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Abstract

The free solution electrophoretic mobilities of polyelectrolytes with different charge densities have
been analyzed using data taken from the literature. The polyions include single- and double-
stranded DNA oligomers, small aromatic molecules, peptides, proteins and synthetic copolymers.
Mobility variations due to differences in the background electrolytes were minimized by
calculating mobility ratios, dividing the mobility of each charge variant in each data set by the
mobility of the most highly charged polyion in that data set. In all cases, the mobility ratios
increase linearly with the logarithm of the fractional charge, not the first power of the charge as
usually assumed. In addition, the mobility ratios observed for all polyelectrolytes except the
synthetic copolymers exhibit a common dependence on the logarithm of fractional charge. The
unique results observed for the synthetic copolymers may be due to the flexibility of their
hydrocarbon backbones, in contrast to the relatively rigid hydrophilic backbones of the other
polyelectrolytes. The mobilities observed for the DNA charge variants are well predicted by the
Manning electrophoresis equation, while the mobilities predicted by zeta potential theories are too
high. However, mobility ratios calculated from both theories agree with the observed results.
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Introduction

The free solution electrophoretic mobility of a polyelectrolyte is determined by the balance
between competing electrostatic and hydrodynamic forces. Increasing the number of
charged residues increases the mobility because of increased electrostatic interactions with
the electric field; increasing the size of the polyion decreases the mobility because of
increased solvent friction.1~® The observedmobilities are also affected by the buffer used as
the background electrolyte (BGE) because of relaxation and retardation effects that oppose
the migration of the polyion in the electric field. These effects vary with the ionic strength of
the solution and the identities of the counterions and coions in the BGE.1-9

If a polyion is rigid and spherical in shape and the Debye length (x~1) is much larger than
the particle radius, &, (i.e.,xa < 1), the Debye-Hiickel-Onsager theory predicts that the free
solution mobility is directly proportional to the charge of the polyion and inversely
proportional to its radius, as shown in Eq. (1).

p=Q/6mna (1)

Here, i is the observed mobility, @is the structural charge of the polyion, ais the radius and
n is the viscosity of the solvent.1-310 In the opposite case, when the particle radius is much
larger than the Debye length (xa > 1), the mobility can be described by the Smoluchowski
equation:

p=Q/4mna  (2)

for polyions of any shape.1=3 Egs. (1) and (2) are based on the linear Debye-Hiickel
approximation, making them valid only under certain limiting conditions.1~8.10 However,
many current discussions of electrophoresis in the literature do not emphasize the limited
applicability of Egs. (1) and (2). As a result, it is often assumed that the mobility of a
polyelectrolyte is directly proportional to its structural charge.

Over the years, many investigators have tested the proportionality between the mobility of a
polyion and its structural charge, using capillary electrophoresis to measure the free solution
mobilities of polyions containing different numbers of charged residues. Without fail, the
results showed that the free solution mobility of a polyion is not linearly related to its
structural charge, although the number of charge variants in each study was too small to
determine the relationship unambiguously. Analytical chemists and biochemists,11-14 using
relatively small polyions containing different numbers of covalently attached charged
residues, found that the mobilities increased less strongly with charge density than predicted
by Egs. (1) and (2). Colloid chemists,2-18 using high molar mass copolymers containing
different proportions of charged and uncharged monomers, found that the mobility increased
gradually with increasing charge density before leveling off and becoming constant at high
charge densities.
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Recently, Stellwagen et al.1® found that the mobilities measured for the charge variants of
single-stranded (ss) and double-stranded (ds) DNA oligomers in different studies could be
correlated by calculating the ratio of the mobility of each charge variant, with respect to the
mobility of the most highly charged DNA molecule in a given data set, and comparing the
mobility ratios with the fractional charge of the DNA. Normalizing the mobilities in this
manner minimizes the dependence of the mobilities on the physical properties of the BGE
because these factors cancel out in the mobility ratios.29 Surprisingly, we found that the
mobility ratios of the ss- and dsDNA charge variants increased linearly with the /ogarithm of
the fractional charge, not the first power of the charge as expected from Egs. (1) and (2).
Even more surprisingly, the mobility ratios calculated for charge variants of adenosine,
benzene, and naphthalene, using data taken from the literature, exhibited the same
dependence on the logarithm of the fractional charge as observed for the DNA charge
variants.19 Hence, the dependence of electrophoretic mobility on the logarithm of charge
density appears to be valid for both large and small polyions.

