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The Fourier transform NMR pulsed-gradient spin-echo self-diffusion technique was used for studies of nucleotides (AMP,
CMP, GMP and UMP) with Li* or Cs* added, in *H,O. 'H-, "Li- and **Cs-NMR-based self-diffusion data on the
constituents provide a picture of both the degree of ion binding to nucleotides and the self-association of nucleotides in
aqueous solution, Self-diffusion coefficients were investigated in a concentration range up to 0.3 molal nucleotide in 2H,0,
while keeping the metal ion concentration of Li* or Cs* at twice the nucleotide concentration throughout the investigations.
The self-association studies reveal that the aggregation constants of the Li salts differ only slightly from the corresponding
constants for the disodium salts of the mononucleotides. Within a two-site bound-free model for the counterions and a
cooperative indefinite aggregation model for the nucleotides one finds that the degree of ion binding for all these nucleotide
systems remains approximately constant, in spite of increasing aggregate concentration. This corresponds to the well-known
polyelectrolyte ion condensation behaviour, indicating that large aggregates are formed, supporting previous findings by the
present authors on the aggregation behaviour of nucleotides. An observed large effect on the 'O relaxation of water in

nucleotide systems can only be reconciled with the presence of relatively large aggregates in solution.

1. Introduction

Nucleotides, nucleosides and nucleic acid bases
are known to self-aggregate in aqueous solution. It
is generally accepted from experimental data of
numerous techniques [1-36], that the aggregation
occurs beyond the dimer stage.

Self-association has also recently been studied
using the newly developed Fourier transform
NMR pulsed-gradient spin-echo (PGSE) tech-
nique for determination of multicomponent self-
diffusion coefficients [37-39]. Association phe-
nomena are monitored, as based on time-averaged
molecular self-diffusion data, and were previously
used in the present field for studies of nucleotide
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aggregation [28] and on the tendency for certain
divalent metal ions to enhance the degree of ag-
gregation [29].

In this work, we have studied the concentration
dependence of self-diffusion coefficients of the
nucleotides: AMP, CMP, GMP and UMP with
Li* and Cs* added. 'H-, "Li- as well as '**Cs-
NMR self-diffusion measurements were per-
formed. By combining the proton diffusion coeffi-
cients with the corresponding lithium or cesium
diffusion coefficients, it has been possible to de-
termine the degree of ion binding of these metal
ions in nucleotide aggregates within a two-site
bound-free aggregation model. Nucleotide aggre-
gation itself was simulated in terms of two associ-
ation models; indefinite aggregation and cooper-
ative indefinite aggregation, as in previous work
[29].
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Magnetic relaxation of the water molecules
using 'O was measured in the nucleotide systems
to check for hydration/aggregate size-related re-
laxation effects.

2. Experimental
2.1. NMR measurements

The diffusion measurements were performed on
a JEOL FX-100 Fourier transform NMR spec-
trometer equipped with a multinuclear unit and a
moving head disc (MHD) based operating system,
For the proton self-diffusion studies the 5 mm
special proton probe was used. The Li* and Cs™
diffusion measurements were carried out with a 10
mm tuneable multinuclear probe. *H,0 was used
for internal field /frequency lock. All the measure-
ments were performed at 24.5 4+ 0.2°C. The tech-
nique entails Fourier transformation of the second
half of the pulsed-gradient spin-echo following the
second field gradient pulse, keeping the radio-
frequency pulse interval (7) fixed for all durations
of the gradient pulses (8). J modulation and T,
effects are then constant and need not be consid-
ered further. The signal amplitude of a given
signal in the spin-echo spectrum is related to the
experimental parameters through the relation:

A, exp( —y*G?8°D,(4 - 8/3)) (1)

where y is the magnetogyric ratio of the particular
nucleus, G the strength of the applied magnetic
field gradient, A the interval between the gradient
pulses (constant and equal to T in our measure-
ments) and § the duration of the applied magnetic
field gradient pulses (the notation should not be
confused with the identical symbol used for chem-
ical shifts). In the proton diffusion investigations,
A was kept constant at 140 ms, while § ranged
from 35 to 110 ms at a field gradient strength of
approx. 1 G/cm, the exact value of which was
calibrated against the proton diffusion of traces of
HZ2HO in 2H,0, as described previously [40]. For
the Li and Cs diffusion measurements, A was kept
constant at 200 ms for Li and 300 ms for Cs, with
8 ranging from 40 to 130 ms for Li and from 40 to
260 ms for Cs.

