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Abstract

We have used Brownian dynamics simulation to study probe diffusion in solutions of short chain DNA using our
previously developed simulation algorithm [1]. We have examined the effect of probe size, charge, and DNA concentration
on the probe diffusion coefficient, with the aim of gaining insight into the diffusion of proteins in a concentrated DNA
environment. In these simulations, DNA was modeled as a worm-like chain of hydrodynamically equivalent spherical
frictional elements while probe particles were modeled as spheres of given charge and hydrodynamic radius. The simulations
allowed for both short range Lennard-Jones interactions and long ranged electrostatic interactions between charged particles.
For uncharged systems, we find that the effects of probe size and DNA concentration on the probe diffusion coefficient are
consistent with excluded volume models and we interpret our results in terms of both empirical scaling laws and the
predictions of scaled particle theory. For charged systems, we observe that the effects of probe size and charge are most
pronounced for the smallest probes and interpret the results in terms of the probe charge density. For an ionic strength of 0.1
M we find that, below a critical probe surface charge density, the probe diffusion coefficient is largely independent of probe
charge and only weakly dependent on the DNA charge. These effects are discussed in terms of the interactions between the
probe and the DNA matrix and are interpreted in terms of both the underlying physics of transport in concentrated solutions
and the assumptions of the simulation model.

Kewwords: Brownian dynamics: Probe diffusion; DNA; Polyelectrolytes; Macromolecular crowding; Electrostatics; Hydrodynamics

1. Introduction

Macromolecular diffusion in highly volume occu-
pied solutions is a complicated process which de-
pends both on the physical properties of the diffusing
macromolecule and the properties of the matrix
through which diffusion must take place. In order to
understand the mechanisms of such transport pro-
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cesses (and ultimately the various biochemical pro-
cesses dependent upon diffusional transport), it is
necessary to understand the nature and relative sig-
nificance of the many possible interactions between
a diffusing macromolecule and its environment. Spe-
cific interactions which have been suggested to be
important in this regard include direct excluded vol-
ume interactions [2,3], hydrodynamic interactions
[4,5], long range electrostatic interactions [6,7], and
steric interactions with anisotropic fibrous cytoplas-
mic structures such as microtubules [8.9].
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The development of a theoretical description of
probe diffusion in concentrated solutions has been
limited by the complexity of the problem. Several
statistical mechanical theories which incorporate both
direct excluded volume and hydrodynamic interac-
tions for hard sphere systems have been developed
[10-12]. While offering insight into the problem, the
complexity and limited application of these theories
has made experimental verification difficult.

In lieu of a formal theoretical treatment, semi-em-
pirical scaling laws have been developed for describ-
ing probe diffusion as a function of the properties of
both the polymer solution and the diffusing particle.
The general form of these scaling laws is

D
D—Ozexp(—ac”RB) (1)

where D is the probe diffusion coefficient of a
particle of radius R in a polymer solution of concen-
tration ¢, and D, is the value of D at c¢=0.
Experiments on a wide range of polymer systems,
both biological and synthetic [13—16], have demon-
strated that such scaling laws can adequately de-
scribe probe diffusion over a wide range of solution
concentrations. This work has led to some agreement
as to the phenomenological ranges of «, v, and 6 as
well as what factors affect these parameters. For
example, v typically falls in the range of 0.5 to 1.0,
with the lower and upper limits being interpreted to
reflect the relative contributions of hydrodynamic
and direct interactions, respectively, to diffusional
motion [8,14]. The parameter 8 has been experimen-
tally found to vary from O to 1. This variation, while
partly due to experimental uncertainty, also reflects
differences in the individual systems being studied.
For example, Han and Hertzfeld [17] have shown
using scaled particle theory that for spherical probe
molecules the parameter § increases and approaches
1 as the background polymer becomes more rod-like.

