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Unified Description of Electrophoresis and Diffusion for DNA and Other Polyions
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ABSTRACT: The electrophoretic mobilities and diffusion coefficients of single- and double-stranded DNA
molecules up to 50 000 bases or base pairs in size have been analyzed, using mobilities and diffusion
coefficients either measured by capillary electrophoresis or taken from the literature. The Einstein equation
suggests that the electrophoretic mobiliti@$ &nd diffusion coefficientsd) should be related by the
expressionu/D = Ql/ksT, whereQ is the charge of the polyionQ = ze, wherez is the number of
charged residues arg is the fundamental electronic chargks,is Boltzmann’s constant, antlis the
absolute temperature. If this equation were true, the (d#ib should be a constant equalegksT (39.6

V~1) at 20°C. However, the ratigi/zD decreases with an increase in molecular weight for both single-
and double-stranded DNAs. The mobilities and diffusion coefficients are better described by the modified
Einstein equationd/N™D = ey/ksT, whereN is the number of repeat units (bases or base pairs) in the
DNA andm s a constant equal to the power law dependence of the diffusion coefficients on molecular
weight. The average value of the rapidN™D is 40 &+ 4 V1 for 36 single- and double-stranded DNA
molecules of different sizes, close to the theoretically expected value. The generality of the modified
Einstein equation is demonstrated by analyzing literature values for sodium polystyrenesulfonate (PSS).
The average value of the rafidN™D is 35+ 6 V-1 for 14 PSS samples containing up to 855 monomers.

The electrophoretic mobility of a polyelectrolyte in an wherez is the number of charged residues in the polyion

electric field is determined by and e, is the fundamental electronic charge. If every
monomeric unit in the polyion carries a single positive or
u = Qff (1) negative chargez = N, the number of monomers. Equation

4 predicts that the ratip/zD should be equal to 39.6V at

20 °C, after substituting known values of the constants into
the right-hand side of the equation.

f=kgT/D ) In the study prgsented here, the rajtiltzD has been
calculated for a variety of small and large single- and double-

the friction factor can be related to the diffusion coefficient Stranded DNA molecules, using mobilities measured by
(D), wherekg is Boltzmann’s constant anflis the absolute capillary electrophoresis and diffusion coefficients either

where Q is the total charge andl is the friction factor.
According to the Einstein equation

temperatureX). Combining eqs 1 and 2 leads to measured by capillary electrophoresis or taken from the
literature. The results indicate that the ratifeD is not
/D = QlkgT () constant, but decreases monotonically with an increase in
molecular weight. However, the mobilities and diffusion
which is sometimes called the Nera&instein equation), coefficients can be described by a modified version of the

although that designation is more properly applied to the Einstein equationu/N™D = e/ksT, whereN is the number
analogous equation relating conductivity and diffusiap (  Of repeat units (bases or base pairs) arid a constant equal
It has previously been shown that eq 3 does not hold for to the power law dependence of the diffusion coefficients
high-molecular weight, free draining DNA moleculé B), on molecular weight. The generality of the modified Einstein
because the mobilities are independent of molecular weight€quation is demonstrated by analyzing the mobilities and
(4, 5) while the diffusion coefficients, measured in the diffusion coefficients of sodium polystyrenesulfonate (PSS)
presenceZ) or absence 6, 7) of an electric field, decrease  Molecules of various sizes, using data taken from the
with an increase in molecular weight. literature.

To illuminate more clearly the relationship between
electrophoretic mobility and diffusion, it is useful to replace EXPERIMENTAL PROCEDURES

Qin eq 3 withze, leading to DNA SamplesSingle-stranded DNA oligomers containing

_ 2—15 residues and approximately equal AT/GC ratios were
uzD= efkgT ) synthesized by standard methods (Integrated DNA Technolo-
gies, Coralville, IA) and purified by polyacrylamide gel
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electrophoresis. Double-stranded DNA restriction fragments
were prepared by standard metho8} sing a variety of
restriction enzymes, as described previously Some of
the restriction fragments were denatured by heating in a
boiling water bath for 515 min, followed by rapid cooling

in a water/ice mixture. All DNA samples were dissolved in
TO.1E buffer [10 mM Tris-HCI buffer and 0.1 mM EDTA
(pH 8.1)] and stored at 20 °C until they were needed. AMP
(sodium adenosine'#nonophosphate) and ATP (sodium
adenosine striphosphate) were obtained from Sigma and
used without further purification.

