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ABSTRACT: The distribution of metal counterions binding onto the oppositely charged
surface of a model polyelectrolyte, namely, DNA, was characterized by conducting
fluorescence quenching experiments. In these experiments, DNA was used as a molecular
ruler to measure the average distance (dy,) over which electron transfer takes place
between DNA-intercalated ethidium bromide (DNA-EB) and the electrostatically bound
divalent metal cations Ni** and Cu®'. Analysis of the fluorescence decays of DNA-EB
quenched by Cu®** and Ni*" with the fluorescence blob model showed that dy;,;, was equal
to the Debye length (k™'). This surprisingly simple result considering the overall
complexity of the system under study led to the straightforward proposal that counterions

bind to a polyelectrolyte by distributing themselves randomly into an array of self-defined
subdomains of dimension x*. In turn, this insight can be utilized to rationalize the complex behavior of polyelectrolytes in

aqueous solution.

B INTRODUCTION

Strong, long-range electrostatic forces impart polyelectrolytes
with unique properties that are harvested by nature and
humankind in a bewildering array of applications. The
compaction of meter-long chromosomal DNA into a
chromosome territory in the cell nucleus of only a few
micrometers in diameter,' the self-association of DNA with
cationic surfactants into lipoplexes used for gene delivery,” the
layer-by-layer deposition of polyelectrolytes bearing opposite
charges to create novel sensors,” and the alternate reduction
and oxidation of polyelectrolytes to generate the actuating parts
of micrometer-sized robots* are all examples of applications
resulting from strong electrostatic interactions with polyelec-
trolytes. Because of their importance in numerous areas of
science, the characterization of the electrostatic forces induced
by polyelectrolytes and their effect on the surrounding
population of oppositely charged species has been and
continues to be the focus of intense research, as a number of
recent reviews attest.”””

Since many of the applications involving polyelectrolytes
revolve around the massive compaction experienced by the
polyelectrolyte upon its condensation with counterions,
numerous theoretical and experimental studies have aimed at
defining the conditions that lead to condensation.’” These
conditions are typically obtained by considering the electro-
static potential y(r) generated by the polyelectrolyte to which
the counterions located at a distance r away from the axis but
still in the vicinity of the polyelectrolyte are subjected.
Application of the Poisson—Boltzmann approximation yields
ay(r) that decays more or less exponentially with the distance r
away from the main axis of the closed surface defined by the
polyelectrolyte charges and becomes negligible for distances r >
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5k7!, where k7! is the Debye length.’ Over 40 years ago,
Manning successfully applied these theoretical procedures to
predict the fraction of polyelectrolyte charges that are
neutralized by counterions in solution,"* and these procedures
continue to be improved to provide better characterizations of
the effective charge of a polyelectrolyte."*'* These procedures
have been exploited to provide a detailed description of y(r,,
z), where r, and z represent the distances corresponding to the
locations at and along the main axis of the polyelectrolyte
surface, respectively.lé More recently, the condensation of
counterions into discrete periodic arrays along the DNA helix
has been demonstrated mathematically'”'® for dense systems
involving close-range interactions between DNA helices to
rationalize the collapse of polyelectrolytes in the presence of
counterions'® and the attractive DNA—DNA interactions that
are observed in DNA aggregates” and dense lipoplex
complexes of DNA and cationic lipid membranes.”’ In the
case of DNA helices in dilute solution, a schematic
representation of y(r) is given in Figure 1A using DNA as a
model polyelectrolyte, while the interactions between counter-
ions subject to y(r,, z) are schematically depicted in Figure 1B.
The y(r,, z) profile along the main axis of the polyelectrolyte
surface can be used to describe the spatial distribution,
correlations, and dynamics of counterions at the polyelectrolyte
surface, which have been recognized as being extremely
important to rationalize the behavior of polyelectrolytes.® For
instance, such considerations were invoked to explain the
formation of counterion charge density waves at the surface of
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Figure 1. Representations of (A) the decay of the electrostatic potential y/(r) as a function of the distance r from the polyelectrolyte surface, (B) the
electrostatic interactions controlling the distribution of counterions at the polyelectrolyte surface resulting from y(r, z), and (C) the
compartmentalization of the polyelectrolyte into blobs according to the fluorescence blob model. DNA-EB (oval shape) is intercalated at the center
of the DNA duplex.*” Inside a blob, DNA-EB is quenched by metal cations M?* with a rate constant ki, while M?* cations exchange between blobs

with a rate constant k,.>’

F-actin filaments that promote their self-aggregation into
bundles.”