Although considerable experimental and theoreti-
cal work has been done on uncharged systems, less
is known about the effects of electrostatic interac-
tions on probe diffusion. Phillies [7] has shown that
ionic strength / may be incorporated into the above
scaling laws so that @~ /# with B8 in the range
—0.5 to —0.167 for the diffusion of polystyrene in
polyacrylic acid. Gorti and Ware [6] have also

demonstrated an ionic strength dependence for the
diffusion of polystyrene latex spheres in polysulfonic
acid, although they found it to be quite weak. Odijk
[18] has developed a limited scaling law for probe
diffusion in polyelectrolyte solutions which predicts
that B varies in the range —0.125 to —0.375 and
that it scales with the polyelectrolyte charge density.
The effect of the probe charge on its diffusion
remains an unexplored question.

Because of the complexity of the interactions in
these types of systems, interpretation of experimental
results is difficult. Furthermore, practical considera-
tions often make it impossible to carry out the kinds
of experiments necessary to selectively control the
various properties known to influence diffusion pro-
cesses. In this paper we report on a series of Brown-
ian dynamics simulations designed to systematically
explore the effect of several of these properties on
probe diffuston in concentrated DNA solutions. Our
aim is to gain insight into the diffusion of proteins in
a concentrated DNA environment. To accomplish
this, we have employed our previously developed
Brownian dynamics simulation algorithm [1] which
allows for both direct excluded volume interactions
and long range electrostatic interactions. Although
this model is clearly approximate, we seek through
these simulations to gain some insight into the physics
underlying diffusion in these systems by examining
the effects of probe size, charge, and background
polymer (in our case, DNA) concentration on probe
diffusion.

2. Methods

Simulations of probe diffusion in DNA were car-
ried out using the model and methods which we have
described previously [1]. Only a brief description of
the model will be given here and the reader is
referred to our original paper for more details.

We modeled DNA by 20 touching spherical fric-
tional elements of radius 15.9 A [19] to give a
worm-like chain of contour length 636 A, slightly
more than the commonly accepted persistence length
of 500 A. Probe molecules were modeled as spheres
of a given hydrodynamic radius. Brownian dynamics
simulations of the resulting probe-DNA solutions
were then carried out using the method of Ermak and
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McCammon [20] in which particle displacements
were governed by the equation

D~ N
",(f+7):ri([)+_ZFU""R.‘(T) (2)

Kr ;2
where D, is the translational diffusion coefficient of
particle i (probe or DNA segment), F;; is the direct
interparticle force between particles { and j, and
R (1) is a random displacement vector used to simu-
late solvent-mediated Brownian motion. For chain
particles, the interparticle interaction potential was of
the form

U=U

i stretch

+ Upena + Urs + Upy (3)

where the first two terms represent harmonic intra-
chain stretching and bending potentials while the
latter (two terms describe interchain Lennard-Jones
interactions (to ensure excluded volume) and long-
range electrostatic interactions. The electrostatic in-
teractions were modeled using the Debye—Hiickel
potential of the form

Uyy = C— 4
PH | +ka r ()

where x is the inverse Debye length, C =
4,q,¢°/€kyT, and a is the radius of the particle. For
probe molecules, the interaction potential included
only the Lennard—Jones and Debye—Hiickel terms.
The force on a particle was then computed from the
gradient of the potential.

Simulations were carried out employing periodic
boundary conditions in a 700 A box containing from
5 to 100 DNA chains (equivalent to a DNA concen-
tration of 3-60 mg/ml) and 9 probe particles. Diffu-
sion coefficients were determined using the mean
squared particle displacement from the Brownian
trajectory and the relationship

(r*)=6Dt (5)

Each simulation consisted of a series of 20-30
trajectories, with each trajectory consisting of 50 000
time steps. In Brownian dynamics simulations it is
important that the time step be short enough so that
interparticle forces remain essentially constant over
the time step. We found that for this condition to be
met, the size of the time step had to be shortened for
the smaller probes: for probes of 20 A or less, the
time step was 5 ps while for larger probes a time

step of 20 ps was used. Thus trajectories were 250 ns
or 1 us. Diffusion coefficients were calculated from
mean squared particle displacements averaged over
all trajectories and equivalent particles; uncertainties
in calculated diffusion coefficients ranged from 10 to
15%.

Simulations were carried out on the Cray XMP-EA
at the Minnesota Supercomputer Institute and on an
IBM RS-6000. On the Cray, a 50000 step trajectory
required between 0.025 and 0.85 CPU hours depend-
ing upon DNA concentration.