Capillary ElectrophoresisCapillary zone electrophoresis
was carried out with a Beckman Coulter P/ACE MDQ
Capillary Electrophoresis System run in the reverse polarity
mode with UV detection at 254 nm, using procedures
described previously5j. Migration times and peak areas
were analyzed with 32 Karat software. The neutral eCAP-
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Ficure 1: Log—log plot of mobility as a function of the number

of repeat units (bases, base pairs, or styrenesulfonate residues) in
each polyion: Q) single-stranded DNA molecules in 40 mM Tris-
acetate bufferl(= 20 mM) (measured in this study)®] double-
stranded DNA molecules measured in 40 mM Tris-acetate buffer
(5), and ¢©) sodium polystyrenesulfonates (PSS) measured in

100000

coated capillaries used for these experiments were 40.0 CMsodium borate bufferl (= 20 mM) (45). The literature values for
in length (29.8 cm to the detector) and had internal diametersdsDNA and PSS were corrected to a temperature ofC@ising

of 100 um. The running buffer was 40 mM Tris-acetate,
prepared by titrating Tris base to a pH of 8.3 using glacial
acetic acid. The ionic strength of the buffer was calculated
from the measured pH and the&Kpof Tris, using the
Hendersor-Hasselbach equatiorB); The electroosmotic
flow of the buffer in the coated capillaries was negligible.
DNA electrophoretic mobilities were calculated from

(5)

whereu is the mobility,d is the distance from the injection
site to the detector in centimeteis,is the applied electric
field strength in volts per centimeter, ahs the migration
time in seconds. Diffusion coefficients of selected single-

u = d/Et

the ratio of the viscosity of water at the two temperatures.

maximum occurs for oligomers approximately one persis-
tence length in size. The slow decrease in mobility that is
observed for larger ssDNAs may be due to the gradual onset
of coiling with an increase in molecular weight. Unlike a
rod, the interior of a coil is permeable to the solvent.
Counterions in the interior of a coil would tend to migrate
toward the cathode when an electric field is applied, while
the negatively charged DNA molecules would migrate
toward the anode. The gradual increase in the drag force
due to this “electrophoretic effect” and/or the concomitant
deformation of the counterion cloud (or the polyion itself)
in the electric field 8, 17) may be responsible for the
subsequent decrease in the mobility with an increase in

stranded oligomers were measured by the stopped migration,qiecular weight.

method, which is described in detail elsewhergl(0). All
mobility and diffusion measurements were taken at 2.0
0.1°C.

RESULTS AND DISCUSSION

DNA Electrophoretic Mobility The electrophoretic mobili-
ties observed for single-stranded DNA (ssDNA) molecules
first increase with an increase in molecular weight, pass
through a maximum at-10 nucleotide residues, and then
decrease slowly until reaching a constant value at high
molecular weights, as shown by the empty circles in Figure
1. The plateau mobility observed at high molecular weights
(2.84 x 10*cn? V1 s} is close to the value of 3.1%

104 cn? V~1stobserved by Costantino et al.lj for heat-
denatured calf thymus DNA in 25 mM NacCl, after correcting
their mobility for the difference in the viscosity of water at
4 and 20°C. The agreement between the two values is
satisfactory, considering the large temperature correction.

The mobility maximum observed for ssDNAs atl0

The mobilities of double-stranded DNA (dsDNA) mol-
ecules of different molecular weights (filled circles in Figure
1) increase monotonically with an increase in molecular
weight, before leveling off and becoming constant at
molecular weights of more thar400 bp 6). No mobility
maximum is observed, possibly because of the inherently
greater stiffness of dsDNA; the persistence length-50
nm in the buffers typically used for electrophore€s18).

The mobility curves observed for ssDNA and dsDNA
molecules intersect; the crossover occurs for DNA molecules
containing~18 repeat units (bases or base pairs). Hence,
one cannot use electrophoretic mobility to distinguish
between single- and double-stranded DNA molecules in this
molecular weight region.

DNA Diffusion CoefficientsDiffusion coefficients were
measured for AMP, ATP, and several small DNA oligomers
by capillary electrophoresis, using the stopped migration
method 7, 10). The diffusion coefficients are compared in
Table 1 with values in the literature obtained by other

nucleotide residues has not been observed previously formethods {9—25). In general, the correspondence between

random-sequence DNAs, although single-stranded polythy-
midine oligomers exhibit a similar mobility maximum-afl5
nucleotide residues3). A ssDNA molecule containing 10
nucleotide residues would be4.3 nm in length, assuming
the rise per nucleotide to be 0.43 nm2). Since the
persistence length of ssDNA ranges from 3 to 7 nm in
solutions of moderate ionic strength¥-16), depending on

the results is very good. The diffusion coefficients measured
for AMP and ATP are equal within experimental error, as
observed previously2(Q), and equal to the diffusion coef-
ficient of the CpA dinucleotide, which contains a single
phosphate residue. Hence, the effective hydrodynamic radii
of these three analytes must be similar.

