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Abstract

Counterion-induced inversion of the DNA charge was characterized through extensive molecular
dynamics simulations. We observed reversal of the DNA motion in an external electric field upon
increasing the concentration of trivalent or quadrivalent counterions. In the case of a divalent
electrolyte, inversion of the DNA’s electric charge was observed at high concentrations of the
electrolyte but not reversal of the DNA’ electrophoretic motion. We demonstrate that inversion of
the DNA'’s electrophoretic mobility results from a complex interplay of electrostatics and
hydrodynamics.

As a highly charged polymer, DNA exhibits unusual electrostatic properties that are thought
to play arole in the fundamental biological process — packaging DNA into compact structures.
Thus, depending on the properties of the surrounding electrolyte, the character of interaction
between two identical DNA molecules can change from repulsion to attraction.! In a high-
concentration multivalent electrolyte, the theory of counterion correlation2 predicts an
inversion of the DNA’s electric charge, which might be manifested as a reversal of the DNA’s
motion in an external electric field. The latter phenomenon was only recently demonstrated in
experiment.3 While counterion condensation reduces or even inverts the DNA charge, the
counterions may still be mobile at the DNA surface. Subject to an external electric field, the
mobile counterions can produce an electro-osmotic flow4 and exert a hydrodynamic drag on
DNA .3 This hydrodynamic effect obscures the relation between inversion of the DNA’s electric
charge and reversal of the DNA’s electrophoretic mobility. Ideally, the mechanism of the
charge inversion (CI) would be elucidated by a simultaneous measurement of the DNA’s
electrophoretic mobility and the distribution of counterions around DNA. As such
measurements remain extremely difficult, in this work, we report molecular dynamics (MD)
simulations that elucidate complex interplay of electrostatics and hydrodynamics in
determining the conditions for the reversal of the DNA’s electrophoretic motion and clarify
the relationship of the latter to the inversion of the DNA’s electric charge.

Figure 1(a) illustrates the simulation system. A poly(dA)-poly(dT) fragment of dsSDNA (one
helical turn in length) was submerged in electrolyte and confined to a wide, 30-A-radius
nanochannel that provided a well-defined no-slip boundary condition to the flow of electrolyte
and served as a heat sink. We chose this setup to avoid uncontrolled finite-size artifacts of free-
solution simulations, for example, an artificial viscous force produces by the thermostat.
Furthermore, electric field-driven transport of DNA through a nanochannel is a problem of
considerable scientific and technological interest.® A periodic boundary condition was imposed
in all three directions. The 5’ and 3’ ends of each DNA stand were covalently linked over the
periodic boundary of the system. The electrolyte consisted of water molecules, spermine*
(spm™**), spermidine’* (spd®*), Mg?* or Na* counterions, and chloride coions added to
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neutralize the systems. The nanochannel was cut from a SizN, crystal; the nanochannel surface
had the total electric charge of 0.7 Each simulation system contained about 31,000 atoms.

Following assembly, each system was minimized and equilibrated in the NVT ensemble for
50 ps using the program NAMD,? charmm force field for DNA,? custom force field for
Si3N4>7 TIPS3P model of water, 10 particle-mesh Ewald (PME) electrostatics and multiple time
stepping.!! Van der Waals interactions were calculated using a smooth (10-12 A) cutoff. The
temperature was kept constant by applying a Langevin thermostat12 with a damping rate 0.1
ps~! to atoms of the nanochannel. Subsequently, each system was simulated for tens of
nanoseconds in a uniform electric field of Ey =78 mV/nm directed parallel to the DNA axis.
We have previously shown? that the electrophoretic force linearly increases with the electric
field strength for E values of that order. Furthermore, because the electric field was applied
along the helical axis of DNA, the radial distribution of counterions was similar to that in the
absence of the field. Using this setup we could investigate the relationship between the
inversion of the DNA’s electric charge and the reversal of the DNA’s electrophoretic mobility
in the same simulation. In all simulations, DNA was constrained to the center of the
nanochannel by a radial harmonic restraint that applied to the center of mass of the phosphorus
atoms; DNA was free to move along the axis of the nanochannel. Such a constrain did not
distort the canonical conformation of DNA. Another set of harmonic restraints was applied to
the nanochannel, constraining its position. The third set of constraints applied to all ions to
prevent their adhesion to the nanochannel surface. > We show in Supplementary Data that the
last set of constrains is equivalent to coating the surface with a layer of amine groups.