3. Results and discussion
3.1. Uncharged systems

In order to test our simulation model and to assess
the effects of probe size and DNA concentration on
the probe diffusion coefficient without the complica-
tion of electrostatic interactions, we carried out a
series of simulations in which all of the charges were
switched off and only short-ranged Lennard-Jones
interactions were calculated. The results of these
simulations are shown in Fig. |. As expected, for a
given DNA concentration, D /D, is a decreasing
function of probe size with the magnitude of the
effect being dependent upon the DNA concentration.
In order to fit these data to Eq. | using a minimum
number of parameters, we have modified the equa-
tion so that a' = ac". The results of these fits are
summarized in Table 1. While the uncertainties asso-
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Fig. 1. Effect of probe radius on probe diffusion as a function of
DNA concentration in the absence of electrostatic interactions.
[DNA]=3 mg/ml (@); 15 mg/ml (W); 30 mg/ml (#); and 60
mg/ml (a). Solid lines represent best fit of simulation data to

Eq. I
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ciated with the fitted parameters o' and & are
relatively high, the data suggest that a' is an in-
creasing function of the DNA concentration while &
is constant and approximately equal to 1. This de-
pendence of @' on c is consistent with its definition
while the 8 = 1 dependence is consistent with both
previous experimental results for probe diffusion in
rods and theories based on excluded volume effects.

In Fig. 2, we have replotted this data to show the
effect of DNA concentration. In Fig. 2a, D /D, is
plotted against DNA concentration for the various
probe sizes. Here we observe D / D, to be a decreas-
ing function of DNA concentration with the magni-
tude of this dependence increasing with increasing
probe size. These data have been fit to Eq. 1 modi-
fied so that o” = aR® (again to reduce the number
of fitted parameters) and the results summarized in
Table 1. In this case, we find a” to be an increasing
function of R (consistent with its definition) while v
is generally about | with some indication that it may
be slightly decreasing for the largest probe sizes. The
v=1 behavior is in accord with the absence of
hydrodynamic interactions in these simulations and
previous experiments on similar systems.

Finally, Han and Hertzfeld [17], in an extension
of the scaled particle theory of Muramatsu and
Minton [21], have developed a model for diffusion of
spherical probes in an isotropic solution of sphero-
cylinders. According to their model, the probe diffu-
sion coefficient depends on the probe size according
to
D Ar
-l (2
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Fig. 2. (a) Effect of [DNA] on probe diffusion as a function of
probe size (R) in the absence of electrostatic interactions. R = 5 A
(0 10A (D) 20 A (0); 38 A(a); 50 A (O, with dot); 75 A
(O, with dot); and 100 A (¥). Solid lines represent best fit of
simulation data to equation 1. (b) Same as (a) except plotted
against the volume fraction DNA. Solid lines are best fits of data

to Eq. 6.

where Ar/R is a relative step size and ¢ is a
function of the probe radius R, the length of the
spherocylinders (i.e., DNA chains), the radius of the

spherocylinders, and the volume fraction v, of the

Table 1
Scaling law parameters for uncharged systems
[DNA] at 5 R(A) o v " Ar/R ¢
3.0 0.002 1.01 5 0.001 1.01 3.80
15.0 0.006 0.95 10 0.002 1.09 2.32
30.0 0.006 1.09 20 0.025 0.69 1.43
60.0 0.037 0.84 38 0.006 1.14 0.63
50 0.022 0.94 0.58
75 0.042 0.88 0.43
100 0.072 0.78 0.32

* Data from Fig. 1 fitto D/D,=exp(—a’'R®).
" Data from Fig. 2a fit to D/D, = exp(—a"c").
Data from Fig. 2b fit to D/D, =expl—(4r/R)€1

