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ABSTRACT: The structural change of individual giant double-stranded T4 DNA (165.6 kilobase pairs) molecules
as a function of salt concentration was investigated by single molecular observation with fluorescence microscopy
in a wide range of concentration of NaCl, 1× 10-6-3 M. The measured long-axis length was transformed into
a persistence length and subjected to a power-law analysis, which showed that the electrostatic contribution to
the persistence length is inversely proportional to the square root of the salt concentration; i.e., it has a linear
dependence on the screening length. This is interpreted as the behavior of a flexible chain with electrostatic
excluded-volume interactions. Although double-stranded DNA is locally stiff, it displays flexibility when the
contour length is much longer than the persistence length, as is the case for T4 DNA.

1. Introduction

Since the discovery of the double-stranded structure of DNA
more than half a century ago, the structure of DNA has been
actively studied in relation to its genetic functions. It has been
well established that the double-stranded DNA is rather stiff,
with a persistence length on the order of 50 nm and a thickness
of 2 nm.1-4 This implies a rodlike character for short DNA.
On the other hand, genomic DNA molecules are rather long;
they are millimeter scale in prokaryotes and centimeter scale
in eukaryotes. These giant DNA molecules behave as a
semiflexible polymer chain and take a random-coil state in
aqueous solutions. Despite the well-established knowledge on
short DNAs, the conformational characteristics of these giant
DNAs have not yet been fully clarified. This may be largely
due to the experimental difficulties when treating giant DNA
molecules, with a constant risk of cutting the chain. Even a
small mechanical agitation induces the breakage of giant DNA
into fragments. Thus, it is necessary to establish new method-
ologies in order to shed light on the conformational behavior
of giant DNAs.

About a decade ago, by using the experimental technology
of single DNA observation, it was found that giant DNA
molecules undergo large discrete transition between elongated
coil state and folded compact state.5-11 On the other hand, the
ensemble of giant DNAs always exhibit continuous transition
because of the rather wide region of the coexistence of the coil
and compact states. In the present study, we have focused our
interest on the conformational characteristics of giant DNA in
a random-coil state with special attention to the salt effect.

There is also a long history of theoretical studies aimed at
the conformational behavior of polyelectrolyte molecules and
their salt dependence.12 It has been particularly popular to predict
the persistence length due to the electrostatic interactions. One
reason for this is that Odijk13 and Skolnick and Fixman14 (OSF)

found a simple power law for the electrostatic persistence length
when analyzing the bending energy of rodlike molecules. As a
result, much of the subsequent discussion about persistence
length, including experimental findings, has been focused on
the existence and form of a power law. Our data will also be
put into this framework.

A general problem in discussions of persistence length is that
it is not a single, unique property. In fact, there are no fewer
than four different definitions of persistence length.15 They are
all equivalent for the wormlike-chain model, but not if different
parts of the chain can interact and especially not with long-
ranged electrostatic interactions. While theory can adopt any
of the definitions, which has caused considerable confusion in
the past,15-17 experimental approaches have at least been
consistent. Since the persistence length is not measured directly,
the experimental observable has to be converted with the help
of a model, and the natural choice is the wormlike chain. The
calculation of a measurable quantity within the framework of
the wormlike chain generally involves an integration over the
orientational correlation function, which means that the persis-
tence length obtained by comparison with the model calculation
is a projection length. Projection length is a name given to one
of the four definitions to semantically separate it from the other
three.15 It is actually a group of definitions, characterized by
the integration over the orientational correlation function. If the
integral is not weighted, it corresponds to the projection of the
end-to-end vector on the direction of the first bond. Other
quantities, such as the radius of gyration, are obtained from a
weighted integral, but simulations have shown that different
ways to calculate projection length leads to the same qualitative
results.16

The advantage of projection length is that it offers a consistent
means to compare different types of conformational investiga-
tions, such as light scattering and viscosity studies. It is
important to note, however, that it is obtained from global
quantities, and it would be a mistake to try to interpret the
projection length as a representation of the local chain behavior.
This is also the reason why the wormlike chain model can be
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used, despite the fact that real molecules are not wormlike,
especially not polyelectrolytes. In the experimental context,
projection length should be regarded as an operational definition.