The electrophoretic motion of DNA in spm** electrolyte is characterized in Fig. 1b. After first
~10 ns, DNA was observed to move quasi-steadily, indicating a balance between the force of
the external electric field and the hydrodynamic friction. The three simulated systems contained
5, 10 and 20 spm** ions, corresponding to 0, 0.1 and 0.3 M spm** concentrations. Note, that
we compute the electrolyte concentration based on the number of counterions in excess to the
number required to compensate the charge of the DNA fragment — 20e, where e is one proton
charge. In the zero concentration limit, DNA moves opposite the electric field direction. At
0.3 M, DNA’e electrophoretic motion is in the direction of the external electric field, indicating
a possible CI. At 0.1 M, DNA moves both along and against the electric field, alternating
direction every several nanoseconds; the overall motion is in the field direction.

In Fig. 2, we plot the electrophoretic mobility of DNA p versus the concentration of spm**,
spd>*, Mg?* and Na™ electrolytes, defining u = v/Ey, where v is the velocity of DNA and E is
the electric field. As the concentration of spm** or spd>* increases, the DNA’s mobility changes
from a negative to a positive value, in agreement with experiment.3 For Na* and Mg?*
electrolytes, increasing the counterion concentration was observed to reduce the DNA’s
mobility without changing its sign.

The observed reversal of the DNA’s electrophoretic motion in spm** and spd>* electrolytes
could be related to the high affinity of spm** and spd®* counterions to DNA. Figure 3a
illustrates a typical conformation observed in our simulations, where two spm** ions are bound
to the minor groove of DNA. Although these counterions remain bound to the minor groove
for the entire duration of our simulations, they are mobile and can move along the minor groove.
13 For Na* or Mg?* counterions, no specific binding to DNA was observed. The residence time
of these counterions at the DNA surface was found to be, in our simulations, about 10 pS,
which is consistent with the small-angle x-ray scattering data showing that divalent counterions
are not absorbed at the surface of DNA, but are distributed as a compact cloud around it 14
Subject to an external electric field, the counterion cloud can be displaced along the DNA
surface, producing an electroosmotic flow.
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To characterize the distribution of the electric charge around DNA, we defined a cumulative
charge density g(R)=(Z,,<g Q;)/V(r <R), where Q; is the charge of ih atom (DNA or ion) inside
a cylinder of radius R and V is the volume of the cylinder. Figure 3(b) shows g(R) averaged
over the last 20 ns of each simulation. For comparison, the inset to Fig. 3b shows g(R) for the
DNA fragment only. Due to the charged phosphate groups, g(R) is most negative at R ~ 12 A.
In all spm** systems, two spm** molecules were found in the minor groove of the DNA
fragment (Fig. 3(a)). Therefore, g(R < 15 A) for DNA in spm4+ electrolyte is less negative than
for bare DNA. As the concentration of spm** increases, more spm** are found in the major
groove. For the DNA sequence used in our simulations, spm** are more mobile in the major
groove than in the minor groove. When this DNA fragment is solvated, water molecules bridge
the N3 and O2 atoms of neighboring base pairs, forming a “water-spine" in the minor grove.
As a spm** molecule contains many hydrogen donors, the “water spine" can be replaced by
spm** counterions. For other DNA sequences, spm** was found to have high affinity to the
major groove as well.!?