The dependence of the diffusion coefficients of single-

the sequence and method of measurement, the mobilityand double-stranded DNA molecules of various sizes on the
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Table 1: Diffusion Coefficients of Small DNA Oligomers
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random coils without excluded volume; a value -60.60
would be expected for random coils if excluded volume

—1 — 1
DNA D (x10 cmPs), CE D (<10 cnPs ), othermethods oo i \were important( 14). The observed power index
ave ATP 3.3 13:35(19),3.3(20), 4.2(21) of —0.54 is intermediate between these two values, suggest-
ssplo—mer 205 _ ing that excluded vqu_me effects may be somewh_at important
ss 16-mer 1.95 1.6 (22) for ssDNA. Alternatively, ssDNA could be stiffer than
Ss 20-mer 1.52(10) 15(22) expected for a true random coil-like molecule, leading to an
ds20-mer  1.05(7), 1.07 (10) 1.09 (23), 1.10 (24), 1.05 (25)

@ Measured by the stopped migration meth@dl(0). The estimated

accuracy of the results i£10%.° Measured diffusion coefficients at

a temperaturd corrected, if necessary, to 2€ using the equation

D20 = D1(2937+/Tn20) (1). ¢ Phosphothioate linkers between the bases,

instead of phosphate residues.
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Ficure 2: (A) Log—log plot of the diffusion coefficientsl¥) of

intermediate power index.

The diffusion coefficients of ssDNAs containing three or
fewer nucleotides fall significantly below the straight line
describing the diffusion coefficients of the larger molecules,
indicating that the equation of the line cannot be used to
estimate the diffusion coefficients of very small DNA
oligomers. The deviation from a power law dependence in
this molecular weight range may be due to hydrodynamic
coupling between translational and rotational diffusig®)(

The slope of the straight line describing the dependence
of the diffusion coefficients of dsSDNA on molecular weight
(filled circles in Figure 2A) is—0.67, very close to the value
of —0.70 that can be calculate®Q) from the theory of
Yamakawa and Fujii 40) for worm-like chains without
excluded volume. The observed power index is larger than
the value of—0.57 obtained by Nkodo et al2) for dye-
labeled DNASs, using the technique of fluorescence recovery
after photobleaching. The diffusion coefficients of dsDNAs
of moderate size can also be described by an equation derived
by Tirado and Garcia de la Torr8%, 41):

_ kgT[In(L/d) + ]
D= 3myl,

(6)

wheren is the viscosity of the solvent,. is the contour
length of the DNA,d is the diameter, and is a correction
for end effects, as shown in Figure 2B. The theoretical and
experimental curves agree well for DNA molecules contain-
ing 4—1000 bp, even though eq 6 was derived for short,

(O©) ssDNA and @) dsDNA as a function of the number of repeat
units (bases or base pairs) in each polyion. The data for the smallrod-like DNA molecules. The divergence between theory and
oligomers were taken from Table 1; other values were taken from experiment at high molecular weights is most likely due to
refs6, 14, and19-37. Various buffers were used in the literature  hg coiling of very large DNA molecules.

studies; most solutions ranged from 50 to 200 mM in ionic strength. . . - .

The straight lines represent linear least-squares fits of the data. The , Comp_arlson of D,NA Electrophoretlc 'V'Ob.'“ty and Diffu-
equations of the lines are as follow®ssona = 7.38 x 1076 x sion using the Einstein EquatioriThe ratio u/zD was
N=05%9(r2 = 0.992) andDgspna = 7.73 x 10°® x N70672(r2= calculated for the single- and double-stranded DNA mol-
0.997), whereN is the number of repeat units (bases or base pairs) ecules whose mobilities are given in Figure 1. Diffusion
in each polyion. (B) Comparison of the measured diffusion coef- ¢qefficients were calculated for DNAs of exactly the same
ficients of dsDNA @) with diffusion coefficients calculated from . - . i