Experimental investigations of how the persistence length (or
a convertible quantity, such as radius of gyration) changes with
added salt can be divided into two groups. Stiff molecules, such
as DNA, show agreement with OSF theory,18-20 which may be
expressed as a quadratic dependence on the Debye screening
length. Flexible molecules, on the other hand, yield an electro-
static contribution to the persistence length that is linear in the
screening length.21-26 The latter result has also been the
conclusion of many simulations measuring the projection
length.15,16,27-29 More recent simulations have shown that the
linear dependence is coupled to excluded-volume effects,17,30,31

i.e., the effects of the chain being able to bend back on itself,
causing occasional interactions between distant parts of the
chain. On the scale of the conformational fluctuations, these
interactions may be treated as short-ranged and on average be
represented by a localized volume, which is how excluded-
volume theory treats interactions. On the other hand, on the
local scale along the chain, electrostatic interactions may still
be long-ranged in the sense that they cover several monomeric
units.

There have been attempts to include an excluded-volume
treatment into the analysis of the experimental results. In light
scattering experiments, “corrected” persistence lengths have
been obtained through excluded-volume theory without explicit
consideration of electrostatic interactions by using the measured
second virial coefficient to extract an underlying wormlike chain
from the radius of gyration32 or fitting the intramolecular
scattering function to a theoretical expression for a wormlike
chain with excluded-volume effects.3,33,34

Electrostatic interactions have been included by combining
OSF theory with excluded-volume theory,22,23,25-27,35 as orig-
inally suggested by Odijk and Houwaart.36 Knowing the relevant
parameters makes it possible to calculate the radius of gyration
directly without fitting and compare it to the experiments. The
latter approach has also been tested by simulations,27,37,38which
show similar trends in the comparison as the experimental
results. Although it is possible to get decent agreement with
parameters obtained independently, the connection to the local
chain behavior is still not completely understood. While the
Odijk-Houwaart approach allows for the conceptual separation
of long-range electrostatic interactions along the chain and an
excluded-volume treatment on a larger scale, it is still subject
to the OSF requirement that the molecule is intrinsically stiff,
which has been analyzed by Barrat and Joanny.39 Simulations
of flexible molecules have shown that, by removing the
excluded-volume interactions in a regime where they would
otherwise be present, the chain behavior does not agree with
the OSF result.17 In other words, the Odijk-Houwaart approach
does not work as a general explanation for deviations from the
OSF prediction.

The radius of gyration of somewhat hydrophobic polyelec-
trolytes has been well fitted40 by the theory of Muthukumar,41,42

which follows in the tradition of variational calculations based
on the freely jointed chain, first applied to polyelectrolytes by
Kuhn, Künzle, and Katchalsky.43,44 In its simplest form, this
type of calculation is known as the Flory approach.45,46 Even
more advanced variational calculations based on the freely
jointed chain and screened Coulomb interactions tend to give
the same result as the Flory approach for the projection length,17

i.e., a linear dependence on screening length in the absence of
excluded-volume effects or a weaker dependence with a power

law exponent of 0.8 instead of 1 when the screened Coulomb
interactions are treated as a localized volume as in traditional
excluded-volume theory. The theory of Muthukumar retains a
more complex form, but in the limit of a chain extended only
by screened Coulomb interactions it also gives the latter result.
This is in line with the experimental results of Beer et al.,40

who see a weaker dependence on the screening length for their
hydrophobic polyelectrolytes than usually reported, with expo-
nents corresponding to powers between 0.6 and 0.96. However,
if we accept a power of 1 as the general result for polyelec-
trolytes without hydrophobic interactions, as seen in experiments
and simulations, and that this is a result of excluded-volume
effects, the conclusion is that variational calculations based on
the freely jointed chain give the correct behavior in the absence
of the central effect, while as an excluded-volume treatment,
they give a slightly weaker dependence on the screening length,
at least in the Flory limit. A problem with most theories is that
they end up using a single parameter to describe the confor-
mational behavior on all length scales, which is acceptable in
the rod limit but not for flexible polyelectrolytes.17 The
limitations of the usual variational approach have also been
discussed by Manghi and Netz.47 Beer et al. also tested the
Odijk-Houwaart approach in an appendix and concluded that
the fit was good, but for unrealistic parameters.