In the zero concentration limit of the spm** electrolyte, g(R) is always negative away from the
DNA surface (R >12A). At 0.1 and 0.3 M spm** concentrations, ¢(R) becomes positive at 17
A and 15 A, respectively, indicating inversion of the DNA’s electric charge due to
overscreening by spm** counterions. The presence of a nanochannel in our simulations does
not contribute to the overscreening effect, as the nanochannel radius is much greater than the
Debye screening length of the solution. Thus, we observed the electric CI to occur several
angstroms away from the DNA surface, not at the DNA surface, which can be due to the
electrostatic repulsion of the counterions. The spm** counterions were observed to attach with
one end to the DNA surface, for example, a phosphate group, whereas the other end reached
out into the electrolyte. In an external electric field, the connection between spm4+ and DNA
could frequently break and reform. Nevertheless, our observations are in accord with the idea
of fractionalization of the polymer counterion charge used in theoretical models of DNA CI.
16 Here, we emphasize that the inversion of the DNA’s electric charge is determined by the
radial distribution of the counterions.

In an electric field, spm** near the DNA surface are mobile and could move in the field
direction, producing an electroosmotic flow. Mediated by the flow, only a fraction of spm**
momentum transfers to DN A while the rest is absorbed by the nanopore surface. Itis commonly
thought that reversal of the electrophoretic motion indicates inversion of the DNA’s electric
charge. However, complicated by the hydrodynamic shearing, reversal of the electrophoretic
motion only indicates inversion of the DNA’s effective charge & u,% where & is the friction
coefficient and p is the electrophoretic mobility. Hence, when DNA changes the direction of
its motion, its electrophoretic mobility p changes its sign. Consequently, the effective charge
of DNA changes its sign.

To illustrate the hydrodynamic effect, we computed the velocity profile of the water flow, Fig.
3(c). Near the DNA surface, water moves approximately with the same velocity as the DNA
fragment; the water velocity is zero near the nanochannel surface. In the zero-limit
concentration, water between the DNA and the nanochannel moves in the direction of the
DNA'’s motion, opposite the electric field. At a 0.1 M concentration, the water flow has a
maximum around 15 A. In that region, spm** moves faster in the direction of the electric field
than the DNA. Driven by the motion of spm**, water moves faster than the DNA as well,
exerting a shear force on the DNA. At higher spm** concentrations, water flow attains a
maximum at the DNA surface. As a consequence of the electric CI shown in Fig. 3(b), chloride
ions behave like counterions of the DNA-spm** complex and occupy the region near the
nanochannel surface. Therefore, in an external electric field, water near the nanopore surface
moves opposite the field direction, driven by the motion of chloride ions (Fig. 3(c)). That is,
the direction of the electro-osmotic flow changes its sign away from the DNA surface.
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In the above discussion we defined two types of CI: electric and electrophoretic. The former
is conditioned by the radial distribution of counterions around DNA, whereas the latter depends
on both electrostatic and hydrodynamic effects. In our setup, the electro-osmotic flow transmits
only a fraction of the electrostatic force on the counterions to DNA whereas the remaining
fraction of that force is balanced by the friction with the nanochannel. Therefore, only a fraction
of a counterion’s charge contributes to the DNA’s electrophoretic charge, while the whole
charge of the same counterion contributes to the radial screening of the electric charge. It is
likely that, at some intermediate counterion concentration, inversion of the electric charge (i.e.
q(R) > 0) does take place whereas reversal of the electrophoretic motion does not (see below).
Hence, reversal of the DNA’s electrophoretic motion is sufficient to indicate electric CI.

