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Progressive saturation EPR measurements and EPR linewidth
determinations have been performed on spin-labeled lipids in fluid
phospholipid bilayer membranes to elucidate the mechanisms of
relaxation enhancement by different paramagnetic ion salts. Such
paramagnetic relaxation agents are widely used for structural
EPR studies in biological systems, particularly with membranes.
Metal ions of the 3d and 4f series were used as their chloride,
sulfate, and perchlorate salts. For a given anion, the efficiency of
relaxation enhancement is in the order Mn21 > Cu21 > Ni21 >
Co21 ' Dy31. A pronounced dependence of the paramagnetic
elaxation enhancement on the anion is found in the order ClO4

2 >
Cl2 > SO4

22. This is in the order of the octanol partition coeffi-
cients multiplied by spin exchange rate constants that were deter-
mined for the different paramagnetic salts in methanol. Detailed
studies coupled with theoretical estimates reveal that, for the
chlorides and perchlorates of Ni21 (and Co21), the relaxation
enhancements are dominated by Heisenberg spin exchange inter-
actions with paramagnetic ions dissolved in fluid membranes. The
dependence on membrane composition of the relaxation enhance-
ment by intramembrane Heisenberg exchange indicates that the
diffusion of the ions within the membrane takes place via water-
filled defects. For the corresponding Cu21 salts, additional relax-
tion enhancements arise from dipolar interactions with ions
ithin the membrane. For the case of Mn21 salts, static dipolar

interactions with paramagnetic ions in the aqueous phase also
make a further appreciable contribution to the spin-label relax-
ation enhancement. On this basis, different paramagnetic agents
may be chosen to optimize sensitivity to different structurally
correlated interactions. These results therefore will aid further
spin-label EPR studies in structural biology. © 2001 Academic Press

Key Words: spin label; membrane; EPR; spin–lattice relaxation;
relaxation enhancement; paramagnetic ion; Ni21; Co21; Cu21;

n21; Dy31; Fe(CN)6
32; magnetic dipole–dipole interaction;

Heisenberg spin exchange.

INTRODUCTION

Motivations for the present work, which involves study
the relaxation enhancements of spin labels in membran
various paramagnetic ion salts, are twofold. (1) Measure
221
f
by
nt

of spin-label relaxation enhancements induced by intera
with paramagnetic ions, or their complexes, is a valuable
proven approach to studying the spatial distribution of s
labeled functional groups of both phospholipids and protei
membranes (1–5). However, to obtain reliable structural info

ation from such spin-label EPR measurements, the m
isms of the enhancements need to be clearly understood
arious cases. Both distance-dependent dipolar interac
3, 6) and Heisenberg exchange interactions (5) have been use

in such studies, depending on the chemical nature o
paramagnetic relaxant. (2) There are many studies on p
ability and diffusion of small nonelectrolyte molecules (incl
ing oxygen) in lipid membranes (7–9), as well as on th
permeability of univalent ions (10, 11). Divalent cations (othe
than Ca21 and Mg21 of the normal physiological milieu) a
known to affect the activity of a number of cytoplasmic
membrane proteins. However, only limited data are avai
on the permeability or transbilayer and lateral diffusion
these ions in lipid membranes (7, 12, 13). Such information
an be provided by spin exchange contributions to the r
tion enhancements if they are controlled by the collisi
ynamics between spin label and relaxant [e.g. (14, 15)].
In the present paper, spin-labeled phospholipids with di

ent positions of the nitroxide moiety in the acyl chain are u
in lipid bilayer membranes. This is done both to elucidate
mechanisms and efficiency of spin-label relaxation enha
ments by different paramagnetic metal ions and to ob
information on the partitioning and diffusion of divalent ions
membranes. The relaxation enhancements by parama
ions from the 3d (Cu21, Ni21, Co21, Mn21, Fe31) and 4f (Dy31)
series, which differ considerably in both their spin–lat
relaxation times and their electron spin values, are comp
Further, the role of the anionic counter ions, and also that o
lipid phase state and composition of the membrane, in d
mining the relaxation enhancements is studied.

Progressive saturation techniques with integrated EP
tensities and amplitudes are used for measuring the spin
ation parameters. The advantage of using the second inte
1090-7807/01 $35.00
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222 LIVSHITS, DZIKOVSKI, AND MARSH
rather than spectral amplitudes, is that these do not depe
the degree of inhomogeneous broadening in the EPR sp
(16). In a previous paper (17), a method was developed

etermining the relaxation parameters from microwave-p
aturation curves that took account of both the Zeeman
odulation and isotropic molecular motion of the spin lab
or the present work, this method is extended to inc
nisotropy of the molecular motion, as is necessary for

abeled lipids in fluid membranes.
It is found that partitioning of the paramagnetic ions into
embrane (most probably as ion pairs) can be of conside

mportance, and—depending on the anion—may be of o
helming importance. In consequence, direct Heisenberg
xchange interactions, rather than distance-dependent
agnetic dipolar interactions with ions in the aqueous ph

an come to dominate the relaxation enhancements. T
specially the case for membranes in the biologically rele
uid phase and for particular anionic counterions suc
erchlorate. For these cases (i.e., spin exchange interac

he relaxation enhancements provide additional informa
hat relates to the partitioning and dynamics of the para
etic ions within the membrane.

MATERIALS AND METHODS

Spin-labeled phosphatidylcholines,n-PCSL (1-acyl-2-[n-
(4,4-dimethyloxazolidine-N-oxyl)stearoyl]-sn-glycero-3-phos
phocholine) withn 5 5, 8, 10, 14, or 16, were synthesis
according to Ref. (18). Synthetic phosphatidylcholine, DMP
1,2-dimyristoyl-sn-glycero-3-phosphocholine), was fro
vanti Polar Lipids (Alabaster, AL) and egg yolk phosph
ylcholine (PC) was from Fluka (Buchs, Switzerland). C

esterol was from Merck (Darmstadt). The paramagnetic
iCl 2, CuCl2, CoCl2, MnCl2, DyCl3, Ni(ClO4)2, Cu(ClO4)2,

NiSO4, MnSO4, and K3(FeCN)6 were from Sigma (St. Loui
MO) and Fluka; methanol andn-octanol were of analytic
grade.

Spin-labeled phosphatidylcholines were incorporated i
layer membranes of DMPC or egg PC at a relative conce
tion of 1 mol% by drying down the lipid solutions in chlor
form and then suspending the dry lipid in water. T
concentration of paramagnetic salts in the aqueous phase
lipid dispersions was either 10 or 30 mM. All membra
dispersions (and also methanol solutions) were saturated
argon. Aliquots of the samples were loaded into 50-ml, 0.7-
mm-id glass capillaries (Brand, Germany) and flushed
argon. Sample sizes were trimmed to 5-mm length to a
inhomogeneities in theH 1 andHm fields (19).

Partition coefficients of the paramagnetic salts in octa
water were determined as follows.N-Octanol was added to a
M aqueous solution of the salt in a volume ratio of 2.5 ml/l
The mixture was vigorously shaken for 2 h, left to equilib
for 10 min, and centrifuged for 15 min at 13000 rpm. T
upper part of the octanol fraction was removed and centrif
on
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again. A total of 1.6 ml of the resulting octanol fraction w
mixed with 1.6 ml of water for back-extraction, and the p
cedure was repeated. The aqueous fraction was taken an
for metal ion determination. The metal ion concentrations w
measured on an atomic absorption spectrometer with an
racy of 0.005 ppm. The solutions were diluted 10-fold be
the measurements. In the case of copper and nickel per
ates and chlorides, the metal ion concentrations were
determined colorimetrically using metal indicators dimet
glyoxime and dithizone for Ni21 and Cu21 ions, respectively

EPR spectra were recorded at a microwave frequency
GHz on a Varian Century Line or Bruker EMX spectrome
equipped with nitrogen gas flow temperature regulation. S
ple capillaries were positioned along the symmetry axis o
standard 4-mm quartz EPR sample tube that contained
silicone oil for thermal stability. Temperature was meas
with a fine-wire thermocouple located within the capillary
contact with the sample. Samples were centered in the102

rectangular microwave cavity and all spectra were reco
under critical coupling conditions. The root-mean-square
crowave magnetic field̂H 1

2& 1/ 2 at the sample was measured
described in Ref. (19), and corrections were made for
cavity Q as described in the same reference. The in-phase
pectra were recorded in the first-harmonic absorption mo

modulation frequency of 100 kHz. The modulation fi
easured at the sample was 0.32 G p-p.
Water proton NMR linewidths from the residual HDO

2O were measured at 25°C for aqueous solutions o
various Ni21 and Cu21 salts at 30 mM and the Mn21 salts at 10
mM on a Bruker DRX-500 spectrometer. Corresponding
linewidths were measured for the Cu21 and Mn21 salts at th
same temperature on a Bruker ER-200 9-GHz spectrom
The dependence on anion was small in each case, indic
that differences in spin-label relaxation enhancements tha
reported here cannot be attributed to a dependence on the
of the relaxation parameters of the paramagnetic ions i
aqueous phase.

