1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Comput Phys Commun. 2010 December 1; 181(12): 2001-2007. doi:10.1016/j.cpc.2010.08.029.

A model for Structure and Thermodynamics of ssDNA and
dsDNA Near a Surface: a Coarse Grained Approach

J. Ambia-Garrido!, Arnold Vainrub?, and B. Montgomery Pettittl
1 Department of Physics and Department of Chemistry, University of Houston, Houston, Texas

2 College of Veterinary Medicine, Auburn University, Auburn, AL 36849

Abstract

New methods based on surfaces or beads have allowed measurement of properties of single DNA
molecules in very accurate ways. Theoretical coarse grained models have been developed to
understand the behavior of single stranded and double stranded DNA. These models have been
shown to be accurate and relatively simple for very short systems of 6-8 base pairs near surfaces.
Comparatively less is known about the influence of a surface on the secondary structures of longer
molecules important to many technologies. Surface fields due to either applied potentials and/or
dielectric boundaries are not in current surface mounted coarse grained models. To gain insight
into longer and surface mounted sequences we parameterized a discretized worm-like chain
model. Each link is considered a sphere of 6 base pairs in length for dSDNA, and 1.5 bases for
sSDNA (requiring an always even number of spheres). For this demonstration of the model, the
chain is tethered to a surface by a fixed length, non-interacting 0.536 nm linker. Configurational
sampling was achieved via Monte-Carlo simulation. Our model successfully reproduces end to
end distance averages from experimental results, in agreement with polymer theory and all atom
simulations. Our average tilt results are also in agreement with all atom simulations for the case of
dense systems.

1 Introduction

In the last couple of decades, the importance of understanding the fundamental properties of
DNA has been propelled by the human genome project and the now routine use of next
generation sequencers [1]. Many new technologies involve short DNA strands tethered to
different surfaces or particles. There has been an effort to understand the associated
phenomena from a theoretical point of view [2,3,4,5,6,7,8,9,10,11,12,13]. Such efforts are of
use in experimental design as well as analysis. In particular, the electrostatic surface fields
due to either applied potentials or dielectric boundaries have been incorporated into a
qualitative thermodynamic theory of hybridization on surfaces [3,4,14,15] which has been
used to understand the optimal performance of DNA microarrays [16,17,18] as well as of
DNA-nanoparticles assemblies [19,20].

While simulations have been used to consider geometric factors, analytic theory has been
used to understand the shift in binding energy and melting temperature for DNA hybridizing
near a surface. To date analytical evaluations of the electrostatic interaction have been
limited to 8 base pair long DNA fragments. [3,4,14,15] There is a clear need to extend the
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methods to systems which are longer and may include various single stranded, unpaired
overhangs to better analyze surface mounted experiments.

Here we propose a new model for arbitrarily long oligonucleotides that includes the
electrostatic interaction between the DNA strand(s) and the surface. The model does attempt
to capture hybridization (or melting) dynamics[8] but seeks to accurately incorporate the
effects on thermodynamics of target and probe strands of differing lengths, on surfaces
either dielectric or metalic and to better model finite surface concentration effects. The
coarse grained model we propose in this work also includes the bending rigidity of the
molecule, which varies significantly between single stranded DNA and double stranded
DNA. To capture the remaining conformational/entropic components of the free energy, we
sample configurations of the coarse grained chain with a Metropolis Monte Carlo algorithm.
Comparisons with polymer theory and explicit all atom simulations in selected cases provide
the validation for the model [5,6]. Our methods are also compared and in agreement with
experimental measurements available in the literature [21,22,23,24,25,26,27].

We take a discretized version of the worm-like chain model with coarse grained dimensions
as our basic framework. The DNA molecule in either single stranded (ssDNA) or double
stranded (dsDNA) form is to be considered as a chain of spheres. If we are modeling
dsDNA, the spheres have a 1 nm radius rg, whereas the sSDNA case has a 0.5 nm radius.
Since the average distance between bases is 0.34 nm for dSDNA and 0.63 nm for sSDNA, the
dsDNA sphere models 6 base pairs and the single stranded sphere models 1.5 bases. To
maintain a discrete number of base pairs, we always have an even number of spheres in the
sSDNA case (modeling 3 base pairs for every 2 spheres). The chain flexibility depends on
the persistence length of the molecule and was parameterized as a chain bending energy
accordingly [21,28,29,23]. The molecules interact electrostatically in a dielectric continuum
solvent with the surface and with other molecules when present.