In other words, the theoretical treatment of excluded-volume
effects is a complex matter that needs to be studied carefully,
and we will not venture further into this discussion here. The
operationally defined projection length, as discussed above, is
more straightforward and sufficient for comparing our results
with previous investigations.

The purpose of the present study is to examine the salt effect
on the conformational behavior of giant DNA with a number
of segments well above 100 kilobase pairs (kbp). Here the focus
is on T4 DNA as a very large polyelectrolyte. However, in the
long run, we expect that unraveling the fundamental physico-
chemical properties of giant DNA will contribute to an
understanding of the relationship between the structure and
function of genomic DNA, although the results presented here
only represent a small step in that direction.

2. Methods

2.1. Sample Preparation.The DNA used was bacteriophage
T4 DNA (165.6 kbp, Nippon Gene), dissolved in an aqueous
solution with a fluorescent dye, at various concentrations of NaCl
(1 × 10-6-3 M). The dyes used were DAPI (4,6-diamidino-2-
phenylindole, Wako Pure Chemical Industries, Ltd.) and YOYO-1
(quinolinium, 1,1′-[1,3-propanediylbis[(dimethyliminio)-3,1-pro-
panediyl]]bis[4-[(3-methyl-2(3H)-benzoxazolylidene)methyl]]-, tet-
raiodide, Molecular Probes, Inc.). DAPI can be used for DNA
observation even at extremely high concentrations of salt, but we
could not observe DNA molecules with DAPI at salt concentrations
below 10-4 M. YOYO-1, on the other hand, enabled the low-salt
observations but could not visualize DNA at the higher salt
concentrations.

For one set spanning higher concentrations of NaCl (1× 10-4-
3 M), DNA was diluted to a final concentration of 100 nM in
nucleotides and stained with 100 nM DAPI. The DNA solutions
were gently mixed and observed after 10 min. For the other set
with lower salt concentrations (1× 10-6-1 × 10-2 M), the final
concentration of DNA was designed to be extremely dilute, 1 nM
in nucleotides, to prevent overlapping of DNA molecules, as they
were several times more extended at conditions of low salt than at
high. Here we used 0.1 nM YOYO-1 instead of DAPI. YOYO-1-
stained DNA samples were prepared by diluting the stock solution
with aqueous NaCl solutions or Milli-Q water and were observed
after 10 min. The composition of the stock solution, which was
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allowed to equilibrate for at least 12 h at 4°C, was 100 nM T4
DNA in nucleotides, 10 nM YOYO-1, and 1× 10-5 M NaCl.

2.2. Fluorescence Microscopic Observation.Single DNA
molecules were observed by fluorescence microscopy (FM) using
a Carl Zeiss microscope, Axiovert 135 TV, equipped with a high-
magnification (100×) or a low-magnification (40×) oil-immersion
objective. The 100× objective was mainly applied to detailed
observations of the relatively compact DNA molecules at the higher
salt concentrations, whereas we predominantly used the 40×
objective in order to capture the whole conformation in a clear
manner for the more extended DNA molecules at low salt
concentrations.

Real-time fluorescence images were recorded on videotape
through a highly sensitive Hamamatsu EB-CCD camera and an
image processor Argus 10 (Hamamatsu Photonics). Because of the
relatively low time resolution and high sensitivity of the camera,
the Brownian motion leads to a blurring effect, as is schematically
shown in Figure 1.5 FM observations of DNA free in solution were
carried out at room temperature (21( 1 °C). By putting a large
quantity of sample solution on the glass, as shown in Figure 2, we
could make the bulk conditions independent of the surface, and to
avoid direct interactions, DNA was measured at least 50µm away
from the surface. To clean the surface, the glass microscope slides
were baked in an electric oven for 1 h at 500°C before observation.
It was found that DNA never attached to the glass surface when
using this procedure. After acquiring DNA images, they were
analyzed with a Cosmos image processor (Library Inc.). The long-

axis length,Llong, defined as the longest distance in the outline of
a DNA image (Figure 1), was measured on 50 randomly chosen
DNA molecules under fixed conditions, which also meant a random
sampling of three-dimensional orientations, projected onto the two
dimensions of the image.