Longitudinal relaxation rates (R,) for 7O were
measured with the inversion recovery method (7
— 1 — m/2 pulse sequences) and transverse relaxa-
tion rates ( R,) were obtained from the linewidth
(Ar,,) at half amplitude of the absorption spectra
according to R, . = mAy,. The temperature was
27.4 +0.2°C. Proton decoupling was used to
eliminate possible 7, contributions from 70-ex-
change broadening around neutral pH [41].

2.2. Materials

The free acid form of the nucleotides AMP
(manufacturer’s No. A2002), CMP (C1131), GMP
(G8252) and UMP (U1752) and the disodium
salts (used in the O relaxation study) of AMP
(A1752), CMP (C1006), GMP (G8377) and UMP
(U6375) were obtained from Sigma. Lithium hy-
droxide, cesium hydroxide and theophylline-7-
acetic acid were from Fluka. >H,0, used as solvent,
was purchased from Norsk Hydro, Rjukan, Nor-
way. :

The nucleotides were used without further
purification. Solutions were made up as based on
molal concentrations by weight, directly in the 5
or 10 mm NMR tubes from stock solutions of
lithium hydroxide and cesium hydroxide in 2H,0,
in which appropriate amounts of the free acid
form of the nucleotides were dissolved so as 10
obtain a nucleotide concentration of approx. 0.3
molal and at a level of exactly half the hydroxide
concentration. The lower concentrations were ob-
tained by successive dilution with 2H,0. The pH
of the solutions (direct pH readings without cor-
rection for the H-2H effect) were checked with a
long 3 mm diameter Ingold micro pH-electrode,
directly in the NMR tubes, and were for all solu-
tions in the range pH 6.5-7.

Solubility problems arose with GMP in cesium
hydroxide. GMP apparently dissolved, but in less
than 1 min a white precipitate formed. Due to this
problem, it was impossible to measure Cs diffu-
sion in GMP Cs systems.

H,O enriched to 10 atom% in O was obtained
from Biogenzia Lemania, Lausanne. 20 ul of this
"O-enriched water was added to the 1 ml solu-
tions of the disodium salts of nucleotides used.
Here 5(weight)% 2H,0 was used for internal lock
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and the appropriate molalities were made up by
distilled water. The pH was in the range near 7.

3. Measurements and calculational approach

3.1. Models for the self-association of nucleotides

The time-averaged self-diffusion coefficient in a
multisite situation is given by:

DObS=ZPIDI (2)

where the diffusion coefficients D, are mainly
dependent on aggregate size, and the fractional
contribution of each species is weighted according
to its diffusion coefficient. Since diffusion coeffi-
cients decrease in a monotonic fashion with ag-
gregate size, the present technique of studying
molecular aggregation is necessarily biased to con-
tributions from monomers and lower oligomers, as
discussed previously [28,29].

The calculations and the computer simulations
on observed diffusion data have been described in
previous work [28]. The appropriate corrections
for obstruction [42,43) and for hydrodynamic fric-
tion [44,45] were made before fitting the experi-
mental data to different association parameters
through computer simulations. Details of
algorithms and computational procedures will be
published elsewhere [46]. As based on previous
conclusions [28] two models were considered:

(1) Model 1, indefinite aggregation with all
steps equal was simulated with the ASGEI11 com-
puter program [28,46].

(2) Model 2, indefinite aggregation, dimeriza-
tion step unique, i.e., the equilibrium constant for
the first (dimerization) step represents an indepen-
dent parameter. All higher equilibrium constants
were set equal (i.e., K, = K, = ... = K;) and were
varied independently from the dimerization con-
stant. Influence from all species up to 20-mers was
considered in the simulations made by the
ASGEIG program [28,46]. A special version of
this program, ASGE30, accounts for species up to
30-mers in the case of AMP and GMP at increased
concentrations. The numerical values of the fitted
equilibrium constants were found in several trial
runs to be only moderately sensitive to any physi-

cally reasonable span of obstruction correction
factors, as in our previous work [28,29].