In this report, we have extended the analysis to the charge variants of a positively charged
protein, bovine carbonic anhydrase 11,21 seven-residue peptides containing different amino
acids,14 and synthetic copolymers containing different proportions of charged and uncharged
monomers,15-18 using data taken from the literature. As expected, the mobility ratios
calculated for these polyelectrolytes also increase approximately linearly with the logarithm
of the fractional charge. The mobility ratios observed for the charge variants of all
polyelectrolytes except the synthetic copolymers exhibit the same dependence on the
logarithm of fractional charge. The different results observed for charge variants of the
synthetic copolymers appear to be due to the flexibility and/or hydrophobicity of their
hydrocarbon backbones. The mobilities and mobility ratios observed for the various
polyions are also compared with values calculated from electrophoresis theories.1:2:23.24.28

Experimental

Polyelectrolyte Samples

The free solution electrophoretic mobilities of the polyelectrolyte charge variants were taken
from published data in the literature. Four classes of polyelectrolytes have been compared:
ss- and dsDNA oligomers containing different numbers of positive, neutral and/or negatively
charged linkers between the nucleotide bases,3:19:25 small aromatic molecules containing
variable numbers of phosphate, carboxylate or sulfate residues,1:12:26 3 protein charge
ladder created by mutating some of the positively charged lysine residues in bovine carbonic
anhydrase 11 (called BCA for brevity),2! seven-residue peptides containing different
numbers of lysine residues,14 and synthetic copolymers with varying percentages of charged
and uncharged monomers.1>-18 The preparation and characterization of the polyions and
their charge variants are described in the original papers. For convenience, the various
polyions, their approximate molar masses, the number of charge variants in each data set, the
BGEs, and references to the original literature are compiled in Table 1.

Since the electrophoretic mobilities of the polyions in each study were measured under a
constant set of experimental conditions, the charge of the polyion was the only variable.
Mobility ratios were calculated by dividing the mobility of each charge variant, taken from
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figures or tables in the cited references, by the mobility of the most highly charged polyion
in that data set. The charge densities of the various polyelectrolytes were taken from values
given by the authors or estimated from the chemical structure of the polyion and the number
of covalently attached charged residues. For simplicity, the charge densities were assumed to
be spatially uniform, as though the charged groups were evenly distributed on the surface of
the polyion.

Calculating the mobility ratios (i.e., fractional mobilities) of the polyion charge variants with
respect to the fractional charge of the most highly charge polyion is that data set is
reasonable for the DNA charge variants, because the unmodified DNAs are fully charged.
For consistency, the mobility ratios and fractional charges of the other types of polyions
were calculated in the same manner. The major assumption made in the analysis is that the
conformation of the polyion is essentially independent of charge density, so that the
frictional coefficients of the charge variants are independent of the number of charged
residues.

Manning Electrophoresis Equation

Manning has used counterion condensation theory?2 to derive an equation for DNA
electrophoretic mobility that includes relaxation and retardation effects due to the
counterions and coions in the BGE.28 This equation is based on modeling DNA as an
infinitely long wire (no end effects) with point charges separated by their average distance
along the contour length, 6. The DNA molecules are assumed to be isolated and embedded
in a solution containing excess electrolyte. The theory also assumes that no hydrodynamic
interactions occur between monomers (complete free draining), so that the electrophoretic
mobility is independent of molar mass. Stretches of the chain comparable in length to x ~1
are assumed to be nearly fully extended. Various terms in the equations have been evaluated
in accordance with counterion condensation theory,22 taking advantage of Debye-Hiickel
equilibrium theory and theories of irreversible thermodynamics.28

The resulting electrophoresis equation can be written as:

300p=300p * («/B)  (3a)

ek, T alk
o G

300 * =|z1| " {

a=1-1/314 (V1+V2)_1 |ZIZQ|_1 (212_222) (3c)

B=1+108v4 (y1+V2)_1|Z122|_1 (300%) <Z12/)\10+222/)\20) (3d)
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where g is the free solution mobility, z; and z are the counterion and coion valences,
respectively, e is the dielectric constant of the solvent, kg is Boltzmann’s constant, T is the
absolute temperature, 7 is the viscosity of the solution, « is the inverse Debye length, &is
the linear distance between charged residues, ¢, is the elementary charge, v; and v, are the
numbers of counterion and coions, respectively, and 1,° and A,° are the equivalent
conductances of the counterions and coions in the BGE, respectively. Based on Eq. (3b),
DNA mobilities are predicted to vary as the logarithm of the linear charge separation, 5.