THEORETICAL BACKGROUND

Progressive Saturation and Spin–Lattice Relaxation
Enhancements

In CW progressive saturation experiments, one determi
saturation parameter,P, by fitting saturation curves for th
double integral,I , of the EPR spectrum to the equation

I 5
I o z H1

~1 1 P z H 1
2! 1/ 2 , [1]

where P 5 g e
2 z T1T2

eff, and T2
eff is an effective spin–sp

relaxation time that takes into account the relaxation cont
tion from rotational motion of the spin label (14). In the
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223EPR RELAXATION ENHANCEMENT BY PARAMAGNETIC ION SALTS
presence of a paramagnetic relaxation agent at concent
cR, the spin–lattice relaxation rate,T1

21, is given by

T1
21 5 T1,o

21 1 kRLcR, [2]

whereT1,o is the intrinsic spin–lattice relaxation time andkRL is
constant that depends on the collision rate in the ca

eisenberg spin exchange or on the distance of closes
roach in the case of a static dipole–dipole interaction with
aramagnetic relaxant. If the contribution of paramagn
nhancement to (T2

eff)21 is equal to that forT1
21, then the

resulting change in saturation parameter,P, of the spin label i
given by

D~1/P! 5 ~g e
2T2,o

eff! 21kRLcR, [3]

where it is assumed thatkRLcR ! (T2,o
eff)21, and T1,o @ T2

eff.
Typically, T1,o ('1 ms) is an order of magnitude, or mo

reater thanT2
eff, which has values'3–7 3 1028 s from

linewidth measurements.

Static Dipolar Enhancements of T1 Relaxation

The relaxation enhancement contributed by a static mag
dipole–dipole interaction between the spin label and a p
magnetic ion arises from modulation of the dipolar interac
by the rapid spin–lattice relaxation of the latter. The enha
ment by a single paramagnetic ion,i , may be derived from th
Solomon–Bloembergen equation for electron spins [see,
(20, 21)] as

1

T1,dd
~i ! ~static!

5
umRu 2g e

2

6r i
6 H ~1 2 3 cos2V i!

2

3
T2,R

1 1 ~vL 2 vR! 2T2,R
2

1
9

2
sin22V i

T1,R

1 1 v L
2T1,R

2

1 9 sin4V i

T2,R

1 1 ~vL 1 vR! 2T2,R
2 J , [4]

wherevR andvL are the Larmor frequencies of the param-
netic ion and spin label, respectively,r i is the separation of th
pin label and paramagnetic ion,V i is the angle between t

interdipole vectorr i and the magnetic field direction,T1,R and
T2,R (5T1,R) are the spin–lattice and spin–spin relaxation tim
respectively, of the paramagnetic ion, andmR (5gRbeSR) is its
magnetic moment operator. In terms of polar coordinate
fined relative to the membrane normal, the angleV i is given by

cosV 5 cosu cosu 1 sin u sin u cosw , [5]
i i 0 i 0 i
ion

of
p-
e
ic

tic
a-
n
e-

g.,

s,

e-

whereu0 andu i are, respectively, the angles that the magn
field and interspin vectorr i make with the membrane norm
andw i is the azimuthal orientation ofr i relative to the magnet
field direction.

Paramagnetic ions,i , distributed in the aqueous phase
adsorbed at the lipid–water interface give additive contr
tions toT1,dd

21 (static). Volume integration, in the first case, a
surface integration, in the second case, over the polar co
natesr i , u i , andw i of the paramagnetic ions give values ofT1,dd

21

(static) that are dependent on the magnetic field orientatiou0.
For volume integration over the paramagnetic ion distribu
the required terms in Eq. [4] are

E ~1 2 3 cos2V! 2

r 6 dV 5
p

4R3 Scos2u0 1
3

8
sin4u0D

E sin22V

r 6 dV 5
p

9R3 S1 2
3

8
sin4u0D

E sin4V

r 6 dV 5
p

36R3 S4 2 3 cos2u0 1
3

8
sin4u0D ,

[6]

whereR is the distance of closest approach of ions to the
label, which is directed along the membrane normal. An
gous expressions are obtained in the case of surface dis
tions of paramagnetic ions.

In saturation experiments with macroscopically unorie
suspensions, one measures saturation parameters for the
branes that are randomly oriented with respect to the
magnetic field direction, i.e., for spin packets with differ
values ofu0 (0 # u0 # p/2). However, it can be seen from E
[6] that the residual angle dependence ofT1,dd

21 (static) onu0 is
much weaker than its initial dependence onV that is given in
Eq. [4]. Therefore, for reasonable estimates, one can av
T1,dd

21 (static) overu0 and use angular independent express
for T1,dd

21 (static). For volume and surface distributions, res-
tively, one obtains

T1,dd
21 ~static! 5

p

45

m R
2ge

2

R3 T1,R z c z f1~vL, vR! [7]

T1,dd
21 ~static! 5

p

15

m R
2ge

2

R4 T1,R z cs z f1~vL, vR!, [8]

ith

f1~vL, vR! 5
1

1 1 ~vL 2 vR! 2T1,R
2 1

3

1 1 v L
2T1,R

2

1
6

1 1 ~vL 1 vR! 2T1,R
2 , [9]
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224 LIVSHITS, DZIKOVSKI, AND MARSH
wherec andcs are the bulk and surface ion concentrations
ons/cm3 and ions/cm2, respectively, andmR

2 5 gR
2be

2SR(SR 1
1), with be as the Bohr magneton.

Estimates of Static Dipolar T1 Enhancements

Estimates of the static magnetic dipolar relaxation enha
ment,T1,dd

21 (static), for various paramagnetic ions of inter
Ni 21, Cu21, Co21, Mn21, and Dy31, can be made from Eq
[7]–[9] by using the values ofT1,R and gR-factors that ar
known from NMR relaxation and EPR measurements for
aqua complexes of these ions (22–27). These estimates we

ade forR 5 1 nm and a bulk paramagnetic ion concentra
f 30 mM. In the case of ion adsorption at the lipid–wa

nterface, the ion binding constants measured by ele
horesis (28) were used to determine the values of the

ace concentrationcs corresponding to a bulk concentrat
of 30 mM.

For ions with S . 1
2, it is necessary to take into acco

zero-field splittings. This can affect both the determinatio
T1,R from solvent NMRT1-relaxation dispersion and the sp-
tral densities (Eq. [9]) used to calculate the spin-label re
ation enhancement (see footnotes to Table 1). The latter
calculated in a manner similar to that used previously for N
relaxation enhancements (23, 25). For Ni21, a value ofD 5
2.5 cm21 was used for the zero-field splitting and the spin-la

TAB
Numerical Estimates of Enhancements in T1- and T2-Relaxation

with 30 mM Aqueous Paramagnetic Ions, and R 5 1 nm in

Ion, R ^gR& SR T1,R(s) b

Ni21 2.25 1 3 3 10212b

5 3 10212d

Co21 4.33 1/2 '10212e

Cu21 2.2 1/2 1 3 1029f

3 3 1029f

Mn21 1.993 5/2 1 3 1029g

3.53 1029i

Dy31 1.33 15/2 3.53 10213j

8 3 10213f

a Surface concentrations of Ni21, Co21, Cu21, and Mn21 ions were calculat
(2.93 1012 cm22), Mn21 (6.53 1012 cm22), and in our unpublished electrop
ions to membranes. One expects, however, that its binding constant is
his case.

b Reference (22) accounting for dynamic zero-field splitting in determin
c Accounting for zero-field splitting in determining spin-label relaxatio
d Reference (23) accounting for static zero-field splitting in determiningT1
e Reference (24).
f Reference (25).
g Reference (30).
h Without accounting for zero-field splitting in determining spin-label r
i Reference (25) accounting for static zero-field splitting in determiningT1
j Reference (26).
n

e-
,

e

n
r
o-
r-

f

x-
re

l

relaxation enhancements were averaged over the ang
tween the principal axis of the Ni21–aquo complex and th
interspin vector (23). Qualitatively, the result is to reduce t
spin-label relaxation enhancement because of the incr
effective values ofvR in Eq. [9]. For high-spin Co21 in octa-
hedral or tetragonally distorted hexa–aquo complexes
combined effect of the large crystal-field splitting and sp
orbit coupling yields an isolated Kramers doublet as gro
state. In this case (cf. Table 1), the net effect is to reduc
total spin of Co21 to an effective value ofSR 5 1

2 with ag-value
f 4.33 and no zero-field splitting (see, e.g.,29). For Mn21, the

zero-field splitting of aquo complexes is small, and its effec
NMR relaxation dispersion was found to be insignifican
magnetic fields corresponding to 9-GHz EPR (27). Therefore
zero-field splitting was neglected in calculating the spin-l
relaxation enhancements, which means that these are
estimates for Mn21.

For both Ni21 and Co21, v 2T1,R
2 ! 1 and all three terms in th

spectral density contribute, whereas for Cu21 and Mn21, v 2T1,R
2

@ 1 and the first term inf 1(v L, vR) dominates at 9 GHz. Th
various EPR parameters of the different aqueous parama
ions and theT1-relaxation enhancements predicted under
experimental conditions stated above are given in Table 1
values ofT1,dd

21 (static) are predicted to be rather small for
first three ions in Table 1, in the order Ni21 . Co21 ' Cu21,

1
tes of Spin Labels in Membranes by Static Dipolar Interactions
s. [7]–[9] and Eqs. [10]–[12] for T1,dd

21 and T2,dd
21 , Respectively

T1,dd
21 (s21) T2,dd

21 (s21)

lume Surfacea Volume Surfacea

3 104c 3.93 104 0.93 104 4.33 104

3 104c 5.43 104 1.33 104 6.63 104

3 103 2.23 104 4.63 103 2.23 104

3 103 2.53 104 2.43 105 1.53 106

3 103 0.93 104 7.33 105 4.63 106

3 106h 1.13 107 2.83 106 3.13 107

3 106h 1.63 107 8.93 106 9.63 107

3 104h 1.93 105 1.33 104 1.93 105

3 104h 4.53 105 3.03 104 4.53 105

from the intrinsic binding constants given in (28): Ni 21 (2.93 1012 cm22), Co21

esis data Cu21 (3.83 1012 cm22). There are no data available on binding of D31

ater than for divalent ions, so a maximum value ofcs 5 9 3 1012 cm22 was used i

,R.
nhancements.

xation enhancements (see text).
LE
Ra
Eq

Vo

0.8
1.1
4.6
4
1.4
1
1.5
1.3
3.0

ed
hor
gre

ingT1

n e

,R.

ela

,R.
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225EPR RELAXATION ENHANCEMENT BY PARAMAGNETIC ION SALTS
but they are expected to be much greater for Mn21 because o
the favorable values ofT1,R and spinSR. For Dy31, the mag-

etic moment is very large because of the lack of or
uenching for 4f ions, and values of the Lande´ g-factor gJ 5

1.33 andtotal angular momentumJ 5 15/ 2 were used t
estimate the dipolar relaxation enhancements. Neverth
the predicted values ofT1,dd

21 are still relatively small because
the very short spin–lattice relaxation time that is characte
of lanthanide ions (other than Gd31) at ambient temperature
A similar situation (i.e.,vT1,R ! 1) probably obtains wit

e(CN)6
32, for which T1,R 5 2.3 3 10211 s at 77 K (20).

owever, values ofT1,R have not been determined for t
ion at ambient temperatures and therefore it is excluded
Table 1.