the equation of Tirado and Gagcte la Torre (eq 6)-f — —). The size from the equations of the lines in Figure 2A, except for
diameter of dsDNA was assumed to be 2.5 nm and the rise perthe CpA dinucleotide, for which the measured valueDof
base pair to be 0.34 nm. The calculated diffusion coefficients are (Table 1) was used. The calculated valueg/aD are plotted

not sensitive to the assumed DNA diameter (not shown). as a function of the number of repeat units (bases or base

number of hydrodynamic repeat units (bases or base pairs)pjiz'rDs)i;nneoicgoaglér:? g?lfari?hzr I':;:rar; boer Ssen(:guth‘;{;hé _raglro
in each molecule is illustrated in Figure 2A. The diffusion H 9 » SINg

coefficients were taken from Table 1 and various studies in 203th(iacgitzzndg)disDnNo'tA\orl;]:li?juIgﬁa Iﬁ:regogféaﬁhgeiwiitelgf
the literature §, 14, 19—37). For ssDNA (empty circles in q q yed, by 9

Figure 2A), the diffusion coefficients exhibit a power law an "effective charge” calculated from DNA mobilities and

: diffusion coefficients using the Einstein equation is not clear.
dependence on the number of nucleotides, over a more than Unified Description of Electrophoretic Mobility and Dif-

1000-fold range of molecular weights. The terminal slope fusion. The mobilities and diffusion coefficients observed

of the line is ~0.54, close to the power index of0.52 for single- and double-stranded DNA molecules can be

measured by Hadden et al. for SSDNA using pulsed field collapsed onto a common curve by using a modified version
gradient NMR 88), but somewhat larger than the power pse X o Y 9
of the Einstein equation:

index of —0.49 obtained by Tinland et al. for dye-labeled
DNAs in 8 M urea, using fluorescence recovery after

photobleaching. A power index of0.50 is expected for UIN™D = e/kgT

(7)
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modified Einstein equation jg/N™D = u/z"D = u/z"D;N~™

= ulZ"D1z™ = ulD,, as described above. For dsDNA, the
modified Einstein equation becom@éN™D = u/(22)™D,
when expressed in terms & the number of charged
residues. A plot of the diffusion coefficients of double-
stranded DNA as a function af(not shown) gives the same
slope, m, as determined for dsDNA in Figure 2A but a
smaller intercept az = 1, termedD,'. Comparison of the
intercepts shows thab,’ = 2 ™D;. Hence, the fitting
equation for the diffusion coefficients beconies= z "D/,
and therefore,u/N"D = ul(22™D = wl/2™zZ"D,'z ™
wl2™2-mD; = u/D;. The results indicate that the modified
Einstein equation (eq 7) gives the same value of the ratio

of the number of repeat units (bases or base pairs) in the molecule;u/N™D for both single- and double-stranded DNA molecules,

(O) ssDNA and @) dsDNA.
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Ficure 4: Modified Einstein ratio ¢/N™D) plotted as a function

of the logarithm of the number of repeat units (bases, base pairs,
or styrenesulfonate residues) in each molecuf@) sDNA, @)
dsDNA, and ) PSS. The dashed line corresponds to the theoretical
e/ksT value of 39.6 V1 at 20°C.

10000 100000

whereN corresponds to the number of charged repeat units
in the polyion (bases or base pairs) is a constant

corresponding to the power law dependence of the diffusion
coefficients on molecular weight, taken from the slopes of

despite the fact thal is defined differently for the two
DNAs.

Physical Meaning of the Modified Einstein Equatidme
modified Einstein equation (eq 7) suggests that the effective
charge of a polyion in solution is smaller than its formal
charge, probably because the polyion exists in three-
dimensional space, not one-dimensional space, which strength-
ens the interaction between charged residues. In the original
Einstein equation (eq 3), the total charge of a polyion is
assumed to be the sum of the charges of the monor@ers (
= 3@ = Na, whereN is the number of monomer units and
o is the charge per monomer unit). The modified Einstein
equation is an empirical equation that takes into account the
fact that the total charge of the polyion is reduced according
to the relationQ = Yz = N"o.

Classical studies of electrophoretic mobilit#2f have
suggested that the effective charge of an analyte depends
on the thickness of the ion atmosphere according to the
relation Qmeasured= Quud kY (k™* + 1)], where« ™t is the
Debye-Hiuckel length and is an effective radius. For most
of the DNA molecules considered here, the effective radius
is much larger tham— (x~1 ~ 15—20 A in solutions with
ionic strengths of 2650 mM), leading to the equation

the lines in Figure 2A, and the other terms have been definedQcasured= Qurugc™Yr. SubstitutingNa. for Qye and assuming

above.