All parameters in Eqgs. (3a—3d) are known physical constants or can be estimated from data
in the literature. The parameter b can be calculated for dsSDNA from the length of the
oligomer (number of base pairs x rise/base pair, 3.4 A) divided by the net charge of the
oligomer. If the ssSDNA oligomers are assumed to be rod-like in the relatively low ionic
strength buffers used for electrophoresis, the distance between successive bases can be taken
as 4.0 A.2% Hence, the value of 4 is calculated to be the number of nucleotides x 4.0 A/
nucleotide divided by the net charge of the oligomer.

Zeta Potential Theories

Wiersma et al.1:39 and O’Brien and White? have developed theories relating the
electrophoretic mobilities of large spherical polyions to their zeta potentials in BGEs of
various ionic strengths. The zeta potential (C) is defined as the electrostatic potential at the
surface of hydrodynamic shear between a polyion and the solvent. Charged residues within
the surface of shear are assumed to migrate with the polyion in the electric field, reducing
the net charge of the polyion. Other ions in the BGE are assumed to affect the mobility by
increasing the viscous drag and decreasing the effective electric field by polarization of the
ionic double layer (the so-called retardation and relaxation effects). The coupled non-linear
partial differential equations have been solved by assuming that each polyion is rigid,
spherical, and has a radius much larger than the thickness of the double layer, so that the
double layer is not distorted by the electric field. Similar calculations have been carried out
for cylindrical rod-like polyions, although without including relaxation effects.23:24

Graphs of selected values of the dimensionless mobility and dimensionless zeta potential as
a function of xa are available for spheres'2° and rod-like polyions.23:24 For small zeta
potentials and low values of xa (xa « 1), the zeta potentials can be calculated from the
observed mobilities according to Eq. (4):1:230

p=e /AT (4)

However, this relationship becomes highly non-linear at high zeta potentials and large values
of xa because the retarding force acting on the polyion increases faster with increasing ¢
potential than does the driving force, which is proportional to the charge Q.1:2:5:24,30-33

The relationship between the charge @, the zeta potential and the surface charge density of a
polyion is not clear. Some investigators have interpreted Q as the structural charge of the
polyion decreased by any bound counterions located within the shear surface.1~3:34:35 Other
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investigators have explained discrepancies between theory and experiment by interpreting Q
as the effective charge of the polyion after counterion condensation.16:31.32.36 Fyrther studies
are needed to clarify the relationship between these variables.

Calculations

The observed mobilities of the various polyions and their charge variants were taken from
values given in the original literature (see Table 1). Observed mobility ratios were calculated
from the original data by dividing the observed mobility of a given charge variant by the
observed mobility of the most highly charged polyion in that data set. Calculated mobilities
of the various polyions and their charge variants were determined from the Manning
electrophoresis equation, Eqgs. (3a—3d), or estimated from zeta potential theories by
interpolating between published curves of the dimensionless mobility vs. the dimensionless
zeta potential at suitable values of xa.1:223.24 Calculated mobility ratios were determined by
dividing the calculated mobilities of the charge variants in each data set by the calculated
mobility of the most highly charged polyion in that data set.

Results and Discussion

Dependence of the Mobilities and Mobility Ratios on Fractional Charge

The mobilities and mobility ratios observed for ss- and dsSDNA charge variants® are plotted
as a function of the fractional charge in Figures 1A and 1C, and as the logarithm of the
fractional charge in Figures 1B and 1D. The mobilities and mobility ratios exhibit a
curvilinear dependence on the fractional charge of the DNA, as shown in in Figures 1A and
1C and a linear dependence on the logarithm of the fractional charge, as shown in Figures
1B and 1D. The combined results indicate that the mobilities and mobility ratios of the DNA
charge variants increase linearly with the logarithm of the fractional charge, not the first
power of the charge as expected from Egs. (1) and (2).