One should note that the above estimates are approxim
some respects. The effects of hyperfine structure on the
nance frequencies,vR, in the case of Cu21 and Mn21 ions, are
neglected in Eq. [9]. Also, the values ofT1,R for adsorbed ion
may differ substantially from those of the aqua comple
Furthermore, irrespective of the absolute magnitudes, it is
from the above estimates that the values ofT1,dd

21 (static) can
increase by up to almost an order of magnitude for stro
adsorbed cations, because of the decreased average spin
ion separation.

Static Dipolar Enhancements of T2 Relaxation

The contribution,T2,dd
21 (static), to the spin–spin relaxati

rate that arises from static dipolar interactions of a spin
with paramagnetic ions modulated by spin–lattice relaxatio
the latter must also be considered, in relation to both pro
sive saturation and linewidth measurements (20, 30). Accord-
ing to Leigh theory, the dipolar interaction between a spin l
and a fast-relaxing paramagnetic ion leads mostly to a dec
in EPR amplitude rather than to line broadening, becaus
strong angle dependence of the static dipolar relaxation re
in drastic broadening, except for interspin vectors orie
close to the magic angle (30). However, as in the situation f

1,dd
21 (static) just treated, this angle dependence is substan

decreased after integration over the volume or surface
distribution (see Eq. [6]). This then results in a line broaden
rather than the apparent amplitude quenching that is obt
for two isolated dipoles in Leigh theory. The angular-indep
dent expressions forT2,dd

21 (static) that are obtained in a simi
way to those forT1,dd

21 (static) are

T2,dd
21 ~static! 5

p z m R
2 z g e

2

90R3 T1,R z c z f2~vL, vR! [10]

T2,dd
21 ~static! 5

p z m R
2 z g e

2

30R4 T1,R z cs z f2~vL, vR!, [11]
l

ss,

ic

m

in
so-

s.
ar

ly
bel–

el
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s-
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se
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lts
d
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n

g,
ed
-

where

f2~vL, vR! 5 4 1
1

1 1 ~vL 2 vR! 2T1,R
2 1

3

1 1 v L
2T1,R

2

1
6

1 1 v R
2T1,R

2 1
6

1 1 ~vL 1 vR! 2T1,R
2 . [12]

We note that for Cu21 and Mn21 (T1,R ' 1029 s) the first term
in f 2(v L, vR) dominates, which results inf 2(v L, vR) ' 4. On
the other hand, for Ni21, Co21, and Dy31, all terms in the
spectral density contribute andf 2(v L, vR) ' 20.

Using the same values ofR 5 1 nm and a bulk io
concentration of 30 mM as for the estimations ofT1,dd

21 (static),
one obtains the values ofT2-relaxation enhancement that
given in Table 1. The angular-independent values ofT2,dd

21

(static) estimated for Ni21 ions are about 50 times smaller th
for Cu21 ions, both for volume and surface ion distributions
turn, the values ofT2,dd

21 (static) for Mn21 ions are about 10–2
times greater than for Cu21 ions.

Relaxation by Spin Exchange Interactions

Relaxation is mediated by Heisenberg spin exchange o
the paramagnetic ions come into direct contact with the
label. For strong exchange, the rate of Heisenberg excha
determined by the collision rate constantkRL of Eq. [2] that can
be obtained from the Smoluchowski equation [see also (5)]:

kRL 5 4psRLr RLDT~ z!, [13]

here DT( z) is the local (isotropic) translational diffusi
coefficient of the ion pair (assumed greater than for the lip
r RL is the interaction distance between ion and spin label
sRL is a steric factor ('1). The relaxation enhancement fr
Heisenberg exchange,T1,HE

21 5 kRLnR, is then obtained by th
combination of Eqs. [2] and [13]. In Eq. [13], however, i
assumed that the local ion concentrationnR( z) at distancez
along the membrane normal, which appears in Eqs. [2] an
is expressed in ions per unit volume, rather than in molar
which was designated bycR. It should be noted that Heisenbe
exchange contributions to theT2 relaxation rate are equal
those forT1 relaxation, i.e.,T2,HE

21 5 T1,HE
21 (31).

Dynamic Dipolar Relaxation Enhancements

In the case of rapid translational diffusion, spin-label re
ation can be induced by the modulation of the dipolar inte
tions that arises from the mutual diffusive motions of the
labels and paramagnetic ions. Unlike the situation for He
berg exchange, the contribution of dynamic dipolar inte
tions to T2 relaxation is greater than the contribution toT1

relaxation. This arises from the contributions toT2 relaxation
of spectral densities at low frequencies. Dynamic dipola
laxation is characterized by the dipolar correlation timet 5
D
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226 LIVSHITS, DZIKOVSKI, AND MARSH
r RL
2 / 2DT, and the criterion that the dynamic mechanism d-

inates over the static relaxation mechanism istD
21 @ T1,R

21 and
vice versa (see, e.g., Ref.32). For the case that dynamic dipo
elaxation dominates, theT2 enhancement is given by (32)

T2,dd
21 ~dynamic! 5 m R

2ge
2 F1

6
J ~0!~0! 1

1

24
J ~0!~vR 2 vL!G ,

[14]

wherevR and vL are the electron Larmor frequencies of
paramagnetic ion and spin label, respectively. In Eq.
spectral densities,J(k)(v), at the Larmor frequency and abo
are assumed to be negligible compared with those at
frequency (33) and therefore are omitted. For ions (e.g., Mn21)
with g-values close to the spin labelg-value, such that (vR 2
vL)

2tD
2 ! 1, it can be assumed thatJ(0)(vR 2 vL) ' J(0)(0).

or ions with (vR 2 vL)
2tD

2 @ 1, on the other hand, th
relaxation term involvingJ(0)(vR 2 vL) may be neglecte
With the zero-frequency spectral density for translational
fusion given by J(0)(0) 5 (48p/152)nR/(DTr RL) (32), the

2-relaxation enhancement becomes

T2,dd
21 ~dynamic! 5 C z m R

2ge
2nR/~DTr RL!, [15]

here C5 2p/45 for (vR 2 vL)
2tD

2 ! 1, andC 5 8p/152 for
vR 2 vL)

2tD
2 @ 1.

In contrast, the corresponding expression for the dyn
dipolar enhancement inT1 relaxation is (32)

T1,dd
21 ~dynamic! 5

1

12
m R

2ge
2J ~0!~vR 2 vL!, [16]

i.e., T1,dd
21 5 (2/5)T2,dd

21 for (vR 2 vL)
2tD

2 ! 1, andT1,dd
21 ! T2,dd

21

for (vR 2 vL)
2tD

2 @ 1. Therefore, for ions withg-values tha
differ considerably from that of the spin label (Dg @ 0.01),
he dynamic dipolarT1 relaxation is expected to be small. F
ions with g-values close to those of the spin label (Dg ,
0.01), theT1-relaxation enhancement is two-fifths that of
dynamic dipolarT2 relaxation rate.

RESULTS

Paramagnetic relaxation enhancements were determin
phospholipids spin-labeled in thesn-2 chain by using progre
sive saturation methods. Most of the measurements are
fined to fluid lipid bilayers in theLa-phase, which correspon
to the dynamic state of biological membranes at physiolo
temperatures, and concentrate on the nature of the par
netic relaxant. Results on the intermediatePb9 gel phase ar
presented later. A range of paramagnetic ions is used w
differ in their electron spin,g-values, andT1 relaxation times
in order to discriminate between the dipolar and exch
],

w

f-

ic

for

on-

al
ag-

ch

e

relaxation enhancement mechanisms. Different anions ar
used because these may affect ion solubility in the memb
Ni21 ions are favored for further experiments on tempera
dependence and membrane composition because Ni21 gives
reasonably large relaxation enhancements and no backg
EPR signal and has been used extensively in previous
brane studies.