To confirm the contour length of DNA molecules at each salt
concentration, individual DNAs were attached to a silanized glass
surface and stretched by flow. The silanization of the glass was
performed as follows. The baked glass was soaked in 1% (v/v)
N-trimethoxysilylpropyl-N,N,N-trimethylammonium chloride in
methanol at room temperature for 1 h, washed with methanol, and
baked in an electric oven for 2 h at 120°C.

2.3. Monte Carlo Simulations. Chains with 1000 monomers
joined by 0.3 nm long rigid bonds were simulated using the
traditional Metropolis algorithm48 to investigate correlations between
the long-axis length and other conformational parameters. Three
different models were used: a freely jointed chain, a freely rotating
chain with fixed bond angles, and a charged freely jointed chain.
The conformational sampling was performed with a pivot algo-
rithm,49,50where trial conformations were obtained by dividing the
chain into two parts around a randomly chosen bond. All monomers
on one side of the bond were given a random rotation within a full
circle with the bond as the rotation axis for the freely rotating chains
and with a random rotation axis for the freely jointed chains.

In the charged chains, the monomers interacted through a
screened Coulomb potential

whereR is the degree of ionization of a charged site,kB Boltzmann’s
constant, andT is the temperature.lB ) e2/(4πεrε0kBT) is the
Bjerrum length, withebeing the elementary charge,εr the dielectric
constant of the solution, andε0 the permittivity of vacuum. When
the polyelectrolyte is infinitely diluted and only monovalent ions
are present, the ionic strength can be expressed as the concentration,
Cs, of added 1:1 salt, and the Debye screening parameter can be
written as

whereNA is Avogadro’s number.κ-1 is known as the screening
length and represents the range of the (screened) electrostatic
interactions. The simulations were performed withR ) 1, T ) 298
K, and a dielectric constantεr ) 78.3 corresponding to water at
room temperature, which giveslB ≈ 0.716 nm. The screening
parameter is expressed in terms of concentration of added salt
through eq 2, and values in the rangeCs ) 0-0.1 M were simulated.

The long-axis length,Llong, was sampled by projecting a
conformation on a randomly oriented plane and finding the largest
monomer-monomer separation on the plane. The radius of
gyration,RG, was calculated according to its definition:

whereN is the number of monomers,xi andxcm are the coordinates
of monomeri and the center of mass, respectively, and〈...〉 denotes
an ensemble average. The long-axis length and the radius of
gyration were averaged over simulations with 5× 107 pivot moves
for charged chains and 5 times longer for uncharged chains (because
the latter simulations were so quick anyway) after equilibration for
5 × 104 and 1× 105 pivot moves, respectively.

3. Results

Figure 1 shows the fluorescence images of DNA molecules
at different concentrations of NaCl. At the lowest salt concentra-
tion (1 µM NaCl, Figure 1A), DNA molecules take expanded
conformations. With an increase in the salt concentration, the

Figure 1. Fluorescence images of single T4 DNA molecules in the
bulk solutions at (A) 1µM, (B) 100 µM, (C) 10 mM, and (D) 3 M
NaCl (left panel). Schematic representations of the conformation of
the DNA molecules (right panel). The fluorescent dyes used to stain
DNA are YOYO-1 (A, B) and DAPI (C, D).

Figure 2. Schematic diagram of the experimental setup. The solution
depth is about 5 mm.
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conformations tend to shrink and become more dense. As
mentioned above, we used two fluorescent dyes, DAPI and
YOYO-1. DAPI binds to DNA in the minor groove and is
known to have a minimal effect on the DNA conformations,
whereas intercalators such as YOYO-1 increase the contour
length.51 In the present study the longest contour lengths of DNA
with DAPI and YOYO-1 were 58 and 65µm, respectively,
which may be compared to 56µm calculated from the helical
rise of canonical B-DNA, 0.34 nm.52-54 The previous measure-
ments of the contour length of T4 DNA with DAPI produced
a maximum value of 57µm,51 in close agreement with our result.