The modified Einstein equation can be rationalized as
follows. The fitting equations describing the straight lines
in Figure 2A have the general form = D;N™™, whereD;
is the diffusion coefficient corresponding to a hypothetical
monomer of the target polyion. Upon substitution into eq 7,
WINTD = u/N™D;N"™ = u/D,, which will be a constant
whenever the mobility is independentléf In fact, the ratio
uI/N™D is approximately constant for all the DNA molecules

that the effective radius is proportional t¢ lead to the
relation Q ~ Nax YN, which is constant. Hence, ionic
strength effects do not contribute to the decrease in the
effective charge with an increase in molecular size that is
observed for DNA.

Manning @3) and Record 44) have proposed that the
localization of counterions near the surface of a highly
charged polyion such as DNA effectively reduces the charge
per phosphate residue. The model of counterion condensation

that have been examined, as shown by the empty and filledhas been very successful in explaining many of the poly-

circles in Figure 4. The average valuedN™D is 38+ 5
V~1for 18 ssDNA samples ranging in size from 4 to 49 000
nucleotides, and 42 2 V! for 18 dsDNA samples ranging

electrolyte properties of DNAK). According to this model,
the effective charge of a polyion is n@, the total charge,
but is reduced to (- 6,)Q after counterion condensation,

in size from 9 to 49 000 base pairs. These values are closewhere6; is 0.76 for dsSDNA and 0.40 for ssDNA in solutions

to the theoretical value of 39.6°V calculated for the ratio
e/kgT at 20°C. Hence, the modified Einstein equation (eq
7) provides a good description of the relationship between
the electrophoretic mobility and diffusion of single- and
double-stranded DNA molecules.

The constancy of the ratig/N™D for both single- and
double-stranded DNA molecules is somewhat surprising,
sinceN = z for ssDNA andN = 2z for dsDNA, wherez is

containing monovalent cationgd). If the factor (1— 6,)N

is used in eq 7 to express the reduced charge of DNA, instead
of the factor N™, the modified Einstein equation would
becomeu/(1 — 60;)ND = e/kgT. Log—log plots of the ratio
ul(1 — 61)ND as a function of the number of DNA repeats
are essentially identical to Figure 3, except for displacement
of the data on the vertical axis (not shown). Hence,
calculation of the renormalized charge according to the

the number of charged nucleotide residues. However, thepostulates of counterion condensation theory cannot reconcile