3.2. Two-site model to describe the ion binding

A two-site model:
Dobs=plD1 +paggDagg (3)

for the time-averaged self-diffusion coefficient of
counterions successfully describes ion binding/
diffusion behaviour in micellar and other polyelec-
trolyte systems [47,48] and may serve as a useful
first approximation to obtain information about
ion binding to nucleotide aggregates. Here p, is
then the fraction of monomers and p,,, (=1—p,)
the fraction of molecules in aggregates. In analogy
with the treatment of diffusion/ion binding data
in micellar systems [48] we deduce:

D 1~ D, obs
Cagg - Clol D] _ Dugg (4)
where D, are obtained from eq. 3, using the

'"H-NMR diffusion coefficients and the results
from the ASGEIG (or ASGE30) simulations for
p.- The curves for D, vs. total nucleotide con-
centration were extrapolated to 0.6 molal to ob-
tain necessary values of D,,, for the metal ion
concentrations above 0.3 molal. D, represents the
self-diffusion coefficient of monomers in the case
of nucleotide diffusion and the self-diffusion coef-
ficient of free counterions in the case of Li* or
Cs™ diffusion.

To obtain 8, the degree of counterion associa-
tion, which is the ratio of metal ions and nucleo-
tides in the aggregates, one must account for the
different concentration of metal ions and nucleo-
tides in the solutions used. Eq. 4 is therefore
rewritten to:

C D, — D
agg - 1 obs
C D -D (%)

tot agg

and from this we define 8:

(M Jagg
M 1 MYl
B IxMPle ~ 2 XMPlLgg (©)

[XMP],,,
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where (M™],,, and [XMP],,, are the concentra-
tion of metal ions (Li* or Cs*) and nucleotides
(X=A, C, G or U), respectively, in aggregates.
[M*],, and [XMP],,, are the total concentration
of metal ions and nucleotides, respectively, where
(M*1,, is 2[XMP],,,. It should then be clear why
a factor of 1/2 enters in the expression for 8 (eq.
6).

4. Results and discussion

4.1. Association of nucleotides

Tables 1 and 2 summarize the observed diffu-
sion coefficients as obtained by 'H-NMR self-dif-
fusion measurements in the Li*-nucleotide *H,0
systems and Cs*-nucleotide 2H,O systems, respec-
tively. The association constants, K, pertinent to
Models 1 and 2 were evaluated from these data.
The resulting K wvalues are listed in table 3. As
expected, they vary only slightly from the values
of K, for the disodium salts of the nucleotides,
reported carlier [28]. Model 2 again provides a
significantly better agreement between experiment
and simulation than Model 1. The criteria were
described earlier [29] and the agreement between
simulation and experiment is illustrated in fig. 1.

Table 1
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Fig. 1. The concentration dependence of the proton self-diffu-
sion coefficient in AMP Li* 2H,0O systems. Curves are calcu-
lated from the fitted parameters for the association Models 1

).

4.2. 70 Relaxation

Excess spin relaxation rates are given by

Ri,ex=R',ob5_Ri,ref (1= 1’2) (7)

i

where R, . is the relaxation rate observed for
nucleotides in 95% H,O and 5% H,0 (by weight)
solutions, and R, ; the corresponding quantity
for the H,0-?H,0 solvent at the same tempera-

Observed nucleotide self-diffusion coefficients in Li*/2H,O nucleotide systems

Diffusion coefficients are given in units of 10°% m? s~ 1.