The results also suggest that the single-stranded DNA charge variants were highly stretched
during electrophoresis, because the mobilities and mobility ratios of the ss- and dsSDNA
charge variants can be described by the same straight line in Figures 1B and 1D. The ssDNA
charge variants contained mixtures of negatively charged and neutral linkers or mixtures of
positively and negatively charged linkers; the net charge of the oligomer was always
negative. The mobilities of ssDNA charge variants containing different types of linkers were
equal when their fractional charge ratios were equal. Hence, the electrophoretic mobilities
observed for the ssSDNA charge variants were determined by the net charge of the DNA, not
by the type of linker used to modify the net charge.

The mobilities and mobility ratios observed for carboxylate derivatives of benzene,12 sulfate
derivatives of naphthalene,1! phosphate derivatives of adenosine,?® and seven-residue
peptides containing different numbers of charged lysine residues!# are plotted in Figures 2A
to 2D. The mobilities and mobility ratios of the charge variants of each polyion increase
non-linearly with fractional charge as shown in Figures 2A and 2C, and linearly with the
logarithm of the fractional charge as shown in Figures 2B and 2D. Comparison of Figures
2B and 2D illustrates another advantage of plotting the data as mobility ratios rather than
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mobilities. Mobility ratios minimize the effect of analyte size on the observed mobility, so
that the mobility ratios of all the small polyions exhibit the same dependence on fractional
charge, as shown in Figure 2D.

The mobilities and mobility ratios observed for a BCA “charge ladder” containing BCA
molecules with different numbers of positively charged lysine residues?! are shown in
Figures 3A to 3D. The mobilities and mobility ratios increase non-linearly with the
fractional charge, as shown in Figures 3A and 3C, and approximately linearly with the
logarithm of the fractional charge, as shown in Figures 3B and 3D. However, the mobility
ratios observed for BCA charge variants containing relatively few positively charged lysine
residues are somewhat higher than expected from the straight line describing the mobilities
and mobility ratios of the other charge variants. It is possible that BCA mutants with very
low charge densities are somewhat more globular in shape than mutants with higher charge
densities, as observed for other proteins.3’ Decreasing the asymmetry of mutants with very
low charge densities would decrease their frictional coefficients, increasing the observed
mobility.

The mobilities and mobility ratios observed for synthetic copolymers of acrylamide and 2-
acrylamido-2-methylpropanesulfonate (Amps),16:18 partially hydrolyzed polyacrylamides,1>
and partially sulfonated polystyrenes’ are plotted in Figures 4A to 4D. The copolymers
were homogeneous in average charge density but heterogeneous in molar mass and in the
distribution of charged residues in the sequence. The synthetic copolymers were sufficiently
large that their mobilities were independent of molar mass.1>-18 The mobilities and mobility
ratios observed for the copolymers describe smooth curves that increase with increasing
fractional charge and level off at high values of the fractional charge, as shown in Figures
4A and 4C. However, the mobilities and mobility ratios exhibit a linear dependence on the
logarithm of the fractional charge, as shown in Figures 4B and 4D. As observed for the
small polyion charge variants in Figure 2D, plotting the data as mobility ratios instead of
mobilities minimizes the effect of analyte size and solute/solvent interactions on the results.
Hence, as shown in Figure 4D, the results clearly indicate that the mobility ratios of the
synthetic copolymer charge variants exhibit a common dependence on the logarithm of
fractional charge.

of Polyion Mobility Ratios

The mobilities and mobility ratios of the charge variants of DNA, BCA, small polyions and
synthetic copolymer all exhibit a linear dependence on the logarithm of the fractional
charge, as shown in Figures 1-4. Hence, the conclusion appears to be inescapable: the
mobilities and mobility ratios of the charge variants of various types of polyions increase
linearly with the logarithm of the fractional charge, not the first power of the charge as often
assumed.

The mobility ratios of the polyion charge variants are compared with each other in Figure
5A, where the mobility ratios are plotted as a function of the logarithm of the fractional
charge of the polyion. Surprisingly, the mobility ratios of the DNA, BCA, and small polyion
charge variants coincide, while the mobility ratios of the synthetic copolymers are larger
than observed for the other polyions at a given charge density.
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The reason for the variation in the results observed for the synthetic copolymers and the
other polyions in Figure 5A is not clear, because the polyions differed significantly in their
physical properties and the conditions under which the measurements were made. The DNA
oligomers, peptides and small aromatic polyion charge variants were monodisperse in molar
mass and contained charged residues in known locations. The BCA charge variants were
monodisperse in molar mass and in the number of charged residues in each mutant; however,
the charged and uncharged lysine residues were randomly distributed in the sequence. By
contrast, the synthetic copolymers were polydisperse in molar mass and their average charge
densities were determined either by the ratio of charged and uncharged monomers in the
polymerization mixture or by partial modification of the residues in a particular copolymer
sample. However, all copolymers were sufficiently large that their mobilities were
independent of molar mass,1®-18 making it unlikely that the differences in the mobility ratios
observed for the different polyions in Figure 5A can be explained by differences in
polydispersity.