constant ratio can be understood as follows. For ssDNA, the

the mobilities and diffusion coefficients of single- and
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’ ’ ' ' The modified Einstein equation (eq 7) was used to
calculate the ratiqe/N™D for the various PSS samples in
Figure 1, with the results shown as the empty diamonds in
Figure 4. The average value of the ratitN™D is 35+ 6
V-1 for 14 PSS samples containing up to 855 styrene-
sulfonate residues, somewhat lower than the expected value
of 39.6 V! at 20°C. The relatively low value of the ratio
wIN™D may be due in part to the fact that the PSS polymers
were not fully charged; the manufacturer characterized the
PSS samples as “more than 88% sulfonatd@).(If the PSS
L 10 100 1000 10000 100000 samples are assumed to contain 88% charged residues, and
Number of Repeats the observed electrophoretic mobilities are increased to reflect
Ficure 5: Log—log plot of the diffusion coefficients of sodium ~ the mobilities that would have been observed if the PSS
polystyrenesulfonate in<¥) 0.05 M NaCl 48) and (») 0.1 M polyions had been fully sulfonated, the average value of the
5 2 lnout least sdiares it of e data in 0.05 M NaGl. The cquation - e oo e oe A N
IS a linear least-squares . . i i i i i
of the Ine sDree= 10.72.¢ 1065 N 061 (2 = 0.996) The gy e e K O e e aton of the
inset shows the slopes of the lines) (0bserved for the power law . i iy ) . -
dependence of the diffusion coefficients of ssDNA, dsDNA, and relationship between the mobilities and diffusion coefficients
PSS on molecular weight, plotted as a function of the average axialof SSDNA, dsDNA, PSS, and presumably other highly
distance between the charged residues in each polyipriTfe charged polyions. Strictly speaking, we expect the modified
equation of the line isn = —0.49D + 0.749 ¢ = 0.993), withb Einstein equation to be valid for only high-molecular weight
in nanometers. . e .
polyions, where the mobilities are independent of molecular
double-stranded DNAs. This result suggests that the decreasaveight. If the ratiou/N™D is calculated only in this free
in the effective charge of the DNA expressed by the term draining region, the limiting values become 291 V1 for
N™is due to another factor, such as the coiling of the polyion ssDNA, 43+ 1 V! for dsDNA, and 34t 0.5 V! for PSS
in three-dimensional space. (394 0.5 V1 if the observed PSS mobilities are corrected
Application of the Modified Einstein Equation to PS® for 88% sulfonation). The limiting values observed for
demonstrate the generality of the modified Einstein equation, SSDNA and 100% sulfonated PSS are very close to the
the mobilities and diffusion coefficients of another well- expected value of 39.6 W at 20°C. For dsDNA, the average
studied highly charged polyion, sodium polystyrenesulfonate value of the ratiqu/N™D is ~8% high, for reasons that are
(PSS), were analyzed, using data taken from the literature.not clear.
The mobilities of PSS molecules of different molecular  The ratio /N™D goes through a maximum for small
weights @6) are plotted as the empty diamonds in Figure. ssSDNA and PSS molecules, reflecting the mobility maxima
1. The mobilities go through a maximum with an increase observed for these two polyions in Figure 1. It is possible
in molecular weight, similar to that observed for ssDNA but that the deviation of the rati@/N™D from a constant in this
larger in amplitude. The increased amplitude may be due inregion of molecular weights is due to the fact that the
part to the fact that the PSS samples were analyzed in boratediffusion coefficients are not adequately described by the
buffer; electrophoretic mobilities in borate buffers are known power laws given in the legends of Figures 2 and 5.
to be larger than those measured in Tris buffers with Alternatively, the deviation may result from the fact that these
comparable ionic strength8)( The mobility maximum for relatively small polyions are not significantly larger than the
PSS occurs for oligomers containinglO styrenesulfonate  thickness of the ion atmosphere, leading to a reduction of
residues. If it is assumed that the rise per residued25 the effective charge4@). A detailed comparison of the
nm (47), the mobility maximum is observed for oligomers mobilities and diffusion coefficients of small, single- and
with a length of 2.6-2.5 nm, somewhat smaller than the double-stranded DNA molecules as a function of ionic
persistence length 6¥3—7 nm observed for PSS under low- strength will be needed to determine the accuracy of the
ionic strength conditions4g, 49). modified Einstein equation in this range of molecular
The dependence of the diffusion coefficients of PSS on weights. Such studies are currently underway in this labora-
molecular weight49, 50) is illustrated in Figure 5. A power  tory.
law dependence of-0.62 is observed, closer to that of The deviation between the measured and expected values
dsDNA (—0.67) than ssDNA+0.54), for reasons that are  of the ratiou/N™D may also be due, in part, to the fact that
not clear. It is possible that excluded volume effects are morethe electrophoretic mobilities were measured in buffers with
important for PSS than ssDNA, leading to a larger power ionic strengths of 20 mM, while most of the diffusion
index for PSS even though the persistence lengths of thecoefficients were measured in solutions with ionic strengths
two polyions are similar. Alternatively, it is possible that ranging from 50 to 200 mM. It is known that the electro-
the power index is related to the axial charge densities of phoretic mobilities of DNA, PSS, and other highly charged
highly charged polyions, rather than their persistence lengths.polyions decrease with an increase in ionic strength#6,
On average, negatively charged residues occur every 0.43%1, 52). However, the dependence of the diffusion coef-
nm for ssDNA (2), every 0.25 nm for PSS1{), and every ficients on ionic strength is not clear. The diffusion coef-
0.17 nm for dsDNA. These linear charge densities are ficients of ssDNA (4) and PSS 29, 53) were found to
correlated with the slopes of the lines describing the power increase with an increase in ionic strength, while the diffusion
law dependence of the diffusion coefficients on molecular coefficients of ATP 20) and some proteinsb4) decrease
weight, as shown in the inset of Figure 5. with an increase in ionic strength. The variation of the

1000

100

D x 108, cm?s™

10




11750 Biochemistry, Vol. 42, No. 40, 2003

diffusion coefficients with ionic strength may also be buffer- 24
dependent, since diffusion is coupled to ion transport through
the electrostatic forces needed to maintain electroneutrality
in the solution §5). The rate of ion transport is, in turn, 26

25

determined by the transference numbers, or equivalently the 27.

limiting ionic mobilities, of all the ions in the solution.
Further studies are needed to determine whether the diffusion
coefficients of single- and double-stranded DNA molecules 29

depend on ionic strength and/or buffer composition. 30.
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