Dependence on Paramagnetic Ion

The dependence of the relaxation enhancement param
D(1/P), on spin label position,n, of n-PCSL probes in fluid
phase DMPC membranes is given for the interaction
different paramagnetic ion chlorides in Fig. 1. An equiva
concentration of MgCl2 was used as a nonparamagnetic c-
rol. The value ofD(1/P) for 8-PCSL was zero in the presen
of 30 mM MgCl2, which shows that the enhancements-
served are entirely due to paramagnetic contributions. It is
that the paramagnetic relaxation enhancement is greate
Cu21 and decreases in the order Cu21 . Ni21 . Co21 '
Fe(CN)6

32 ' Dy31. This progression is not entirely in acco
with the estimates of the static dipolar contributions to
relaxation enhancements that were given in the previous
tion (cf. Table 1). The larger values ofD(1/P) for Cu21 and
Ni21 chlorides, compared to those of Co21 and Dy31, do not
correlate with the corresponding estimates ofT1,dd

21 (static) and
2,dd
21 (static). Also, the relaxation enhancement does no-

crease monotonically with increasing values ofn, for all ions.

FIG. 1. Dependence of theD(1/P) relaxation enhancement paramete
abeling position,n, of n-PCSL spin labels in DMPC membranes at 39°C. D
are given for different paramagnetic ion chlorides at a bulk concentration
mM: CuCl2 (‚), NiCl2 (E), CoCl2 (ƒ), DyCl3 (1), and for K3Fe(CN)6 ({).

he cross (3) indicates the value ofD(1/P) for the diamagnetic control, 3
mM MgCl2.
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227EPR RELAXATION ENHANCEMENT BY PARAMAGNETIC ION SALTS
For those ions for which it does, fits to the 1/R3 or 1/R4

dependence on separation predicted for a static magne
pole–dipole relaxation do not yield entirely consistent va
of the fitting parameters.

In principle, the relaxation data could be consistent, h
ever, with a mechanism for the enhancement that is du
Heisenberg spin exchange or dipole–dipole interaction
tween spin labels and paramagnetic ions which may par
into the membrane.

Dependence on Anion

In order to distinguish further between the different me
anisms, the dependence of the relaxation enhancement
nature of the counterion was studied. The dependence
spin-label position,n, of the D(1/P) enhancement parame
for Ni21 ions with ClO4

2, Cl2, and SO4
22 anions and flui

DMPC membranes are given in Fig. 2. The values ofD(1/P)
are considerably greater for Ni(ClO4)2 than for NiCl2, for all
values of n; the dependence onn is also steeper and
approximately linear. In turn, the values ofD(1/P) for NiCl 2

are somewhat greater than those for NiSO4. A similar relative
order was found also for Mn21 chloride and sulfate, with flui
DMPC membranes (see later).

The value ofD(1/P) for 5-PCSL in the presence of 30 m
Mg(ClO4)2 was also measured as a diamagnetic control
found to be small and equal to20.07 G2, indicating that th
strong positive effect of Ni21 (and Cu21) perchlorate is du
entirely to the paramagnetic properties of these ions.

FIG. 2. Dependence of theD(1/P) relaxation enhancement paramete
spin-label position,n, for 30 mM bulk concentration of Ni21 salts with
different anions: Ni(ClO4)2 ({), NiCl2 (E), and NiSO4 (‚). Data are given fo
-PCSL spin labels in DMPC membranes at 39°C.
di-
s

-
to
e-
n

-
the
on

d

e

slightly negative value ofD(1/P) for Mg(ClO4)2 is probably
attributable to a decrease in rotational mobility (and he
increase inT2

eff) of the spin labels that is seen in the co-
sponding linear EPR spectra (see later).

Most Ni21, Cu21, and Mn21 salts are strong electrolytes.
30 mM concentration in water the chlorides and perchlo
almost fully dissociate, i.e., the cations exist in water as
aqua complexes. The degrees of dissociation, estimated
critical stability constants, are 0.98, 0.97, 0.99, and 0.97 fo
mM NiCl2, CuCl2, MnCl2, and CoCl2, respectively. Those fo
the perchlorate salts are expected to be even greater. On
the sulfates are they considerably smaller (approximatel
for 30 mM NiSO4 and MnSO4). Further, experiments ha
been performed that demonstrate that there is little effe
anions on the relaxation properties of the various aqu
paramagnetic ions, either from ion pairing or from any o
aqueous mechanism. Both the water proton NMR linewi
and the paramagnetic ion EPR linewidths (for Cu21 and Mn21)
show only small variations with anion for the aqueous p
magnetic salts. Manganese salts show the most appre
dependence on anion and that is only an approximately
variation. Therefore, the pronounced effects of anions on
spin-label relaxation enhancements cannot arise from a m
anism involving paramagnetic ions in the aqueous phase.
the dependences on anionic counterions that are almos
dissociated in water cannot be explained in terms of a dip
dipole interaction of spin labels with paramagnetic ion–a
complexes located in the aqueous phase or adsorbed
lipid–water interface. On the other hand, they can be du
partitioning of the paramagnetic ions into the lipid membr
most probably as cation–anion pairs. Then direct Heisen
spin exchange, or either a static or a collision-controlled d
lar interaction, with the spin labels could account for
relaxation enhancement. In particular, perchlorates of univ
or divalent ions are known to be partly soluble in polar org
solvents (e.g., acetonitrile, acetone, or dimethyl formam
(34, 35). Partitioning of divalent cations into the membran
expected to take place as compensating ion pairs on el
static grounds, because of the high Born energy penal
burying a highly charged ion of small radius in a medium
low dielectric constant (see, e.g., Ref.12).

Paramagnetic Salts in Organic Solvent

To obtain additional information relevant to the ion pa
tioning hypothesis, then-octanol/water partition coefficien
(K p) of the different salts were measured by using ato
absorption spectroscopy (Table 2). Some of the larger v
were confirmed by colorimetric measurements using indic
dyes. The dependence of the partition coefficient on the a
(for a given paramagnetic cation) is very clear in Tabl
Partitioning into the more hydrophobic environment is in
order perchlorate. chloride. sulfate.

In addition, the Lorentzian line broadening in the E
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228 LIVSHITS, DZIKOVSKI, AND MARSH
spectrum of the 10-PCSL spin label by paramagnetic ions
measured in methanol. Corresponding bimolecular exch
rate constants (kex) were calculated by assuming that the p-
magnetic broadening was attributable solely to collisional
exchange in this low-viscosity solvent. These values ofkex are
given also in Table 2. The values ofkex for the salts of Cu21,
Ni 21, and Mn21 are characteristic of strong exchange (31). The
alue ofkex for CoCl2 in methanol is found to be considera
ower, which probably corresponds to the transition to w
xchange (31). The very low value ofkex for DyCl3 is attrib-

utable to the small exchange integral for the screenedf-
electrons of Dy31 (21).

As seen from Table 2, the product of the exchange con
(kex) with the octanol/water partition coefficient (K p) parallels
the relative values ofD(1/P) for Cu21, Ni21, Co21, and Dy31

chlorides and for Ni21 salts with different counterions (cf. Fig
1 and 2, respectively). Thus, the low value ofD(1/P) for
CoCl2, compared with NiCl2 and CuCl2, can be explained b
the relatively low values ofkex for a collisional exchang
interaction, rather than by a very shortT1,R in terms of the stati

ipolar relaxation mechanism (cf. Table 1). Similarly, the v
ow value ofD(1/P) for DyCl3 is evidently explained by th
low value of the exchange rate constant. Potassium ferr
nide almost does not partition into octanol, so its rather
values ofD(1/P) may be explained partly by its low solubil
in membranes.

Thus, to within the limitations of this model system,
relative values of the exchange rate constants and pa
coefficients for different paramagnetic salts in organic sol
do not contradict a relaxation mechanism that is mediate
partition of the paramagnetic ions into membranes, most p
ably as cation–anion pairs. This is especially the case fo
perchlorates, which have relatively high partition coefficie

TABLE 2
Properties of Paramagnetic Salts in Nonaqueous Solvents:

artition Coefficient, Kp, between n-Octanol and Water and
iomolecular Rate Constant, kex, for Spin Exchange with the

10-PCSL Spin Label in Methanol

Paramagnetic salt K p

kex 3 1029

(s21 M21)a

K p z kex

(s21 M21)

Ni(ClO4)2 12.2 3 1023 1.3 6 0.1 1.63 107

NiCl 2 4.463 1024 1.1 6 0.1 4.93 105

NiSO4 1.533 1026 0.67 6 0.1 1.03 103

Cu(ClO4)2 14.2 3 1023 1.9 6 0.1 2.73 107

CuCl2 1.753 1023 1.8 6 0.1 3.13 106

CoCl2 4.693 1024 0.13 6 0.02 6.13 104

DyCl3 8.4 3 1025 ;0.05 ;4 3 103

MnCl2 5.023 1024 1.6 6 0.1 8.03 105

MnSO4 2.043 1026 0.77 6 0.2b 1.63 103

K3Fe(CN)6 ,1026 0.0726 0.02b ,102

a Measured from the peak-to-peak linewidth,DH pp 1 0.783 G, where th
correction is for inhomogeneous broadening (36).

b Measured in 50% v/v methanol/H2O mixture.
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For the remaining salts with lower partition coefficients, o
mechanisms may also make a significant contribution to
overall relaxation rate.

Dependence on Ion Magnetic Moment

The static dipolar relaxation mechanism predicts a st
(quadratic) dependence of the relaxation enhancement o
magnetic moment or spin of the paramagnetic ion (see Eq
[7], [8]). On the other hand, the spin exchange rate for st
exchange between the radical and paramagnetic ion is vir
independent of the magnetic moment of the paramagnet
(31). Therefore, to discriminate between these two relaxa
mechanisms it was important to compare the values ofD(1/P)
for ions which differ mainly in their electron spin. Mn21 and
Cu21 ions are appropriate for this purpose because their
values areSR 5 5/2 and 1/2, respectively, and theg-factors
differ somewhat (see above), whereas the spin–lattice r
ation times are both on the order of 1029 s (37).