Our effective energy model may be written as

E +FE

+E Neighbors (1)

Total — ™~ Bending Surface

The energy required to bend a segment of length L through an angle 6 is calculated using a
simple elastic rod model [23,30]:

kTP o _kyTPL

Bending — ] R @

Where kg is Boltzmann’s constant, T is the temperature (25 °C), P is the persistence length
and R is the radius of curvature. The persistence length depends on the salt concentration of
the liquid in which the molecule is submerged and is different for ssDNA and for dsDNA.
For dsDNA, Baumann et al. [22], proposed the following formula:

PZPgS+ { :Pgs+0.0324
4k-1, 1 3)

Where ng:SO nm for dsSDNA, 1 is the Debye-Hiickel screening length, Ig is the Bjerrum
length and I is the ionic strength, which equals the ion concentration for monovalent ions
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like Na*. The constant 0.0324 is in nm. In the case of sSDNA, we use the same mathematical

model for the data given by Murphy et al [24] and Tinland et al [31]. Now Pj’=1.481 nm,
and

0.03797
I (4)

P=Py’+

In our model we consider the DNA molecules immersed in a saline solution. The effective
electrostatic interactions are reasonably, approximately described by a Poisson-Boltzmann
approach as is done with the Gouy-Chapman double layer theory [32,33]. The electric
permittivity of water at 25°C is 78.54 ¢q [34]. Each sphere will be considered ion permeable
[35,36], with the charge distributed on the surface. This description was previously used by
Vainrub and Pettitt [2,3] as justified by the results of simulation densities for ions within the
grooves of dsDNA [37,38]. The total charge on each sphere depends on the molecule
(ssSDNA or dsDNA): Qqs=12e" and Qss=1.5¢".

We consider two types of commonly used surfaces: dielectrics and conductors. Examples in
routine use would include SiO» glass and gold respectively. These two types of materials
have dramatically different surface effects. If the surface is a dielectric, it will keep a
constant charge density. On the other hand, if the surface is a conductor, it will keep a
constant electric potential (voltage). There are various ways to achieve these fields in the
laboratory using both external sources and by modifying the surface with either acidic
(negatively charged) or basic (positively charged) groups. To consider these cases, we use
the common electrostatic method of images. If we are dealing with a dielectric, each sphere
near the surface will have an image in the solid with the same charge. While if the surface is
a conductor, the image sphere will have opposite charge. Given this boundary condition
imposed by the surface, we may phrase this in terms of a fixed voltage V (conductor) or
charge distribution o (dielectric). The effective energy due to the surface is simply half the
integral of the charge times the electric potential over the surface and over the sphere
volumes.

1 1
ES = _fplaneo-w ds+ Efsphm‘cpd/ dv

2 (5)

For a delta charge distribution in the surface, we get for each sphere (next to a conductor or
dielectric surface) [2,3]:

E —_ a VSS()KFAKZ"_Z Ka ol
oS EENK 2 7 871'],‘ (6)
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where the constant
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o QOsinh(kry)

Kro

Where z is the distance between the center of the sphere and the plane and I is the distance
between the centers of the sphere and the image sphere; i runs over all image spheres.
Finally, the energy due to possible neighbors is the same integral used for the image spheres,
but the result doubles because both spheres are real.

| (8)

Here j runs over all spheres in neighboring strands and i runs over all image spheres of the
neighboring strands.

I\‘],‘

Eo= a? 2e K e
N 8neseg Z I _Z I;

J

Chemically, the DNA molecule is tethered to the surface by a neutral epoxide chain, as is
common use in experiments and molecular simulations [5,6]. The linker is modeled as a
short chain of two neutral spheres with a persistence length of 0.76 nm [39]. Each sphere has
a 0.134 nm radius for a total chain length of 0.536 nm. We note that the use of charged
linkers is easily modeled with our method.

3 Monte Carlo Simulation

4 Results

The flexible chains may take a variety of conformations whose distribution must be
determined by simulation. In our simulation we used a Metropolis Monte Carlo algorithm to
sample the configurations of the chains. The initial configuration is random, making sure we
have no overlaps. Then we let the system evolve by the well known “kink jump” algorithm,
proposed by Baumgartner and Binder [40]. In this algorithm, a sphere is chosen at random
and moved around the axis connecting the neighboring spheres by a random angle. If the
sphere is at the end of the chain, we choose a solid angle and simply rotate it keeping the
distance to the neighbor fixed. At this point we recalculate the energy of the system and
choose to either keep the new configuration or reject it, using the standard Metropolis
criterion. All spheres have an equal probability to be chosen, and we count as step when N
spheres have attempted to move.