Differences in shape also cannot explain the differences in the mobility ratios observed for
the different polyions at the same fractional charge density. The BCA charge variants can be
described as prolate ellipsoids of revolutions with small axial ratios,38 the aromatic polyions
are approximately globular in shape, and the ss- and dsDNA oligomers can be described as
rod-like cylinders. Regardless of the differences in shape, the mobility ratios of the charge
variants of all these polyions coincide when plotted as a function of the logarithm of the
fractional charge, while the mobility ratios of the synthetic copolymers are larger at the same
nominal charge density.

The DNA oligomers, BCA charge mutants and small polyion charge variants are relatively
rigid in conformation, with charged residues fully exposed to the solvent. By contrast, the
charged moieties in the synthetic copolymers are attached to relatively flexible hydrocarbon
backbones. The slopes of the lines describing the dependence of the mobility ratios of the
synthetic copolymers and the other polyions on the logarithm of the fractional charge in
Figure 5A differ by approximately a factor of two. Hence, it seems likely that the
copolymers, especially those with relatively low charge densities, are freely jointed chains
with end-to-end lengths related to the square root of the number of monomers. If so, the
mobilities and mobility ratios might be related to the logarithm of the square root of the
fractional charge, not the fractional charge itself. To test this hypothesis, the mobility ratios
observed for the synthetic copolymers are plotted as a function of the logarithm of the
square root of the fractional charge in Figure 5B and compared with the mobility ratios of
the other polyions plotted as a function of the logarithm of the fractional charge. All the
mobility ratios can now be described by the same straight line. The results suggest that the
charge variants of the synthetic copolymers, especially those with relatively small numbers
of charged groups appended to the hydrocarbon backbone, are more compact than
hydrophilic polyions with the same charge density. Hence, increasing the charge density of
the synthetic copolymers not only increases the interaction of the polyions with the electric
field but causes a gradual expansion of the hydrocarbon backbone. As a result, the mobilities
and mobility ratios of the charge variants of synthetic copolymers increase more slowly with
increasing fractional charge than observed for the more rigid hydrophilic polyions.
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Comparison of Observed DNA Mobilities with Values Calculated from the Manning

Equation

The mobilities observed for the ss- and dsDNA charge variants are compared with the
mobilities calculated from the Manning electrophoresis equation in Figure 6. The calculated
mobilities are reasonably close to the observed mobilities, even though the various studies
were carried out in four different BGEs, the DNASs ranged in size from 8 nucleotides to 118
base pairs, the net charge ranged from —1 to —236, and no adjustable parameters were used
in the calculation. Since the DNA charge variants contained different numbers and
arrangements of positive, negative and/or neutral residues, the specific arrangement of the
charged residues is not important. The mobility is determined primarily by the DNA net
charge.

Linear Charge Density vs. Surface Charge Density

The reasonably good agreement between the observed DNA mobilities and those calculated
from Manning electrophoresis equation (Figure 6) suggests that DNA charge density is well
described by the linear distance between charged residues, 6. Hence, Figure 1 suggests the
observed mobilities of the DNA charge variants should be directly related to the logarithm of
bas well as the logarithm of the fractional charge. However, the observed mobilities of the
ss- and dsDNA charge variants do not exhibit a common dependence on log 6, as shown in
Figure 7A. The same results are observed for the mobility ratios, as shown in Figure 7C. In
addition, the mobilities and mobility ratios observed for the sSDNA charge variants are
independent of the Bjerrum length, the distance at which electrostatic interactions between
two elementary charges become comparable to thermal energy (0.714 nm for monovalent
ions in water at 20°C). Since counterion condensation is predicted to occur whenever the
linear charge separation is less than the Bjerrum length,22 the mobilities and mobility ratios
observed for the ssDNA oligomers would be expected to exhibit a discontinuity at or near
the Bjerrum length. The results therefore suggest that the mobilities of the DNA charge
variants might be more closely related to the surface area per charge, as assumed in zeta
potential theories,1:2:30-34 than to the linear distance between charged residues. As shown in
Figures 7B and 7D, the observed mobilities and mobility ratios of the ss- and dsDNA charge
variants exhibit a common dependence on the logarithm of the surface area per charge.
Hence, the surface area per charge appears to the variable controlling the electrophoretic
mobilities of both ss- and dsDNA charge variants.