The second integrals of the EPR spectra from Mn21-ion-
containing samples are difficult to measure because o
baseline associated with the strong underlying Mn21 EPR
signal. For this reason, saturation curves for Mn21-containing
samples were measured by using the spectral amplitude
central hyperfine component and a linear baseline corre
over this region. Microwave saturation curves were meas
for 8-PCSL and 12-PCSL in DMPC membranes, in the p
ence of 10 mM MnCl2, MnSO4, or CuCl2. (Lower concentra-
tions were used in this case to reduce the amplitude o
background Mn21 EPR signal). The data for the 8-PCSL s
label in fluid-phase membranes are given in Fig. 3. It is
that the extent of saturation is lower in the presence of21

than in the presence of Mn21. The saturation curves for t

FIG. 3. Saturation curves as a function ofH 1-microwave field strength fo
the amplitude of the central (mI 5 0) manifold in the EPR spectrum

-PCSL in DMPC membranes that are suspended in water (h), 10 mM MnSO4

(�), 10 mM MnCl (Œ), and 10 mM CuCl (F). Temperature: 39°C.
2 2
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229EPR RELAXATION ENHANCEMENT BY PARAMAGNETIC ION SALTS
spectral amplitude,A, could be fitted satisfactorily to th
following semi-empirical expression:

A 5
Ao z H1

~1 1 P2 z H 1
2! e , [17]

where the parameterP2 is similar to the saturation parameteP
haracterizing the saturation of the double integral of
pectral intensity (see Eq. [1]). The values of the exponee,

in Eq. [17] lie in the ranges 1.38–1.5 and 1.15–1.2 at 19
39°C, respectively, for 5-, 8-, and 12-PCSL in DMPC m
branes. These exponents remained approximately the sa
the presence and absence of paramagnetic salts.

The values ofD(1/P2) for 8-PCSL and 12-PCSL in th
resence of 10 mM MnCl2, MnSO4, or CuCl2 are given in

Table 3. For 8-PCSL, the smaller values ofD(1/P2) for MnCl2

relative to CuCl2, e.g., 0.30 versus 0.41 G2 in the fluid phase
re contrary to expectations for a static dipolar relaxa
echanism (cf. Table 1). They are, however, consistent w

ollisional spin exchange mechanism because the octano
ition coefficient (and to a lesser extent the value ofkex) is
lower for MnCl2 than for CuCl2 (see Table 2). In the case
12-PCSL, the relative values ofD(1/P ) for MnCl and CuCl

TABLE 3
Values of D(1/P2) and Corresponding Spin–Lattice Relaxation

ate Enhancements, D(1/T1), and Paramagnetic Line Broadening
(DDv) for the EPR Spectra of n-PCSL Spin Labels in DMPC
Membranes in the Presence of 10 mM Concentrations of Mn21 and
Cu21 Ion Salts in the Aqueous Phase

n-PCSL T (°C)
Paramagnetic

salt
D(1/P2)
(G2) a

D(1/T1) 3
1026 (s21)

DDv 3
1026 (s21)b

5 39 MnSO4 0.57 3.8 6 0.4 7.66 0.6
8 39 MnSO4 0.19 1.5 6 0.1 5.26 0.3

MnCl2 0.30 2.3 6 0.2 6.56 0.3
CuCl2 0.41 3.3 6 0.3 4.76 0.3

12 39 MnSO4 0.25 2.1 6 0.2 5.96 0.3
MnCl2 0.415 4.0 6 0.4 8.46 0.6
CuCl2 0.275 2.9 6 0.3 4.16 0.3

5 19 MnSO4 0.1 0.746 0.08 9.76 0.7
8 19 MnSO4 0.03 0.096 0.01 5.96 0.3

MnCl2 0.05 0.266 0.03 7.36 0.3
CuCl2 0.09 0.476 0.05 4.46 0.3

12 19 MnSO4 0.08 0.406 0.05 5.36 0.3
MnCl2 0.15 1.0 6 0.1 7.36 0.3
CuCl2 0.05 0.286 0.03 4.16 0.4

a Values ofD(1/P2) are obtained from fitting progressive saturation cu
or spin-labeled membranes in the presence and absence of paramagne
o Eq. [17], yielding values ofP2 and P2

o, respectively, whereD(1/P2) 5
1/P2 2 1/P2

o, with an average rmsd of 0.05 G2. Values ofD(1/T1) are obtaine
rom spectral simulations (see text).

b Peak-to-peak linewidthsDHPP andDH o
PP are measured for the central l

(mI 5 0) in the low-power EPR spectrum, in the presence and absen
paramagnetic salt, respectively. Expressed in angular frequency uni
T2-relaxation enhancement isDDv 5 (=3/ 2)g e(DHPP 2 DH o

PP).
2 2 2
e

d
-
e in

n
a
ar-

are in the direction expected for a dipolar relaxation enha
ment, but their ratio is much less than that predicted from
relative values ofT1,dd

21 (static) in Table 1.
The saturation curve for 8-PCSL in DMPC in the prese

of 10 mM MnSO4 corresponds to a higher degree of satura
(i.e., lower value ofD(1/P2)) than that with MnCl2 (see Fig
3). A similar trend is found also for measurements with
PCSL (see Table 3). As for NiSO4 (Table 2), MnSO4 partitions
less into octanol (and, hence, into the membrane) than do
corresponding chloride. Therefore the lower values ofD(1/P2)
for MnSO4 correspond to lower partitioning into the membr
compared with the chloride, which is similar to the case
the corresponding Ni21 salts.

Thus, all of the experimental results obtained, with
possible exception of the sulfate salts, indicate that the r
ation enhancements produced by different paramagnetic io
the fluid phase of DMPC or egg PC membranes are ca
substantially by partitioning of these ions into the membr
most probably as ion pairs. The principal contribution to
relaxation enhancement is then a collisional spin exch
interaction, or a dipole–dipole interaction (possibly dynam
with the spin labels. The relaxation enhancement obtained
the sulfate salts, which have the lowest partition coefficie
gives an upper limit for the static dipolar contribution fr
paramagnetic ions confined to the aqueous phase or t
membrane surface.

Analysis of Low-Power Spectra

Because of the possibility that paramagnetic species
trate the membrane, evidence for spin–spin interactions
also sought from the conventional EPR lineshapes. The l
(i.e., nonsaturated) EPR spectra of the membrane-incorpo
n-PCSL spin labels, in the presence of paramagnetic salts
used to determine the additional Lorentzian line broade
relative to membrane samples in water. This additional br
ening was absent in the presence of diamagnetic MgCl2 (the
ionic radius of Mg21 is close to those of Ni21, Cu21, and Co21

(38)). For 5-PCSL and 8-PCSL in fluid DMPC and egg
embranes, the paramagnetic broadening is rather sign

n the presence of Cu21 and Ni21 perchlorates and chlorid
(see, e.g., Fig. 4). The values of the paramagnetic broad
were determined from spectral simulations and also direct
measuring the peak-to-peak linewidth of the central (mI 5 0)
spectral component or the half-width at half-height of
low-field (mI 5 11) component. Values of the spin–s
relaxation enhancements (DDv) estimated from the parama
netic broadening of themI 5 0 hyperfine component, by usi
the relation for Lorentzian lineshapes,DDv 5 (=3/

)geDDHPP, are given in Fig. 5for variousn-PCSL spin label
in fluid DMPC membranes in the presence of Cu2,
Ni(ClO4)2, or NiCl2. The relative values of the line broaden
for CuCl2 and NiCl2 and the dependence on spin-label posit
n, are seen to correlate with the corresponding value

s
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230 LIVSHITS, DZIKOVSKI, AND MARSH
D(1/P) (cf. Fig. 1). It is found that the line broadening
largest for Cu21 and Ni21 perchlorates, is very small for Co21

and Dy31 chlorides, and is absent for magnesium chlor
which was used as a control.

The paramagnetic broadenings,DDv, of the mI 5 0 com-
onents in the spectra of 8-PCSL and 12-PCSL in fluid DM
embranes, which are induced by 10 mM MnCl2, MnSO4, or

CuCl2, are given in Table 3. For both spin labels, these va
are greater in the presence of MnCl2 than the correspondin
values in the presence of CuCl2. However, this difference
less than a factor of 10–20 times that is predicted for a s
dipolar interaction (cf. Table 1). At the same time, the va
of DDv for Mn21 ions depend on the nature of the counter
they are greater for MnCl2 than for MnSO4.

Spin-Label T1 Relaxation Times

Absolute values ofT1 andT1,o, and hence of the spin–latti
relaxation enhancementsD(1/T1), were obtained from simu-
lations of the partially saturated spectra. The model use
simulation was one of spin-label rotational diffusion withi
cone with allowance for microwave saturation and the Zee
field modulation. Calibrations were established for the ex
imental values of the saturation parameters,P andP2, for the
integrated intensities (Eq. [1]) and spectral amplitudes
[17]), respectively. The dynamic parameters (cone angleg or

FIG. 4. EPR spectra ofn-PCSL phosphatidylcholine spin labels in DM
membranes at 39°C, in the presence (solid lines) and absence (dotted l
30 mM Ni(ClO4)2. From top to bottom, spectra are of 5-PCSL, 8-PC

2-PCSL, and 14-PCSL.
,

C

s

tic
s
:

or

n
r-

q.

order parameter,Szz, and the rotational correlation time,tR)
and spectral parameters (intrinsic spin–spin relaxation
T2, and inhomogeneous Gaussian broadening,DHG) were firs
determined from simulations of the corresponding linear
low power) EPR spectra. Full details of the model and
brations for the relaxation parameters obtained from sim
tions will be given elsewhere. Limitations on the accurac
determining theT1 values from such simulations come fr
the approximations of the motional model, as well as from
difficulty in extracting intrinsicT2 values from inhomoge-
neously broadened lineshapes. In particular, simulations o
linear EPR spectra were found to be only approximate
12-PCSL and 16-PCSL in the gel phase. However, the
hancements (i.e., differences) in relaxation ratesD(1/T1) and
D(1/T2) were found to be relatively insensitive to the ex
values of the simulation parameters. The values ofD(1/T1) for
different paramagnetic ions and differentn-PCSL spin label
are given in Table 4. Values of the paramagnetic broade
(DDv [ DD(1/T2)) deduced from simulations of the line
(i.e., nonsaturated) spectra are also given in Table 4 fo
same systems.