¢
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solution occupied by the spherocylinders. In Fig. 2b
we have replotted our data in this form and have fit
it to the above equation using 15.9 A for the radius
of our DNA chains and 636 A for the length of the
and .f: We find that

e uide

chains in order to calculate o

the agreement between theory and our simulations is
quite good for the smaller probe sizes with discrep-
ancies increasing with increasing probe size. We do
not tind the fitted parameter, Ar/R, to have the
constant value 2/3 as predicted by Han and
Hertzfeld. The discrepancies between the theory and
the sir uUla'LiOi‘lS for the larger probes is expected in
light of the fact that scaled particle theory tends to
overestimate the obstruction effect on diffusion as
the probe size approaches that of the background
chains. Furthermore, the scaling law of Langevin and
Rondelez [22] predicts that in the limit of increasing
probe size D /D, should approach a limit governed
by the solution viscosity. This behavior has been
experimentally confirmed by Tracy and Pecora for a
rod-sphere system [23].
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3.2. Charged systems

To examine the effects of probe charge and size

on the probe diffusion coefficient we have carried
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charge was set to +10 and — 10. The net charge on
the DNA chains was calculated assuming 80% charge
neutralization due to monovalent counterions [24]:
thus each bead in the DNA worm-like chains was
given a charge of —4.0. All simulations were carried
out at an ionic strength of 0.1 M.

PaY U] N M ~

The results of these simulations are shown in F‘ig.
3. As with the uncharged systems, these data again
show that D /D, is a decreasing function of DNA
concentration. However, probe size and charge
strongly influence this dependence. In particular, it
can be seen that above a certain critical probe radius
(approximately 20 A), D /D, is essentially indepen-
dent of the probe charge. For the smaller probes, the
effect of probe size depends strongly on whether the
probe has the same (negative) or opposite (positive)
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Fig. 3. Effect of probe radius on probe diffusion as a function of DNA concentration for probes with charge + 10 (@)and — 10 (®) in (.}
M monovalent salt. Panels (a)-(d) are for [DNA] = 3, 15, 30, and 60 mg/mi.
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Fig. 4. Probe—chain radial distribution functions for negatively charged probes (qpmhc =
probe radius (R) for / = 0.1 M monovalent salt. Panels (a)-(d) are for [DNA]
radius (in A).

Fig. 5. Probe—chain radial distribution functions for positively charged probes (q,,mbL =
probe radius (R) for /= 0.1 M monovalent salt. Panels (a)-(d) are for [DNA] =

radius (in A).
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charge as that of the DNA. It is noted, particularly at
the higher DNA concentrations, that unlike the un-
charged system D /D, does not appear to extrapo-
late to | in the limit of zero size. Negatively charged
probes show a continued increase in D /D, with
decreasing probe size, while positively charged
probes show a decrease.

This behavior is a reflection of the simulation
model in which a constant charge is maintained for
the different sized probes, thus varying the surface
charge density. For the probes used in these simula-
tions, the surface charge density varied from
+0.0318 A~? for the smallest probes to +7.96 -
107> A2 for the largest. The larger surface charge
densities are approximately those of small (1-3 A)
singly and doubly charged ions. To further explore
this behavior, we have computed the probe-chain
radial distribution function g(r) for these simula-

tions and plotted the results in Figs. 4 and 5. Here, r
is the computed center-to-center distance between
the probe particles and the individual spherical seg-
ments which constitute the worm-like DNA chains.
For the negatively charged probes (Fig. 4), increas-
ing probe size results in a shift of the radial distribu-
tion function to smaller values of r/o (where r is
the center-to-center separation distance and o is the
contact separation) in turn reflecting the decrease in
the magnitude of the repulsive interaction between
the probe and the DNA lattice. In fact, at the higher
DNA concentrations, peaks in the radial distribution
function (indicative of structuring in the solution) are
seen for the larger probes. We interpret this as a
further reflection of the decreased surface charge
density of the larger probes and the increased steric
constraints imposed by the higher DNA concentra-
tions.
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Fig. 6. Effect of [DNA] on probe diffusion as a function of probe radius (R) for probes with charge + 10 (@) and — 10 (M) in 0.1 M
monovalent salt. Panels (a)—(g) are for R =5, 10, 20, 38, 50, 75, and 100 A. The lines represent the best fits of the data to Eq. 1.
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For the positively charged probes (Fig. 5), the
radial distribution functions show the opposite be-
havior. The smallest probes show strongly peaked
radial distribution functions consistent with the strong
electrostatic attraction between the probe and the
DNA matrix. As the probe increases in size the
electrostatic interaction weakens and approaches the
behavior of the negatively charged probes. While
this behavior is qualitatively repeated at all of the
DNA concentrations, it is noted that the magnitude
of the attractive potential experienced by the smaller
probes (reflected by the peak height in the radial
distribution function) decreases with increasing DNA
concentration up to 30 mg/ml and then slightly
increases. This latter increase likely reflects the onset
of increased packing constraints brought on by the
higher DNA concentration.