AMP CMP GMP UMP
C (molal) Do, C (molal) Dy C (molal) D, € (molal) D,

0.0249 0374 0.0253 0.396 0.0248 0,388 0,0256 0.410
0.0489 0.351 0.0477 0.388 0.0492 0.352 0.0705 0.367
0.0736 0.326 0.0718 0.367 0.0744 0.312 0.0944 0.356
0.100 0.319 0.0970 0.355 0.0899 0.316 0.113 0.354
0.121 0.298 0.116 0.341 0.122 0.293 0.145 0.338
0.148 0.270 0.148 0.344 0.149 0.282 0.170 0.342
0.175 0.258 0.172 0321 0.175 0.256 0.194 0.326
0.201 0.235 0.196 0315 0.199 0.254 0.218 0321
0.225 0.230 0222 0.304 0.220 0.233 0.245 0.294
0.250 0221 0.248 0.289 0.244 0.228 0.263 0.284
0.266 0.210 0,263 0.201 0.280 0.212 0.301 0.276

0.302 0.203
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Table 2

65

Observed nucleotide self-diffusion coefficients in Cs*/2H,0 nucleotide systems
2 Yy

Diffusion coefficients are given in units of 10° m? s~

AMP - CMP UMP

C (molal) D, C (molal) D, C (molaly D,
0.0235 0.391 0.0240 0.397 0.0243 0.406
0.0480 0.372 0.0518 0.390 0.0473 0.387
0.0756 0.346 0.0751 0.374 0.0702 0.373
0.102 0.326 0.0958 0.379 0.0935 0.381
0.123 0.318 0.124 0.365 0.126 0.382
0.150 0.301 0.151 0.354 0.169 0.342
0.169 0.280 0174 0.340 0.201 0.333
0.212 0.279 0.199 0.340 0.224 0.344
0.233 0.267 0.223 0.323 0.248 0.336
0.278 0.248 0.249 0.336 0.274 0.320
0.298 0.240 0.277 0.320 0.300 0.310

0.300 0.310

ture. For these systems we found R, = R, and the
mean of the R, ., and R, values is plotted in
fig. 2. It is obvious that there is a very large effect
on the water O relaxation upon aggregation.
Further, more detailed studies of multifield 'O
relaxation along the lines discussed by Halle and

Table 3

co-workers [41,49] could possibly help quantify
the aggregation behaviour of nucleotides and in
particular the size of the aggregates involved. The
Y0 relaxation for GMP increases drastically at a
concentration of around 0.4 molal. Borzo et al.
[31) have reported a similar trend in both **Na

Association parameters pertaining to a data analysis in terms of association Models 1 and 2

K,. K;...K, and X are the respective fitted association constants according to the association models indicated. D, represents the

fitted monomer self-diffusion coefficient in units of 10~° m?

s~!. FOBJ represents the sum of the squares of the residuals in the

process of fitting typically 12 data points to the aggregation models (cf. tables 1 and 2).

Cooperative indefinite aggregation Indefinite aggregation
Ky (molal™ ) K,... K, D, FOBJ K (molal ") D, FOBJ
(molal ™)

Li,AMP

0.36 11.04 0.368 0.00428 64.23 0.434 0.05049
Li,CMP

2.19 829 0.407 0.00223 23.54 0.455 0.00386
Li,GMP

1.39 14.69 0.388 0.01062 67.59 0.438 0.04884
Li,UMP

1.60 7.74 0.409 0.00773 28.02 0.471 0.00982
Cs, AMP

243 12.76 0.403 0.00267 67.52 0.486 0.00801
Cs,CMP

3.16 543 0.410 0.00437 6.93 0.421 0.00465
Cs,UMP

1.21 455 0.405 0.00631 7.22 0.427 0.00716




66 I Stokkeland, P. Stilbs / Multicomponent self-diffusion NMR of ion binding and nucleotide aggregation

-1
Rex/s
3
>
o
2

700¢ oMp -
s00l //;/// ]

300 7

o Theophyllire -
- e -
100 e )
- 100 O T T O L ‘AJ
00 02 04 06 08 1.0
Concy molal

Fig. 2. The concentration dependence of the relaxation rate
R (=1/AR, . + R,.)) in nucleotide systems, where the
nucleotides, AMP (Q), CMP (¢), GMP (v), UMP (a) and
theophylline-7-acetic acid (a) are solubilized in 5(weight)%
2H,0 and 95% H,0 with 20 p! O-enriched water added to 1
ml of the test solutions. To increase the solubility of theophyl-
line-7-acetic acid it was necessary to add a few drops of
concentrated sodium hydroxide solution to these solutions. It
was impossible to measure the short 7| relaxation times for
GMP concentrations above 0.4 molal, and the displayed R,
values at 0.6 and 0.8 molal GMP are therefore R,,.