While many experimental procedures have been imple-
mented to provide information about (r) by determining the
fraction of polyelectrolyte ions that are paired with counter-
ions”® or the comgosition of the ionic atmosphere surrounding
a polyelectrolyte,* a much smaller number of experiments exist
that describe y(r,, z) by directly probing the lateral distribution
of counterions at the polyelectrolyte surface. With this in mind,
this study presents a robust experimental procedure that
provides the first measure of the length scale over which y(r,,
z) affects the distribution of metal cations bound to DNA.
DNA was chosen as a model polyelectrolyte to take advantage
of the well-established relationship relating the length of a DNA
scaffold with the number of base pairs (bp) that constitute it.
Fluorescence spectroscopy was used to monitor the process of
electron transfer that is known to take place from an excited
ethidium bromide intercalated in DNA (DNA-EB) to Cu®* and
Ni** metal cations electrostatically bound to the DNA
phosphates® and to determine the length scale over which
metal cations distribute themselves around DNA. However, it
must be noted that since the rate constant for electron transfer
(kgr) depends on the distance between the electron donor and
the electron acceptor,”* "> using electron transfer to probe the
distribution of metal cations randomly distributed around an
excited DNA-EB represents a challenging task because the
multiple distances separating each pair of DNA-EB and DNA-
bound metal cation result in a distribution of kgp values>™*
which complicates the analysis of the fluorescence data. The
introduction of metal—ligand complexes that can be covalently
attached to specific positions of a DNA helix has provided an
elegant means to control the distance over which electron
transfer occurs.”®”*7*~>* Unfortunately, this powerful proce-
dure would have been of little use in the present study, which
aimed to probe the process of electron transfer between DNA-
EB and metal cations randomly distributed along the DNA
helix. In this case, the fluorescence blob model (FBM)
introduced by this laboratory in 1999 to probe the internal
dynamics of randomly labeled linear polymers was used,***¢ as
it has been shown to handle the complex kinetics induced by a

distribution of kg values for electron transfer between DNA-
EB and DNA-bound metal cations.”’

Through the use of the FBM, the average distance over
which electron transfer between an excited DNA-EB and DNA-
bound metal cations occurs was found to equal the Debye
length. The simplicity of this result should prove valuable to
scientists interested in characterizing the complex behavior of
polyelectrolytes, be they of biological or synthetic origin. As a
case in point, this result was applied to rationalize the
conformational changes undergone by a polyelectrolyte as a
function of polyelectrolyte concentration and salt concen-
tration.

B RESULTS

Probing Electrostatic Interactions in DNA by Fluo-
rescence Spectroscopy. The more than 10-fold enhance-
ment in fluorescence lifetime and quantum yield experienced by
ethidium bromide (EB) upon intercalation in DNA makes EB a
well-suited marker to probe photophysical processes taking
place at the DNA surface. Furthermore, excited DNA-EB has
been reported to undergo efficient quenching upon oxidation
by nearby Cu?* or Ni?* cations.”® Consequently, the quenching
of DNA-EB by metal cations bound to the DNA phosphates
provides a convenient means to probe the distribution of metal
cations bound to the DNA surface. As was previously
demonstrated,®” the random distribution of quenchers around
the polyelectrolyte backbone and the associated distribution of
quenching rate constants can be readily handled by applying
the FBM to the analysis of the fluorescence decays acquired for
aqueous solutions of DNA-EB and metal cations.