The results for the long-axis length,Llong, at different
concentrations of NaCl are given in Table 1. The average values
of Llong are also plotted in Figure 3. Figure 4 shows the measured
distributions. The results were obtained from measurements of
50 molecules at each condition, which means that the estimated
standard deviation of the mean value ofLlong is a factor ofx50
≈ 7.1 smaller than the standard deviation obtained for the
distribution, which is given in Table 1. With an increase in the
concentration of NaCl, the spatial extension of DNA decreases.
However, beyond the physiological salt concentrations, above
100 mM, the spatial size of DNA does not show significant
change; i.e., in this region the salt effect on the extensity of
DNA becomes “saturated”. At intermediate salt concentrations,
0.1-10 mM NaCl, we observed DNA molecules using both
DAPI and YOYO-1. In each case, the value ofLlong with
YOYO-1 was a bit larger than with DAPI, which probably
reflects the increased contour length caused by the intercalator.
At the lower salt concentrations, the width of theLlong

distribution tends to increase.
Figure 5 shows the results of the time trace and the

distribution of Llong for a single DNA molecule at two
concentrations of NaCl, 1µM and 1 M. The time averages of
Llong are 14.38 and 2.20µm, respectively. The standard

deviations based on 100 data points from each time trace shown
in the figure are 1.49 and 0.564µm, respectively, indicating
that the time-dependent fluctuation, i.e., the intrachain Brownian
motion, is significantly larger for the specimen at the lower salt
concentration.

4. Discussion

4.1. Caveats for Low Ionic Strengths.The measurements
at the lowest ionic strengths are associated with a number of
uncertainties, beside the large conformational fluctuations. Since
no buffer is added in the preparation of the stock solution or
samples, CO2 from the air is likely to acidify the solution. A
rough estimate for a solution fully equilibrated with CO2 from
the air at normal conditions yields a pH around 5.6, correspond-
ing to an ionic strength on par with the smallest additions of
NaCl. The filled squares in Figure 3 show how the results shift
if this pH is included in the ionic strength (treated as extra added
salt). Considering the small volume of the sample under the
microscope, saturation by CO2 is feasible but not guaranteed.
Leakage of sodium ions from the glassware may also contribute
to the ionic strength at the lowest NaCl concentrations, while
ionic species from the DNA stock solution are so dilute that
they can be ignored.

There are also questions about the state of DNA itself. For
salt-free DNA solutions, denaturation has been found to occur
at DNA concentrations on the order of 10-4 M.55-58 At these
concentrations, DNA can be stabilized by about 10-4 M salt.57,58

Thus, in our case, where the DNA concentrations are lower,
we could expect some denaturation to occur at least below 10-4

M concentrations of added NaCl. On the other hand, the dye,
which binds to DNA, may counteract the denaturation, especially
YOYO-1 used at the lowest salt concentrations, which is an
intercalator. No direct evidence of denaturation was observed,
although there could still be limited local tendencies.

These considerations suggest that the results for the lowest
ionic strengths should be taken with a grain of salt.

Figure 3. Long-axis length as a function of the concentration of added
NaCl using YOYO-1 (filled circles) and DAPI (open circles). Also
shown are values shifted to correspond to the ionic strength assuming
a pH of 5.6 (filled squares).

Figure 4. Distribution of long-axis length at various concentrations
of added NaCl. Each point for YOYO-1 (left panel) and DAPI (right
panel) represents a data interval of 2 and 1µm, respectively.

Figure 5. Time traces of the long-axis length of T4 DNA molecules
together with the data collected as a histogram for (a) 1µM and (b) 1
M NaCl solutions. The time interval is 1/10 s.