Table 4
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Fig. 3. Ion binding of Li* to AMP as a function of concentra-
tion. The degree of ion binding, B, is defined in the text
(section 3.2). Since Cugp /Ciy for metal ion and nucleotide is
displayed against total nucleotide concentration, the ratio of
the two plotted values at a particular concentration is divided
by 2 to obtain 8.

shift and >*Na-reduced linewidths at a critical
concentration of around 0.4 M. This was, by these
authors, ascribed predominantly to a 2G, = Gy
equilibrium.

4.3. Li* and Cs™ binding to aggregates of nucleo-
tides

Tables 4 and 5 summarize the diffusion coeffi-
cients of Li and Cs in metal ion nucleotide sys-

Observed Li* self-diffusion coefficients in Li*/?H,0 nucleotide systems

Diffusion coefficients are given in units of 107° m? s~ 1.

1

AMP CMP GMP UMP
€ (molal) D,ys C (molal) Doy € (molal) Doy € (molal) Doy,

0.0249 0.0768 0.0253 0.776 0.0248 0.762 0.0256 0.770
0.0500 0.729 0.0506 0.745 00730 0.703 0.0514 0.752
00731 0.689 0.0746 0.699 0.0970 0,656 0.0753 0.712
0.0985 0.658 0.0995 0.678 0.121 0.637 0.101 0.700
0.124 0.629 0.124 0.652 0.170 0.583 0.126 0.653
0.150 0.599 0.150 0.633 0.196 0.565 0.152 0.625
0173 0.579 0175 0.607 0222 0.536 0.176 0.610
0.198 0.553 0.200 0.585 0.246 0.521 0.200 0.601
0.224 0.533 0.225 0.577 0.275 0.492 0.225 0.573
0.249 0.504 0.250 0.554 0.299 0.476 0.250 0.559
0.278 0.475 0.277 0.539 0.278 0.552
0.300 0.478 0.299 0.517 0.299 0.519
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Table 5
Observed Cs* self-diffusion coefficients in Cs*/>H,0 nucleotide systems
Diffusion coefficients are given in units of 1072 m? s~ 1,
AMP CMP UMP
C (molal) Dyps C (molal) D, C (molal) D,
0.0236 1.544 0.0220 1.548 0.0252 1.558
0.0513 1.454 00518 1.487 0.0504 1.503
0.0742 1.422 0.0749 1.459 0.0745 1.441
0.0990 1.365 0.0782 1.422 0.0992 1.405
0.124 1.342 0.0996 1.402 0.125 1.364
0.150 1.281 0.124 1.363 0.151 1.319
0.174 1.241 0.148 1.340 0.174 1.291
0.198 1.184 0173 1.262 0.248 1.212
0.222 1.171 0.197 1.248 0274 1.156
0.249 1.132 0.225 1.223 0.300 1.148
0.277 1.118 0.249 1.185
0.300 1.104 0.276 1.168
0.300 1.145
Ca Ca
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o5l @ ® 075 i
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005 010 0.15 020 025 0.30

[cMP]/molal

Fig. 4. Ion binding of Li* to CMP as a function of concentra-
tion; cf. legend to fig. 3.
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Fig. 5. lon binding of Li* to GMP as a function of concentra-
tion; ¢f. legend to fig. 3.
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Fig. 6. [on binding of Li* to UMP as a function of concentra-
tion; cf. legend to fig. 3.
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Fig. 7. Ion binding of Cs* to AMP as a function of concentra-
tion; cf. legend to fig. 3.
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Fig. 8. Ion binding of Cs* to CMP as a function of concentra-
tion; cf. legend to fig. 3.

tems. The monomer diffusion coefficients, D, are
found by extrapolation of the D values to zero
concentration, since it should be reasonable to
anticipate that there will be only monomers and
free counterions in the solutions at infinite dilu-
tion. [Li*] g, /[Li* ], and [XMP],,, /[XMP],, are
plotted vs. total nucleotide concentration in figs.
3-6. Here it should be kept in mind that the
concentration of Li* is twice that of the nucleo-
tide concentration throughout (in order to neutral-
ize the XMP so as to make the free acid form of
the nucleotides more soluble and obtain a pH of
approx. 7). The values for 8 calculated from eq. 6
are also indicated in the figures. As can be seen,
the values of B are approximately the same and
independent of the aggregate concentration. The

