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Counterion Diffusion Reveals Coil-to-Helix
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North Carolina State Uniersity of 1 is less well established than is that of eqs 1 aAdanning’s

Raleigh, North Carolina 27695-8204  extended theory predicts the dependence on the electrolyte ratio,
) y = Xe/Xc, whereXg andXc are the mole fractions of electrolyte
Receied October 14, 1998 and counterion, respectively However, we have found that a
simple, semiempirical equation describes accurately the depen-
dence on electrolyte, as follows:

Figure 1. Repeating monomer unit @fcarrageenanfcar).

The conformation of polyions, both naturally occurring and
synthetic, critically influences their properties, including chemical
reactivity! We have verified that Manning’s theory of counterion
condensatiohpredicts values of diffusion coefficients for coun- D,/D,* = Xg + (Dy/Dg°)Xc 3)
terions of highly charged polyions, and that experimental
measurements of diffusion coefficients of counterions can be usedas X. approaches unity, the value of the diffusion coefficient

together with this theory to obtain values of charge spattigre becomes less sensitive to the properties of the polyion. However,
we show that similar measurements can be used to identify the gt sufficiently low values ofXg, the measurement @, yields
coil-to-helix transition. The experimental example is the trans- an accurate value of the charge spacibg,and changes in
formation from coil to double helix of the polysaccharide conformation can be followed by measuriBy. The ratioDy/
«-carrageenanktcar, Figure 1) induced by a decrease in tem- D can be interpreted as the fraction of counterions in the
perature. The technique employed, steady-state voltammetry, isynpbound state; the quantity (£ Do/Do°) corresponds to the
simple, robust, rapid, and inexpensive in comparison with condensed ions in Manning’s terminologiyAdding electrolyte
conventional methods such as circular dichroism, NMR, and X-ray frees counterions by ion exchange. However, the excess of ions
diffraction. It can be employed in unmodified solutions of of the opposite charge bound to the polyion does not change.
polyelectrolytes and provides quantitative structural information.  The cooperative nature of conformational transitions of poly-
Manning'’s line charge modtiescribes quantitatively the effect  mers has been understood for three decades through the theoretical
of the polylon on the d.|ffu5|on coefficient of a singly charged \york of Zimm and Bragf and later refinements. The present
counterion as a function of charge spacing and electrolyte ngerstanding of electrostatic interactions in the case of polyions
concentration. For highly charged polyions, in the absence of otherig nowever, less satisfactory. Measurement of counterion diffusion

electrolyte: coefficients yields the charge spacing and thus should reveal the
o conformation of a polyion. Changes in diffusion coefficients with,
Dy/Dy° = 0.8674 fori>1 (1) for example, temperature, should reveal changes in conformation.
Diffusion of simple ions in solutions of polyelectrolytes has
where been studied using radioactive trac¢ensd by NMR spectroscopy.
Recently we have probed interactions between small ions and
A = e,Y/4me bk T = Ag/b 2 macroions (polyanion3? colloids® micelles, and liposomé)
by measuring diffusion coefficients of the small ions using steady-
ande is the elementary charge, the permittivity of vacuume state voltammetry at microdisk electrodes, for which the diffusion-
the dielectric constant of the solvert,the (uniform) spacing  limited current,ig, is™
between charges of the polyioks the Boltzmann constant,
the absolute temperature, aig the Bjerrum length, i.e., the iq=4nFCDr 4

spacing between two singly charged ions for which the electro-
static energy of interaction is equalkgl (1g = 0.71 nm in HO

at 25°C). In eq 1,Dy is the value of the diffusion coefficient of
the counterion in the solution of polyelectrolyte (without added
electrolyte), andy® is the reference value, measured under the
same conditions, except without the polyion. We have shown that
egs 1 and 2 are obeyed quantitatively with respect to variation of
both dielectric constant of the meditiand linear charge spacifg. (5) (a) Ciszkowska M.; Osteryoung, J. G.Phys. Cheml994 98, 3194.
We have also investigated some aspects of Manning’'s more (b) Morris, S. E.; Ciszkowska, M.; Osteryoung, J. &3.Phys. Chem1993