Dependence of Observed and Calculated DNA Mobilities on Surface Area per Charge

The mobilities observed for the DNA charge variants are plotted as a function of the
logarithm of the surface area per charge in Figure 8A, and compared with the mobilities
calculated from the Manning electrophoresis equation2® and zeta potential theories for
rods.2324 DNA surface areas were estimated from the length of each oligomer, calculated as
described above, assuming a radius of 10A for dsDNA3® and 5A for ssDNA.40 As expected
from Figure 6, the mobilities calculated from the Manning equation (open circles) in Figure
8A are very close to the observed mobilities (solid circles). However, the mobilities
calculated for the DNA charge variants from zeta potential theories for rods (open triangles
and squares) are significantly larger than the observed mobilities, in part because relaxation
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effects are not included in the theories.23:24 To minimize such purely solvent effects,
mobility ratios were calculated for each of the DNA charge variants by dividing the
calculated mobility of a given charge variant by the calculated mobility of the most highly
charged DNA in that data set. The observed and calculated mobility ratios are plotted in
Figure 8B. The calculated mobility ratios are reasonably close to the observed mobility
ratios, indicating that both the Manning equation and zeta potential theories correctly
describe the dependence of the observed mobility on the logarithm of the surface area per
charge.

Small Aromatic Polyions

Mobility ratios were calculated for the benzene and naphthalene charge variants from the
Manning electrophoresis equation. The surface areas of the benzene and naphthalene charge
variants were estimated by assuming they were approximately globular in shape with radii
similar to the average values observed in the crystal structures of pyromellitic acid
(benzene-1,2,4,5-tetracarboxylic acid)*! and 2,6-naphthalenecarboxylic acid,*? respectively.
The calculated mobility ratios are larger than the observed mobility ratios and exhibit a
weaker dependence on the logarithm of the surface area per charge, as shown in Figure 9.
The discordant results can be attributed in part to variations in the shape of the small
polyions with the number of appended charged groups and in part to the fact that the
Manning equation was derived for long rigid rods, not small polyions approximately
globular in shape.

BCA Charge Ladder

The mobility ratios observed for the BCA charge variants?! are compared with the mobility
ratios calculated from the Manning electrophoresis equation?8 and zeta potential theories for
spheres®2 in Figure 10. The BCA charge variants were approximated as spheres with radii
of 25 nm, close to the average value observed in the crystal structures of BCA | and BCA 11
isozymes.38 The mobility ratios calculated from the zeta potential theories are somewhat
lower than the observed mobility ratios but exhibit a similar dependence on the logarithm of
the surface area per charge. By contrast, the mobility ratios calculated from the Manning
electrophoresis equation exhibit a different dependence on the logarithm of the surface area
per charge. Since BCA is approximately globular in shape,38 it is not surprising that zeta
potential theories derived for spheres describe the mobility ratios more accurately than the
Manning electrophoresis theory, which was derived for long rod-like DNA molecules.

Synthetic Copolymers

The mobility ratios observed for the acrylamide/Amps6:18 and acrylamide/acrylic acid!®
copolymers are plotted in Figure 11A (solid symbols) as a function of the logarithm of the
surface area per charge. The copolymers were assumed to be rod-like in shape with average
lengths calculated from the molar mass or degree of polymerization given by the authors,
using an average spacing of 2.55 A/monomer.16 The mobility ratios calculated for the
copolymers from the Manning electrophoresis equation?8 and zeta potential theories for
rods23:24 are shown as the open symbols in Figure 11A. The calculated and observed
mobility ratios decrease linearly with the logarithm of the surface area per charge, as
expected. However, the slopes of the two lines differ significantly; the observed mobility
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ratios decrease more slowly with increasing surface area per charge than the calculated
mobility ratios.