The FBM was introduced in 1999 to account for the complex
kinetics induced by the formation of excimers between pyrene
pendants randomly attached to a linear polymer.>> The FBM
acknowledges that the motion of an excited pyrene is restricted
inside the polymer colil, as it needs to drag the chain segment to
which it is covalently attached through the congested interior of
the polymer coil. By recognizing that a pyrene probes a finite
volume of the polymer coil called a blob while it remains
excited, the polymer coil can be divided into a cluster of blobs
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Figure 2. (A) Fluorescence spectra and (B) fluorescence decays of 1.36 mM calf thymus DNA solution with a NiCl, concentration ranging from
(top to bottom) 0 to 5.09 X 10™* M. (C) Corresponding Stern—Volmer plots obtained from steady-state (4) and time-resolved (<) fluorescence
(Aex = 340 nm, A, = 605 nm). (D) Plot of (n) vs Ni** concentration for DNA concentrations of 0.3 (), 0.45 (<), 0.76 (A), 1.05 (A), and 1.36
mM (H). (E) Plots of reciprocals of slopes of plots analogous to (D) vs DNA concentration with Na,SO, concentrations of 3 X 1072 (<>), 2 x 10~
(#), 125 x 1072 (A), 5 x 1072 (0), and 5 x 107* M (M). In (A-D), [EB] = 1 X 10™° M and [Na,SO,] = § X 107 M.

among which the pyrenes randomly attached onto the polymer
chain distribute themselves randomly according to a Poisson
distribution. The time dependence of the concentration of
excited pyrenes undergoing excimer formation can be derived
by using mathematical procedures developed to handle
identical kinetics taking place in micellar systems.*® These
derivations result in eq S2 in the Supporting Information
(S1).357%8 Although the FBM was originally introduced to
probe the dynamics of flexible polymers,*>>® where a blob
made of a flexible polymer segment reflected de Gennes’
definition of a polymer blob,” the same FBM has also been
applied to study rigid double-stranded DNA®” and a-helical
poly(L-glutamic acid).*>®" In these examples, a blob represents
a rigid segment of a polynucleotide®” or polypeptide®®®" over
which a photophysical process of interest such as electron
transfer or pyrene excimer formation occurs. In the case of
these rigid polymeric constructs, where a blob represents the
cylinder surrounding a helical segment, the FBM refers more to

16793

the general eq S2 in the SI rather than to de Gennes’ original
definition of a blob. In the case of quenching of DNA-EB via
electron transfer to a metal cation, a blob represents a
cylindrical volume centered around the stretch of DNA over
which electron transfer takes place (see Figure 1C).

Figure 2A shows the fluorescence spectra of solutions of
DNA-EB containing 1.36 mM DNA and 5 X 10™* M Na,SO, as
increasing amounts of Ni*" are added to the solution.
Quenching by electron transfer is evident from the pronounced
decrease in fluorescence intensity. The decrease in fluorescence
intensity can be qualitatively described in terms of the ratio I/,
where I, and I represent the fluorescence intensities of DNA-
EB without and with metal cations, respectively. The
fluorescence decays were acquired for each solution, as
shown in Figure 2B, and they exhibited an increased curvature
at early times as more Ni** was added. The curved nature of the
decays in Figure 2B reflects the distribution of quenching rate
constants resulting from the random binding of the Ni** cations
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onto DNA. The decays were first fit with a sum of exponentials
according to eq S1 in the SI to determine the number-average
decay time (7), and a measure of the quenching efficiency
probed by time-resolved fluorescence measurements could be
obtained from the ratio (r)./(r), where (), is the number-
average lifetime of DNA-EB in the absence of metal cation.
Plots of the ratios I,/I and (7),/{z) as functions of Ni**
concentration (Figure 2C) display an upward curvature similar
to that observed for surfactant micelles,** which supports the
notion that fluorescence quenching of DNA-EB via electron
transfer occurs within a constrained geometry, as required for
the application of the FBM to the analysis of the fluorescence
decays.