The enhancements inT1-relaxation rate obtained by th
nonlinear CW method are comparable to those obtained
time-domain saturation recovery techniques. For instan
value ofD(1/T1) 5 1.4 3 106 s21 was measured for 9-PCS
in DOPC–cholesterol membranes in the presence of 50
K3Fe(CN)6 by saturation recovery (39). Using the presen
echnique and data from Fig. 1, a value ofD(1/T1) 5 1 3 106

FIG. 5. Dependence of the additional broadening,DDv, of the centra
(mI 5 0) spectral manifold ofn-PCSL in DMPC at 39°C on spin-lab

osition,n, in the presence of 30 mM CuCl2 (‚), 30 mM Ni(ClO4)2 (■), or 30
M NiCl (E).

) of
,
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231EPR RELAXATION ENHANCEMENT BY PARAMAGNETIC ION SALTS
s21 is found for 8-PCSL in DMPC membranes at 39°C in
presence of 30 mM K3Fe(CN)6.

It is seen from Table 4 that, in the presence of Ni21 chlorides
and perchlorates, the values ofDDv andD(1/T1) measured fo
everal spin labels are close to one another. However, i
ase of Cu21 ions, the values ofDDv are systematically larg

than those ofD(1/T1) for all spin labels.
The spin–lattice relaxation enhancementsD(1/T1) for

5-PCSL, 8-PCSL, and 12-PCSL that are induced by the
ence of 10 mM MnCl2, MnSO4, or CuCl2 were also determine
from spectral simulations in terms of theP2 saturation param-
eter of Eq. [17] for the spectral amplitude. These values
included in Table 3. In the fluid phase, the values ofD(1/T1)
are lower than the corresponding values ofDDv in Table 3 for
all three paramagnetic salts, the ratioD(1/T1)/DDv being
higher for CuCl2 than for MnCl2 and MnSO4.

Dependence on Lipid Phase

The temperature dependence of both the paramag
broadening and the effects of paramagnetic relaxation o
saturation behavior were also measured. Values ofD(1/P) for
8-PCSL and 16-PCSL in DMPC membranes in the presen
NiCl2 are given as a function of temperature in Fig. 6.The
temperature dependence is relatively slight in the gel pha
increases at the lipid chain-melting transition (ca. 23°C)
continues to increase rather steeply in the fluid phase (at
for 8-PCSL).

The DMPC membrane becomes thinner at the chain-me
transition and continues to thin with increasing temperatu
the fluid phase (12, 40). The increase in paramagnetic enhan
ment of membrane-embedded spin labels is therefore in

TABLE 4
Spin–Lattice Relaxation Enhancements, D(1/T1), and Para-
agnetic Line Broadening (DDv) for Spin-Labeled Phospholipids

-PCSL in Fluid DMPC Membranes in the Presence of 30 mM
aramagnetic Ion Saltsa

Spin label
Paramagnetic

salt
D(1/T1) 3
1026 (s21)

DDv 3
1026 (s21)

5-PCSL NiCl2 4.66 0.4 5.36 0.4
CuCl2 8.86 0.4 12.36 0.4
Ni(ClO4)2 14.06 0.4 13.66 0.4

8-PCSL NiCl2 3.96 0.4 4.46 0.4
CuCl2 5.16 0.4 8.86 0.4
Ni(ClO4)2 10.66 0.4 11.46 0.4

12-PCSL NiCl2 2.46 0.4 2.66 0.4
Ni(ClO4)2 8.76 0.4 8.86 0.4

14-PCSL Ni(ClO4)2 7.06 0.4 7.06 0.4
16-PCSL NiCl2 3.56 0.4 2.66 0.4

CuCl2 3.26 0.4 7.96 0.4

a Obtained from spectral simulations, where theT2-relaxation enhanceme
DDv, is obtained from the Lorentzian half-widths at half-height of the l
field (mI 5 11) manifold.T 5 398C.
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itative agreement with expectations for a static dipolar in
action with ions confined to the aqueous phase. How
much of the evidence given above points to a major cont
tion to the relaxation enhancement in the fluid phase
partitioning of the paramagnetic ions into the membrane.
temperature dependence observed is consistent with su
interpretation, because it is expected that partitioning into
membrane will increase at the chain-melting transition and
both partitioning and frequency of collision with the spin la
will increase with increasing temperature in the fluid pha

Effects of Membrane Composition

Because of the importance of paramagnetic ion partitio
into the membrane, it is of interest to explore the effects
membrane lipid composition has on the paramagnetic r
ation enhancement and broadening. For then-PCSL spin label
in egg PC membranes, the dependence ofD(1/P) onn is given
in Fig. 7. It is seen that then-dependences in egg PC
qualitatively similar to those for fluid DMPC membranes (F
1), although differences in the detailed profile are obse
The largest discrepancy between the profiles is at the
position, which is close to the location of thecis-double bond
in the oleoylsn-2 chain of egg PC. A rather strong depende
of the D(1/P) parameters on the counterion is also obse
for egg PC membranes (Fig. 7), just as for fluid DM
membranes (Fig. 2).

Inclusion of cholesterol in the egg PC membranes gives
to pronounced changes in the dependence ofD(1/P) on spin

FIG. 6. Temperature dependences of theD(1/P) relaxation enhanceme
arameter for 8-PCSL (E) and 16-PCSL (h) in DMPC membranes in th
resence of 30 mM NiCl.
2
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232 LIVSHITS, DZIKOVSKI, AND MARSH
label position, as is shown in Fig. 8. In the presence o
mol% cholesterol, the value ofD(1/P) for 5-PCSL positione
n the more polar part of the bilayer increases, whereas th
6-PCSL located toward the hydrophobic centre of the bil
ecreases. This striking modification of the relaxation enha
ent profile allows conclusions to be drawn about the natu
ivalent cation permeation into the membrane (see later
ussion).

b9 Gel Phase

The dependences of theD(1/P) parameter and paramagne
broadening of the linear EPR spectra on spin-label position)
were also studied in the intermediatePb9 gel phase, in a wa
similar to that for the liquid crystallineLa-phase, and for bo
different paramagnetic ions and different counterions.
found that: (1) The values ofD(1/P) andD(1/P2) are signif-
icantly smaller than for the fluid phase. (2) The dependen
D(1/P) on spin-label position for different ions (includi
Mn21) is rather weak and nonmonotonic. In particular,
some ions (Ni21 and Co21), a small but distinct maximu
exists in the region of the C-8–C-10 positions. (3) A dep
dence ofD(1/P) andD(1/P2) on the nature of the anion is a
observed in thePb9 intermediate gel phase for Ni21 and Mn21

ions (see Table 3). (4) There is no complete correlation
tween the values ofD(1/T1) andDDv (see Table 3).

The values ofD(1/T1) for 5-PCSL, 8-PCSL, and 12-PCS
in DMPC in the presence of 10 mM CuCl, MnCl , or MnSO

FIG. 7. Dependence of theD(1/P) relaxation enhancement paramete
spin-label position,n, for n-PCSL in egg phosphatidylcholine membrane
39°C, in the presence of chlorides and perchlorates of Ni21 and Cu21 at a bulk
concentration of 30 mM: CuCl2 (‚), NiCl2 (E), Cu(ClO4)2 (Œ), Ni(ClO4)2 (F),
and for K3Fe(CN)6 ({).
2 2 4
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at 19°C are given in Table 3. It is seen that the spin–la
relaxation enhancements in thePb9 gel phase are considera
lower than in the fluid phase; furthermore, the former va
are an order of magnitude smaller than the correspon
values ofDDv in Table 3. At the same time there is a dep
dence ofD(1/T1), DDv and D(1/P2) on the nature of th
anion.

Diamagnetic MgCl2 and Mg(ClO4)2 were used as contro
also in thePb9 intermediate gel phase. The values ofD(1/P2)
for 8-PCSL in the presence of 30 mM MgCl2 and of 5-PCSL
in the presence of 30 mM Mg(ClO4)2 were20.03 and20.04

2, respectively. In the linear EPR spectrum, a decrea
linewidth of 0.22 G for Mg(ClO4)2 and, simultaneously, a
increase in the outer splitting,Amax, by 0.95 G was observe
Thus, the negative values ofD(1/P) for MgCl2 and Mg(ClO4)2

in the Pb9 intermediate gel phase, like those in the liq
crystalline phase, are due to a perturbation of the rotat
dynamics, i.e., an increase inT2

eff.
These results indicate that in thePb9 intermediate gel phas

as well as in the liquid crystalline phase, the paramag
relaxation enhancements are not dominated by a static d
interaction of the membrane-bound spin labels with para
netic ions in the aqueous phase, but in an anion-depe
fashion are due to partitioning of paramagnetic ions into
membrane.