Table 1. Long-Axis Length, L long, with the Standard Deviation of the
Distribution in Parentheses and Persistence Length,lp, at Different

Concentrations,Cs, of Added NaCl for Measurements with YOYO-1
and DAPI as the Fluorescent Probe

Llong/µm lp/nm

Cs/M YOYO-1 DAPI YOYO-1 DAPI

1 × 10-6 14.23 (4.15) 1609
1 × 10-5 9.78 (4.19) 730
1 × 10-4 6.55 (1.37) 6.02 (1.17) 321 304
1 × 10-3 4.06 (1.30) 3.96 (0.924) 122 131
1 × 10-2 3.02 (0.919) 2.83 (0.720) 67.6 66.5
1 × 10-1 2.37 (0.772) 46.6
1 × 100 2.19 (0.727) 39.8
3 × 100 2.04 (0.588) 34.5
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4.2. Conformational Behavior.In the experiments, we have
measured the long-axis length,Llong, in a two-dimensional
projection. To make the results comparable to theory and
experiments in general, we need to establish a connection to
more common conformational measures, such as end-to-end
distance,Ree, and radius of gyration,RG. It might be tempting
to equate the long-axis length with a projection of the end-to-
end distance, but for a flexible chain, the longest intramolecular
distance is not necessarily between the ends.

We have performed a series of simulations of chains with a
large range of stiffness, from freely jointed chains to nearly
rodlike, and calculated the average values of the different
conformational measures in each case. It turns out that the long-
axis length measured on an arbitrary plane is strongly correlated
to the radius of gyration with a ratioRG/Llong of about 0.4 (see
Table 2).

Note that the internal behavior of the charged chains is rather
complex with several relevant length scales, but the overall
behavior reflected by the ratio of global quantities, such asRG

andLlong, is consistent with the simpler models. The results are
therefore assumed to be model independent and also applicable
to DNA.

The radius of gyration can be related to a persistence length,
lp, via the expression for a wormlike chain

which for very long chains (L . lp) becomes

Thus, using the proportionality betweenLlong andRG, the former
can be transformed into a persistence length by rearranging eq
4 and solving for lp iteratively. As was discussed in the
Introduction, the result is a projection length, which should not
be confused with any of the other three basic definitions of
persistence length.15 In particular, the fact that the wormlike-
chain model has been used does not mean that the DNA
molecule can be regarded as wormlike. On the contrary, the
projection length includes the deviations from that behavior.
The point of the procedure is that it makes our results
comparable to other experiments where a global quantity has

been transformed into a persistence length using an expression
obtained for a wormlike chain, which is a very common
approach. The results also become comparable to simulation
studies reporting the projection length.

The calculation oflp requires a known contour length, and
we used the observed values of 58 and 65µm for measurements
with DAPI and YOYO-1, respectively. The difference in contour
lengths compensates for the systematic differences in long-axis
length and, unlike the latter, the persistence length is not
consistently larger for YOYO-1 compared to DAPI, as can be
seen in Table 1.

In the theory of Odijk13 and Skolnick and Fixman14 (OSF),
the total persistence length may be expressed as the sum of an
intrinsic part and an electrostatic part

For very long chains, they obtained

whereb is the contour distance between neighboring sites. We
can express the OSF result as the electrostatic persistence length
depending quadratically on the screening length or, equivalently,
given eq 2, being inversely proportional to the salt concentration.

The behavior predicted by OSF theory has been observed
for rather stiff molecules,18-20 with DNA being a typical
example. However, the big question has been if it also applies
to flexible chains. Experiments have reported electrostatic
persistence lengths with a linear dependence on the screening
length,21-26 instead of the quadratic behavior of OSF theory.
This has also been the conclusion of many simulations measur-
ing the projection length.15,16,27-29 More recent simulations have
shown that the linear dependence is coupled to excluded-volume
effects,17,30,31 i.e., the effects of the chain being able to bend
back on itself, causing occasional interactions between distant
parts of the chain.