Fitting the fluorescence decays in Figure 2B using eq S2 in
the SI gave the average number of quenchers per blob, (n),
which is plotted in Figure 2D as a function of Ni**
concentration for all DNA concentrations used at a Na,SO,
concentration of 5 X 107 M. According to eq S4 in the SI, the
parameter (n) represents a direct measure of the fraction of
metal cations bound to DNA, as electron transfer is unlikely to
occur efficiently between DNA-EB and unbound cations, as
experiments carried out in an earlier publication demonstrate.®”
Consequently, the (n) values retrieved from FBM experiments
reflect the condensation of cations along the DNA helix. After a
certain onset value of the Ni** concentration ([M*], in eq S4
in the SI), (n) increased linearly with increasing Ni*"
concentration ([M>*]y in eq S7 in the SI). As explained in
an earlier publication,57 the onset concentration [M**], results
from a perturbation made to the electrostatic potential y(r,, z)
at position z = 0, where a positively charged EB" is intercalated
in the DNA duplex. The presence of EB* lowers the
electrostatic potential locally around DNA-EB at z = 0,
resulting in a y(r,, z = 0) value that is smaller in magnitude
than (r,, z2>0), the value of the electrostatic potential at
positions z >> 0 away from DNA-EB but still at the surface of
the DNA helix, where r = r,. This situation is illustrated in the
top panel of Figure 3. Consequently, the metal cations prefer to
bind to DNA away from DNA-EB at 20 (second panel of
Figure 3), too far away from DNA-EB to induce electron
transfer. As more metal cations are added to the solution, y(r,,
z3>0) decreases in a discrete manner along the DNA duplex
wherever metal cations bind, until its value matches that of
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Figure 3. Predicted profile of the electrostatic potential y(r,, z) at the
polyelectrolyte surface as counterions bind to the polyelectrolyte.

w(r,, z = 0); this occurs where the total concentration of metal
cations, [M*'];, equals the onset metal cation concentration
[M?**], (bottom panel of Figure 3). For [M*']; concentrations
greater than [M*'],, binding of metal cations takes place close
enough to DNA-EB for electron transfer to occur. As more
metal cations bind to DNA, the blobs are progressively filled,
and the average number of quenchers per blob increases
linearly with [M**]1, as found experimentally in Figure 2D.
As shown in the Experimental Section in the SI, the straight
lines obtained in Figure 2D for [M**]} concentrations greater
than [M**]; can be fitted with eq S7 in the SL On the basis of
this equation, the reciprocal of the slope of the straight lines in
Figure 2D equals (KNy,) ™" + Npiop ' [DNA]. Consequently, as
shown in Figure 2E, plotting the reciprocal of the slope as a
function of DNA concentration (expressed in units of moles of
bp per liter) yields straight lines for the salt concentration of
[N2,SO,] = 5 X 10™* M used in Figure 2A—D and for all of the
other Na,SO, concentrations studied. On the basis of eq S8 in
the SI, the slopes of the lines shown in Figure 2E equal Ny, ",
which after multiplication by the height of a single bp (0.34
nm) gives dyy, the average dimension of a blob.
Compartmentalization of Counterions along DNA
into Blobs of Dimension x~'. A plot of dy, as a function
of salt concentration is shown in Figure 4. Surprisingly for a
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Figure 4. Plots of dy, as functions of salt concentration obtained from
fluorescence quenching measurements using Cu®* (diamond) and Ni**
(triangles). The open and solid symbols were obtained using Na,SO,
and NaCl, respectively, as the salt. The dashed and dotted lines
represent k' obtained with Na,SO, and NaCl, respectively.

study based on electron transfer between an excited DNA-EB
and two different metal cations, the trends obtained for dy,
with Ni** and Cu®" in the presence of Na,SO, overlapped
within experimental error, indicating that the redox potential of
the metal used in these experiments does not play a significant
role for the range of salt concentrations studied. This
observation was further reinforced by noting that dy, obtained
by fluorescence took values similar to the Debye length k™,
which depends solely on the ionic strength of the solution (see
the dashed and dotted lines in Figure 4). Indeed, lowering the
ionic strength of the solution by working with NaCl instead of
Na,SO, resulted in larger Debye lengths, which were matched
nicely in Figure 4 by the d,,, values obtained by fluorescence.