FIG. 8. Dependence of theD(1/P) relaxation enhancement paramete
pin-label position,n, for n-PCSL in egg phosphatidylcholine (PC) me

branes with and without 30 mol% cholesterol, at 19 and 39°C. Egg PC at
(h); egg PC at 39°C (‚); egg PC1 30 mol% cholesterol at 19°C (✳); egg
PC1 30 mol% cholesterol at 39°C ({). In each case, relaxation is induced
30 mM NiCl .
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DISCUSSION

Besides demonstrating the different efficiencies of var
paramagnetic ions for inducing spin-label relaxation enha
ment, this study shows the importance of the penetratio
ions into the membrane, which depends strongly on the
pensating anion. To use the latter to derive spin-label posit
information, both lateral and transverse, and also dyn
information on the paramagnetic ions within the membran
is necessary to analyze the mechanisms of relaxation enh
ment and broadening. This is done in the following secti
First, intramembrane relaxation and broadening mechan
are considered. It is shown that dipolar mechanisms do
contribute greatly to the intramembrane interactions with
solved paramagnetic ions, in the case of Ni21, but may be
appreciable in the case of Cu21 and Mn21. Then, the intramem-

rane spin exchange frequencies are used to investigate
ational diffusion of the paramagnetic ions. Finally, the dep
ence on membrane composition is used to deduce s

eatures of the divalent ion permeation mechanism.

ntramembrane Spin Exchange and Dipolar Interactions

Because of the membrane penetration of the paramag
ons, it is necessary to estimate the relative effectivene
oth dipolar and exchange mechanisms of relaxation enh
ent by interactions taking place within the membrane. In

ection we considerT1 relaxation;T2 relaxation is dealt wit
later. Strong exchange holds for Ni21 ions (see Table 2), an
the rate of Heisenberg exchange,T1,HE

21 , are given by the com-
bination of Eqs. [2] and [13],

T1,HE
21 5 4psRLr RLDT~ z! z nR~ z!, [18]

here the local ion concentrationnR( z) at distancez along the
embrane normal is expressed as ions per unit volume

ate of static spin–lattice dipolar relaxation induced by p
agnetic ions located in the membrane can be express

erms of the integrated value,

^T1,dd
21 ~static!& 5

4

3
z m R

2ge
2T1,RF E

0

d E
rRL

` nR~ z!2prdrdz

@~ z 2 zSL!
2 1 r 2# 3

1 E
d

2d E
0

` nR~ z!2prdrdz

@~ z 2 zSL!
2 1 r 2# 3G , [19]

wherezSL is the vertical location of the spin-label group and
is the bilayer half-width. This equation is obtained from Eq
by angular averaging, and the conditionvT1,R ! 1 that is valid
or Ni21 ions is assumed. As regards the lower limit of
adial integral overr, it is reasonable to take the same valu

r that is used above for diffusional encounters.
RL
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For numerical evaluation of the ratio^T1,dd
21 (static)&/T1,HE

21 one
must specify the ion concentration profile in the membr
We take an exponential decay (for which there is some e
imental justification—see Ref. (5)): nR( z) 5 nR,0e

2az for 0 ,
z , d andnR( z) 5 nR,0e

2a(2d2z) for d , z , 2d, wherenR,0

is the ion concentration on the lipid side of the lipid/wa
interface, which generally is not equal to that on the aqu
side. (It is also noted that the transmembrane polarity pr
decreases progressively toward the center of the memb
As an estimate for 1/a we take the distance at which the val
of D(1/P) for NiCl 2 and Ni(ClO4)2 decreasee-fold. For both
relaxants, this corresponds to a position between the
groups of 5-PCSL and 14-PCSL in DMPC membranes
Figs. 1 and 2) and therefore 1/a 5 0.95–1.15 nm (see, e.
41)). Takingr RL ' 0.45 nm (42, 43) then:^T1,dd

21 (static)̂ /T1,HE
21

5 B1/DT, where the factorB1 ' 5–8 3 1028 cm2 s21 for
zSL 5 0.8–2.2 nm. Thus, the Heisenberg exchange mecha
dominates for translational diffusion coefficientsDT . 5–83

028 cm2 s21.
In the case of rapid translational diffusion, effective s

labelT1 relaxation may also be induced by the dynamic dip
mechanism, but only by ions withg-values close to that of th
spin label. In the latter case we have, from Eq. [16],

T1,dd
21 ~dynamic! 5 ~4p/152!m R

2ge
2nR/~DTr RL!. [20]

Then with Mn21, which is the only ion studied for which th
g-value is close to that of the spin label,T1,dd

21 (dynamic)/T1,HE
21

' 2.03 10212 cm4 s2/DT
2 and Heisenberg exchange domina

over dynamic dipolar relaxation for diffusion coefficie
DT . 2 3 1026 cm2 s21. As might be anticipated, this conditi
requires faster translational diffusion rates than for tha
which collisional exchange dominates static dipolar relaxa

Comparison with Experiment

Values of the translational diffusion coefficient for dival
ions, estimated from their values in water (38) by using the
Stokes–Einstein relation, areDT 5 5 3 1027–1027 cm2 s21 for
effective membrane viscosities of 20 to 100 cP, respective
comparison, the anomalous non-Stokesian diffusion co
cients found for small polar nonelectrolytes in liquid hyd
carbons and in polymers reach values of up toDT 5 3 3 1025

cm2 s21 (40–46). Thus, using these estimates for the tran-
ional diffusion coefficients of divalent ion pairs in membra
hows that for Ni21 ions the Heisenberg exchange interac

should dominate over dipolar relaxation.
Experimental arguments in favor of the Heisenberg

change mechanism are the temperature dependences
relaxation enhancements measured for Ni21 chlorides and pe-
chlorates (see, e.g., Fig. 6). Diffusion in the membrane
activated process and one expects the Heisenberg exc
rate to increase with increasing temperature, as is obs
experimentally. On the other hand, dynamic dipolar relaxa
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234 LIVSHITS, DZIKOVSKI, AND MARSH
becomes less effective with increasingDT and for a stati
mechanism, with the conditionvT1,R ! 1, one would expec

ither no temperature dependence or rather a decreaseT1,dd
21

becauseT1,R is expected to decrease with increasing temp-
ture (see Eqs. [19] and [20]). It should be noted, however
the paramagnetic ion concentration in the membrane
increase with temperature, thus increasing the contribu
from both exchange and dipolar relaxation mechanism
conversely, the paramagnetic ion concentration in the m
brane were to decrease with increasing temperature, the d
mechanism would definitely be excluded.

Similar arguments and conclusions are (most probably)
for the fast-relaxing Co21 ions for which, however, the ra
constants for Heisenberg-exchange, octanol partition c
cients and, correspondingly, the values ofD(1/P) and DDv
(andD(1/T1)) are significantly smaller than for Ni21 ions. For
he slower relaxing Cu21 and Mn21 ions, there is a great
possibility of appreciable enhancements from dipolar inte
tions. This latter case requires consideration ofT2 relaxation
or which dipolar mechanisms are more effective.

ipolar T2 Relaxation and Line Broadening

For Heisenberg exchange interactions, the contributio
he spin-labelT2 relaxation is equal to the contribution toT1

relaxation. For magnetic dipole–dipole interactions, on
other hand, theT2-relaxation enhancement is greater in gen
than that forT1 relaxation (compare Eqs. [7]–[9] with Eq
[10]–[12] and Eq. [14] with Eq. [16]). Only in the case
extreme narrowing,v 2T1,R

2 ! 1 (i.e., only for Ni21 and Co21) is
2dd
21 (static)5 T1dd

21 (static), for the static contribution to dipo
relaxation (cf. Table 1). It is seen from Table 4 that, in
presence of Ni21 ions, the enhancement inT2 relaxation,DDv,
s approximately equal to that inT1 relaxation,D(1/T1). For
Ni21 ions, paramagnetic relaxation enhancement is ther
dominated by Heisenberg exchange. Static dipolar enh
ments that would contribute equally toT1 andT2 relaxation, in
this case, have already been estimated to be less signi
However, for Cu21 ions and also for Mn21 ions (see Tables
and 4), the values ofDDv are greater than those ofD(1/T1),
indicating an appreciable contribution from dipolar param
netic broadening.

For 30 mM Cu21 ions,DDv-D(1/T1) ' 3–43 106 s21 (see
able 4). This difference is comparable to theT2 enhancemen

rom static dipolar interactions with surface-absorbed C21

ions that was estimated above by using modified Leigh th
(see Table 1). However, abundant experimental evidence
given above for the penetration of Cu21 ions—most probabl
as ion pairs—into the membrane interior, at least for
perchlorate salt. Intramembrane dipolar interactions are t
fore expected to make an appreciable contribution to th
laxation enhancement by Cu21 ions. This can arise from mo-

lation of the dipolar interaction by spin–lattice relaxation
he paramagnetic ion (the static case) or by translationa
usion of the paramagnetic ions (the dynamic case).
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The contribution to theT2 enhancement from dynamic-
polar relaxation,T2,dd

21 (dynamic), is given by Eq. [15]. Th
contribution toT2 relaxation from dipolar interactions mod-
lated by the paramagnetic ion spin–lattice relaxation,T2,dd

21

(static), can be estimated in a way analogous to that use
the static contribution toT1 relaxation (cf. Eq. [19]). Howeve
the lower integration limit,r RL, must be modified if the dipola
interactions become so large, on close approach, that the
no longer averaged byT1 relaxation of the metal ion. Th
condition for this is thatgemR/r c

3 ' T1,R
21, which corresponds

a critical distance ofr c 5 0.7 nm for Cu21 ions. With 1/a '
0.85 nm, as deduced from the data for CuCl2 in Fig. 1, the ratio
of the transverse relaxation rates from the two mechanis
then T2,dd

21 (dynamic)/T2,dd
21 (static) 5 B2/DT, where B2 5

0.3–23 1026 cm2 s21 for zSL in the range 2.2–0.8 nm. Th
the motional mechanism of dipolarT2 relaxation dominates
the translational diffusion coefficient of the Cu21 ion pairs is
greater than 23 1026 cm2 s21. This relatively high valu
suggests that both dipolar mechanisms may make appre
contributions to theT2 enhancement.