We have estimated the distance of closest ap-
proach between the probe and the DNA chains from
these radial distribution functions as the value of
r/o at which g(r)=0.5. From this we have deter-
mined the corresponding surface to surface separa-
tion between the probe and the chains. We find that
for the positively charged probes the surface to
surface separation varies smoothly from 0 to 7 A
with increasing probe size, and depends only slightly
on DNA concentration. The surface to surface sepa-
ration for the negatively charged probes decreases
with increasing probe size from about 15-20 A
down to 5-10 A for the largest probe. Thus as the
probe size is increased and the surface charge den-
sity is decreased, the surface-to-surface separation
approaches a constant value for both probe charges,
consistent with the observed behavior of D /D,
seen in Fig. 3. In the limit of small probe size, the
surface separation approaches contact for positively
charged probes suggesting that these probes are elec-
trostatically trapped within the DNA matrix. That is,
the size of the local cavity in the matrix within
which the probe may diffuse is decreased due to the
strong attractive electrostatic potential created by the
probe. As this cavity size decreases (with increasing
probe charge. density) the diffusional motion of the
probe is expected to be limited by the diffusion of
the chains, exactly the behavior seen in Fig. 3.

The behavior of the negatively charged probes
with decreasing probe size is rather more compli-
cated but can be at least qualitatively understood

again in terms of probe size, charge density, and
DNA concentration. Decreasing the probe size should
increase D /D, while the corresponding increase in
the surface charge density should serve to decrease
D /D, due to the stronger repulsion from the DNA
matrix. To first order, these effects offset each other
so that in the limit of small probe sizes, D /D,
should approach a constant value. Furthermore, this
value will be limited by the steric constraints of the
DNA matrix and so would be expected to decrease
with increasing DNA concentration.

In Fig. 6 we have replotted the data of Fig. 3 so
that the probe size (and thus charge density) is held
constant to examine the dependence of probe diffu-
sion on the DNA concentration. For all but the
smallest two probes, we observe (Fig. 6¢—g) that the
effect of the DNA concentration on the probe diffu-
sion coefficient is, within the uncertainty of our
results, independent of the sign of the charge on the
probe. In fact, comparison of the data in Fig. 6 to
those in Fig. 2a shows that the dependence of D /D,
on DNA concentration appears to be only weakly
dependent on electrostatic interactions and then only
for the smaller probes. Again, we believe this re-
flects the assumptions of the simulation model. As
the probes increase in size their surface charge den-
sity decreases and thus the magnitude of their elec-
trostatic interaction with the DNA matrix decreases.
A similar insensitivity of D /D, to the nature (at-
tractive or repulsive) of weak long range interactions
was observed by Abney et al. [25] in their simula-
tions of protein self diffusion in membranes. Further-
more, we have found that, at the 0.1 M ionic strength
at which these simulations were carried out, the
DNA self diffusion coefficient, while dependent upon
the DNA concentration, is largely insensitive to elec-
trostatic interactions. Thus with increasing size and
decreasing electrostatic interactions, the probe diffu-
sion coefficient is expected to approach the chain
diffusion coefficient which, as noted above, is largely
independent of electrostatic interactions.

For the two smallest probes (Fig. 6a and b), the
dependence of D /D, on DNA concentration is
considerably more pronounced owing to the strong
electrostatic interactions. The strong repulsion of the
negatively charged probes results in retardation of
probe diffusion (relative to the uncharged system)
and may be understood in terms of a larger effective
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probe size afforded by a repuisive ion atmosphere
surrounding the probe whose thickness depends on
hoth the charge density of the probe (thus its radius)
and the solution ionic strength. Thus the smallest
probes are relatively more hindered than the larger
ones with this effect diminishing with increasing
probe size.