We ran the described simulation for a single molecule, and for arrays of molecules. Each
simulation was run for 10,000,000 production steps. Using energetic considerations the MC
equilibration time was never more than 10,000 steps.

A number of structural measures are relevant for comparison with previous theory, all atom
simulation and experiments. We computed the end to end distance and the tilting angle
dependence on the salt concentration, the number of base pairs and the surface
concentration. These are measures where quantitative comparisons can be made. Some
insight was gained by considering the variation of the contributions among the different
effective energy sources, to better understand the dominating interactions in the model.
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4.1 Single Molecule

In Fig. 2 we see how the average end to end distance depends on the number of base pairs of
the molecule for different conditions of the surface, and without surface. Since dsDNA is
relatively rigid (=50 nm persistence length), we see an essentially monotonic increase,
independent of the surface presence or condition.

For a small number of base pairs, the sSSDNA has a longer end to end distance than dsDNA,
which is expected because sSDNA has a 0.64 nm distance between base pairs, while dSDNA
only has 0.34 nm. However, for more base pairs, sSDNA has a shorter end to end distance
than dsDNA, because it curls over on itself much more on average, due to its shorter
persistence length (~ 1.48 nm). For the sSDNA, we can also see that the average end to end
distance, and its fluctuations, are affected by the conditions of the near surface. The results
show we have the shortest end to end distance when we have no surface in agreement with
analytic theory, and the longest for a dielectric surface with a charge of —0.36 e~ per nm?
(effectively a positive charge). If we decrease the salt concentration, the effect is stronger;
while if we increase the salt concentration, the electrostatic screening is stronger and the
molecules will ultimately behave like if the only surface interaction was excluded volume
(case (A) in Fig. 2). The fluctuation is relatively small for dSDNA due to its high rigidity,
but in the sSDNA case it is increased when we have a charge or a voltage on the surface.
Having a larger fluctuation, in the structure of the tethered probe molecules, could be an
advantage in a hybridization experiment, because it means more of the conformational space
is covered, facilitating the hybridization. This includes both angle and end to end distance.

Now we briefly discuss the role of exclude volume interactions and the monomer-monomer
and monomer-surface electrostatic interactions. Classical theoretical result for the mean end-
to-end distance square average (R2) of the polymer chain with N segments [41,42] no
encumbered by a surface show:

(R*) ~ N* )

where the exponent v is given by

d+2 (10)

and where d is the dimensionality of the space.

When d = 3, for a free, linear macromolecule (not attached to any surface) dissolved in a
good solvent, 2v = 1.2; and when d = 2, 2v = 1.5, which is the case for two dimensions,
hence a strong confinement. Formally, in the intermediate case of chain molecule
attachment by one-end to the surface 2 < d < 3 and thus 1.2 < 2y < 1.5. The Monte Carlo
simulation results in Fig. 2 were fitted by Eq. 9 and the obtained effective exponents for the
sSDNA case are shown in Table 1. We find all simulated data sets are fit accurately with an
error below 1 — 2%. For a non tethered chain the fitting gives the full exponent 2v = 1.20 in
strict agreement with theory. For the attractive conductor surface 2v = 1.258 is larger and
grows further to 1.294 when the attraction is enhanced by the applied positive potential. The
behavior tends to the d = 2 case as a result of weak electrostatic adsorption of the DNA
molecules to the surface, namely an effective confinement. This effect is most drastic when
the dielectric surface has a charge of —0.36e~/nm? and attracts the DNA molecule. This
confines the motion to a conformation parallel to the surface and thus results in an increase
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of the effective exponent v from d = 3 value 2v = 1.2 towards d = 2 value 1.5. Therefore, the
simulation data are in excellent scaling agreement with mean-field theory Eqgs. 9 and 10.

In Fig. 3, we show a plot of tilt angle vs. salt concentration for sSSDNA and dsDNA near
different surfaces. A 0° angle means the strand is perpendicular to the surface and a 90°
angle means parallel. Both ssDNA and dsDNA show changes depending on the surface
conditions. We can see how all experiments for ssDNA tend to an average angle of roughly
57° when the salt concentration is high and the electrostatic interaction is weaker. This angle
can be compared with the random orientation case, where the average tilt is

O)= [ 6sin(6)do=57.3° (1)

The large fluctuations shown in Fig. 3 are indicative of the configuration space coverage for
this system.