Cagg Jos
Ciot . ’
. & ® * o3 B
o5 @ v hd o 0.2
/"‘x—‘
0501 /x/* UMP
= *
x/
025 " Cs
1 1 2 i L 1 1 1 1 1

0.05 0.0 0.15 0.20 0.25 0.30
[UMP] /molal

Fig. 9. Ion binding of Cs™ to UMP as a function of concentra-
tion; cf. legend to fig. 3.
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same tendency is found in figs. 7-9, which com-
prise the results with Cs™ as counterion. The val-
ues of B with Cs* as counterion are somewhat
lower than those obtained for Li*. This dis-
crepancy could be ascribed to the great difference
in size of these two metal ions (cf. ref. 50). One
should remember, however, that 8, the degree of
ion binding, is a semi-quantitative model parame-
ter for describing the continuous ion atmosphere
in terms of a two-site bound-free situation. One
should therefore not assign too much significance
to its actual value or to minor trends with system
parameters.

5. Conclusions

A constant degree of ion binding, in spite of
increasing aggregate concentration, is characteris-
tic of a polyelectrolyte ion binding behaviour
[51-53], indicating that large aggregates are also
formed in the present type of aggregation process
and supporting our conclusions in previous work
[29]. In ref. 28 it was found, for example, that the
most probable aggregation number at 0.2 M AMP
is about 8 and somewhat lower for the other
nucleotides.

Acknowledgements

This work has been financially supported by
the Norwegian and Swedish Natural Sciences Re-
search Councils, NAVF and NFR.

References

1 P.O.P. Ts'o, in: Basic principles in nucleic acid chemistry,
vol. 1, ed. P.O.P. Ts’o (Academic Press, New York, 1974)
ch. 6.

2 P.O.P. Ts’o, 1.S. Melvin and A.C. Olson, J. Am. Chem. Soc.
85 (1963) 1289.

3 P.O.P. Ts’o and S.I. Chan, J. Am. Chem. Soc. 86 (1964)
4176.

4 A.D. Broom, M.P. Schweizer and P.O.P. Ts’o, J. Am.
Chem. Soc. 89 (1967) 3612.

5 T.N. Solie and J.A. Schellman, J. Mol. Biol. 33 (1968) 61.

6 K.E. van Holde and G.P. Rosetti, Biochemistry 6 (1967)
2189.



7

8

9

10

11

12

13

14

15

16

17
18

19

20

21

22

23

24

25

26

1. Stokkeland, P. Stilbs / Multicomponent self-diffusion NMR of ion binding and nucleotide aggregation 69

G.P. Rosetti and K.E. van Holde, Biochem. Biophys. Res.
Commun. 26 (1967) 717.

D. Pserschke and F. Eggers, Eur. J. Biochem. 26 (1972)
490.

F.E. Evans and R.H. Sarma, J. Biol. Chem. 249 (1974)
4754,

E. Plesiewicz, E. Stepien, K. Bolewska and K.L.
Wierzchowski, Biophys. Chem. 4 (1976) 131.

M. Sakurai, S. Morimoto and Y. Inoue, J. Am. Chem. Soc.
102 (1980) 5572.

S.J. Gill, M. Downing and G.F. Sheats, Biochemistry 6
(1967) 272.

E.L. Farquhar, M. Downing and $.J. Gill, Biochemistry 7
(1968) 1224.

A. Cesaro, E. Russo and V. Crescenzi, J. Phys. Chem. 80
(1976) 335.

F. Garland and S.D. Christian, J. Phys. Chem. 79 (1975)
1247.

A.A. Maevsky and B.I. Sukhorukov, Nucleic Acids Res. 8
(1980) 3029.

M.P. Heyn and R.P. Breiz, Biophys. Chem. 3 (1975) 35.