complete theory, which predicts the diffusion coefficient ratio for 97 10453.
f . 6) Zimm, B. H.; Bragg, J. KJ. Chem. Phys1959 31, 526.
smaller values oft and for any ratio Of_ac_jded singly charged 8 Ander, P. InVVaterqgoluble Ponme;r§thIaby, S. W., McCormick, C.
electrolyte? The rather complicated prediction for smaller values L., Butler, G. B., Eds.; ACS Symposium Series 467; American Chemical
Society: Washington, DC, 1991.
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" The City University of New York. (9) (a) Ciszkowska M.; Osteryoung, J. &.Phys. Cheml994 98, 11791.
*North Carolina State University. (b) Ciszkowska, M.; Zeng, L.; Stejskal, E. O.; Osteryoung, JJGPhys.
(1) Dautzenberg, H.; Jaeger, W.;&0J.; Philipp, B.; Seidel, C.; Stscher- Chem.1995 99, 11764. (c) Scordilis-Kelley C.; Osteryoung, J. &.Phys.
bina, D. Polyelectrolytes: Formation, Characterization and Application Chem.1996 100 797.

whereC is the concentration of electroactive ianis the radius

of the microelectroden is number of electrons transferred, and

F is the Faraday constant. Thus, the diffusion-controlled current,
together with eqs 1, 2, and 4, yields accurate values of the charge
spacing.
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In this work, we use the anionic polysaccharidear}? a

charged, sulfated polysaccharide with one charge per repeating 3.0r 8
(disaccharide) unit (Figure 1). This polyanion undergoes a < D
transition from coil to double helix on cooling and with increases c 1 /mdeg
in ionic strength'® This transition has been studied by optical ~ o, I *
rotation!* calorimetry!® and conductivity® and analyzed within . |

the framework of Manning’s limiting laws and the Poisson e

Boltzmann cylindrical cell mode¥"*8yet there are considerable o

discrepancies among interpretations, especially regarding the A 1.0f

multiplicity of the helical conformation and the charge density

of conformers? c 16 2o 30 40 50
We have monitored conformational transitions otar, as t / °C