Since dy, is the length scale resulting ultimately from the
interactions between DNA-EB and the metal cations that are
controlled by electrostatic forces and the redox potential
between the electron donor and acceptor, the trends shown in
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Figure 4 demonstrate that k' represents the limiting length
scale probed by our experiments. Figure 3 provides a rationale
for this result. As for EB', binding of a metal cation M** to
DNA induces a local dent in y(r,, z), which is decreased at the
locus where M?* is bound (second panel in Figure 3). Other
M?" cations tend to bind to DNA where y(r,, z) is strongest,
that is, at distances d away from the first bound M** where
w(r,, z) has recovered its original value. As the M**
concentration is increased further, the crossover concentration
[M?*], is reached, where M** ions bind at loci corresponding to
a maximum of y(r, z) by arranging themselves in a periodic
array along DNA with a periodicity that is probed effectively by
the FBM analysis over a length scale given by k™' as a first
approximation.

The procedure described herein used DNA as a molecular
ruler to relate Ny, to its equivalent distance dyy, and establish
that dy, is actually equal to k. The trends shown in Figure 4
represent a compilation of 745 fluorescence decays that were
acquired and analyzed with the FBM. In view of the large
number of experimental data that were rationalized with a
single unifying analysis and the overall complexity of the system
studied, with electron transfer processes occurring over
multiple undefined distances along the DNA scaffold, the
final result that dy,, = k' is remarkably straightforward. The
data presented herein support the proposal that counterions
bind to polyelectrolytes by distributing themselves according to
a Poisson probability distribution into a periodic array of
domains with dimensions equal to the Debye length (Figures 3
and 4). The compelling simplicity of this proposal can now be
applied to rationalize some of the peculiar behaviors
encountered with polyelectrolytes, such as the well-known
but still poorly understood upshot in reduced viscosity
observed for decreasing polylectrolyte concentration in low-
ionic-strength solvents.>~®°

B DISCUSSION

The main implication conveyed by Figures 3 and 4 is that a
charge on a polyelectrolyte feels neighboring charges over a
distance equal to the Debye length (x™'). This distance
corresponds to a segment of the polyelectrolyte that is locally
rigid because neighboring charges repel each other. That first
segment is flanked by two similar segments of length k™' that
have no effect on the charges of the first segment.
Consequently, these segments of length k™' can be viewed as
independent rigid segments of the polyelectrolyte that can be
used to evaluate the scaling laws that describe the dimension of
polyelectrolytes in solution. Following Flory’s formalism, the
coil of the polyelectrolyte is expected to have a radius R, whose
scaling relationship with 7, the number of segments of length
k™', is given in eq 1. The exponent v is the Flory exponent,
which equals 0.50 and 0.59 for neutral polymers in a @ solvent
and a good solvent, respectively.>

Rp ~ n’k”! (1)
If the polyelectrolyte is made of N monomers of dimension a,
the number of segments n is equal to Na/ k1. Since the
reduced viscosity 77,/ C (where C is the polymer concentration)
is proportional to the volume of the polymer coil divided by N,
the reduced viscosity scales as Rp*/N; thus, the reduced
viscosity can be expressed by eq 2:

Na 3v 3
E ~ (F) — a3uN3v—1K3(u—1)
C N )

To evaluate v, one uses the fact that according to Fuoss’
equation, 7,,/C scales as C™° when no salt is added to the
solution.®® Since k! also scales as C™*° under those conditions,
eq 2 implies that the exponent of k, 3(v — 1), is equal to 1,
which means that v = 0.66. This exponent is larger than the
exponent of 0.59 obtained for neutral polymers in a good
solvent, reflecting the stronger excluded volume effects induced
by electrostatic repulsions between charged monomers. The
exponent of 0.66 agrees quite well with the prediction of 0.634
reported in the literature for dilute polyelectrolyte solutions.®”
Indeed, using a Flory exponent of 0.66 appears to describe very
well the high-polymer-concentration regime, where Fuoss’
equation can be applied to the experimental trends of 7,,/C
obtained for a series of partially sulfuric acid-esterified
poly(vinyl alcohol)s as a function of C for different salt
concentrations. This is shown in Figure S, where k™! and N/ C
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Figure S. Plots of Debye length (k') lines, left axis) and reduced
viscosity (17,,/C, symbols, right axis) as functions of polymer
concentration. Data were taken from ref 65 and were measured for
partially sulfuric acid-esterified (31%) poly(vinyl alcohol) in water with
[NaCl] = 0 mM (blue), 0.01 mM (red), 0.1 mM (green), and 1.0 mM