For the dsDNA, we see a different behavior than for the single stranded. The tilt angle
apparently converges for higher salt concentrations around ~ 40° and the fluctuation is ~ 5°
smaller. This can be explained by the stronger electrostatic interaction, and the bigger size,
hence more excluded volume.

For molecules with more base pairs, the electrostatic interaction will be stronger. In most
cases studied here the interaction between the surface and the molecule is attractive and we
expect an angle closer to 90°. Interestingly enough, this did not happen for the ssDNA case
(up to 36 base pairs) near a conducting surface.

To analyze the importance of the interactions in the system, we separate the energy
contributions in equation 1, and further separating Egyrface into a contribution due to the
conditions that the surface imposes by its nature, the polarization field or image charges
from an analytical point of view, and a contribution due to the bare charge or the voltage in
the surface.

E +E

Total = Bending Images

+E

Charge[Voltage +E Neighbors (12)

We plot some results in figures 4 and 5. As expected, in the dsDNA case, we have an
electrostatic dominated system for medium and low salt concentrations. At high salt we have
a transition to a elastically dominated system. The electrostatic contribution is only
significant for very low salt concentrations due to screening.

We note that the fluctuations for the dsDNA near any surface with some attractive
interaction (all but a simple dielectric) shows a maximum at ~0.15M (e. g. Fig. 5). We have
attributed this behavior to a competition for the dominant energy contribution. This behavior
has not been reported to our knowledge for ssDNA near a surface. While it seems universal
in our context, it may be specific due to our approximations. We hope to provoke our
experimental collaborators to test this by scanning the intensity over a range of salt dilutions
on a single attractive surface chip.

If we increase the number of base pairs, Egending and Echarge/v oltage increase almost linearly
until up to 36 base pairs. Nonetheless, Ejmages Shows little change.
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4.2 Many Molecules: surface crowding

We now consider the problems of surface coverage in a microarray or microbead system.
We consider a piece of the system and use periodic boundary conditions on the unit cell. In
this case we model a 10x10 hexagonal unit lattice of probes, with periodic boundary
conditions. We ran the simulation for 4 different molecular surface densities: 0.01, 0.10,
0.15 and 0.20 molecules/nm2. Up to 4t neighbors were considered in the interaction
energies.

When the molecular surface density is low (0.01 molecules per nm?) and the distance
between probe molecules is bigger than the end to end distance of the molecules, the results
are evidently very similar to the case when we have only one DNA molecule. However, a
different behavior is observed as the surface density or the number of base pairs grows. As
expected, the end to end distance for dsDNA is not affected because of its stiffness, while
ssDNA shows an increase of its end to end distance, proportional to the closeness of the
neighbors, which is never shorter than its dSDNA counterpart (for the same number of base
pairs), see Fig. 6.

For the tilt angle, in all surface conditions, we see a significant shift as the surface molecular
density increases. Not surprisingly, the closer they get, the more perpendicular to the surface
they tend to remain. This is because they repel each other through charge and excluded
volume. However, they do not seem to converge to a 0° angle. As an example we show the
case of a surface with a 50 mV voltage in Fig. 7. Similar phenomena were previously
observed by all atom simulations performed by Wong and Pettitt [5,6], by Schatz and Lee
[9] and by Jiang et. al. [10].

Experimentally, the average tilt angle was studied for DNA tethered to gold [25,43], silicon
dioxide [26] and diamond [27] surfaces. The results for the conducting surface in Fig. 7 are
in qualitative agreement with the tilt measurements of DNA attached to gold. For example,
the tilt angle is 45° for 15 base pair long dsDNA in 0.1 M potassium phosphate solution
[25], but a quantitative comparison with the theory in Fig. 7 is hindered due to an uncertain
probe surface density in the experiment.

The DNA tilt distribution can be better understood when we consider the 2nd moment or
fluctuation as it also increases (for low salt) when the molecules get closer (higher density).
While the molecules fluctuate much more, they have an average position with a higher tilt
angle. The linker also helps them effectively stay further from each other.