From the discussion of Figure 5, it seems likely that the synthetic copolymers can be
approximated as freely jointed chains with end-to-end lengths dependent on the square root
of the number of monomers. If so, the observed mobility ratios might be related to the
square root of the mobility ratios calculated from electrophoresis theories, rather than the
mobility ratios themselves. To test this hypothesis, the observed mobility ratios of the
synthetic copolymers are compared with the square root of the mobility ratios calculated
from the Manning electrophoresis equation in Figure 11B. The observed and calculated
mobility ratios can now be described by the same straight line.

Conclusions

Several important conclusions can be drawn from this work. (1) If the electrophoretic
mobilities of polyions that vary only in the number of covalently attached charged groups
are electrophoresed under a constant set of experimental conditions, the results can be
compared by dividing the mobility of each charge variant by the mobility of the most highly
charged polyion in that data set (Figures 1 — 4). Normalizing the mobilities in this manner
minimizes the dependence of the mobility on the size of the analyte and the physical
properties of the BGE because the frictional coefficients of the polyions and the viscosities
and dielectric constants of the solvent cancel out in the mobility ratios.2? The analysis
depends only on the assumption that the frictional coefficients of the charge variants of a
given polyion are approximately constant.

(2) The electrophoretic mobilities of charge variants of ss- and dsDNA oligomers increase
linearly with the logarithm of the fractional charge, not the first power of the charge as
expected from the traditional Debye-Hiickel-Onsager theory. Since the ss- and dsDNA
charge variants exhibit the same dependence on the logarithm of the fractional charge
(Figure 1), the single-stranded charge variants must be highly stretched in the BGESs used for
electrophoresis. In addition, the mobilities and mobility ratios of the single-stranded charge
variants are not dependent on whether the linear spacing between charged residues is greater
or less than the Bjerrum length (Figures 7A and 7C). The results therefore suggest either that
counterion condensation22 does not occur for such small oligomers or that the condensed
counterions are not located within the shear surface of the DNA, 1-3.6-8.10.35

(3) The mobility ratios observed for the charge variants of many types of polyions, including
ss- and dsDNA oligomers, 19 small aromatic polyions,11:12 adenosine nucleotides, 26 small
positively charged peptides,1* and proteins containing different numbers of charge-modified
amino acids?143 exhibit a common dependence on the logarithm of fractional charge, while
the mobility ratios observed for the charge variants of synthetic copolymers exhibit a weaker
dependence on this variable (Figure 5A). Hence, there appears to be a fundamental
difference between the mobilities and mobility ratios observed for the copolymers and other
polyion charge variants as a function of charge density. It seems likely that the disparate
results are due to the statistical coiling of the copolymer backbone chains, which compact
the conformation and decrease the interaction of their charged residues with the solvent. As
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a result, the effective charge of the copolymers appears to be related to the logarithm of the
square root of the fractional charge rather than the logarithm of the fractional charge itself
(Figure 5B).

(4) The Manning electrophoresis equation?8 provides an excellent description of the
mobilities observed for ss- and dsDNA charge variants in a variety of BGEs, using no
adjustable parameters (Figure 6). Hence, the Manning equation incorporates most of the
relaxation and retardation effects that affect the mobility. The mobilities of DNA charge
variants calculated from zeta potential theories for rods are too high, in part because
relaxation effects have not been included in these theories.23.24

(5) The mobilities and mobility ratios observed for the DNA charge variants decrease
linearly with the logarithm of b, the linear separation between charged residues (Figures 7A
and 7C), as expected from the Manning electrophoresis equation.2® However, the ss- and
dsDNA data sets do not overlap, as might be expected from Figure 1. The data sets do
overlap when the mobilities and mobility ratios are plotted as a function of the logarithm of
the surface area per charge (Figures 7B and 7D), suggesting that the surface area per charge
is the controlling variable in DNA electrophoresis. Zeta potential theories also suggest that
electrophoretic mobilities of polyions are related to their surface charge densitiesl—3:6-8.10

(6) Zeta potential theories for spheresl=3 predict the mobility ratios observed for BCA
charge variants more accurately than the Manning electrophoresis equation (Figure 10). This
result is not surprising since the Manning equation was derived for long rod-like DNA
molecules, not small approximately spherical polyions.
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Comparison of the mobility ratios observed for all polyion charge variants. (A), Observed
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the left axis corresponds to the observed mobility ratios; the right axis corresponds to the
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