For Mn21 ions, it follows from the experimental values
DDv andD(1/P2) (Table 3), and from estimates of the sta
dipolar enhancements (Table 1), that ions adsorbed a
membrane surface can contribute not only to theD(1/T2) rate
enhancement but also to the value ofD(1/T1). Thus, as see
from Table 3, the relative differences inD(1/P2) values fo
CuCl2 and MnCl2 are less than those in the correspond
exchange-partition coefficient products,K p z kex (cf. Table 2)
The values ofDDv for 8-PCSL in the presence of 10 m
MnCl2 are close to the static dipolar estimates forT2,dd

21 (Table
) and are greater (although by less than 10 times) tha
orresponding values for CuCl2 (see Table 3). However, t

values ofD(1/P2) andDDv for Mn21, as those for Ni21 and
u21 ions, depend on the nature of the counterion. They

greater for MnCl2 compared with MnSO4 (see Table 3). Also
the values ofD(1/P2) in the presence of Cu and Mn chlorid
are comparable in magnitude: for 8-PCSL they are grea
the presence of Cu21 and for 12-PCSL they are greater in
presence of Mn21 (see Table 3). These data show that, in
case of Mn21, the dipolar interactions both with ions in t
aqueous phase and with paramagnetic ions partitioned in
membrane contribute to the netT1,dd

21 and T2,dd
21 relaxation rat

enhancements.
In the Pb9 intermediate gel phase, the paramagnetic

broadening is of the same order of magnitude as in the
phase, whereas the ratiosD(1/T1)/DDv are significantly lowe
than the corresponding values for the fluid phase, both for21

and Mn21 ions (see Table 3). These results indicate tha
contribution of Heisenberg exchange to theT2-relaxation en-
hancement is very small in thePb9 phase, evidently because
the slower translational dynamics in the gel state. For the
reason, a purely static dipolar interaction appears to dom
over the dynamic (or diffusion-controlled) dipolar relaxati
In favor of this argument is the rather small difference betw
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235EPR RELAXATION ENHANCEMENT BY PARAMAGNETIC ION SALTS
the values of the paramagnetic broadening at 19 and 39°
Mn21 and Cu21 ions (see Table 3).

Thus, all the experimental results obtained allow on
conclude that the relaxation enhancements produced by d
ent paramagnetic ions in the liquid crystalline andPb9 phase
of DMPC, and in egg PC membranes, are caused to a co
erable extent by partitioning of these ions into the membra
most probably as ion pairs—and the resulting Heisen
exchange or dipole–dipole interactions with the spin labe

Intramembrane Translational Diffusion

The Smoluchowski expression for the diffusion-contro
rate constant of collision between paramagnetic ion and
label in the membrane is given by Eq. [13] above. Using
corresponding Eq. [18] withsRL 5 1 gives an upper limit fo
the product of the translational diffusion coefficient and
average (local) ion concentration in the membrane, when
assumed that dipolar interactions are negligible. If one tak
encounter radius ofr RL ' 0.5 nm (42, 43), then forDDv 5
5.3 3 106 s21 (corresponding to an additional broadening
0.3 G) one obtainsDTnR ' 8.4 3 1012 cm21 s21, where the
intramembrane ion concentrationnR is given in cm23.

The diffusion coefficients for divalent ions in lipid me
branes are not known. Values for the diffusion coefficien
the hydrated ions in water are aroundDT ' 1025 cm2 s21 (38).

aking this value ofDT gives a lower estimate for the conc-
tration of ion pairs in the membrane ofnR ' 8.53 1017 cm23,
which corresponds to a molar intramembrane concentrati
ci $ 1.4 mM. Using even a conservative estimate of
effective intramembrane viscosity ofhM ' 20 cP (47) would
increase this value by a factor of 20, according to the Sto
Einstein relation. It therefore seems likely that the intram
brane diffusion of the divalent ions takes place by some m
anism other than the simple viscosity dependence predict
the Stokes–Einstein model.

It is therefore of interest to compare the present resul
divalent paramagnetic ions with data on diffusion of sm
polar nonelectrolytes and gases (O2) in membranes and pol-
mers (44–46). For these molecules, anomalously high di
sion is known to occur (44, 45) with translational diffusio
coefficients in polymers and liquid hydrocarbons reaching
ues of DT ' 3 3 1025 cm2 s21. The mechanism of suc
anomalous diffusion is thought to be connected with struc
defects in these cases (44).

The relaxation enhancement produced by Heisenberg
xchange interactions of molecular oxygen with spin labe
embranes was studied in detail by Hyde and co-wo

48, 49). The concentration-diffusion product was found to
about DTnR ' 1013 cm21 s21 in the fluid phase of DMP
membranes. This value is of the same order of magnitu
the DTnR product found here for Cu21 and Ni21 perchlorate

nd chlorides in fluid lipid membranes. However, theDTnR

product for O decreases by an order of magnitude at the m
2
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phase transition (48, 49), in contrast to the approximately tw
fold decrease found here forD(1/P) (Fig. 6). The apola
oxygen molecule has greater affinity for the hydrophobic
gion of membrane, and its fast diffusion is attributed to
movement of small conformational defects (of a kink type
the bulk lipid (49–51). In contrast to molecular oxygen, thed
metal ions are strongly polar and therefore are probably lo
in other defect microregions, possibly in those where w
molecules are occluded. These latter defect regions ma
sense the main phase transition to such a great extent.

Effects of Membrane Composition

It is instructive to compare the dependence ofD(1/P) or
DDv on spin-label position for paramagnetic ions with
corresponding dependences for oxygen transport (49) and
membrane polarity (52) when changing the lipid compositio
As will be seen below, this gives a strong indication of
permeation path taken by paramagnetic ions into the m
brane.

Addition of 30 mol% cholesterol increases the relaxa
enhancement in the polar region of the membrane and
creases it at the hydrophobic membrane midregion (Fig. 8
oxygen transport, the opposite change is observed: chole
decreases the oxygen transport parameter in the polar r
and increases it in the middle of the bilayer (49). On the othe
hand, there is a good correlation of the changes inD(1/P) for
paramagnetic ions with the polarity changes produced by
lesterol that were observed usingn-PCSL spin labels in lipi
membranes (52). Intercalation of cholesterol (50 mol%) i
reases the polarity in the more polar region of the bilaye
ecreases it in the central hydrophobic region of the bila
hus, probably, paramagnetic metal ions are located in
embrane in the same regions as those in which pen
ater molecules are occluded.

CONCLUSIONS

Different relative contributions from the various mec
nisms of spin-label relaxation enhancement in fluid membr
are found depending on the paramagnetic salt. Experim
design may therefore be optimized to the particular situatio
the appropriate choice of relaxation agent. With the exce
of Co21, the efficiency of relaxation enhancement by Heis-
berg spin exchange at a fixed concentration is comparab
all 3d ions studied. The strength of the enhancement dep
also on the solubility of the ion in the membrane, whic
controlled principally by the anion. Relaxation by dipo
interactions is strongest for paramagnetic ions with longeT1

values, Cu21 and Mn21, of which Mn21 is more effective
because of its higher electron spin.

For experiments relying solely on Heisenberg excha
interactions, Ni21 is the paramagnetic ion of choice with flu
membranes, because complications from dipolar contribu
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do not arise. Whenever contributions from intramembran
teractions are appreciable, determination of the depth at w
the spin label is located in the membrane requires an ex
mental calibration of the relaxation enhancement profile
using different positional isomers of spin-labeled lipids (e
the n-PCSLs). This method has been used previously wit
electroneutral Ni21 complex by Hubbell and co-workers [e
(5)]. Given that an empirical calibration must be perform
Cu21 salts (or electroneutral complexes) are likely to pro
stronger relaxation enhancements than those of Ni21 because o
potentially higher solubilities and additional contributio
from intramembrane dipolar interactions.

Mn21 ions provide additional distance-dependent enha-
ents by static dipolar interactions with the population of

n the aqueous phase because of the higher spin of Mn21. These
contributions may, however, be offset by a less favor
membrane solubility relative to Ni21 ions. In addition, there
the technical complication of the background EPR signal in
g 5 2 region from aqueous Mn21 at ambient temperature
Nevertheless, Mn21 ions do provide a possibility for modula-
ng the depth profile of enhancement by means of the ch
eristic depth-dependence of the dipolar contribution from
n the aqueous phase. If one wishes to emphasize d
nteractions from ions localized in the aqueous phase, a
xpense of Heisenberg exchange, then Mn21 is the most ap-

propriate paramagnetic ion and sulfate should be chosen
anion (to minimize penetration). To confine relaxation
hancements to contributions from ions in the aqueous p
measurements should be made at low temperature in the
gel phase [cf. (3)].

Finally, the possibility of studying translational diffusion
paramagnetic ions in the membrane opens up the possibi
a new range of experiments that, being localized to diffe
membrane regions, are complementary to oxygen tran
studies (48, 49) and therefore deserve further considerat
For this, Ni21 ions and particularly the perchlorate salt se
especially suitable.
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