In analyzing the energy contributions we find Eyage increases very slightly, but not enough
to be considered a significant effect. Egenging, decreases a little because the neighbors
restrain the molecule to a smaller space. For low surface densities, Engighpors IS too small to
be considered a major effect. As we increase the density, Eneighbors gains importance,
especially for the dSDNA case, where it can be the dominant energy contribution as shown
in Fig. 8 and Fig. 9.

The fluctuations behave almost the same way the average energy does, for the sSDNA case.
But for the dsDNA case, we see a different trend. We find a maximum in the total energy’s
fluctuation, located at about the same surface density where the system transitions from
being elastically dominated to electrostatically dominated.

5 Conclusions

Many effects, both equilibrium and kinetic, are important to consider in modeling nucleic
acids near surfaces. All atom simulations for the number of systems we presented here
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would be unreasonably computationally expensive. Here we demonstrated a simple, coarse
grained model that can successfully reproduce experimental, and all-atom simulation results
requiring very modest computational power. The model proved capable of providing
nontrivial insights in surface mounted cases where the target and probe lengths differ and
gave us access to a wide variety of conditions with minimal computational effort. This
simulation model should be useful in the improvement of surface mounted technologies.

There are a number of system variables that can be adjusted in this computational model
relevant to chip design. This model and the results can be used to analyze the hybridization
efficiency as well as the melting temperature curve for hybridizing systems near a surface
for a variety of systems. The model in its current form should be capable of helping with the
analysis of experimental microarray data and we will test this in the near future.
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Figure 1.
Discretized worm like chain model near a surface.
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Figure 2.

Average end to end distance vs number of base pairs. The salt concentration is fixed at 0.14
M. The circle is sSDNA, square is SSDNA near a dielectric surface, diamond is sSSDNA near
a conducting surface, triangle is SSDNA near a dielectric surface with a —0.36 e~ per nm?
(positive) charge, upsidedown triangle is ssSDNA near a conducting surface with a 50 mV
voltage and the filled circle is dsSDNA. The errors are smaller than the symbols used.
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Figure 3.
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Page 13

Average angle vs salt concentration. All molecules are 18 base pairs long. Symbols for

dsDNA are filled, and ssSDNA are empty. Square is a neutral dielectric surface, diamond is a

zero voltage conducting surface, triangle is a dielectric surface with a —0.36 e~ per nm?2

(positive) charge, and upsidedown triangle is a conducting surface with a 50 mV voltage
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and the surface is a dielectric. (A) Total Energy. (B) Energy due the image. (C) Energy due

Different energy contributions for different salt concentrations. The molecules are dSSDNA
the internal bending.

Figure 4.
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Figure 5.

Different energy contributions for different salt concentrations. The molecules are dSDNA
and the surface is a dielectric with a charge of —0.36 e~ per nm2. (A) Total Energy. (B)
Energy due the image. (C) Energy due the internal bending. (D) Energy due the charge of
the plate.

Comput Phys Commun. Author manuscript; available in PMC 2011 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ambia-Garrido et al. Page 16

T
Fluctuations

% %
Number of base pairs

Figure 6.

Average end to end distance vs number of base pairs. The salt concentration is fixed at 0.14
M. The surface is a dielectric. Symbols for dsDNA are filled, and ssDNA are empty. Circle
is at 0.01 molecules per nm?, square is at 0.10 molecules per nm2, diamond is at 0.15
molecules per nm? and triangle is at 0.20 molecules per nm?.
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Figure 7.
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Average angle vs salt concentration. All molecules are 18 base pairs long. The surface is a

conductor with a 50 mV voltage. Symbols are the same as the preceding figure.
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Figure 8.

ssDNA energy contributions for different molecular surface densities. The surface is a
dielectric, the number of base pairs is fixed at 18 and the salt concentration is 0.14 M. (A)
Total Energy. (B) Energy due the image. (C) Energy due the internal bending. (D) Energy
due the neighbors.
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Figure 9.

dsDNA energy contributions for different molecular surface densities. The surface is a
dielectric, the number of base pairs is fixed at 18 and the salt concentration is 0.14 M. (A)
Total Energy. (B) Energy due the image. (C) Energy due the internal bending. (D) Energy
due the neighbors.
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Table 1

The effective exponents for the simulation data in Fig 2

Surface Type and charge (potential) 2v
No Surface 1.200 £ 0.015
Conductor, No Potential 1.258 £0.014
Dielectric, No Charge 1.271+0.018
Conductor, +50mV 1.294 £ 0.026
Dielectric, —0.36e~/nm? 1.421 +0.017
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