forces are clearly extremely impor-
tant to creating an asymmetrical local environment for each
bond along the length of a DNA molecule. We finally exam-
ine the role of the shear flow itself created by moving the
wall, but without the presence of the other four interacting
DNA molecules. That is, we are asking if the interacting
atomic wall itself and the shear flow its motion creates are
sufficient to produce the coiling-uncoiling-coiling behavior
in molecule 6 observed in the complete wall-bounded shear
flow simulations. The physical situation is shown in Fig. 11.

The radius of gyration and end-to-end length time varia-
tion are observed, in Fig. 12, to closely resemble the results
computed for the complete system of six interacting DNA
molecules in a shear flow (shown in Fig. 3). This indicates
that a shear flow and a nearby bounding atomic wall are
sufficient, without additional DNA molecule interactions, to
cause the coiling, uncoiling, and recoiling dynamics in DNA
molecule 6. We observe that there is a factor of 4 reduction
in end-to-end length occurring for molecule 6 within ap-
proximately 20 ps followed by an extension, which contin-
ues to reach a factor of 6 over the next 40 ps. The molecule
relaxes and then executes another coiling, reducing its end-
to-end length by approximately half of its starting value. The
corresponding total hydrodynamic force components are
plotted in Fig. 13. The force component HF, ,,, ¢ in the flow
direction of the near wall DNA molecule 6 is the “pure”
hydrodynamic force, in the range of 0.05-0.15 nN, and, as
shown in Fig. 12, is capable of producing the drastic confor-
mational changes observed in DNA molecule 6 if the mol-
ecule is moving past an atomically interacting wall. The
dominance and time variation of the magnitude of force in
the flow direction for the near-wall molecule is evident in
Fig. 13.
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FIG. 12. Radius of gyration and end-to-end length of DNA mol-
ecules 1 and 6 as a function of time from NEBD simulations at a
shear rate 0.48/ps with walls.

IV. CONCLUSIONS

A rich assortment of conformations has been computed
for a 10 nm DNA molecule flowing past an atomic wall in an
ionic water solvent. Coiling-uncoiling-coiling transitions oc-
curred with hairpin and figure-eight loop configurations also
observed. Other DNA molecules in the system exhibited con-
formational dynamics that varied from stretch relaxation to
those approaching the coiling-uncoiling dynamics of the
near-wall molecule. The dynamic behaviors of the nanometer
length-scale DNA molecules in the shear flow simulations
were found to have a sensitive dependence upon the instan-
taneous local atomic environment of each bond along the
length of each molecule. The local atomic bond environment
of each molecule varies in time differently depending upon
how the molecule is oriented in the solvent flow, how many
other DNA molecules are passing by it, and whether or not it
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FIG. 13. (Color online) Total hydrodynamic force components
on DNA molecules 1 and 6 as a function of time from NEBD
simulations with walls at a shear rate of 0.48/ps.
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is passing in proximity to any surfaces it can interact with.
We have demonstrated that the computed conformational dy-
namics of the DNA molecules are consistent with the com-
puted time variation of the total hydrodynamic force and
torque on the molecules and also are consistent with the time
variation of the backbone and side-chain bonding forces
along the molecule length. We have found that the bonding
forces are not constant along the backbone and at the con-
nections between the backbone and side chains in a stable
shear flow. Bonding forces may be up to several nanonew-
tons when DNA is highly stretched, with the maximum oc-
curring in the middle portion and less at the two ends.

Total hydrodynamic forces and torques were observed to
change often, both in direction and magnitude, along the
length of each of the six DNA molecules during the simula-
tion period of hundreds of picoseconds. From the results for
only two DNA molecules in a shear flow above a wall, where
the DNA-DNA interaction is disabled by sufficient separa-
tion, the drastic conformational behavior of successive coil-
ing and uncoiling is still observed. This observation leads us
to conclude that the dynamic conformational behavior of
molecule 6, the near-wall molecule, is due to the time-
varying asymmetry induced along its length by the shear
flow caused by the motion of the wall. This behavior is not
observed if there is no shear flow.

These results indicate that by properly orienting DNA
molecules in a sheared solvent in a wall-bounded flow, very
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diverse conformational dynamics and resulting biomolecular
physical properties of interest can be achieved. It would be
interesting for future investigations to assess how sensitive
these findings are to a variation in molecular interaction pa-
rameters such as would be caused by changing the composi-
tion of the solvent and by tailoring atomic-structural varia-
tions and associated charge distributions into the bounding
wall itself. A separate investigation of interest would be to
examine how the conformational dynamics of the DNA mol-
ecules in the system we have studied modify near-wall trans-
port and how the modification of near-wall transport affects
continuum flow away from the wall. These are particularly
relevant questions for the design of biomolecular microde-
vices and tailored nanosystem flow sensors.
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