Figure 4 shows the cumulative charge density and the water velocity profiles in the simulations
of the spd3*, Mg?* and Na™* electrolyte systems. In the case of the spd>* electrolyte (Fig. 4(a)
(b)), the simulation results are very similar to those obtained in the spm** case. Increasing the
spd:"+ concentration reverses direction of the DNA’s electrophoretic motion, which can be
discerned from the water flow profiles (Fig. 4(a)) in the limit of small R. At 0.14 M, the water
velocity profile has a maximum at R = 15 A, which is indicative of the hydrodynamic drag on
the DNA by the electro-osmotic flow. The cumulative charge density g(R) becomes positive
around 17 A in the 0.42 M spd>* system, Fig. 4(b), indicating an electric CI. In these
simulations, three spd>* ions were observed to enter the minor groove of DNA and align head-
to-tail.

In Mg2* or Na* electrolytes, DNA was always observed to move opposite the electric field
direction despite the high ion concentrations (Fig.4(c)(e)). Due to considerable reduction of
the DNA'’s electrophoretic mobility, long ( over 80 ns) simulation trajectories were required
to conclude about the character of the DNA motion. In MgZ* electrolytes, the electro-osmotic
effects are evident in the water velocity profiles that peak around R = 14 A (Fig. 4(c)), indicating
a hydrodynamic drag force on DNA. Although this hydrodynamics force is not strong enough
to change the direction of the DNA motion, the radial distribution of the cumulative charge
already indicates electric Cl at R = 14 A (Fig. 4(d)). This directly supports our previous
conclusion that the electric CI can occur before the electrophoretic one. Note that the possibility
of electric CI of DNA in Mg2* electrolytes was inferred from experimental studies of DNA
ejection from viral capsids!’ but was not observed in the electrophoretic measurements. 3 In
Na™ electrolytes, neither electrophoretic nor electric CI were observed in our simulations (Fig.

4(e)(f)).

In conclusion, through extensive MD simulations we characterized the screening of the electric
charge and the electrophoretic mobility of DNA in multivalent electrolytes. In trivalent or
quadrivalent electrolytes, DNA was found to reverse direction of its electrophoretic motion
upon increasing the concentration of counerions beyond a threshold value. This, strictly
speaking, indicates the inversion of the DNA’s effective charge (&). The inversion of the
DNA’s electric charge could occur at a counterion concentration below the threshold. In
divalent electrolytes, only electric CI was observed. Experimentally, reversal of the DNA’s
electrophoretic mobility was found to occur at ion concentrations much lower than those
examined in our MD simulations. The finite size of the simulation systems and discrete nature
of the counterion charge impede detailed characterization of the millimolar concentration
range. We expect, however, the physical insights gained through simulations of higher
concentration systems to be directly applicable to the low concentration regime. From a
practical point, our study demonstrates the possibility of controlling the DNA motion in a
nanochannel by varying the concentration and composition of the electrolyte, which may find
applications in bionanotechnology.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Setup of MD simulations. Two strands of a DNA helix are shown in yellow and red;

spm4+ ions as balls and sticks; chloride (tan) ions as vdW spheres; water and nanochannel as
transparent and solid-color (white) surfaces, respectively. (b) Simulated displacement of DNA.
The concentration of 0, 0.1 and 0.3 M corresponds to 5, 10 and 20 spm4+ ions in the simulation
systems (see text).
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Electrophoretic mobility of DNA versus counterion concentration. Lines are guides to the eye.
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Figure 3.

Charge inversion in spm** electrolyte. (a) Side-view of the simulation system. In this
simulation, the DNA moves in the direction of the electric field. Two spm4+ ions in the minor
groove of the DNA are shown as van der Waals spheres; all other spm** ions are shown in the
stick representation. (b) Cumulative charge density versus distance from the DNA’s center.
Inset: Cumulative charge density of the bare DNA. (c) Velocity of the water flow versus
distance from the DNA’s center.
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Figure 4.

Effective and electric CI in spd3*, Mg?* or Na* electrolytes. (a,c,e) Velocity of the water flow
in the simulated systems measured from the DNA’s center. (b,d,f) Cumulative charge density
versus distance from the DNA’s center.
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