Thus, the next step is to investigate if the persistence length
displays a power-law behavior with respect to the salt concen-
tration. If we say that the projection length consists of an
intrinsic part, lp,0, independent of the ionic strength, and an
electrostatic part with a power-law dependence on the salt
concentration,Cs, it can be written as

whereA contains the dependence on the other system param-
eters. Note that the second term in eq 8 contains all deviations
from the intrinsic behavior, including excluded-volume effects,
which also have an electrostatic component. By plotting log(lp
- lp,0) vs log Cs, we get the powerw, while lp vs Cs

-w can be
extrapolated to to yieldlp,0 at Cs

-w ) 0. This can be done
iteratively to obtain a consistent set of values, and the result of
the fitting wasw ) 0.493( 0.015 andlp,0 ) 37.0 ( 5.6 nm
when excluding the two lowest concentrations of added salt
because of the large uncertainties (see section 4.1). In the
logarithmic plot, the highest salt concentration is also excluded
because the persistence length at 3 M is 34.4 nm, which is less
than 37.0 nm, and the difference is negative. The fitted value
of A is 2.94( 0.12.

The two resulting plots with the regression lines are shown
in Figure 6. It is interesting to note that the value atCs ) 10-5

M is quite close to the line, although it was not used in the

Table 2. Ratio between the Radius of Gyration and the Long-Axis
Length, RG/L long, in Simulations with Resulting Shape Factors,

Ree
2/RG

2, Ranging from 6 (Freely Jointed Chain) to 12 (Rigid Rod)a

Ree
2/RG

2 RG/Llong γ (deg) R Cs/M

6.0 0.36 90 0
6.0 0.37 140 0
6.2 0.39 160 0
6.4 0.40 167 0
6.6 0.40 130 1 0.1
7.2 0.41 172 0
7.7 0.41 139 1 0.01
8.6 0.41 175 0

10.5 0.39 144 1 0.001
11.7 0.37 150 1 0.0
12.0 0.37 180 0

a Apart from the case with the bond angleγ ) 90°, which is the result
for a freely jointed chain, the simulation results are either for uncharged
chains (R ) 0) with fixed bond angles or charged chains (R ) 1) with
screened Coulomb interactions corresponding to salt concentrations,Cs,
ranging from 0 to 0.1 M. For the freely jointed chain and the charged chains,
γ is the average bond angle. The rigid-rod result was obtained analytically.
The chains were composed of 1000 monomers with bond lengths of 0.3
nm.

RG
2 )

lpL

3
- lp

2 + 2
lp

3

L
- 2

lp
4

L2
(1 - e-L/lp) (4)

RG
2 )

lpL

3
(5)

lp ) lp,0 + lp,e (6)

lp,e )
R2lB

4κ
2b2

(7)

lp ) lp,0 + A

Cs
w

(8)
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fitting. The “correction” assuming a pH of 5.6 brings it even
closer, while atCs ) 10-6 M, the “correction” overshoots.
However, it shows that with an adjusted interpretation of ionic
strength the power-law behavior seen at higher salt concentra-
tions may actually be valid also at the lowest ionic strengths,
although the general uncertainty and the risk of local DNA
denaturation (see section 4.1) make this a somewhat shaky
statement.

The powerw ) 0.493 shows that electrostatic persistence
length is more or less inversely proportional to the square root
of the salt concentration, which is equivalent to a linear
dependence on the screening length. This is the expected
behavior for a flexible polyelectrolyte in a regime where
excluded-volume interactions are important.17,30,31 Since the
contour length of T4 DNA is very long compared to the
persistence length, this is indeed the behavior that the molecule
would be expected to have. Also looking at Figure 1, it is clear
that excluded-volume interactions should have a significant
effect, even at the lowest concentration of added salt.

The figure also illustrates another important point. A differ-
ence between a wormlike chain and a charged chain is that the
latter has different behavior on different length scales, where
the short-range behavior represents a more flexible chain than
the long-range, as has been demonstrated in simulation
studies,15-17 and can also be seen in Table 2 as smaller bond
angles for the charged chains than the freely rotating chains at
the same degree of global extension or shape factor. It is one
of the fundamental reasons why different definitions of persis-
tence lengths give different results for self-interacting chains.
The separation of length scales is also the basis of the blob
model,46,59which assumes that the chain is unperturbed at short
range, while electrostatic effects are seen in the long-range
behavior as a rescaled chain. In Figure 1, the image taken at 1
µM added NaCl clearly shows the difference in local and global
behavior. While there on average may be a persistent direction

over large parts of the molecule, there are many twists and turns
on a shorter length scale.