P. Hemmes, A. Mayevski, V.A. Buckin and A.P. Sarvazyan,
J. Phys. Chem. 84 (1980) 699.

A. Skauge and P.I. Vestues, Acta Chem. Scand, A37 (1983)
47.

H. Heiland, A. Skauge and I. Stokkeland, J. Phys. Chem.
88 (1984) 6350.

S.I. Chan, M.P. Schweizer, P.O.P. Ts’0 and G.K. Helm-
kamp, J. Am. Chem. Soc. 86 (1964) 4182.

M.P. Schweizer, S.I. Chan and P.O.P. Ts’o, J. Am. Chem.
Soc. 87 (1965) 5241.

M.P. Schweizer, A.D. Broom, P.O.P. Ts'o and D.P. Hollis,
J. Am. Chem. Soc. 90 (1968) 1042.

P.O.P. Ts’o, N.S. Kondo, R.K. Robins and A.D. Broom, J.
Am. Chem. Soc. 91 (1969) 5625.

J.-L. Dimicoli and C, Héléne, J. Am. Chem. Soc. 95 (1973)
1036.

K.H. Scheller, F. Hofstetter, P.R. Mitchell, B. Prijs and H.
Sigel, J. Am. Chem. Soc. 103 (1981) 247.

27

28
29
30

31

32

33

34
35

36

37
38
39
40
41

42
43

4
45

46
a7

48
49

50
51
52
53

K.H. Scheller and H. Sigel, J. Am. Chem. Soc. 105 (1983)
5891.

R. Rymdén and P. Stilbs, Biophys. Chem. 21 (1985) 143.
I. Stokkeland and P. Stilbs, Biophys. Chem. 22 (1985) 65.
H.M. Schwartz, M. MacCoss and S$.S. Danyluk, J. Am.
Chem. Soc. 105 (1983) 5901.

M. Borzo, C. Detellier, P. Laszlo and A. Paris, J. Am.
Chem. Soc. 102 (1980) 1124.

C. Detellier and P. Laszlo, J. Am. Chem. Soc. 102 (1980)
1135.

C.L. Fisk, E.D, Becker, H.T. Miles and T.J. Pinnavaia, J.
Am. Chem. Soc. 104 (1982) 3307.

W.E. Egan, J. Am. Chem. Soc. 98 (1976) 4091.

S.B. Petersen, J.J. Led, E.R. Johnston and D.M. Grant, J.
Am. Chem. Soc. 104 (1982) 5007.

K.J. Neurchr and H.H. Mantsch, Can. J. Chem. 55 (1977)
3620.

P. Stilbs and M.E. Moseley, Chem. Scr. 15 (1980) 176.

P. Stilbs, J. Colloid Interface Sci. 87 (1982) 385.

P. Stilbs and B. Lindman, J. Magn. Reson. 48 (1982) 132.
R. Rymdén and P. Stilbs, J. Phys. Chem. 89 (1985) 3502.
B. Halle, T. Andersson, S. Forsén and B. Lindman, J. Am.
Chem. Soc. 103 (1981) 500.

J.H. Wang, J. Am. Chem. Soc. 76 (1954) 4755.

B. Jonsson, H. Wennerstrom, P.G. Nilsson and P. Linse,
Colloid Polym. Sci., in the press.

P. Chun, Biophys. Chem. 2 (1974) 170.

C.R. Cantor and P.R. Schimmel, Biophysical chemistry
(W.H. Freeman, San Francisco, 1980) p. 560.

P. Stilbs, to appear. )

B. Lindman, M.-C. Puyal, N. Kamenka, R. Rymdén and P.
Stilbs, J. Phys. Chem. 88 (1984) 5048.

P. Stilbs and B. Lindman, J. Phys. Chem. 85 (1981) 2587.
B. Halle and L. Piculell, J. Chem. Soc., Faraday Trans 1, 78
(1982) 255.

R. Rymdén and P. Stilbs, J. Phys. Chem. 89 (1985) 2425.
G.S. Manning, J. Chem. Phys. 51 (1969) 934.

G.S. Manning, Q. Rev. Biophys. 11 (1978) 179.

N. Yoshida, J. Chem. Phys. 69 (1978) 4867.