(purple).

seem to behave in a similar manner in the region of large
polymer concentration of the plot.”> Equation 2 also predicts
that for a given value of k', N,/ C which scales as Ni™!
increases linearly with increasing molecular weight, as has been
observed experimentally.** Equation 1 predicts that as the
polymer concentration decreases, R, should increase as Nk,
and eq 2 holds as long as n, the number of segments of
dimension ', is much larger than unity, at which point the
polyelectrolytes can be viewed as extended rods that interact
strongly in solution, resulting in the maximum value of #,,/C.
Further diluting the polymer solution past this point reduces
the strong electrostatic interactions between polyelectrolytes,
resulting in the precipitous drop in 7,,/C at low polymer
concentration.

Bl CONCLUSIONS

Quenching of DNA-EB by electron transfer to Cu** and Ni**
cations was characterized by time-resolved fluorescence spec-
troscopy. By analysis of no less than 745 fluorescence decays
with the FBM and processing of this large data set through the
same protocol outlined in the Experimental Section in the SI,
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the blob size over which electron transfer occurred was
determined as a function of salt concentration for two salts,
namely, NaCl and Na,SO,. The size of a cylindrical blob, given
by its height dy,, as described in Figure 1C, was found to
match closely the Debye length as a function of the ionic
strength of the solution, as shown in Figure 4. Also, little
difference was observed whether Cu®* or Ni*" cations were
used in these experiments. This observation further supports
the notion that electron transfer is controlled by the
distribution of the cations around DNA-EB rather than the
redox potential of the species involved. In view of the
complexity of the system at hand, the simplicity of this final
result is fascinating. Indeed, electron transfer took place over a
distribution of distances, and thus a distribution of rate
constants, as DNA-EB and metal cations were randomly
bound to DNA. Nevertheless, the FBM formalism based on a
small set of parameters could describe the decays rather well,
and interpretation of these parameters retrieved from the
analysis was straightforward and illustrated how counterions
bind to a polyelectrolyte.

Our fluorescence quenching experiments suggest that
counterions bind to a polyelectrolyte by distributing themselves
according to a Poisson probability distribution among
independent compartments made of polyelectrolyte segments
of length x™'. Because this length scale describes the
distribution of counterions at the DNA surface along the
DNA axis (where r = r,; see Figures 1 and 3), it is different in
nature from most other length scales that have been introduced
in the literature to describe the decrease in the electrostatic
potential of DNA in the radial direction away from the DNA
axis for distances r > r,. For instance, the electrostatic potential
of DNA, y(r>r,, z), decreases exponentially with increasing r as
exp(—kr) for an isolated DNA helix in solution.® For DNA
helices in dense DNA aggregates or dense complexes made of
DNA and cationic lipids, the helical pitch of DNA is introduced
to define short length scales equal to, respectively, 0.5(x™" +
&) ™"% where g is the reciprocal of the pitch (0.176 A~ for B-
DNA), and (k7' + ngz)_l/ %, where n is an integer, over which
repulsive and attractive forces take place between different
DNA helices."”'® As the properties of polyelectrolytes in dilute
solution or in dense aggregates depend on the binding of
counterions,”~ our conclusion that the binding of counterions
to DNA occurs over a length scale given by k™" is expected to
have far-reaching implications. As a case in point, our result
seems to provide a self-consistent framework for describing the
complex behavior of polylectrolytes in solution.

B ASSOCIATED CONTENT

© Supporting Information

Experimental section and tables with all parameters retrieved
from the analysis of the fluorescence decays, the slopes and
intercepts for the lines obtained by plotting (n) versus metal
cation concentration, and all Ny, and K values. This material is
available free of charge via the Internet at http://pubs.acs.org.
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