The value for the intrinsic persistence length,lp,0 ) 37.0 nm,
is significantly lower than the commonly quoted value of 50
nm.1-4 On the other hand, our value is in the range found by
Porschke60 and also in agreement with results of Borochov,
Eisenberg, and Kam.32,34In the case of the latter, the low value
has been attributed to an excluded-volume treatment,1 but
preliminary studies of our own indicate that the results cannot
be dismissed that easily. This will be discussed in more detail
in a future communication.

We have ruled out the possibility that the dye molecules are
responsible for a change in DNA stiffness leading to the
deviation of lp,0 from the established value. We base this on
the observations of Matsuzawa and Yoshikawa (MY).51 They
investigated the binding of DAPI to T4 DNA and its influence
on the persistence length by changing the bulk concentration
of the dye. DAPI was the dye used at the high salt concentrations
where we observed somewhat short persistence lengths. Using
the results of the binding studies of MY, we calculate the amount
of bound DAPI to 0.017 molecule per nucleotide. At this value,
the persistence length curve obtained by MY shows a slight
increase rather than a decrease, as can be expected from a groove
binder when electrostatic interactions can be neglected. YOYO-
1, used at low salt concentrations, does affect the chain and
extends the contour length to some degree, but this is compen-
sated for in the calculation of projection length by the measured
contour length. The effects of YOYO-1 could in principle
influence the power law, but the fitting only includes YOYO-1
data at salt concentrations where the results can be compared
to DAPI measurements and the two sets are consistent. Thus,
we do not expect the dyes to have any impact on the general
conclusions. The fact that similarly low values oflp,0 have also
been obtained with other techniques lends further support to
the idea that the dye molecules are not the cause.

5. Conclusions

Fluorescence microscopy measurements were performed on
individual giant double-stranded T4 DNA molecules at a wide
range of added NaCl, 1× 10-6-3 M. To make the results
generally comparable to theory and to other experiments, a
connection had to be made between the measured long-axis
lengthLlong and a more common property. Simulations showed
thatLlong is correlated to the radius of gyrationRG with an almost
constant ratioRG/Llong ≈ 0.4 for models ranging from freely
jointed chains to rigid rods. The radius of gyration, in turn, can
be expressed as the persistence length of an effective wormlike
chain, even if the chain is not wormlike. Defined this way, the
resulting persistence length is a projection length.

Under the assumptions that the electrostatic contribution to
the persistence length is additive and that all electrostatic effects,
including excluded-volume effects, can be described by a simple
power law in the salt concentration, we find an intrinsic
persistence length of 37.0 nm and an electrostatic persistence
length almost inversely proportional the square root of to the
salt concentration (lp,0 ∼ Cs

-0.493), which is the same as linearly
dependent on the screening length. This intrinsic persistence
length is significantly shorter than the usually quoted value of
50 nm, but as an experimental result, this is not unique. The
linear dependence on the screening length is consistent with
the behavior of a polyelectrolyte influenced by excluded-volume
effects, i.e., occasional interactions between distant parts of the
chain. Since T4 DNA is very long, it is reasonable that such
effects are important, and the fluorescence images also confirm

Figure 6. Persistence length as a function of the concentration of added
1:1 salt (a) as a log-log plot and (b) as a power law to determine the
parameters of eq 8. The graphs show the results for the final choice of
lp,0 ) 37.0 nm andw ) 0.493 with the solid lines showing the result
of the linear regression forCs ) 10-4-1 M andCs ) 10-4-3 M for
the logarithmic (a) and power-law (b) plots, respectively. The inset in
(b) is the same graph, but with extended axes to include the points
omitted in the fitting. YOYO-1 data are represented by filled circles
and DAPI data with open circles, while filled squares are values shifted
to correspond to the ionic strength assuming a pH of 5.6.
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that the overall flexibility is high enough, even at the lowest
salt concentration.
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