We have suggested that the attractive potential
generated by the small positively charged probes
results in a reduction in the size of the local cavity
within the matrix within which they must diffuse.
For this to occur, it may reasonably be assumed that
the DNA concentration needs to be high enough so
that the DNA chains significantly overlap, i.e., within
the semi-dilute concentration regime. The lower
boundary for this concentration regime has been
estimated by Wang et al. [26] to be 10-20 mg/m! at
high salt for DNA fragments of one persistence
length (similar to those used in these simulations).
The results of Fig. 6a and b for the positively
charged probes show that D /D, decreases rapidly
with increasing DNA concentration and then levels
off above about 20 mg/ml. These data therefore
suggest that with the onset of the semi-dilute regime,
the strong electrostatic attraction of these probes for
DNA and the high local chain segment density re-
sults in an essentially constant and relatively hin-
dered environment in which the probe must diffuse.
Diftusion is then limited by the rate at which this
local environment relaxes, which depends in turn on
the rate of diffusion of the chains themselves.

Finally, we have fit the data in Fig. 6 to Eq. 1
(again modified so that o = aR® in order to quan-
tify these effects in terms of the parameters a” and
v. The results of these fits are summarized in Table
2. For the negatively charged probes, both the a”
and v parameters behave similarly to what was seen
in the uncharged system. This is consistent with the
model in which the repulsive interactions between
the probe and the DNA matrix may be treated in
terms of an effective probe size which includes a
repulsive ion atmosphere. The results for the posi-
tively charged probe suggest that both «” and v
depend on the probe charge density. To our knowl-
edge, the effect of probe charge density on these
parameters has not been previously characterized
experimentally or theoretically. Although our data
are probably not good enough to explore this depen-

Table 2
Scaling law parameters for charged systems *

Probe charge = + 10 Probe charge = — 10

R{A) a” v a” v
S 0.32 0.32 0.003 1.03
10 0.13 0.34 0.0008 .86
20 0.016 0.73 0.0011 1.46
38 0.0065 117 0.0026 1.43
50 0.0057 1.29 0.0083 1.24
75 0.045 0.85 0.0097 1.31
100 0.057 0.85 0.062 0.87

* Data from Fig. 6 fitto D /D, =exp(— a"¢").

dence analytically, they do suggest that probe charge
density be taken into account in interpretation of the
experimental values of these parameters.

4. Conclusions

These simulations confirm that diffusion of neu-
tral probe molecules in a solution of uncharged rods
depends on both the probe radius and rod concentra-
tion. We have shown that these dependencies may be
described by a stretched exponential scaling law of
the form of Eq. 1 with the parameters & and v on
order of unity. We have also shown that our simula-
tion results are consistent with the predictions of
scaled particle theory when the ratio of the rod
length to probe radius is large.

For diffusion of charged probes in a solution of
charged DNA, we observe that the dependence of
probe diffusion coefficient upon probe size and DNA
concentration is modified by both the sign and mag-
nitude (i.e.. charge density) of the probe. At charge
densities corresponding to those found on typical
proteins, we find that charge effects are minimal at
the approximately physiological ionic strengths used
in these simulations and that probe diffusion is de-
pendent on the probe radius and DNA concentration
in much the same manner observed for uncharged
systems. However, for charge densities comparable
to those of small ions, we find probe diffusion to be
strongly influenced by charge effects with both like
and oppositely charged probes showing reduced mo-
bility relative to the same probe in the uncharged
system. While such high uniform charge densities
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are unrealistic for proteins except at extremes of pH,
it is possible for proteins to have patches with charge
densities of comparable magnitude and thus be sus-
ceptible to similar interactions with a charged back-
ground matrix. In particular, we have argued that the
strong attractive interaction seen between the small
positively charged probes and the DNA in these
simulations results in something which may be
viewed as analogous (but not equivalent to) binding
between the probe and the DNA. A protein with a
high local charge density may interact with neighbor-
ing DNA segments in a similar, but asymmetric,
manner and, given the discrete charge density on an
actual DNA chain, lead to a true binding interaction.
In this way, it may be that protein local charge
density constitutes the primary basis for non-specific
protein—-DNA interactions.
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