effected by changes in the temperature, by using steady-statery e 2. pependence of the normalized reduction curféi, of 0.3
voltammetry° to measure diffusion coefficients of a probe ion, 1+ (0,2) and CD respongémeasured at 300 nmx;(points joined
TI*. Of course, the diffusion coefficient of Tldepends on  yy straight-line segments) on temperature of 20 miar solution.
temperature and viscosity according to the Stekesstein
equation, voltammetry, lower values correspond to the double helix and
higher ones to the random coil. The transition is completely
D = kgT/67r gy (5) reversible, as the results do not depend on the direction of
temperature change or on repeated cycling. The transition between
wherer, is the radius of the diffusing species amthe viscosity the two forms (reported to occur in the range-BD °C'*9) is
of the medium. We measured the diffusion coefficient of 2,2,6,6- more clearly defined by voltammetry than by circular dichroism.
tetramethyl-1-piperidinyloxy (TEMPO), a stable, uncharged, The normalized limiting current at low temperature for 0.30 mM
electroactive free radical. The diffusion coefficient of ;Tproperly TI* in 20 mM Nak-car is 1.48 nA, whereas that at high
normalized by diffusion coefficients of TEMPO, reflects only the temperature is 2.83 nA; the value for limiting current in 20 mM
electrostatic effects described by Manning's theory. The quantity NaCl at 25°C is 3.13 nA. Therefore, the current ratios for helix
for analysis, then, is the ratiD+(T)/[DrempoT)/Drempo(25)] = and coil, the same as diffusion coefficient ratios (eq 4), are 0.473
D/'(T), the diffusion coefficient of Tt at 25°C, but with the and 0.904, respectively. From eq 1, the corresponding valie of
electrostatic interactions with-car characteristic of temperature  for the helix is 1.833. From the rather complicated equatifay
T. We employ also the similarly normalized currenf, We values ofA < 1, thel value for the coil is 0.818. The average
determinedDrewpo by steady-state voltammetry at a platinum  low-current value is obtained from data in the rangel0 °C,
electrodé over the range k t/°C < 50, and foundD(t)/cn? st so for this value we choost = 278.2 K ande = 85.5 (g =
= (2.46 x 10°9t2 + (5.30 x 1079t + (3.10 x 1079). 0.703 nm). For the high-temperature range;-36 °C, we choose
Steady-state voltammograms for reduction ofifilan aqueous T = 313.16 K and= 73.2 ¢z = 0.729 nm). Together with eq 2,
solution of 20 mM Na«-car are very well defined and similar to  these values yielth = 0.38 and 0.89 nm, respectively.
those obtained in 20 mM NacCl; the standard deviation of the  Considering that the combined uncertainty in the four measure-
limiting currents is 2% or less. Voltammograms for oxidation of ments required to calculateis about 9%, the value df = 0.38
TEMPO were of comparable quality, with standard deviation not nm for the double helix agrees reasonably well with the values
exceeding 2.5%. Thus, the uncertainty in the values of normalized previously reported, 0.4421516and 0.43%17anm, from X-ray
current or diffusion coefficient for Tl does not exceed 7%. data. It is not unreasonable, however, that the value in solution
Figure 2 shows the normalized current value for fdduction would be somewhat less than that in the solid, due to dielectric
in 20 mM Nax-car as a function of temperature for two screening of charge repulsion in solution. The valub ef 0.89
independent experiments, together with results of traditional nm for the random coil is, again considering uncertainties,
circular dichroism measurements. For both circular dichroism and somewhat less than the values of 14285172 and 1.03% nm
(12) Samples ofk-car were dialyzed against ultrapure water, filtered Ob.tamed from fully eXtenqed molecular models and is more than
lypholized, and stored at & to inhibit bacterial growth. Concentrations of  twice the value ofb obtained here for the double helix. This
polyelectrolyte are reported as equivalent concentrations, i.e., as concentratiorsuggests that the transition in the range-26 °C corresponds
of sodium ion. For more details, see ref 3. to separation of the duplex with some retention of the helical
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B (Clgr)b(oagyﬁf_%%‘fyr}]/'lgéipllafggh'(%?'A';n%'& Bsr_e.‘usdc%ttE‘V\',E_'Etoésggguéc_"k_.\/‘ need be done only once. The relationship between the measured
McNab, C. G. A.J. Mol. Biol. 1974 90, 253. value (the transport-limited current) and the value sought (the

_(18) (a) Piculell, L.; Rymden, RMacromolecules1989 22, 2376. (b) charge spacing), as given by egs 1, 2, and 4, is simple and robust.
Ridout, M. J.; Garza, S.; Brownsey, G. J.; Morris, VInt. J. Biol. Macromol.

1996 18, 5. Furthermore, solutions with some additional electrolyte can be
(19) (a) Rochas, C.; Rinaudo, Biopolymers198Q 19, 1675. (b) Paoletti, handled readily by simple extensions of this treatment. Finally,
S.; Delben, F.; Cesaro, A; Grasdalen, Macromoleculesl985 18, 1834. the charge spacing is obtained for both conformers in the same

(c) Manning, G. SMacromolecules99Q 23, 5149. . . . . . .
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system in a jacketed glass cell enclosed in an aluminum Faraday cage. Mercuryminimizes the effect on the derived charge spacing of uncertainties

film silver-based disk microelectrodes,= 15 um, were used as working in either the measurements or their interpretation.

electrodes. Temperature was controlled using a refrigerated circulator (Isotemp
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